
THE  B55α/PP2A  HOLOENZYME  IN  CELL  CYCLE  EXIT,  
MATURATION/DIFFERENTIATION,  

 AND CANCER 
 
 

 

A Dissertation 
Submitted to 

the Temple University Graduate Board 
 
 
 
 

In Partial Fulfillment 
of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY 
 

 
 
 

by 
                                              Alison Marie Kurimchak 

  August 2014 
 
 
 
 
 
Examining Committee Members: 
 
Xavier Graña, PhD, Advisory Chair, Fels Institute and Dept. of Biochemistry 
Scott Shore, PhD, Fels Institute and Dept. of Biochemistry 
Ana Gamero, PhD, Fels Institute and Dept. of Biochemistry 
Dale Haines, PhD, Fels Institute and Dept. of Biochemistry 
Vladimir Kolenko, MD, PhD, External Reviewer, Fox Chase Cancer Center 



ii 

ABSTRACT 
 

The cell cycle is negatively regulated by members of the pocket protein family, 

which consists of the tumor suppressor pRB and two closely related paralogs, p107 and 

p130. In their hypophosphorylated state, they are associated with E2F transcription factors 

which result in the repression of transcription of E2F-dependent genes that are required for 

cell cycle progression. The phosphorylation state of pocket proteins during the cell cycle 

is determined at least in part by an equilibrium between inducible CDKs and the 

serine/threonine protein phosphatase PP2A. Protein Phosphatase 2A (PP2A), is a 

serine/threonine phosphatase that functions as as a collection of trimeric holoenzymes. The 

trimeric  PP2A  holoenzyme  is  composed  of  the  “A”  scaffolding  subunit,  the  “C”  catalytic  

subunit,  and  a  “B”  regulatory  subunit.  The  B  subunit  is  the  major  determinant  in  substrate  

specificity and subcellular localization. Two holoenzymes consisting of the core PP2A 

dimer and either the B55α or PR70 regulatory subunits have been implicated in the 

activation of p107/p130 and pRB, respectively.While the phosphorylation state of p107 is 

very sensitive to forced changes of B55α levels in human cell lines, regulation of p107 in 

response to physiological modulation of PP2A/B55α has not been previously elucidated.  

In this thesis, I show that FGF1, which induces maturation and cell cycle exit in 

chondrocytes, triggers rapid accumulation of p107/PP2A/B55α complexes coinciding with 

p107   dephosphorylation  without   an   increase   in   B55α   protein   expression in RCS cells.  

Reciprocal solution-based mass-spectrometry analysis identified the PP2A/B55α complex 

as a major component of a subset of p107 complexes, which also contain E2F/DPs, 

DREAM subunits and cyclin/CDK complexes.  p107 is one of the major partners of B55α, 

which also associates with pRB in RCS cells.  FGF1 induces dephosphorylation of p107, 



iii 

its translocation to the nucleus, remodeling of p107 complexes, and enhances its interaction 

with E2F4 and other p107 partners. Consistent with an essential role of  B55α  in the rapid 

activation of p107 in chondrocytes, limited ectopic expression of B55α  results in marked 

dephosphorylation   of   p107,   while   B55α knockdown results in hyperphosphorylation.  

More importantly,   limited   knockdown   of   B55α dramatically delays FGF1 induced 

dephosphorylation of p107.  Moreover, dephosphorylation of p107 in response to FGF1 

treatment results in selective recruitment of p107 to regulated genes including CMYC. Our 

results suggest a model where FGF1 mediates rapid dephosphorylation and activation of 

p107 independently of the CDK activities that maintain p130 and pRB 

hyperphosphorylated for several hours post p107 dephosphorylation in maturing 

chondrocytes. 

 Additionally, we provide preliminary evidence that PPP2R2A may act as a 

haploinsufficient tumor suppressor in prostate cancer cell lines. PPP2R2A is hemizygously 

deleted in various prostate cancer cell lines and tumor samples. We identified three cell 

lines  that  express  less  B55α,  the  gene  product  of  PPP2R2A, than cell lines that are reported 

to  have  both  alleles  intact.  Furthermore,  ectopic  expression  of  B55α  in  PC3  cells  results  in  

a phenotype reminiscent of senescence, ultimately leading to cell death. These cells are 

unable to form colonies in soft agar and have increased DNA content and euploidy. 

Combined with their larger cell and nuclear size, this suggests that ectopic expression of 

B55α  in  PC3  cells  results  in  endoreplication.  Altogether these suggest that reduced  B55α 

expression in these cells confers a growth advantage in PCa cell lines, which is 

extinguished when  B55α  is  reintroduced, supporting the notion that hemizygous deletion 

of PPP2R2A in prostate tumors may help promote tumorigenesis.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Pocket Protein Structure and Function 

The cell cycle is negatively regulated by a family of proteins called pocket proteins 

that mediate transcriptional repression. This family includes the tumor suppressor pRb and 

the two closely related paralogs p107 and p130. The RB gene is named for the disease in 

which it was first found to be mutated. Retinoblastoma is a pediatric tumor of the retina 

that Knudson  had  hypothesized  required  two  “hits”  on  the gene responsible for the disease: 

one inherited germ line mutation and one acquired somatic mutation in familial cases; two 

somatic mutations were needed in sporadic cases (Gaubatz et al., 2000; Knudson, 1971). 

The exact location of this susceptibility gene was found to be at chromosome 13q14 

(Strong et al., 1981), and was subsequently identified and cloned by two groups 

independently (Friend et al., 1986; Lee et al., 1987). pRb was the first tumor suppressor to 

be cloned and has since been found to be mutated or deleted in a variety of human cancers 

(reviewed in Classon and Harlow, 2002). Major progress in the understanding of pRb 

function came from the study of the cellular targets of oncogenes encoded by small DNA 

viruses. The adenoviral protein E1A, a known viral oncogene, was shown to bind an 

unidentified cellular protein of about 105 kD in size among others (Harlow et al., 1986; 

Yee and Branton, 1985). It was later determined that this 105 kD protein is in fact the RB 

gene product (then referred to as p105-RB), confirming that E1A indeed binds pRb (Whyte 

et al., 1988). This was a major discovery because it was the first description of an oncogene 

functioning by targeting a tumor suppressor gene, a theme that was found to be conserved 
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among small DNA viruses. David  Livingston’s  group was able to co-immunoprecipitate 

SV40 Large T antigen and cellular pRb using monkey cells transfected with the SV40 early 

region, showing and interaction between pRb and another known viral oncogene 

(DeCaprio et al., 1988). Later, another viral oncogene, HPV-16 E7, was also found to co-

precipitate with pRb (Dyson et al., 1989b; Munger et al., 1989). The observation that 

multiple viral oncogenes known to be involved in cellular transformation were able to bind 

pRb suggested it may play a role in cell cycle regulation. It was later found that pRb did 

indeed play an inhibitory role in the cell cycle (Classon and Harlow, 2002), which will be 

discussed in depth in a later section. The two other pocket proteins, p107 and p130, were 

identified in a similar fashion; that is they were first observed as large cellular proteins 

bound to viral oncogenes. p107 (referred to as a 107 kD protein at the time) was identified 

as one of nine cellular proteins that were bound to E1A, including a 300kD protein and 

pRb (Harlow et al., 1986; Yee and Branton, 1985). Specifically, a common stretch of amino 

acids in E1A (121-127) bound both to pRb and p107 (Whyte et al., 1989). p107, like pRb, 

is also bound by the T-Antigens of the SV40 and JC viruses (Dyson et al., 1989a), and 

upon mapping, it was found that pRb and p107, although on different chromosomes, share 

high structural homology and both bind T antigen and E1A in the  same  “pocket”  region. 

This suggested these two proteins share a similar function (Ewen et al., 1991). p107 was 

later found to bind cyclin A, also in the pocket region, and this interaction was independent 

of E1A (Ewen et al., 1992; Faha et al., 1992). p130 was most likely among the nine cellular 

proteins first found to co-precipitate with E1A (Harlow et al., 1986). It was later identified 

as a cellular SV40 T antigen-binding protein, called p118/p120. It was known not be a 

product of the RB gene, yet it bound to the SV40 T-antigen in a similar fashion to pRb 
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(Ewen et al., 1989), however it was not further characterized until later. Three groups 

independently showed that p130 maps to chromosome 16, shares structural homology with 

both pRb and- to a much larger extent- p107, is able to bind E1A and SV40 T-antigen in 

the pocket region, and also binds cyclins A and E (Hannon et al., 1993; Li et al., 1993; 

Mayol et al., 1993).  

Pocket proteins consist of 5 major domains: the N- and C- terminal domains, two 

“pocket”  domains  designated  “A”  and  “B”,  and  a  spacer  region  flanked by the two pocket 

domains (reviewed in Classon and Dyson, 2001; reviewed in Mulligan and Jacks, 1998; 

reviewed in Wirt and Sage, 2010). As mentioned previously, the highest degree of 

homology among all three pocket proteins lies in the pocket domains, while the spacer and 

N-terminal domains are more divergent. p107 and p130 share ~54% homology with each 

other, while pRb is only 25% homologous to p107 and p130 (reviewed in Dick and Rubin, 

2013). Adenoviral E1A was the first viral oncoprotein found to bind pRb (Harlow et al., 

1986; Yee and Branton, 1985), and two conserved regions containing amino acids ~40-70 

and ~121-139 were found to be required for pRb binding (Whyte et al., 1989). Sequence 

alignments revealed that SV40 T-antigen and HPV E7 also contained these conserved 

motifs (Dyson et al., 1989b). These three viral proteins all share one common motif- 

LXCXE- required to bind pocket proteins. Deletion of this motif rendered HPV E7 unable 

to bind pRb (Munger et al., 1989). Some cyclins also contain LXCXE or similar motifs 

(reviewed in Morris and Dyson, 2001). It had been previously determined that these viral 

oncoproteins   bound   to   the   “pocket”   region   specifically.   The   pocket   region   of   the   pRb 

family  is  comprised  of  two  “A”  and  “B”  domains  that resemble cyclin folds (reviewed in 

Dick and Rubin, 2013; Lee et al., 1998). These folds form a structure that serves as a 
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binding site for a majority of the proteins known to interact with pocket proteins, including 

cyclins, E2Fs, histone deacetylases, and c-myc, among others (reviewed in Classon and 

Dyson, 2001; reviewed in Morris and Dyson, 2001; reviewed in Mulligan and Jacks, 1998). 

p107 and p130 contain kinase inhibitory regions in their N-termini that inhibit 

cyclin/CDK2 complexes (Castano et al., 1998; Woo et al., 1997) and cyclin/cdk binding 

sites in their spacers. Conversely, pRb does not have a kinase inhibitory domain, and its 

cyclin/CDK binding site is located in the C-terminus (Adams et al., 1999; Pan et al., 2001). 

Pocket proteins are differentially expressed throughout the cell cycle. p130 is 

expressed highly in quiescent cells and is present at promoters of genes required for cell 

cycle exit. During G1, p130 is hyperphosphorylated to form 3, the slowest migrating 

hyperphosphorylated form of p130, which is quickly downregulated (Mayol et al., 1995, 

1996). This is due to targeted degradation by the ubiquitin ligase SCFSkp2 (Bhattacharya et 

al., 2003; Tedesco et al., 2002). p107 is expressed at low levels in quiescent cells as it is an 

E2F dependent gene, therefore, its promoter is repressed (Zhu et al., 1995b). It is later 

expressed from G1 after mitogenic stimulation until mitosis (Beijersbergen et al., 1995). 

pRb levels remain relatively constant throughout the cell cycle, although because it is also 

an E2F responsive gene, its levels increase slightly in G1 (reviewed in Graña et al., 1998; 

reviewed in Henley and Dick, 2012). 

Pocket proteins, when bound to promoters, are complexed with members of the 

E2F family. There are two main varieties of E2Fs that associate with pocket proteins: the 

“activator”  E2Fs  and  the  “repressor”  E2Fs.  The  activator  E2Fs- E2F1, E2F2, and E2F3 are 

reported to primarily associate with pRb in G1 (Hurford et al., 1997; Zhang et al., 1999) 

and are responsible for transcription of the E2F gene program through the G1-S progression 
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(Balciunaite et al., 2005). When pRb is phosphorylated by cyclin/CDK pairs and is  

removed from the E2Fs, other positive transcription factors such as p300, CBP, P/CAF and 

other histone acetylases can bind in its place (reviewed in Bertoli et al., 2013; reviewed in 

Rowland and Bernards, 2006). 

p107 and p130 preferentially bind to E2F4 and E2F5 and are referred to as 

“repressor”  E2Fs, meaning unlike activator E2Fs, they are not found at gene promoters 

unless they are bound by pocket proteins (reviewed in Bertoli et al., 2013). Upon 

cyclin/CDK stimulation of p107 or p130, E2F4 does not stay bound to gene promoters and 

instead is exported to the cytoplasm in G1-S phase (Gaubatz et al., 2001), where it remains 

until it is bound to hypophosphorylated p107 and p130 in G0 and early G1 and returned to 

the nucleus for transcriptional repression (Balciunaite et al., 2005). Although it is not 

confirmed, E2F5 is believed to behave in a similar manner (reviewed in Bertoli et al., 2013; 

Gaubatz et al., 2000). p107 and p130 also bind to E2F1 and E2F3 in cells (Calbo et al., 

2002; Zhu et al., 1995a)  although as confirmed by the current work, less abundantly than 

to  the  “repressor”  E2Fs. 

The inactivation and reactivation of pocket proteins by specific cyclin/CDKs and 

phosphatases is explained in the following section.  

 

1.2 Cyclin/CDK Complexes and Protein Phosphatases Modulate the Activity of 

Pocket Proteins Throughout the Cell Cycle 

The pocket protein family are negative regulators of the cell cycle. In their active- 

or hypophosphorylated- state, which normally occurs in quiescent cells or the G1 phase of 

the cell cycle, they are associated with E2F and DP transcription factors bound to the 
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promoters of E2F dependent genes which result in the active repression of cell cycle genes. 

Upon mitogenic stimulation, G1/S cyclin/CDK complexes phosphorylate pocket proteins, 

resulting in their release from E2F/DP complexes. pRb and p130 are inactivated by the 

coordinated action of cyclin D/CDK4/6 and cyclin E/CDK2 complexes. p107 appears to 

be mostly inactivated by cyclin D/CDK4/6, but phosphorylation of certain residues by 

cyclin E/CDK2 have been observed (reviewed in Kurimchak and Graña, 2012; reviewed 

in Wirt and Sage, 2010). In the absence of pocket protein binding, activator E2Fs 1-3 

become positive transcription factors or transactivators, allowing p300, CBP, P/CAF and 

other histone acetylases to bind, thus promoting cell cycle progression through the 

restriction point (reviewed in Rowland and Bernards, 2006). Of note, p107 is expressed at 

very low levels in quiescent cells, as its gene expression is repressed by this same 

mechanism (reviewed in Graña et al., 1998). 

 pRb, p107 and p130 remain in a hyperphosphorylated (inactive) state throughout 

the remainder of the cell cycle until late mitosis, where they are abruptly dephosphorylated 

coinciding with cyclin/CDK inactivation in preparation for the next round of the cell cycle. 

pRb was found to be rather rapidly dephosphorylated in anaphase following a nocodazole 

block and release in various cell types. Considering the abruptness of this event, it was 

hypothesized that a phosphatase is responsible. Treatment of late mitotic cell extracts with 

metal ion chelators revealed the dephosphorylation of pRb was insensitive to EDTA or 

EGTA, which rule out PP2B and PP2C as they require calcium and magnesium for their 

catalytic activity respectively. These same extracts were sensitive to okadaic acid at a 

greater than 10 nM concentration, which suggests this phosphatase is PP1 (Ludlow et al., 

1993).  Around  the  same  time,  another  lab  identified  the  PP1α2  isoform  as  a  pRb  binding  
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partner in a yeast two-hybrid  screen,  and  showed  that  the  timing  of  the  interaction  of  PP1α2  

and pRb lasts from M phase to mid-G1.  Interestingly,  it  also  was  shown  that  PP1α2  cannot  

bind a pRb C-terminal deletion mutant (Durfee et al., 1993).  From this evidence, a model 

was proposed that suggested that from mid-G1   to  mitosis,  CDKs  were   “switched   on”,  

resulting in the inactivation of pocket proteins, until late mitosis, where the CDKs are 

“switched  off”.  Conversely,  PP1  is  “switched  on”  in  anaphase,  leading  to  the  reactivation 

of pocket proteins until early/mid-G1,  when  PP1  would  be  “switched  off”  and  the  CDKs  

are  “switched  on”  again (Nelson et al., 1997; Nelson and Ludlow, 1997).  

 Although PP1 had been implicated in targeting pRb, it was not shown to interact 

with p107 or p130 at the time, and a later study showed indeed that p107 only weakly 

bound  to  PP1α  while  p130  did  not  bind  at  all  (Dunaief et al., 2002). PP2A holoenzymes 

had been shown to interact with all three pocket proteins upon cellular stresses or 

extracellular signaling (Cicchillitti et al., 2003; Garriga et al., 2004; Voorhoeve et al., 

1999a; Voorhoeve et al., 1999b; Vuocolo et al., 2003). These are discussed in greater detail 

in a later section. However, our lab first implicated PP2A holoenzymes as part of an 

equilibrium with CDKs that determines the phosphorylation state of all three pocket 

proteins during the cell cycle. Pocket proteins were rapidly dephosphorylated in 

asynchronous cells following treatments with cycloheximide or the CDK inhibitor 

flavopiridol, suggesting rapid dephosphorylation following CDK inhibition independently 

of cell cycle position. Treatment of cells with the phosphatase inhibitors calyculin A and 

okadaic acid at concentrations that preferentially inhibit PP2A rather than PP1 in vivo 

suggested the phosphatase responsible was PP2A. Consistently, expression of SV40 small 

t antigen, known to displace B subunits from the PP2A core enzyme, inhibited the 
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dephosphorylation of p107. Finally, the PP2A/C subunit immunoprecipitated with p107 

and p130 in lysates from serum starved T98G cells at different points upon re-stimulation 

with FBS, showing that PP2A targets pocket proteins throughout the cell cycle (Garriga et 

al., 2004). From this, our lab proposed  a  new  “dynamic  equilibrium”  model  (Figure  1),  

where PP2A holoenzymes modulate pocket protein activity throughout the cell cycle in 

coordination with inducible CDKs, while PP1 specifically resets pRb in mitosis (Garriga 

et al., 2004; reviewed in Kurimchak and Graña, 2012). 

The B subunit is responsible for 1) determining substrate specificity and 2) 

mediating regulated dephosphorylation via recruitment to core enzymes (reviewed in 

Eichhorn et al., 2008). Thus, this lab sought to determine the specific PP2A holoenzyme 

responsible for targeting p107 and p130 throughout the cell cycle. Using GST pull down 

assays, this lab showed that the B55α  subunit  binds  p107  and  p130  to  a  lesser  extent,  but  

did not bind pRb (Jayadeva et al., 2010). The holoenzyme was pulled down by GST-p107 

from whole cell lysates or from a preparation of purified holoenzyme, indicating that no 

other proteins are required for complex formation. As previously reported, the lab 

confirmed that pRb binds PR70 (Magenta et al., 2008). We also found that endogenous 

p107  and  B55α  co-immunoprecipitate. The spacer region of p107, with the help of the C-

terminus, mediates the interaction between B55α  and  by  extension  the  PP2A  holoenzyme.  

Interestingly, this site in pRb overlaps with the binding site of PP1 (Hirschi et al., 2010), 

however, the exact residues to which PP2A binds in the spacer are not yet known. Forced 

modulation  of  B55α  protein   levels   in   turn  affect   the  phosphorylation  status  of  p107; its 

over-expression results in increased hypophosphorylated p107 while the opposite is true 

when   B55α   is   depleted   by   shRNA   (Jayadeva et al., 2010). These findings were also 
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consistent with the ability of the purified complex to dephosphorylate p107 in vitro. 

Importantly,  SV40  small  t  antigen,  which  disrupts  the  binding  of  B55α  to  the  PP2A core 

dimer  in  cells,  does  not  disrupt  the  interaction  between  B55α  and  p107,  reinforcing  the  idea  

that  B55α  mediates  the  interaction  between  p107  and  the  holoenzyme.  Altogether,   these 

results allowed us to postulate a more complete model, as shown in Figure 1.  In G0 or 

early G1, CDK activity is low and pocket proteins are hypophosphorylated. Upon 

mitogenic stimulation, CDKs become activated and pocket proteins become 

hyperphosphorylated (inactivated) by specific cyclin/CDK pairs in different phases, which 

allows the cell cycle to proceed. PP2A dephosphorylates pocket proteins in all phases of 

the cell cycle (Garriga et al., 2004). PR70 holoenzymes target pRb (Magenta et al., 2008), 

and  B55α  holoenzymes  target  p107  and  p130 (Jayadeva et al., 2010). In mitosis, PP1 is 

also thought to be involved in resetting pRb to its active state (Ludlow et al., 1993). 
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Figure 1. PP2A modulates the phosphorylation status of the three pocket proteins 

independently of the cell cycle; PP1 resets pRb phosphorylation in mitosis. An 

equilibrium between the different cyclin/CDK complexes that are inducibly activated as 

cells progress through the cell cycle and PP2A determines the precise phosphorylation state 

of each protein during the cell cycle and in quiescent cells. In G0 or early G1, CDK activity 

is low and pocket proteins are hypophosphorylated by other kinases (gray P). As CDKs 

become activated/inactivated (indicated by arrows) pocket proteins become 

hyperphosphorylated (color coded P(s) according to responsible CDK). In mitosis, PP1 is 

thought to be involved in resetting pRb to the hypophosphorylated state (Kurimchak and 

Graña, 2012).  
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1.3 Structure and Composition of PP2A Holoenzymes 

PP2A (or Protein Phosphatase 2A) is an abundant serine/threonine phosphatase that 

is responsible for the dephosphorylation of a myriad of substrates. PP2A is comprised of 

three subunits: the  “A”  scaffolding  subunit,  the  “C”  catalytic  subunit,  and  a  “B”  regulatory  

subunit. The  A/C  dimer  is  referred  to  as  the  “core  enzyme”;;  when  the  core  dimer  is  bound  

to a regulatory subunit it is referred to as a holoenzyme. PP2A is involved in a vast number 

of cellular functions- some of its major targets include the pocket protein family, p53, the 

MAPK and AKT pathways and many mitotic substrates often phosphorylated by CDKs 

(reviewed in Eichhorn et al., 2008; reviewed in Kurimchak and Graña, 2012; reviewed in 

Kurimchak and Graña, 2013). 

 

1.3.1 PP2A/A- the Scaffold Subunit 

The  “A”  subunit  of  the  PP2A  holoenzyme, PP2A/A, also called PR65, serves as the 

scaffold for the regulatory and catalytic subunits. There are two isoforms, PP2A/Aα  and  

PP2A/Aβ, which share 87% sequence identity (Hemmings et al., 1990) The α  isoform  is  

expressed in  most  tissues,  while  the  β  isoform  is  enriched  in  the  testis  (Zhou et al., 2003). 

Interestingly, wild type PP2A/Aβ   is   unable   to   bind   the  B55α isoform and has reduced 

binding of B56  α,  PR72,  and  both isoforms of the catalytic subunit in vivo, but since each 

B family has isoforms that are tissue specific, it is possible that these subunits may bind 

the  β  isoform  instead  (Zhou et al., 2003). The scaffold subunit is structurally composed of 

a series of antiparallel   α-helices known as HEAT (Huntington, elongation factor 3, 

PR65/A, TOR) repeats (Groves et al., 1999), which give these proteins a horseshoe-like 

structure. The catalytic subunit makes contacts with the C-terminal HEAT repeats 11-15 
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(Cho and Xu, 2007), while the B subunit contacts the N-terminal repeats. Crystal structures 

of  the  B,  B’  and  B’’ families have revealed that although very structurally divergent, the B 

and  B’’  subunits  contact  HEAT  repeats  1-7 (Wlodarchak et al., 2013; Xu et al., 2008) and 

the   B’   subunits   contact   HEAT   repeats   2-8 (Cho and Xu, 2007; Xu et al., 2006). The 

scaffolding subunit also demonstrates flexibility, as the HEAT repeats twist and shift to 

varying degrees upon binding of the regulatory and catalytic subunits (reviewed in Shi, 

2009). PP2A/A is a known tumor suppressor and has been found mutated in various cancers 

(reviewed in Eichhorn et al., 2008; reviewed in Kurimchak and Graña, 2013). This is 

discussed in greater detail in a later section. 

 

1.3.2 PP2A/C- the Catalytic Subunit 

Much like the scaffold subunit, there are also two isoforms of PP2A/C, also termed 

α  and  β, with the former being more abundant. They are 98% identical, with most of the 

divergence in the N-terminus (Stone et al., 1987). The knockout of the alpha isoform of the 

catalytic subunit is lethal around embryonic day 6, shortly after implantation (Gotz et al., 

1998). As mentioned previously, the catalytic subunit contacts the scaffold subunit on its 

C-terminal HEAT repeats, however, its contact with the various B subunit families is 

variable. Crystallography studies revealed subunits of the B family make little contact with 

the C subunit; its  interaction  is  limited  to  Van  der  Waals  contacts  between  L87  on  B55α  

and  V126  and  Y127  on  PP2A/Cα  (Xu et al., 2008). The  B’  and  B’’  family  members  make  

significantly   more   contact.   The   B56γ   subunit   interacts   with   PP2A/Cα   at   two   major  

interfaces- the HEAT repeats 6–8  of  B56γ  and the α5  region  of  PP2A/Cα and in a surface 

groove at the interface between PP2A/Aα  and  B56γ, mainly with hydrogen bonds (Xu et 
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al., 2006). The PR70 subunit makes two main contacts with PP2A/C near its active site and 

also in a shallow groove in a different region, and these interactions are mainly hydrogen 

bonds and salt bridges (Wlodarchak et al., 2013).  

The C-terminal tail of the catalytic subunit is highly conserved, and is required for 

the binding of B family subunits. Mutation and deletion of the 304-TPDYFL-309 tail 

prevented the regulatory subunit from binding to the core enzyme, but not polyomavirus 

middle T antigen, which binds the core enzyme through the scaffold subunit (Ogris et al., 

1997). The T304, Y307, and L309 residues can be modified by phosphorylation (Chen et 

al., 1992; Longin et al., 2007) or methylation (Lee and Stock, 1993) respectively. The 

phosphorylation of Y307 by tyrosine kinases including v-src and EGFR (Chen et al., 1992) 

and T304 by a still unidentified kinase was shown to be an inactivation event that inhibits 

phosphatase activity. Phosphorylation of these residues is increased in the presence of 

okadaic acid, indicating PP2A autodephosphorylates (Chen et al., 1992; Guo and Damuni, 

1993). Methylation of L309 is modulated by the methyltransferase LCMT-1 (Lee and 

Stock, 1993), the methylesterase PME-1 (Lee et al., 1996a; Ogris et al., 1999) and PTPA 

(Cayla et al., 1994). PME-1 inactivates PP2A by directly binding to the active site of the 

catalytic subunit, displacing the manganese ions required for its catalytic activity (Xing et 

al., 2008). PME-1 was purified with a pool of PP2A that was found to be inactive, termed 

PP2Ai ,which is not able to be reactivated by LCMT-1, indicating its inactivity is not a 

result of demethylation (Longin et al., 2004). Instead, PP2Ai is activated by PTPA, a 

protein that stimulates the tyrosyl phosphatase activity of PP2A (Cayla et al., 1994). 

Evidence suggests that PTPA induces a conformational change on P190 of the catalytic 

subunit via peptidyl-prolylcis⁄∕trans  isomerase activity (Jordens et al., 2006). 
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Methylation of the catalytic subunit is believed to play a role in B subunit 

recruitment to the core enzyme (Bryant et al., 1999; Longin et al., 2007; Tolstykh et al., 

2000; Yu et al., 2001). Interestingly, it appears to be necessary for the binding of some B 

families but dispensable for others. For example, methylation of L309 was found to be 

necessary  for  the  binding  of  the  B55α  subunit,  but  not  SG2NA  and  striatin- members of 

the   B’’’   family in cells.   The   B55α   was   unable to bind an L309 deletion mutant and 

substitution mutants that rendered L309 hypomethylated (Yu et al., 2001). However, 

another lab challenged this idea using recombinant proteins in vitro, where L309 

substitution  and  deletion  mutants  not  only  were   able   to  bind   the  B55α  subunit  but  also  

retained phosphatase activity (Ikehara et al., 2007). Yet another group showed that 

methylation  is  dispensable  for  binding  of  the  B’  and  B’’  families,  but  is required for binding 

of the B family. (Longin et al., 2007). Because it appears to be necessary for binding in 

cells but not in vitro, these results may suggest that L309 methylation may not be required 

for B subunit binding but it may enhance affinity, or alternatively, it may serve as a 

recruitment signal to a specific cellular location or for other cofactors needed for 

holoenzyme assembly (reviewed in Shi, 2009). 

 

1.3.3 PP2A/B- the Regulatory Subunit 

The B subunit is the major determinant in substrate specificity and subcellular 

localization. To date, 15 separate B subunits in four major families have been identified 

and are discussed in detail. Aside from the four known families of subunits, other cellular 

interactors and viral oncogenes such as SV40 small t and Adenovirus E4ORF4 can also 
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associate with the core enzyme, resulting in over 200 biochemically distinct combinations 

(reviewed in Virshup and Shenolikar, 2009).   (Figure 2).  
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Figure 2. PP2A subunits have multiple isoforms. The scaffold and catalytic subunits 

each have two isoforms, the α isoform being more abundant. There are 4 known regulatory 

subunit families whose members share high identity within the family, however, each 

family is structurally divergent from the others (Kurimchak and Graña, 2013). 
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The B family, also called PR55, B55, or by its gene name PPP2R2, has four major 

isoforms,  most  commonly  referred  to  as  B55α,  B55β,  B55γ,  and  B55δ.  The  members  of  

the B family are highly conserved; most of their structural differences lie in the N-terminus. 

B55α  and  B55δ are expressed in most tissues and are much more structurally similar to 

each  other  than  B55β  and  B55γ, which are reported to be enriched in brain tissue (reviewed 

in Eichhorn et al., 2008). B family  subunits  have  a  β-propeller structure comprised of seven 

blades, each formed by WD40 repeats. The crystal structure of the PP2A holoenzyme 

containing  the  B55α  subunit  was  solved  in  2008 (Xu et al., 2008). The B subunit makes 

multiple contacts with the first seven HEAT repeats in the A scaffolding subunit but very 

little contact with the catalytic subunit, which is bound to the C-terminal HEAT repeats of 

the scaffold (Xing et al., 2006). Given the high similarities between the members of this 

family, it is likely the other isoforms contact the core enzyme in a similar fashion. On the 

exposed   top   face   of   the  B55α   subunit   is   an   acidic   “groove”   that   is   believed   to   be   the  

substrate binding site. Mutational analysis of certain residues in this area rendered Tau, a 

known  substrate  of  B55α,  unable  to  bind  (Xu et al., 2008). Additionally we have shown 

that one  of  these  mutations,  D197K,  is  also  unable  to  bind  another  substrate  of  B55α- p107 

(Jayadeva et al., 2010) and is also noticeably deficient in binding the core enzyme. More 

recently, an extensive study determining which residues were important for the binding of 

Adenovirus  E4ORF4  to  B55α  showed  that  sites  located  both  to  the  “north”  and  “south”  of  

the groove were also required for its binding, and while some residues known for binding 

Tau (E27 and D197) and p107 (D197), others were not (K48) (Mui et al., 2013). B family 

members are known to target many different substrates, including AKT, Raf, and  β-Catenin 

among others (reviewed in Eichhorn et al., 2008), and also play critical roles in mitosis, 
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which will be discussed in a later section. Dysregulation of the members of the PPP2R2 

gene family have been implicated in various cancers, including breast, ovarian, prostate, 

colorectal, and some leukemias (reviewed in Kurimchak and Graña, 2013), and also will 

be discussed more in depth in a later section.    

The  B’, also called the PR61, B56 or PPP2R5 family has five major members, some 

with multiple isoforms for a total of 10 known products (Yang and Phiel, 2010). Much like 

the A scaffolding subunit, B56 family members also are composed of HEAT repeats. The 

crystal structure of the holoenzyme containing the B56 subunit was known around two 

years before the one containing B55α, and there are many differences between the two. 

The   B56γ   subunit   also interacts with the N-terminal HEAT repeats of the scaffolding 

subunit and lie almost perpendicularly across the N-terminus. However, unlike  the  B55α  

subunit, B56γ makes substantial contacts with the catalytic subunit (Cho and Xu, 2007; Xu 

et al., 2006). It is believed that the substrate binding site of B56 family members also lies 

on the top side of the subunit,  as  the  B56γ  subunit  also  has  a  highly  acidic  concave groove 

(Cho and Xu, 2007; Xu et al., 2006). At least one residue, E153, which is conserved in all 

B56   family  members,  when  mutated   in  B56β,   remained  bound   to   the   core   enzyme  but  

failed to dephosphorylate tyrosine hydroxylase, a known substrate (Saraf et al., 2010). 

Conversely, the N-terminus  of  B56β, specifically Y52 was found to be necessary for the 

binding of the E3 ubiquitin ligase adaptor Kelch-like 15, but this binding appears to occur  

for  the  ubiquitination  and  ultimate  degradation  of  the  B56β  subunit  itself,  leaving  the  core  

enzyme available for other B subunits to bind (Oberg et al., 2012). 
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The   B’’, or PR72/PPP2R3 family of subunits have 3 known members- 

PR130/PR72, PR70/PR48 and G5PR. This  particular  family  is  unique  from  the  B  and  B’  

families in that they possesses Ca2+-binding EF-hand motifs, as their binding to the core 

enzyme is calcium dependent (Janssens et al., 2003). The PR72 and PR130 subunits are 

differentially transcribed from the same gene by two different promoters (Hendrix et al., 

1993). PR48 was identified in a yeast two-hybrid screen using the licensing factor CDC6 

as bait (Yan et al., 2000) and it was later found that PR70 is the full length version of this 

protein. Very recently, the crystal structures of the holoenzyme harboring the PR70 subunit 

and the monomeric PR72 subunit have been solved (Wlodarchak et al., 2013). Like the 

holoenzymes  containing  the  B  and  B’  subunits,  PR70  also  contacts  the  N-terminal HEAT 

repeats of the scaffold subunit. The binding of PR70 to the scaffold subunit has a unique 

effect;;   it  “compacts”   the  scaffold,  yet  at the same time increases the height of both the 

scaffold and the holoenzyme. Aside from the EF motifs, PR70 has a hydrophobic N-

terminus and the C-terminus. The C terminus makes contact with the catalytic subunit, and 

since it was previously shown that residues 440-575 contact CDC6 (Davis et al., 2008), it 

is proposed that the C-terminus is the substrate binding site (Wlodarchak et al., 2013), 

which  is  again  unique  from  the  B  and  B’  families  which  are  believed  to  use  an  acidic  top  

surface. Another member of this family, PR59, was identified in murine cells and found to 

bind p107 (Voorhoeve et al., 1999a), yet this subunit has not been found in humans. PR59 

is 56% identical to PR72, however, PR72 is not known to bind pocket proteins. PR70, on 

the other hand, which is known to bind pRb (Magenta et al., 2008), has not been identified 

in mice. Considering PR59 and PR70 both bind pocket proteins, they may share related 

roles (reviewed in Kurimchak and Graña, 2012). G5PR is believed to be important for 
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mature B cell survival (Huq Ronny et al., 2006; Xing et al., 2005) and selection (Kitabatake 

et al., 2012). 

The   B’’’ family has three known members: striatin, S/G2 nuclear autoantigen 

(SG2NA) and zinedin. The  B’’’  family  are  structurally  composed  of  caveolin  and  calcium-

binding domains in their N-termini, which flank a coiled-coil domain. The C-termini are 

composed of WD-40 repeats. They are believed to be a unique subunit family as PP2A/A 

and PP2A/C were the only proteins found associated with them with no other B subunits 

present (Moreno et al., 2000). Later, other interactors were found associated with the PP2A 

complex, including kinases among others, suggesting that the phosphatase activity is not 

the only role of this complex. This complex was named STRIPAK (Goudreault et al., 

2009). STRIPAK complexes have been implicated in vast number of cellular processes, 

including cell cycle control, cell signaling and migration among others (reviewed in Hwang 

and Pallas, 2014). 

 

1.4 Role of PP2A in Response to Signals and Stresses 

In addition to its role in activating pocket proteins in the cell cycle, PP2A activity 

can also be induced by extracellular signals and stresses. The first example is the 

dephosphorylation of p107 in response to UV irradiation. NIH-3T3 fibroblasts were found 

to transiently arrest in the G1 phase of the cell cycle 90 minutes post-exposure to UV 

irradiation. p107 was dephosphorylated within one hour after treatment. EMSA assays 

followed by Western blotting showed there was an accumulation of complexed E2F after 

treatment and p107 was the predominant pocket protein present. p107 dephosphorylation 

was blocked in cells pre-treated with concentrations of okadaic acid specific to PP2A, 
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implicating it as the phosphatase responsible. This effect was also observed in murine 

neuroblastoma and human osteosarcoma cell lines. The exact B subunit responsible for the 

UV induced dephosphorylation of p107 was not identified, but overexpression of PR72, a 

subunit known to not bind p107, blocked this effect, presumably acting as a dominant 

negative via sequestration of the PP2A core dimer (Voorhoeve et al., 1999b). At the time, 

a novel subunit designated PR59 was found to target p107 (Voorhoeve et al., 1999a), but 

it was never directly implicated in this process. 

  Oxidative stress is another mechanism in which PP2A can be induced to target 

pocket proteins (Cicchillitti et al., 2003). Treatment of HUVEC (human umbilical vein 

endothelial cells) with H2O2 results in dephosphorylation of all three pocket proteins within 

30 minutes.  This effect does not result in the modulation of cyclin and CDK activity and 

still occurs in the presence of the viral oncogene HPV E6 indicating this is a p53 

independent effect. The H2O2-dependent dephosphorylation of pocket proteins was 

prevented by okadaic acid at concentrations specific for inhibition of PP2A, and 

furthermore this dephosphorylation was prevented by the expression of the SV 40 small t 

antigen which is known to displace B subunits from the core dimer of PP2A (Pallas et al., 

1990),  This study implicated a PP2A trimeric holoenzyme in the oxidative stress induced 

dephosphorylation of pocket proteins (Cicchillitti et al., 2003).  Later, the same group 

implicated PR70 as the B subunit responsible for binding pRb in U2-OS cells. 

Overexpression of PR70 was sufficient to increase the levels of hypophosphorylated pRb 

in the absence of H2O2.  Cells treated with shRNA against PR70 were deficient in their 

ability to dephosphorylate pRb in the presence of H2O2.  The EF-hand motifs found in 

PR70 and  other  members  of   the  B’’   family  were  found   to  be   important for binding the 
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PP2A core dimer. Treatment with an intracellular calcium chelater prevented the 

dephosphorylation of pRb, even in the presence of H2O2, indicating that the 

dephosphorylation of pRb by PP2A/PR70 holoenzymes is calcium dependent (Magenta et 

al., 2008).  Although it was previously shown that all three pocket proteins were sensitive 

to H2O2 induced dephosphorylation (Cicchillitti et al., 2003), in this study the particular 

subunits targeting p107 and p130 were not investigated. 

 A third example of PP2A targeting a pocket protein as a result of an inducible signal 

is treatment with all-trans-retinoic acid, or ATRA.  An upregulation of PP2A activity was 

observed along with the stabilization of p130 in ovarian carcinoma cells treated with 

ATRA, which arrest in G1 after treatment (Vuocolo et al., 2003).  It was found that p130 

bound to the catalytic subunit of PP2A, and this interaction was dependent on the intact 

nuclear localization signals on the C-terminus of p130.  Over-expression of the wild-type 

C-terminus of p130 in ovarian carcinoma cells treated with ATRA exhibited accelerated 

growth as compared to the cells over-expressing the C-terminus with the mutated nuclear 

localization signal.  This is believed to be due to the sequestration of the PP2A holoenzyme 

by the wild-type C-terminus allowing the hyperphosphorylated p130 to be ubiquitinated 

and degraded (Purev et al., 2006).  Two specific serine and threonine residues, which lie 

adjacent to the nuclear localization signals were specifically found to be targeted by PP2A. 

Importin  α  binds  p130  at  this  region  but  only  when  these  two  residues  (S1080  and  T1097)  

are dephosphorylated, and the phosphorylation of these residues prevents translocation to 

the nucleus.  In summation, stimulation with ATRA signals PP2A to target p130, 

dephosphorylating S1080 and T1097 in the NLS, which are next bound by importins, 

resulting in the translocation of p130 to the nucleus, leading to cell cycle arrest (Purev et 
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al., 2011).  No B subunit was implicated in this process. Since our lab has found that p130 

can  be  targeted  by  both  B55α  and  PR70,  it  is  conceivable  that  one  of  these  B  subunits  is  

implicated in the process (Jayadeva et al., 2010). 

In epithelial cells, hypophosphorylated p107 associates with Smads, which are 

transcriptional regulators induced by TGF-β.  Smad3  was  found  in  complex  with  E2F4/5,  

DP1, and p107 the in the cytoplasm, and upon stimulation with TGF-β,   this   complex  

translocates to the nucleus where it associates with Smad4 and binds to an adjacent  

Smad/E2F consensus site at the MYC promoter, repressing its transcription and resulting 

in cell cycle exit (Chen et al., 2002). PP2A was not implicated in this process, however the 

B55α  holoenzyme  is  known  to  be phosphorylated by the TGF-β  type 1 receptor (Griswold-

Prenner et al., 1998), so it is possible it could target the holoenzyme elsewhere. However, 

Smads themselves are targeted by PP2A upon TGF-β/BMP  stimulation. The PP2A/B55β 

holoenzyme was found to dephosphorylate BMPRII, ultimately leading to the same 

holoenzyme dephosphorylating Smads in their linker region, resulting in Smad complex 

nuclear translocation (Bengtsson et al., 2009). The role of these phosphatases ensuring that 

p107 remains active has not been explored.  

Finally, in response to FGF1 treatment in chondrocytes, a PP2A holoenzyme 

complex rapidly dephosphorylates p107 within 30 min, resulting in a G1 cell cycle arrest. 

Curiously, pRb or p130 are not dephosphorylated until much later (Kolupaeva et al., 2008). 

This is of relevance as FGF1 signaling in chondrocytes is crucial for bone development 

(Dailey et al., 2003), and p107/p130 are required for endochondral bone formation in vivo 

(Cobrinik et al., 1996). The B subunit of the holoenzyme responsible was not known prior 

to this study, however the sensitivity of the PP2A/p107 interaction and growth arrest to the 
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expression of SV40 st antigen and adenovirus E4orf4 proteins, which are known to displace 

B   and   B′   subunits   from   the   core   PP2A  A-C dimer, suggest the holoenzyme harbors a 

subunit from one of these families (Kolupaeva et al., 2008). This is the goal of my thesis 

project and it is further discussed in the next section. 

 

1.5 Role of p107 and p130 in Endochondral Bone Formation, Modulation by FGF and 

PP2A   

Rapid dephosphorylation and activation of p107 in chondrocytes in response to 

FGF1 treatment is highly significant because aside from their role in the cell cycle, p107 

and p130 together have been found to play a crucial role in endochondral bone formation. 

This was first determined by studying the effects of eliminating both p107 and p130 in 

mice. Mice that are p107-/- do not have early morbidity issues and develop normally. Their 

B and T cells are normal when compared to their wild type counterparts, and they do not 

have fertility defects as their litter sizes are similar to the wild type as well (Lee et al., 

1996b). Similarly, p130-/- mice also do not have obvious fertility or early morbidity issues 

and appear normal (Cobrinik et al., 1996).  However, when p107 -/+ and p130 -/+ mice 

were crossed, no live p107/p130 double knockouts were found at birth, and the dead 

neonates were detected below the Mendelian ratio. When observed in utero approximately 

18 days postcoitum, double knockouts were found to be alive and present in Mendelian 

frequencies. This suggests these mice are alive up until birth or die almost immediately 

after (Cobrinik et al., 1996). Further inspection of these embryos revealed they are ~30% 

smaller than their littermates and have drastically shortened limbs. When stained with dyes 

to specifically detect cartilage or bone, the double knockout mice were found to have 
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smaller ribcages than their littermates and they displayed less bone in the long bones of 

their limbs, with little detectable bone in the humerus. Interestingly, most of their cranial 

bones developed normally. Since cranial development occurs through intramembranous 

ossification and the development of the ribs and long bones of the limbs occur through 

endochondral ossification, this implicates p107 and p130 together in the latter process. 

Finally, chondrocyte density was doubled in the epiphyseal centers of the p107/p130 

knockout mice. This was found to be due to increased chondrocyte proliferation, 

suggesting p107 and p130 specifically play a role in restricting chondrocyte proliferation 

in epiphyseal centers (Cobrinik et al., 1996). 

The phenotype of the p107/p130 double knockout mice resembles that of 

achondroplasia. Achondroplasia is the most common form of dwarfism, and its most 

striking feature is the failure of long bone formation in the limbs. This known to result from 

mutations in FGFR3, resulting in a constitutively active receptor in the absence of FGF 

ligand, which can also cause other types of dwarfism (reviewed in Ornitz and Marie, 2002). 

Endochondral bone formation is dependent on the proliferation, maturation, growth arrest, 

and eventual apoptosis of chondrocytes. This process begins with cartilage formation in 

the perichondrium, which is eventually replaced by bone.  Mesenchymal cells condense 

and differentiate into two subspecies of proliferating chondrocytes, called low- and high- 

proliferating chondrocytes, which expand in different locations in the perichondrial space. 

Low proliferating chondrocytes are located towards the distal ends, while high-

proliferating chondrocytes are organized in columns in the center. Proliferating 

chondrocytes exit the cell cycle and differentiate (or mature) into pre-hypertrophic and 

hypertrophic chondrocytes. The expansion of this population of cells is critical in skeletal 
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elongation as it increases the length of what will eventually become the long bones of the 

limbs. These cells finally undergo apoptosis and are eventually replaced by trabecular bone 

(reviewed in Wuelling and Vortkamp, 2010).  

Treatment of RCS cells, a chondrocyte-like cell line that expresses FGFR3 

(Mukhopadhyay et al., 1995),  with FGF1 resulted in the autophosphorylation of FGFR3 

and activated downstream targets such as MAPK, but also resulted in unexpected growth 

inhibition, which was also seen in primary mouse chondrocyte cultures. This growth 

inhibition was found to be the result of the activation of STAT1 and its translocation to the 

nucleus and upregulation of p21 beginning around 6 hours after treatment. Furthermore, 

FGF1 inhibits chondrocyte proliferation in the epiphyseal growth plates of metatarsal bone 

rudiments from wild type embryos as expected, but not in STAT -/- embryos  (Sahni et al., 

1999). Conversely, a later study showed that although FGFR3 immunoprecipitates STAT1 

and phosphorylates it in an in vitro kinase assay, it does not activate STAT1 and STAT3 

in RCS cells. However, STAT3 was shown to be phosphorylated on S727, which is a 

known phosphosite for MAP kinases (Krejci et al., 2008). p21 was later found to be 

important in FGF induced cell cycle arrest in RCS cells using FGF2. After treatment, p21 

levels peak around 12 hours, and pRb dephosphorylation begins around 6 hours and is 

completed by 12. p21 was found to be in complex with cyclin E/CDK2 after FGF2 

treatment as well. This suggests that p21 plays a role in FGF induced cell cycle arrest by 

inhibiting cyclin E/CDK2, which ultimately results in the dephosphorylation and activation 

of pRb (Aikawa et al., 2001). A later study attempted to further characterize the mechanism 

of growth arrest induced by FGF2 in RCS cells. FGF2 treatment results in changes in the 

cartilage-like phenotype. p21 and p27 levels increased, which results in their association 
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with cyclin/CDK complexes and eventual dephosphorylation of pocket proteins (Krejci et 

al., 2004). The phospholipase  Cγ,  protein  kinase  B,  and  Erk  and  p38  MAP  kinases were 

also activated, and pharmacological inhibition of MEK and p38 MAP inhibited growth 

arrest, possibly implicating some of these pathways in this process (Krejci et al., 2004; 

Raucci et al., 2004). Inactivation of the AKT pathway may also play a role in FGF mediated 

RCS arrest. FGF2 treatment leads to a gradual reduction in AKT activity, and expression 

of a constitutively active AKT mutant (myr-AKT) partially inhibits growth arrest. Cells 

expressing myr-AKT were deficient in accumulating p130 upon arrest and retained some 

cyclin E/CDK2 activity. However, expression of myr-AKT does not affect the expression 

of maturation genes induced by FGF treatment (Priore et al., 2006). 

Another study inactivated the three pocket proteins in RCS cells by expression of 

Adenovirus E1A and Polyoma Large T to further investigate the importance of pocket 

proteins in response to FGF in chondrocyte growth arrest. FGF1 treatment leads to 

dephosphorylation of all three pocket proteins and growth arrest that is blocked in the 

presence of E1A and Large T. Curiously, RCS cells expressing a Large T mutant that is 

capable of binding pRb but not p107 or p130 are able to undergo growth arrest similarly to 

the parental cells. Furthermore, micromass chondrocyte cultures that were null for p107 

and/or p130 were insensitive to FGF induced cell cycle arrest, while pRb null cultures 

behaved as the wild type, confirming the importance of p107 and/or p130 in the process 

and also suggesting pRb does not play an important role. Of note,  the p107 -/+; p130-/-  

culture did remain slightly responsive, suggesting p107 may play a more important role 

(Laplantine et al., 2002). Another mouse model has been created to study the effects of the 

knockout of p107 and mutation of p27 on endochondral bone formation. p107 null/ 
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p27D51/D51 mice, which homozygously express p27 deficient in binding cyclin/CDK 

complexes, exhibit similar defects to the p107/p130 double knockout mice, although the 

phenotype is not as severe, as some of these mice survive in to adulthood. These mice also 

exhibit elevated chondrocyte proliferation, and like the p107/p130 double knockout, there 

is a clear difference in their ability to generate long bone versus the wild type mice, the 

p27D51/D51 mice or the p130 null/ p27D51/D51 mice. This suggests that p130 and p27 may be 

involved in the same (or a similar) pathway in chondrocyte maturation (Yeh et al., 2007b). 

It was later found that p107 is very rapidly dephosphorylated upon treatment with 

FGF1 (within one hour). pRb and p130 are not activated until 10-15 hours post treatment. 

Considering that p21 does not begin to be upregulated until 2 hours-post treatment, this 

suggests that the inhibition of cyclin E/CDK2 by p21 contributes to the activation of pRb 

and p130, while the activation of p107 is caused by a separate mechanism (Dailey et al., 

2003). Moreover, overexpression of cyclin D/CDK4 complexes, which are known to be 

able to overcome a p107-induced cell cycle block, was found to block the 

dephosphorylation of p107 by FGF1 as well as the G1 cell cycle arrest that results from 

FGF treatment, supporting the role of p107 in this process. Treatment of these cells with 

concentrations of okadaic acid at concentrations specific for PP2A inhibited p107 

dephosphorylation. Additionally, expression of SV40 Small T antigen, known to displace 

B subunits from the PP2A core enzyme (Pallas et al., 1990), also prevented p107 

dephosphorylation, as did the knockdown of the catalytic subunit, implicating PP2A as the 

phosphatase responsible for the rapid activation of p107. While no B subunit was 

implicated at the time, overexpression of adenoviral E4orf4, known to specifically target 

members of the B55 and B56 families (reviewed in Kurimchak and Graña, 2013; 
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Shtrichman et al., 2000) also delayed p107 dephosphorylation, strongly suggesting the 

PP2A holoenzyme responsible contains a member of either of these families (Kolupaeva 

et al., 2008). 

 

1.6 Role of PP2A/B55 family Holoenzymes in Mitosis 

 PP2A/B55 complexes play an important role in mitotic entry and exit in higher 

eukaryotes. Immunodepletion   of   PP2A/B55δ   holoenzymes   in   interphase   Xenopus egg 

extracts  resulted  in  accelerated  mitotic  entry.  Reciprocally,  addition  of  extra  PP2A/B55δ  

in cycling extracts delayed mitotic entry. Extracts remained delayed in a 

hyperphosphorylated  state  when  B55δ  was  removed  pre-mitotic induction; however, only 

a   slight   delay   in   dephosphorylation   occurred   if   B55δ   was   depleted   after   mitotic  

progression. This would suggest   that   PP2A/B55δ   holoenzymes   play   important   roles   in  

mitotic entry, while an additional phosphatase may be required for mitotic exit (Mochida 

et al., 2009). An RNAi screen using live cell imaging to identify phosphatases that play a 

role in mitotic exit in human cells identified   the   PP2A/B55α   holoenzyme,   along   with  

importin   β,   as   a   key   regulator   in   post  mitotic   spindle   breakdown,  Golgi   apparatus   and  

nuclear  envelope  reassembly,  and  chromatin  decondensation.  Depletion  of  B55α by siRNA 

delayed mitotic exit and markedly delayed the dephosphorylation of CDK1 substrates 

(Schmitz et al., 2009).   

 PP2A/B55δ holoenzymes are negatively regulated in mitosis by a mitotic kinase 

called Mastl/Greatwall (Gwl). Gwl is required for proper chromosome condensation and 

its mutation results in delayed G2 to prophase and metaphase to anaphase transitions in 

Drosophila (Yu et al., 2004). Gwl depletion in Xenopus extracts promoted mitotic exit in 



30 
 

the presence of high cyclin B/CDK1 activity, yet mitotic substrates were dephosphorylated, 

indicating Gwl regulates a phosphatase, which was shown to be PP2A (Vigneron et al., 

2009). The specific holoenzyme responsible was found to be PP2A/B55δ.  Xenopus 

extracts depleted of Gwl retained PP2A/B55δ activity and are unable to enter mitosis unless 

PP2A/ B55δ is removed as well (Castilho et al., 2009). These studies resulted in a proposed 

feedback loop, in which Gwl is activated in mitosis by cyclin B/CDK1 complexes, which 

in turn inactivates PP2A/B55δ holoenzymes, thus preventing the dephosphorylation of 

cyclin B/CDK1 activated substrates required for mitotic progression (Castilho et al., 2009). 

However, the exact mechanism of how Gwl inhibits PP2A was not known, as it was shown 

to bind PP2A (Vigneron et al., 2009) but it was not found to phosphorylate any component 

of the holoenzyme (Castilho et al., 2009). Two  substrates  of  Gwl,  α-Endosulfine (Ensa) 

and ARPP19, have been identified as novel inhibitors of PP2A during mitosis. In one study, 

Ensa and ARPP19 were both shown to be phosphorylated by Gwl at a specific serine 

residue and bind PP2A weakly in interphase, where Gwl is inactive, but strongly in mitotic 

xenopus extracts. In Gwl depleted extracts, Ensa and ARPP19 were unable to bind PP2A, 

indicating their inhibitory function is activated by phosphorylation by Gwl. Interestingly, 

only ARPP19 was required to promote mitotic entry, and ARPP19 knockdown in HeLa 

cells resulted in a reduction of mitotic cells, implicating a role for ARPP19 in mammalian 

cells (Gharbi-Ayachi et al., 2010).   Another study published alongside the aforementioned 

study, showed that S67 phosphorylated Ensa specifically targets and inhibits PP2A/B55δ 

holoenzymes but not the core dimer  or  catalytic  subunit,  or  members  of  the  B’  and  B’’  

families. This ultimately results in the activation of CDK1 (Mochida et al., 2010). In mice, 

cells null for the activating subunit of the Anaphase Promoting Complex Cdc20, arrest in 
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metaphase but mitotic exit can be forced upon the pharmacological inactivation of Cdk1 

and  the  knockdown  of  Gwl.  In  these  cells,  knockdown  of  not  only  B55δ  but  B55α  as well 

blocks  mitotic  exit,  implicating  B55α  in  this  mechanism  as  well  (Manchado et al., 2010). 

More recently, the inhibition of PP2A/B55 holoenzymes by Gwl and Ensa/ARPP19 have 

specifically been linked to the prevention of mitotic collapse after nuclear envelope 

breakdown. Gwl possesses nuclear localization signals, and in Drosophila, it shifts from 

the nucleus to the cytoplasm during prophase. Failure of nuclear exclusion results in a 

mitotic delay (Wang et al., 2013). This shift from the nucleus to the cytoplasm was also 

observed in mice. In Gwl-null MEFS, a lack of phosphorylated mitotic CDK substrates are 

observed and chromosomal segregation failed to occur. They also exhibited chromosomal 

condensation defects, and these defects were prevented with siRNA knockdown of the B55 

family members. This suggests that its role may be to prevent the dephosphorylation of 

mitotic substrates by cytoplasmic PP2A/B55 holoenzymes upon nuclear envelope 

breakdown (Alvarez-Fernandez et al., 2013).  

 Finally, there is evidence that Gwl/Ensa/PP2A is also involved in a double negative 

feedback loop, yet PP2A/B55 holoenzymes are most likely not the sole phosphatases 

responsible for mitotic exit. Knockdown  of  B55α  and  B55δ  blocks  the  dephosphorylation  

of T194, a CDK phosphosite on Gwl, in mitotic HeLa cell extracts, but has no effect on 

other sites, indicating that phosphatases other than PP2A also play a role in Gwl 

deactivation. The dephosphorylation of Ensa and ARPP19 is carried out by Fcp1, a separate 

phosphatase. Interestingly, in extracts where CDK1 is pharmacologically inhibited, 

dephosphorylation of the majority of CDK substrates continues, even in the presence of 

okadaic  acid  and  tautomycin  C,  as  well  as  the  knockdown  of  B55α,  B55δ,  and  Fcp1.  This  
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suggests that phosphatases  other than PP2A, PP1, and Fcp1 also target CDK substrates 

upon mitotic exit (Hegarat et al., 2014). 

 

1.7 Inhibitors of PP2A: Evidence that PP2A is a Tumor Suppressor 

 Evidence that PP2A is a tumor suppressor stems from studies using inhibitors and 

inactivators of PP2A, including the chemical inhibitors calyculin A and okadaic acid and 

the viral proteins SV40 small t antigen and adenovirus E4ORF4. Dysregulation of the 

endogenous PP2A inhibitors CIP2A and I2PP2A/SET have also been implicated in 

transformation. 

Calyculin A and okadaic acid are toxins extracted from marine sponges. Okadaic 

acid was first identified as a myosin phosphatase inhibitor, but later found to be an inhibitor 

of both PP1 and PP2A (Fujiki and Suganuma, 2011). In vitro, okadaic acid was found to 

inhibit PP2A at a 100x lower concentration than PP1 (Bialojan and Takai, 1988; Haystead 

et al., 1989). Later, during a screen for non-TPA (phorbol 12-tetradecanoate 13-acetate)-

type tumor promoters, okadaic acid was found to induce skin irritation in mice. Mice 

treated with DMBA and okadaic acid in a two stage carcinogenesis experiment developed 

tumors, mainly papillomas within 16 weeks of exposure, demonstrating that okadaic acid 

is a tumor promoter (Suganuma et al., 1988). In a similar experiment, Calyculin A was also 

found to have tumor-promoting activity in mice; 93% of the animals developed papillomas 

within the same time period (Suganuma et al., 1990). Calyculin A is also an inhibitor of 

PP1 and PP2A, but the concentrations needed to inhibit each phosphatase are similar 

(Suganuma et al., 1992).  
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The SV40- small t antigen (st) is a known viral oncogene and has been found to 

disrupt PP2A activity (reviewed in Arroyo and Hahn, 2005; reviewed in Sablina and Hahn, 

2008). This interaction was first detected when two proteins of 32 and 56 kD 

immunoprecipitated with both SV40 small t (Yang et al., 1979) and the polyoma middle T 

antigen (Pallas et al., 1988; Walter et al., 1988). These cellular proteins were later identified 

as the catalytic and scaffold subunits of PP2A (Pallas et al., 1990; Walter et al., 1990). It 

was later demonstrated that in vitro, st interacts with the free A subunit and the A/C core 

dimer, but not the free C subunit or the trimeric holoenzyme. This indicates that st competes 

with the B subunit for binding to the core dimer, and the primary interaction between the 

core dimer and st is through the A subunit (Yang et al., 1991). PP2A/B55α complexes pre-

incubated with an excess of st and incubated with ERK and MEK were defective in 

dephosphorylating their substrates in vitro, suggesting st can displace at least the B family 

of subunits. In this same study, CV-1 cells transfected with an st mutant deficient in binding 

PP2A were unable to proliferate in the absence of serum, unlike wild type st and another 

mutant that was still capable of binding the core enzyme (Sontag et al., 1993). The mutation 

of  amino acids 97, 101, and 103 of st greatly reduced their ability to bind the A subunit, 

and these mutants also fail to induce anchorage independent growth in F111 cells (Mungre 

et al., 1994). This implicates st in the transformation of cells by inhibiting PP2A.  

Interestingly, overexpression of B56γ  in  transformed  HEK  cells expressing st displaces st 

from PP2A and partially reverses the tumorigenic phenotype, suggesting the displacement 

of the B subunit by st may be B family-specific (Chen et al., 2004). Consistent with this 

finding, the B56γ  subunit  was  shown  to  have  a  seven  fold  higher  binding  affinity  for  the  A  

subunit than st (Chen et al., 2007).  Crystal structures of st in complex with the PP2A core 
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dimer revealed that the two zinc binding motifs present in st overlap the site where the 

B56γ subunit binds the scaffold subunit at HEAT repeats 3-6. The first motif is positioned 

in a manner that may inhibit the catalytic activity of the C subunit by restricting access to 

substrates, giving insight in to a possible mechanism of PP2A inactivation by st (Chen et 

al., 2007; Cho and Xu, 2007).    

The SV40 early region encodes both the the large and small T antigens. In addition 

to the inactivation of PP2A by st, LT binds and inactivates p53 and the pocket protein 

family. In cooperation with hTERT and oncogenic H-ras V12, the SV40 early region is 

capable of transforming BJ fibroblasts, HEK kidney cells, and mammary epithelial cells. 

Expression of these genes conferred anchorage independent growth and the ability to form 

tumors in nude mice (Elenbaas et al., 2001; Hahn et al., 1999; Hahn et al., 2002). As 

mentioned in the previous paragraph, st appears to selectively displace certain B family 

subunits from the core dimer. In HEK cells immortalized with LT, hTERT and H-rasV12, 

knockdown of B56J3 was able to substitute for st in the transformation of these cells, and 

reintroduction of B56J3 in cells expressing st partially reversed the tumorigenic phenotype 

due to the displacement of st from the core enzyme (Chen et al., 2004). A later study 

utilizing a panel of shRNAs targeting various B subunits  demonstrated  the  loss  of  B56α,  

B56γ, PR72/PR130, and PTPA were able to substitute for st in immortalized HEK cells. 

Loss of these subunits results in increased anchorage-independent colony formation, as 

well as the activation of the PI3K/Akt, c-Myc, and Wnt pathways (Sablina et al., 2010). 

Although not shown to have the ability to transform cells, and in fact has been 

shown to specifically induce apoptosis in tumor cells (reviewed in Noteborn, 2009), 

adenoviral E4ORF4 is another viral protein that inactivates PP2A. E4ORF4 binds directly 
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to the B55 subunit (Kleinberger and Shenk, 1993), and this interaction is required for 

E4ORF4-mediated apoptosis. Mutants of E4ORF4 that are incapable of or deficient in 

binding PP2A were deficient in induction of apoptosis in H1299 cells, which are p53 null. 

This indicates that the mechanism of E4ORF4-mediated apoptosis is p53 independent 

(Shtrichman et al., 1999) and is specifically  dependent  on  B55α  (Marcellus et al., 2000). 

The B56 subunit family can also bind E4ORF4 but is not involved in viral-mediated 

apoptosis (Shtrichman et al., 2000). Although the exact mechanism in which PP2A 

inhibition by E4ORF4 results in apoptosis is not known, evidence suggests it may affect 

the G2/M checkpoint or mitotic substrates. E4ORF4 was found to result in elevated levels 

of CDK1 activity, which may explain a G2/M arrest that results from its expression (Li et 

al., 2009). In yeast, E4ORF4 expression resulted in unregulated Clb2-Cdc28/CDK1 

activity and reduced levels of the securin and cohesin homologs in S phase cells, suggesting 

premature activation of the anaphase-promoting complex (APC). Reduction of these  

homologs  in  S  phase  cells  was  dependent  on  the  expression  of  Cdc55/B55α   (Mui et al., 

2010). Additionally, E4ORF4 also mediates the downregulation of MYC transcription, 

which is accomplished via a PP2A/B55 holoenzyme (Arnold and Sears, 2006; Ben-Israel 

et al., 2008), and also recruits PP2A to ACF, an ATP-dependent chromatin modifying 

factor, suggesting it may also deregulate chromatin remodeling activities (Brestovitsky et 

al., 2011). 

PP2A activity can also be deregulated by endogenous inhibitors such as CIP2A and 

I2PP2A/SET. CIP2A dysregulation has become one of the most common alterations in 

cancers, as it has been found upregulated in 40-90% of patient samples in various tumor 

types, including breast, gastric, lung, liver, and colon among others, and because it tends 
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to be selectively overexpressed in cancer, CIP2A is an attractive therapeutic target.  

(reviewed in Khanna et al., 2013). CIP2A was first identified in the sera of hepatocellular 

carcinoma and gastric cancer patients but not in normal human serum (Soo Hoo et al., 

2002). Its cellular functions and relation to malignancies were unknown until it was later 

identified as a PP2A-interacting protein in a LC/LC MS screen (Junttila et al., 2007). 

CIP2A was first shown to control the stability of Myc by direct binding, thus preventing 

PP2A access to phosphorylated serine 62. siRNA knockdown of CIP2A resulted in 

decreased phosphorylation of S62 and myc protein stability. Furthermore, knockdown of 

CIP2A in HeLa cells inhibits anchorage independent growth, and conversely, its 

overexpression results in the transformation of immortalized HEK cells. It was also found 

to be expressed in HeLa and HT-1080 cells but barely detectable in 3T3 cells or normal 

human keratinocytes, suggesting its role as an oncoprotein that inhibits PP2A function in 

cancer cells (Junttila et al., 2007). CIP2A and E2F1 have also been shown to participate in 

a oncogenic feedback loop. In cells where p53 or p21 is inactive, E2F1 stimulates the 

transcription of CIP2A. This in turn results in the inability of PP2A to dephosphorylate 

S364 on E2F1, which results in E2F4 stability (Laine et al., 2013). In addition, CIP2A is 

also known to inhibit the ability of PP2A to dephosphorylate S473 on Akt (Chen et al., 

2010). Currently, two holoenzymes are known to be targets of CIP2A- those harboring the 

B55α  and  B56β  subunits  (Niemela et al., 2012).  

I2PP2A/SET was first purified from bovine kidney along with I1PP2A, another 

cellular inhibitor. Both were shown to inhibit PP2A activity in vitro (Li et al., 1995; Li et 

al., 1996), In AML, the SET gene is fused to the nup214 gene, which results in a chimeric 

SET-Nup214 protein (von Lindern et al., 1992), implicating I2PP2A/SET in deregulation 
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of PP2A activity in leukemia. Later identified as a novel target of BCR-ABL in CML, 

increased expression of SET stimulated BCR-ABL activity and and inhibited PP2A 

activity. Consequently, downstream pathways controlled by BCR-ABL such as STAT5, 

MAPK, Akt, BAD, and Rb are affected (Neviani et al., 2005; reviewed in Westermarck 

and Hahn, 2008). More recently, I2PP2A/SET has been targeted in lung, prostate, and 

pancreatic cancer. In A549 cells, I2PP2A/SET is overexpressed while a cellular inhibitor 

that regulates it, ceramide, is underexpressed. Treatment with FTY720, a PP2A activator, 

acts as a substitute for ceramide by directly binding I2PP2A/SET, allowing the reactivation 

of PP2A. This resulted in the reduced ability of treated cells to form xenografts in SCID 

mice (Saddoughi et al., 2013). In the prostate cancer cell lines PC3, DU145, and LnCaP, 

I2PP2A/SET is upregulated, and treatment with ceramide resulted in the death of all three 

cell lines (Mukhopadhyay et al., 2013). Finally, both CIP2A and I2PP2A/SET were found 

overexpressed in pancreatic cancer, resulting in downregulation of PP2A activity, as well 

as upregulated Myc activity. Knockdown of both PP2A inhibitors prevented anchorage 

independence in pancreatic cancer cell lines. Treatment with a SET inhibitor, OP449, also 

reduces anchorage independent growth and tumor formation in vivo, as well as inhibits the 

growth of patient derived pancreatic tumor samples (Farrell et al., 2014). 

 

1.8 PP2A Mutations in Cancer 

 Mutations have been found in both isoforms of the scaffolding subunit in multiple 

cancers, including lung, breast, colorectal, endometrial, ovarian, and melanoma, and these 

mutations and some of their effects on B and C subunit binding are well characterized 

(Table 1, Figure 3, (reviewed in Kurimchak and Graña, 2013; Ruediger et al., 1994; 
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Ruediger et al., 2001a, b) Various point and frameshift mutations were identified in 

primary colon and lung tumors and established lung cancer cell lines, including a PP2A/Aβ 

subunit in a small cell lung cancer line that was deficient in binding the catalytic subunit 

(Wang et al., 1998). Mutations in both isoforms of the scaffold subunit were also identified 

in lung and breast tumors and in melanoma in a separate study (Calin et al., 2000). The 

most frequent mutation detected was the deletion of exon 9 in PPP2R1B. This results in 

the deletion of helix 9, which is required for the binding of the regulatory B subunit 

(Ruediger et al., 1994). Therefore, mutations found in the scaffolding subunits are likely to 

result in mutants that are deficient in binding the catalytic and regulatory subunits 

(reviewed in Janssens et al., 2005). One laboratory recapitulated the mutations of  the  Aα  

(Ruediger et al., 2001b) and Aβ   (Ruediger et al., 2001a) scaffold subunits described in 

Calin et al., 2000 via site-directed mutagenesis and investigated their ability to bind the 

catalytic and B family member subunits. Figure 3 summarizes the known effects. Two 

point mutants of the Aα subunit found in lung and breast cancer samples, E64D and E64G, 

are  specifically  unable  to  bind  members  of  the  B’  family,  while  binding  to  other  B  family  

members and the catalytic subunit is relatively unaltered. In contrast, point mutants and 

deletions found in the C-terminus   of   PP2A/Aα   are   deficient   in   binding   both   B and C 

subunits (Ruediger et al., 2001b).  Similar  to  Aα  mutants,  Aβ  N-terminal mutations retained 

their ability to bind the catalytic subunit but are unable to bind PR72; C-terminal mutants 

were  unable  to  bind  B’’  or  C,  with  the  exception  of  D504G,  which  resulted  in  increased  

binding of both (Figure 3) (Ruediger et al., 2001a). Also  of  note,  PP2A/Aα  expression  was  

reduced 10-fold in almost half of the glioma samples in a set of 58 brain tumors analyzed, 
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and various mutations were detected in the coding sequence, yet none resulted in amino 

acid changes (Colella et al., 2001). 

 Additionally,  knockdown  of   the  PP2A/Aα  subunit   to  about  half   the   endogenous  

level, hence mimicking the effects of inactivation of a single allele, contributes to the 

transformation of immortalized HEK cells. Cells that were stably transfected with shRNA 

against  PP2A/Aα  expressed  lower  levels  of  B  and  C  subunits  and  had  reduced  phosphatase  

activity.  Specifically,  one  line  that  expressed  PP2A/Aα  at  50%  the  endogenous  level  was  

able to form colonies in soft agar and was tumorigenic in nude mice. Re-expression of Aα 

mutants in cells with reduced endogenous Aα was unable to reverse their transforming 

abilities, and expressed elevated levels of phospho-AKT, suggesting that loss of PP2A/Aα 

expression results in the dysregulation of the AKT pathway (Chen et al., 2005). 

 Finally, transgenic mice expressing the E64D and E64G point mutations and a 

mutant with exons 5 and 6 of PP2A/Aα deleted were generated. The scaffold subunits 

extracted  from  the  tissues  of  the  E64D  and  E64G  mice  were  defective  in  binding  the  B’  

subunit, as previously reported (Ruediger et al., 2001b; Ruediger et al., 2011). These mice 

were 50-60% more susceptible to lung tumors than their wild type counterparts when 

treated with the carcinogen benzopyrene. However, in mice co-expressing PP2A/Aα  

mutations and dominant negative p53, no significant difference was observed between 

them and the wild type mice regarding lung tumor incidence, suggesting that the tumor 

suppressor activity of PP2A/Aα is dependent on functional p53 (Ruediger et al., 2011; 

Walter and Ruediger, 2012). Interestingly, in two studies analyzing PPP2R1A mutations 

in endometrial cancers, one group found TP53 mutations in 4 of 8 tumors that also had 

mutations in PPP2R1A, but six of seven tumors that had TP53 mutations retained wild type 
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PPP2R1A in serous ovarian cancers (Nagendra et al., 2012). The other study found 

mutations of both TP53 and PPP2R1A in 9/13 serous ovarian cancers, but they appeared 

to be mutually exclusive in clear cell endometriod tumors (Hoang et al., 2013), so the 

notion that PP2A/Aα tumor suppressor activity is dependent on functional p53 may be 

tissue specific. 
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Figure 3. Locations of mutations in the PP2A/A scaffold known to affect B and C 

binding. Known mutations in each scaffold isoform and their effects on binding of B and 

C subunits are color coded (Ruediger et al., 2001a), (Ruediger et al., 2001b), (Esplin et al., 

2006). 
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Table I:  Alterations in PP2A/A subunit isoforms in cancer 
 Mutation Cancer Type Ref Effect on Binding Ref 

PP2A/AD      
 E64D Lung (B) B' binding deficient (D) 

 E64G Breast (B) B' binding deficient (D) 
 R418W Melanoma (B) No B or C binding (D) 
 Δ171-589 Breast (B) No B or C binding (D) 
 P179L Endometrial (E) Unknown  
 R182W Endometrial, Ovarian (E,K) Unknown  
 S256F Endometrial (E,K) Unknown  
 R183Q Endometrial, Ovarian (E,K) Unknown  
 R249H Endometrial (E) Unknown  
 R182W Endometrial (E) Unknown  
 E216K Endometrial (F) Unknown  
 R258Y Endometrial (F) Unknown  
 R258H Endometrial (F) Unknown  
 R258C Ovarian (E) Unknown  
 W257C Endometrial, Ovarian  (E,F)                  Unknown  
 P179R Endometrial, Ovarian (E,K) Unknown  
 R183W Endometrial, Ovarian, Pancreatic (E,K) Unknown  
 S256Y Endometrial, Ovarian (E,K) Unknown  
 W257G 

R183G 
Endometrial, Ovarian 

Ovarian 
 (E,K) 

(K) 
Unknown 
Unknown 

 

 

      
PP2A/AE D504G Lung (A) Increased B'' and C binding (C) 

 G8R Lung (A) Normal B'' and C binding (C) 
 G90D Lung  

Breast 
(A) 
(G) 

Normal B'' and C binding, 
Reduced B' binding 

(C) 
(G) 

 K343E Lung (A) Normal B'' and C binding (C) 
 Δ344-388 Lung (A) Reduced B'' binding (C) 
 P65S Lung (A) Reduced B'' binding (C) 
 L101P Colon (A) Reduced B'' binding (C) 
 V545A Colon (A) Reduced B'' and C binding (C) 
 V448A Colon (A) Reduced B'' and C binding (C) 
 L101P/V448A Colon (A) Reduced B'' and C binding (C) 
 Δ230-518 Lung (A) Unknown   
 G15A Colorectal (H) Unknown  
 S365P Colorectal (H) Unknown  
 V498E Colorectal (H) Unknown  
 L499I Colorectal (H) Unknown  
 V500G Colorectal (H) Unknown  
 Various 

Deletions 
Liver (I) Unknown  

 Various 
Deletions 

Cervical (J) Unknown  

References: A (Wang et al., 1998), B (Calin et al., 2000), C (Ruediger et al., 2001a), D 
(Ruediger et al., 2001b), E (McConechy et al., 2011), F (Nagendra et al., 2012) , G 
(Esplin et al., 2006), H (Takagi et al., 2000), I (Chou et al., 2007), J (Yeh et al., 2007a), K 
(Shih Ie et al., 2011). Modified from (Kurimchak and Graña, 2013). 
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1.9 The PPP2R2 Family as Tumor Suppressors  

Mutations on the scaffold subunit are common in a variety of cancers, but mutations 

in the regulatory subunits of PP2A are far less common. Alterations on PPP2R2A, 

PPP2R2B, and PPP2R2C have been detected in various cancers, but PPP2R2A mutations 

appear to be the most frequent. Only 4 point mutations in PPP2R2A, which encodes the 

B55α, out of 652 sequenced samples have been reported in the COSMIC database, however 

recent studies have shown that deletions in Chr 8p21.2, where PPP2R2A is located, have 

been found in prostate, breast, colorectal, and lung cancers (reviewed in Kurimchak and 

Graña, 2013).   

In one study, a 500K SNP array was used to analyze established prostate cancer 

cell lines along with normal prostate epithelial cells and patient tumor samples to identify 

copy number alterations and identified a number of homozygous deletions on multiple 

chromosomes. One cell line, VCaP, was found to have a homozygous deletion of 

PPP2R2A, as did one of the patient samples (Liu et al., 2008b). A later study by the same 

group used the same array to analyze 141 paired normal/cancer prostate samples 

specifically for alterations in PPP2R2A. Eighty four tumors (59.6%) were found to have a 

hemizygous deletion of the PPP2R2A gene; 3 tumors (2.1%) had a homozygous deletion. 

However, there did not appear to be a correlation between PPP2R2A deletion and prostate 

cancer-specific death, Gleason score, PSA levels, or stage. Additionally, a Johns Hopkins 

Hospital population study consisting of 500 non-aggressive and 448 aggressive prostate 

tumors was reanalyzed, and it was determined that all these deletions were somatic; no 

hemi- or homozygous germline deletions were detected (Cheng et al., 2011). A separate 

study conducted to identify recurrent breakpoints in prostate cancer identified 5 samples 



44 
 

with genomic breakpoints in the PPP2R2A gene out of 78 prostate tumor samples, ranking 

PPP2R2A as the 4th most common genomic breakpoint, ahead of PTEN, BRCA1 and 

BRCA2. Additionally,qRT-PCR analysis revealed that 8 out of 9 paired samples exhibited 

decreased PPP2R2A mRNA expression in the tumor samples. 

Alterations in PPP2R2A have been detected in other types of cancers as well. For 

example, a study of the genomic and transcriptomic architecture of about 2000 breast 

tumors has shown that loss of PPP2R2A is enriched in mitotic ER-positive cancers (Curtis 

et al., 2012). Homozygous deletions have also been found in serous ovarian carcinoma 

(Network, 2011). In a screen of 245 tumor samples including 14 cancer types, qRT-PCR 

demonstrated that PPP2R2A is downregulated in lung and thyroid cancers. In a panel of 

21 NSCLC (Non-Small Cell Lung Carcinoma) samples with matched normal tissues, 8 

samples had at least a 2-fold decrease in PPP2R2A mRNA, and Western blot analysis of 

NSCLC lines with known hemizygous deletions of PPP2R2A showed reduced expression 

of  B55α  (Kalev et al., 2012). More recently, PPP2R2A was found to be downregulated at 

the protein level in 9 of 21 paired colorectal cancer patient samples via western blot 

(Cristobal et al., 2014).  

Dysregulation of PPP2R2B via promoter silencing has been found in colorectal and 

breast cancers. Hypermethylation of the PPP2R2B promoter was observed in colorectal 

tumor samples compared to matched normal colon-derived mucosa in gene expression 

array analysis, as well as downregulation of B55E at the protein level. Re-introduction of 

B55E reduced the tumorigenicity of DLD1 and HCT116 cells by reducing their ability to 

form colonies in soft agar, and the ability of DLD1 cells to form tumors in nude mice was 

reduced. In this study, it was demonstrated that B55E targets PDK1 to regulate Myc 
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signaling, and in colorectal cancer, loss of B55E results in a PDK1-dependent and PI3K-

independent induction of Myc phosphorylation in response to rapamycin, which is reversed 

upon re-addition of B55E (Tan et al., 2010). Hypermethylation of PPP2R2B has also been 

detected in ductal carcinoma in situ versus normal breast tissue, although the degree of 

methylation varies when p53 status is taken into account (Muggerud et al., 2010). 

Interestingly, this group demonstrated that the methylation status of PPP2R2B is 

significant predictor of overall survival, as patients with hypermethylated promoters for 

PPP2R2B had higher rates of survival than  those  with  “normal-like”  methylation  (Klajic 

et al., 2013). Hypermethylation of PPP2R2B was also indicative of longer survival in 

laryngeal carcinoma cases (Paluszczak et al., 2014).  In brain cancer, loss of expression of 

the gene itself has been observed. In glioblastoma multiforme, reduced expression of 

PPP2R2B as a result of a breakpoint at chromosome 5q32 correlates with poor prognosis 

(Leone et al., 2012).  

Finally, PPP2R2C has recently been found to be downregulated in prostate and 

brain cancers. PPP2R2C was identified in a siRNA screen as a gene responsible for 

inducing castration-resistant growth in LnCaP and VCaP cell lines, which are androgen 

dependent. Furthermore, microarray analysis of primary and metastatic prostate tumors 

revealed that PPP2R2C is downregulated in comparison to benign prostate eplithelia. 

Staining of prostatectomy samples from a patient cohort showed that reduced expression 

of PPP2R2C was associated with higher rates of relapse and prostate cancer specific death. 

The growth advantages conferred by loss of PPP2R2C do not function through the 

androgen receptor pathway and they also do not activate the Src, PI3K, or Erk signaling 

pathways (Bluemn et al., 2013). PPP2R2C was also shown to be downregulated in 
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glioblastoma cell lines and primary brain tumors versus normal brain tissue at the protein 

level.   Reintroduction   of   B55γ   in   deficient   cell   lines   resulted   in   reduced   proliferation, 

colony formation in soft agar, and xenograft growth in nude mice. Overexpression  of  B55γ  

lead to decreased phosphorylation of S6K, but not AKT or mTOR, which are upstream, 

and transfection of a S6K kinase active mutant reversed the inhibitory effects on cell 

proliferation in cells overexpressing B55γ. This suggests that B55γ  targets  S6K  in  glioma  

cells and a consequence of its loss is dysregulation of the mTOR pathway (Fan et al., 2013). 

 

1.10 Hypothesis and Goals  

 

1.10.1   Role   of   PP2A/B55α   holoenzymes   in   the   FGF1   induced   arrest   in 

 chondrocytes 

While a great deal is known about the negative regulation of pocket proteins by 

CDK phosphorylation, including the specific complexes responsible and residues targeted, 

regulation by dephosphorylation via PP2A is less well understood. Therefore, signaling 

processes that are reliant upon pocket protein reactivation by the action of PP2A 

holoenzymes are also not well understood, meaning identification and characterization of 

the specific holoenzymes involved in these signaling events is important for this field to 

progress. 

One such model system we can use to further our understanding of pocket protein 

reactivation is the response to FGF1 treatment in rat chondrosarcoma (RCS) cells. A PP2A 

holoenzyme complex rapidly dephosphorylates p107 within 30 minutes, which leads to a 

G1 cell cycle arrest in chondrocytes. This PP2A holoenzyme is sensitive to SV40 small T 
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antigen and adenoviral E4OR4, suggesting it harbors a member of the B55 family as its 

regulatory subunit. Because p107 and p130 are required for proper endochondral bone 

formation and chondrocyte cell cycle exit during development, and we have previously 

demonstrated that the B55α holoenzyme targets p107 in U2-OS cells, B55α  or  a  related  

subunit may play a critical role in endochondral bone formation. 

We  hypothesize  that  the  PP2A  holoenzyme  containing  the  B55α regulatory subunit 

is the phosphatase responsible for activation of p107 in chondrocytes upon stimulation with 

FGF1, and this is important for maturation and cell cycle exit. 

The goal of this part of my thesis is to demonstrate the role of the B55α regulatory 

subunit in this process and to gain a better understanding of the mechanisms by which 

FGF1 specifically induces dephosphorylation and activation of p107, and the consequences 

of this activation.  

 

1.10.2 PPP2R2A as a Haploinsufficient Tumor Suppressor in Prostate Cancer 

 PP2A is known to play a major role in cell signaling by counteracting the action of 

serine/threonine kinases in multiple pathways and has been implicated in a large number 

of cellular processes and signaling pathways, including those that are often defective in 

cancer, such as MAPK, AKT, p53 and pRb. PP2A is a major target of the tumor promoter 

toxin okadaic acid and the small t antigen oncogene of DNA tumor viruses, and mutations 

in the scaffold subunit have been reported in various cancers. However, it is unclear what 

particular trimeric holoenzymes are specifically disrupted in tumors and if these are always 

the same or are tumor specific. 
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 Independent studies identified deletions on chromosome 8p21.2 that invariably 

affect the PPP2R2A gene,  whose  product   is  B55α, in prostate cancer (PCa). SNP array 

analysis in one study has demonstrated that ~57% PCa samples harbor hemizygous 

deletions and 2% harbor homozygous deletions. Another study showed 8p21.2 is the 4th 

most common genomic breakpoint, ahead of PTEN, BRCA1 and BRCA2. Furthermore, 

mutations in the PPP2R2A gene are rare, and no aberrant methylation has been detected at 

its promoter.  

We hypothesize that the mechanism of mutation of PPP2R2A associated with 

cancer is hemizygous deletion, and that   reduced   expression  of  B55α is associated with 

abnormal substrate dephosphorylation triggering cell cycle/differentiation defects and/or 

increased survival contributing to tumorigenesis. 

The goal for this chapter of my thesis is to determine how increased levels of B55α 

affect the growth and tumorigenicity of PCa Cells. 
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CHAPTER 2  

MATERIALS AND METHODS 

 

2.1 Cell Culture and Treatments 

Rat Chondrosarcoma Cells (RCS) were a gift from Dr. Claudio Basilico (NYU) and 

were   grown   in  Dulbecco’s  modified  Eagles’  medium   (DMEM)   (Cellgro)   supplemented  

with 10% fetal bovine serum (FBS) (Atlanta Biologicals) and 100 U/ml penicillin, 100 

μg/ml   streptomycin (Gemini) at 37 °C in a humidified atmosphere with 10% CO2. 

Fibroblast Growth Factor 1 (Peprotech) was reconstituted in 5 mM Na2(HPO4), pH 8.0 + 

0.1%  BSA  at  a  concentration  of  5  μg/ml.  RCS  cells  were  treated  at  indicated  time  points  at  

a final FGF  concentration  of    5  ng/ml  culture  medium  plus  5  μg/ml  heparin  (Calbiochem). 

Primary chondrocyte cultures were prepared from metatarsal rudiments isolated from 

Sprague-Dawley rat fetuses at 20 days post coitus as previously described (Wu et al., 2011)  

and  maintained  in  complete  DMEM  supplemented  with  50  μg/ml  ascorbic  acid. 293T, PC3 

(ATCC) and VCaP (Sigma) cells were were   grown   in   Dulbecco’s   modified   Eagles’  

medium (DMEM) (Cellgro). DU145, LnCaP, and 22RV1 (ATCC) cells were grown in 

RPMI 1640 (Cellgro). Both media were supplemented with 10% fetal bovine serum (FBS) 

(Atlanta  Biologicals)  and  100  U/ml  penicillin,  100  μg/ml  streptomycin  (Gemini)  at  37  °C  

in a humidified atmosphere with 10% CO2.  The normal immortalized prostate epithelial 

cell lines (PrECs) were a gift from Dr. William Hahn (Dana-Farber Cancer Institute, 

Boston, MA) and were maintained in Prostate Epithelial Cell Basal Medium (Lonza) 

supplemented with  2 ml bovine pituitary extract, 0.5 ml hydrocortisone, 0.5 ml hEGF, 0.5 

ml Epinephrine, 0.5 ml Transferrin, 0.5 ml Insulin, 0.5 ml Retinoic Acid, 0.5 ml 
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Triiodothyronine, and 0.5 ml Gentamicin/Amphotericin B-1000 in a humidified 

atmosphere with 10% CO2. 

 

2.2 Flow Cytometry and Analysis 

 RCS and PC3 cells were seeded at 50% confluency (~5 x 104 cells/ 10 cm plate) 

and collected at the indicated time points and fixed in methanol. Prior to analysis, the cells 

were treated with a solution containing 10% propidium iodide (final concentration 50 

µg/ml), 10% 5 mg/ml RNAse A (final concentration 500 µg/ml) and 80% (1X PBS+ 1% 

FBS) and incubated at 37 °C for 30 min. The cells were analyzed with a FACSCalibur 

(BD) flow cytometer and the data were analyzed using Cell Quest software (BD). For 

viability assays, the Viacount (Millipore) reagent was used. Cells were washed with 1x 

PBS and trypsinized with 50 μl trypsin. After detachment, 50 μl Viacount reagent was 

added to the cells and they were returned to the incubator for at least 5 minutes. Live cell 

number was determined via dye exclusion and forward and side scatter using a Guava 

EasyCyte cytometer using the Viacount Assay program. 

 

2.3 Antibodies 

Anti-p107 (sc-318), anti-cyclin A (sc-596), anti-E2F4 (sc-512), anti-p21 (sc-397), 

anti-CDK2 (sc-163), anti-CDK4 (sc-601) and anti-Androgen Receptor (sc-815) rabbit 

polyclonal antibodies, anti-PP2A/A (sc-6113), anti-COL2A1 (sc-7764), and anti NKX3.1 

(sc-15022) goat polyclonal antibodies, anti-PP2A-B55α (sc-81606)  and anti-cyclin E (sc-

248) mouse monoclonal antibodies, normal rabbit (sc-2027) and normal mouse (sc-2025) 

IgG were purchased from Santa Cruz Biotechnology. The anti-PP2A-B55α (100C1) rabbit 
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monoclonal, anti-β-actin (4967), anti-AKT (9272) and anti-AKT S473 (9271) rabbit 

polyclonal antibodies were purchased from Cell Signaling Technology. Anti-p130 

(R27020), anti-PP2A/C (1D6), anti-pRb (G3-245), and anti-HSP70 (ADI-SPA-822) 

monoclonal antibodies were purchased from BD Transduction Laboratories, Upstate 

Biotech, Millipore, BD Pharmingen, and Enzo Life Sciences, respectively. The anti-PP2A-

B55δ  (GTX116609) antibody was purchased from Gene-Tex, and anti-CTCF (ab70303) 

was purchased from Abcam.   

 

2.4 Plasmids and siRNA 

 pSG5-puro-Flag-p107 was made by excising the Flag-p107 construct from pCMV-

Flag-p107 (Jayadeva et al., 2010) and inserting it into the pSG5-puro vector. pMSCV-puro-

Myc-B55α wild type (WT) and pMSCV-puro Myc-B55α D197K were described 

previously (20). pLKO.1 short hairpin RNA (shRNA) Ppp2r2a and scramble plasmids 

were purchased as a set in bacterial glycerol stock from Sigma (Mission shRNA; 

SCHLNG-NM_028032). TRCN0000241288 and TRCN0000241290 were used in the 

shRNA knockdown experiments and renamed shRNA 1 and 2, respectively. Ppp2r2a 

siRNAs were purchased from Dharmacon, and their sequences are shown in Table 2: 

siGENOME nontargeting siRNA pool 2 (D-001206-14) was used as the control. For 

subcellular localization and cell cycle experiments, Ppp2r2a siRNAs 2 and 3 were used 

together along with Ppp2r2d siRNA 1. For the rescue experiment, Ppp2r2a siRNAs 2 and 

3 were used for open reading frame (ORF) knockdown, while 2 separate siRNAs against 

the 3’ untranslated region (UTR) were used for UTR knockdown. Sequences are shown in 

Table 2.  shRNAs used  to  knock  down  B55α  in  the  prostate  cancer  experiments were taken 
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from the pSM2 vector (Open Biosystems) and cloned into the pGIPZ vector using the XhoI 

and MluI sites. pCPP-Flag-B55α was generated by removing Flag-B55α from 

pCDNA5/TO and cloning it into the pCPP vector via the BamHI/EcoRI sites. 

 

Table 2: siRNA and shRNA sequences    
  RCS Experiments (Rat)     
Ppp2r2a         
siRNA1 5’-UGACUGGAUCCUACAAUAAUU-3’ 
siRNA2 5’-CAGCAGAUGAUUUGCGAAUUA-3’ 
siRNA3 5’-CAGUAGAGUUUAAUCAUUC-3’ 
UTR1 5’-CCAUGUCUGCUAGCCAUUU-3’ 
UTR2 5’-UUGUCUCGGUGGUGGCGUAUU-3’ 
       
Ppp2r2d 5’-GAGACUAUCUGUCGGUGAA-3’ 
       
  Prostate Cancer Experiments (Human)   
PPP2R2A         
78650 5'-GCCAGUCCACGAAGAAUAU-'3 
78652 5'-GUCAGUCUAUGGGAUUUAA-3' 

 

 

2.5 Protein Expression and Analysis 

All protein assays were conducted on ice or at 4 °C unless otherwise indicated. 

Protein extracts were prepared by lysing cells in RCS buffer (50 mM Tris pH 7.4, 150 mM 

NaCl, 10 mM KCl, 1 mM EDTA, 1% NP-40, 50 mM NaF, 1 mM Na3VO4, 10 mM sodium 

pyrophosphate, 10 mM β-glycerophosphate, 1 mM PMSF, 10 µg/ml Leupeptin, 4 µg/ml 

Pepstatin, 4 µg/ml Aprotinin) for 30 min and cleared by centrifugation at 14,000 RPM for 

10 minutes. Protein concentration was determined by Bradford assay (BioRad). For 

Western  blot  analysis,  20  μg  of  protein  were  loaded  into  the  gels  in  a  final  concentration 
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of  1  μg/ μl  in  RCS  buffer  plus  1x  Laemmli sample buffer (diluted from 6x stock) and heated 

at 65 °C for 10 minutes prior to loading. Proteins were resolved by SDS-PAGE, where 6% 

gels were used to determine the phosphorylation status of pocket proteins and 8–12% gels 

were used to assess protein expression. For immunoprecipitation of endogenous proteins, 

we used ~1 mg of precleared whole protein lysate per antibody. Lysates were precleared 

using normal mouse or rabbit IgG plus protein A or G beads and incubated overnight while 

rocking at 4 °C.  Five micrograms of p107 antibody (sc-318) or normal rabbit IgG for 

control  or  10  μg  B55α  antibody  (sc-81606) or normal mouse IgG for control were added 

to the precleared lysates and incubated for 2 hours at 4 °C on a rotator. Following 

incubation, the beads were washed 4–5 times with RCS buffer. After  the  final  wash,  60  μl  

1x Laemmli sample buffer was added to the beads and the samples were heated at 65 °C 

for 10 minutes prior to loading. Immunoprecipitates were resolved by SDS-PAGE and 

analyzed via Western blotting. Proteins were resolved on SDS-PAGE gels and transferred 

to a PVDF membrane (Immobilon-FL, Millipore) in CAPS buffer (10 mM CAPS, 10 % 

methanol, pH 11.00) at 65 volts for 35-45 minutes depending on the percentage of the gel 

(lower % acrylamide = lower transfer time). The membranes were blocked with a 5 % milk 

solution (non-fat dry milk in 1x TBS-T- 137 mM NaCl, 20 mM Tris, 0.5% Tween-20 

(Fisher)) for 30 minutes.  The membranes were then incubated with primary antibodies in 

3% milk/1 x TBS-T solution for 2 hours at room temperature or overnight at 4 ºC, then 

washed three times with 1x TBS-T. ECL anti-rabbit or anti-mouse IgG horseradish 

peroxidase-linked secondary antibodies (GE Healthcare) were diluted in 3% milk/TBS-T 

solution, then added to the membrane and incubated for 2 hours at room temperature at a 

dilution of 1:10,000. Wash steps were the same as after the incubation with primary 
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antibody.  Western Lighting Plus ECL reagent (Perkin Elmer) was then added to the 

membrane and the resultant bands were recorded by the FluorChemQ Imaging System 

(Protein Simple). Bands recorded by the FluorChemQ were quantified using AlphaView 

Software Version 3.0.3.0 (Protein Simple). Subcellular localization studies were performed 

utilizing the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific) 

according  to  the  manufacturer’s  directions. 

 

2.6 Viral Transductions 

 293T cells (~ 2 x 106 per 10 cm plate) were transfected with the pLKO.1 vectors 

and pCMV-ΔR8.2 and pCMV-VSVg packaging constructs at a 6:4:3 μg DNA ratio, 

respectively, using the calcium phosphate method. Two hours prior to transfection, the 

medium in the plates was removed and 9 ml fresh DMEM was added. The DNA was added 

to a tube containing 50 μl 2.5 M CaCl2 solution, then brought to a final volume of 500 μl 

with sterile distilled deionized water. The DNA mixture was then added drop by drop to a 

separate 15 ml conical tube containing 500 μl 2x HEPES-buffered saline solution (0.28 M 

NaCl, 50 mM HEPES,  1.5 mM Na2HPO4, pH 7.05) while bubbling the 2x HEPES. The 

transfection mix was allowed to incubate for 30 minutes prior to addition to the plates. Five 

minutes prior to the addition of the transfection mixture, 10 μl 25 mM chloroquine was 

added to each plate. The media was removed the next day. The cells were washed with 1x 

PBS and 7 ml fresh medium was added. Supernatants were collected 48 h post-transfection 

and added to the RCS or PC3 cells. Two (PC3) or three (RCS) infections were performed 

~ 8 hours apart (infections 1 and 2) and ~ 16 hours apart (infections 2 and 3). The cells 

were selected with medium containing 2 μg/ml puromycin 24 h after the final infection. 
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For protein expression, all RCS cell transfections were performed using the Fugene HD 

reagent (Promega) at an 8:1 ratio. siRNA transfections were performed using 37.5 nM 

siRNA duplex and the reverse transfection protocol (cells were added to 6 well plates with 

media containing the siRNA and transfection reagent) with Lipofectamine RNAi Max 

reagent (Life Technologies) according to the  manufacturer’s  instructions. A total of 9x105 

cells/10 cm plate or 3x105 cells/6 mm plate were transfected twice, 24 h apart, and allowed 

to grow for 48 to 72 h post-transfection prior to treatment. 

 Prostate cancer cells were infected in an identical manner using the pCPP-Flag-

B55α  expression  vector  and  the  pGIPZ shRNA  mir  constructs  for  B55α  knockdown. 

 

2.7 Proteomics 

RCS-Flag-p107 and RCS-Myc-B55α WT stable cell lines were made by stably 

expressing pSG5-puro-Flag-p107 and pMSCV-puro-Myc-B55α WT in RCS cells and 

selecting with 2 μg/ml puromycin. Colonies (single clones) expressing levels of tagged 

protein similar to those of the corresponding endogenous protein were selected for these 

experiments. About 15 to 20 15 cm plates of exponentially growing cells were collected (4 

to 7 mg of protein) and lysed in a buffer containing 50 mM HEPES, pH 7.5, 70 mM 

potassium acetate [K(OAc)], 5 mM magnesium acetate [Mg(OAc)2], 0.2% maltoside 

(Thermo Scientific), and an EDTA-free Complete Protease Inhibitor Cocktail Tablet 

(Roche). Cell lysates were immunoprecipitated with anti-Flag M2 affinity gel (A2220; 

Sigma) or anti-Myc affinity gel (A7470; Sigma) for one hour at 4 °C on a rotator. The 

beads were subsequently washed 5 times in lysis buffer and 2 times in MS buffer (0.1 M 

Tris-HCl; pH 8.5), and the peptides were eluted with saturated urea (10M), treated with 
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Tris(2-carboxyethyl)phosphine (TCEP) (Sigma) and 2-chloracetamide (Sigma), and 

digested sequentially with endoproteinase Lys-C (Wako) for 4 hours at 37 °C and trypsin 

(Promega) for 16 hours at 37 °C. All buffers were made in Chromasolv Mass Spectrometry 

grade water (Sigma). Peptides were desalted using a C18 micro column (Sartorius Stedim 

or Pierce) and dried in a speed vac using medium heat. Liquid chromatography-mass 

spectrometry experiments were carried out on an EASY-nLC connected to a hybrid LTQ-

Orbitrap Classic equipped with a nanoelectrospray ion source (Thermo Scientific) at the 

Proteomics Exploration Laboratory at the Beckman Institute at the California Institute of 

Technology. Peptides were separated on a 15-cm  reversed  phase  analytical  column  (75  μm  

internal  diameter)  packed  with  3  μm  C18AQ  beads  (ReproSil-Pur C18AQ) using a 110-min 

gradient from 0% to 30% acetonitrile in 0.2% formic acid at a flow rate of 350 nL/minute. 

The mass spectrometer was operated in data-dependent mode to automatically switch 

between full-scan MS and tandem MS acquisition. Survey full scan mass spectra were 

acquired in LTQ-FT (300–1700 m/z), after accumulation of 1,000,000 ions, with a 

resolution of 60,000 at 400 m/z. The twelve most intense ions from the survey scan were 

isolated and, after the accumulation of 500 ions, fragmented in the linear ion trap by 

collisionally induced dissociation. The dynamic exclusion list was set with a maximum 

retention time of 90 s, a relative mass window of 10 ppm and early expiration was enabled. 

Mass spectrometry spectra were analyzed using Mascot 2.2.0 (Matrix Science) against rat 

databases allowing for carbamidomethylation as a fixed modification on cysteine and 

oxidation on methonine, acetylation or methylation on lysine and phosphorylation on 

serine, threonine, or tyrosine as a variable modification. Parent ion tolerance was set to 10 

ppm and fragment ion tolerance was at 0.5 Da. Mascot outputs were imported in Scaffold 
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3.5.1 (Proteome Software, Inc.). A minimum of two peptides per identification were 

required. Minimum peptide probability was set to 80%, minimum protein probability was 

set to 90%. The resulting false-discovery rate was less than 1%.  

 

2.8 Fast Protein Liquid Chromatography 

RCS cells were treated with FGF1 and heparin at the indicated time points, lysed, 

and filtered through a 0.22-μm spin column (Costar). A total of 600 μg of protein was 

loaded onto a Superdex 200 10/300 GL column (GE Healthcare) and separated on an 

AKTA fast protein liquid chromatographer (FPLC) (GE Healthcare) at a flow rate of 0.50 

ml/minute and collected in 0.5-ml fractions. The FPLC buffer was filtered and degassed 

RCS buffer. A total of 40 μl of each protein-containing fraction was resolved using 

SDS/PAGE and analyzed by western blotting. 

 

2.9 Chromatin Immunoprecipitation (ChIP) 

 RCS cells (5x105) were seeded in 15 cm plates, cultured for 36 h, and treated with 

FGF1-heparin or heparin alone. Treated cells were fixed with 1% formaldehyde in 1x PBS 

for 15 min at room temperature, and the crosslinking reaction was stopped by adding 

glycine (0.125 M). Cells were then washed twice with cold PBS and harvested with 

complete  Szak’s  radioimmunoassay (RIPA) buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% 

deoxycholate, 0.1% SDS, 50 mM Tris-HCl [pH 8], 5 mM EDTA, protease inhibitor 

cocktail [Roche], 10mM PMSF). Cells were then sonicated for 10 cycles of 30 sec on and 

30 sec off (amplitude set at 70) in an ice bath using a Fisher Scientific Model 705 Sonic 

Dismembrator. Protein/sonicated chromatin was cleared by centrifugation for 15 minutes 
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at 14,000 RPM at 4 °C. The protein concentration was quantified using the bicinchoninic 

acid (BCA) protein assay kit (Thermo Scientific). Sonicated DNA was about 300 bp. 

Protein was equalized to 0.8 mg/ml using Szak RIPA buffer. Samples were pre-cleared 

with Protein A beads for 90 minutes at 4 °C. The Protein A beads to be used for the IP were 

blocked with 1 mg/ml BSA and  300  μg/ml  Salmon  Sperm  DNA  were  for  90  minutes  at  4  

°C. Following incubation, the samples were centrifuged at 4000 RPM for 1 minute at 4 °C 

and transferred to a clean tube. Two micrograms of antibody or IgG were added to the 

samples along with BSA/salmon sperm blocked Protein A beads. The samples were 

incubated overnight at 4°C on a rotator. The immunoprecipitated chromatin was washed 

2x with incomplete Szak RIPA buffer (minus protease inhibitors), 4x with Szak IP Wash 

Buffer (100 mM Tris HCl pH 8.5, 500 mM LiCl, 1% Nonidet P-40, 1% deoxycholate), 

again 2x with incomplete RIPA buffer and finally 2x with cold 1X Tris EDTA (10 mM 

Tris,  2  mM  EDTA).  Chromatin  was  eluted  by  adding  200  μl  1.5x  Talianidis  Elution  Buffer  

(70 mM Tris HCl pH 8, 1 mM EDTA, 1.5% SDS) to the beads. Samples were incubated at 

65° C for 10 minutes, vortexing every 2 minutes.  Chromatin was de-crosslinked by adding 

NaCl at a final concentration of 200 mM and incubating for 5 hours at 65 °C. The samples 

were  then  treated  with  20  μg  Proteinase K (Qiagen) for 30 min at 45 °C. The samples were 

then  added  to  Qiagen  MinElute  PCR  cleanup  columns  and  processed  via  manufacturer’s  

protocol. The chromatin was eluted from the columns in sterile distilled deionized water 

(Keskin et al., 2012). Samples were analyzed by quantitated PCR (qPCR). SYBR green 

qPCR mix (Fermentas) was used to determine relative DNA amounts in input chromatin 

samples and ChIPs (anti-p107, anti-p130, anti-E2F4, and IP mock [IgG]) in 96-well plates 

using the StepOnePlus PCR instrument (Applied Biosystems). Forward and reverse 
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primers  (0.6  μl  each  of  10  μM  stock,  400  nM  final)  were  added  to  a  96  well  PCR  plate  

along  with  7.5  μl  2x  SYBR  green  reaction  mix  and  5  μl  chromatin. Water (1.3  μl) was 

added  for  a  final  volume  of  15  μl  per  well.  The PCR settings were as follows: hold at 95 

°C for 10 minutes, then 45 cycles at 95 °C for 15 seconds followed by 60 °C for one minute.  

Specific and mock ChIP threshold cycle (CT) values were normalized with input CT values 

to obtain the percentage of input values separately for each primer set. The percentage of 

input was calculated, mock ChIP values were subtracted from p107, p130, or E2F4 ChIP 

values, and results were visualized via Excel graphs. The following antibodies were used 

for ChIP: anti-p107 (sc-318), anti- E2F4 (sc-1082), and mouse monoclonal IgGs (sc-2025) 

from Santa Cruz Biotechnology and anti-p130 (R27020) from BD Transduction 

Laboratories. Reference Sequences (RefSeq) for the rat promoters assayed by ChIP were 

obtained from the ECR browser (http://ecrbrowser.dcode.org). Primer pairs were designed 

using Oligo Perfect Designer (www.invitrogen.com) to amplify sequences near E2F 

elements conserved between rats and humans and/or mice. Primer sequences are shown in 

Table 3. 

Table 3: Primers used for ChIP  
MYC         
Forward 5’-GGATCCGGAGTCGCAGTAT-3’     
Reverse 5’-CAAAGCCCTTCTCACTCCAG-3’ 
E2F3         
Forward 5’-GCGTAAACCGTATCCCTTCA-3’ 
Reverse 5’-AAAAATAATCGGGGGTCTGG-3’ 
CDC6         
Forward 5’-GTGGGTGTGACTTCGTGTTG-3’   
Reverse 5’-GGAGCTTTGCACTCTTCAGG-3’ 
FGFR1         
Forward 5’-GTGTGCCTTGGGGTATGATT-3’   
Reverse 5’-CGGAGTGAACCACAAAACCT-3’ 

 

http://ecrbrowser.dcode.org/
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2.10 Soft Agar/Anchorage Independence Assays 

For soft agar assays, 3 ml bottom layer of 0.6% noble agar in DMEM (for PC3 

cells) or PrEGM (for PrEC cells) was added per well of a 6 well tissue culture plate.  0.6% 

noble agar was made by melting a stock solution of 3% noble agar and diluting it 1:5 (600 

μl  in  2.4  ml  media  per  well) in the respective media and adding it quickly to the plate before 

it solidifies. Once the bottom layer was solid and cooled (about 20 minutes room 

temperature), the top layer was added. The top layer was made by adding  300  μl  in  1.7  ml  

media (2 ml total) and storing it in a 15 ml tube in a 42 ºC water bath until the cells were 

ready to be added. Meanwhile, the cells to be added (5.0 x104 PrEC cells or 2.5x104  PC3 

cells/well) were placed in a final volume of 1 ml media at 37 ºC. The cells were QUICKLY 

mixed with the 2 ml agar mix (final volume of 3 ml 0.3% agar per well) and added on top 

of the bottom layer, which was allowed to solidify for at least 30 minutes at room 

temperature. Once the top layer solidified, 2 ml growth media was added on top of the top 

layer. The cells were returned to the incubator and the media was changed every 3-4 days. 

Cells were seeded in duplicates and allowed to grow for two (PC3) or three (PrEC) weeks. 

Colonies were counted using the Colony Count function in AlphaView Software Version 

3.0.3.0 (Protein Simple). 
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CHAPTER 3 

ROLE OF PP2A/B55α HOLOENZYMES IN THE FGF1  

INDUCED ARREST IN CHONDROCYTES 

 

3.1 Results 

3.1.1 Confirmation of the Effects of FGF1 on Rat Chondrosarcoma Cells 

Rat Chondrosarcoma Cells (RCS) are chondrocyte-like cells derived from the 

Swarm tumor. They express FGFR3, type II, IX, and XI collagens and are stainable with 

the cartilage-specific stain alcian blue, confirming their chondrocyte phenotype. 

(Mukhopadhyay et al., 1995).  The effects of FGF1 and FGF2 on these cells have been 

characterized, as discussed in Chapter 1 (Aikawa et al., 2001; Dailey et al., 2005; Dailey 

et al., 2003; Krejci et al., 2004; Laplantine et al., 2002; Sahni et al., 1999). Only three 

FGFs: FGF1, FGF2, and FGF17 induce growth arrest through FGFR3 in these cells (Krejci 

et al., 2007). Although the mechanisms by which FGF1 signals this arrest are not well 

understood, time dependent selective dephosphorylation and activation of pocket proteins 

appears to be required. In this regard, FGF1 induces rapid,  PP2A-dependent 

dephosphorylation of p107 in chondrocytes, while the other pocket proteins, p130 and pRb, 

remain inactive in their hyperphosphorylated state several hours post FGF1 stimulation 

(Dailey et al., 2003).  Heparin facilitates the stability of the FGF/FGFR complex (reviewed 

in Ornitz, 2000) , so to confirm these results, RCS cells were treated with FGF1 and heparin 

or heparin alone for the times shown in Figure 4A and were analyzed for DNA content via 

FACS. In the cells treated with FGF1 and heparin, an accumulation of cells in G2/M is 

observed after 5 hours. This is reportedly due to the FGF1-induced transient inactivation 
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of Cyclin B1/CDK1 complexes preceding mitotic entry in G2 (Tran et al., 2010). At 8 

hours post-treatment, 80% of the cells accumulate in G1 and by 24 hours most cells are 

arrested in G1 (~95%). An accumulation of cells in G1 is also observed in the control cells, 

but this is due to contact inhibition and/or other starvation factors resulting from rapid 

proliferation (these cells have a doubling time of less than 24 hours) (Mukhopadhyay et 

al., 1995). As expected, Western blot analysis showed rapid dephosphorylation of p107 

one hour post-treatment (Figure 4B). In contrast, pRb dephosphorylation was not observed 

until 10-15 hours post FGF1 treatment and p130 accumulation and dephosphorylation was 

only clearly detectable by 15 hours, similarly as previously reported (Dailey et al., 2003). 

Of  note,  p130  phosphorylated  “form  3”  is  barely  detectable  in  proliferating  chondrocytes,  

which contrasts with previous results where an apparent crossreacting band was 

missidentified as p130 (Dailey et al., 2003).  These low levels of hyperphosphorylated p130 

are consistent with its targeting by the ubiquitin ligase SCFSkp2 in cycling cells 

(Bhattacharya et al., 2003; Tedesco et al., 2002).  Given our previous work identifying 

B55D as the regulatory subunit of the PP2A holoenzyme preferentialy targeting p107 in 

human T98G and U2-OS cells, we determined if the levels of this PP2A regulatory subunit 

were  regulated  by  FGF1.  B55α  levels  remain  unchanged,  suggesting  that  if  this  complex  is  

implicated in p107 dephosphorylation, regulation is not dependent on an increase on the 

levels of the regulatory subunit. To demonstrate that RCS cells mature as they exit the cell 

cycle in response to FGF1 stimulation we measured the expression of Collagen II, a marker 

of immature or proliferating chondrocytes (reviewed in Ornitz and Marie, 2002), and as 

expected Collagen II was downregulated beginning shortly after treatment and is absent 20 

hours later. We also noticed a transient increase in the expression of the CDK inhibitor p21 
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concurrently with the dephosphorylation of pRb and p130. This increase was previously 

reported to happen in RCS cells upon stimulation with FGF2, which results in the 

inactivation of cyclin E/CDK2 complexes and activation of pRb (Aikawa et al., 2001). 

Alternatively, p21 and p27 level increases may be dependent on their interaction with 

cyclin D1, which is upregulated at the mRNA level upon FGF2 treatment in RCS cells 

(Krejci et al., 2004). p16 is also upregulated in these cells after FGF1 treatment (Dailey et 

al., 2003), so the later activation of pRb and p130 is most likely due to CDK inhibition by 

CKIs, while the immediate activation of p107 is the result of the activation of a phosphatase 

(Kolupaeva et al., 2008). Therefore, RCS cells behaved in our hands essentially as 

previously described. Based on the data show in Figure 4 as well as data not shown we 

conclude that the expression of B55D, PP2A/A and PP2A/C subunits is not regulated 

during FGF1 dependent condrocyte maturation and cell cycle exit. 
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Figure 4. FGF1 induces rapid p107 dephosphorylation prior to pRb 

dephosphorylation, p130 accumulation, and subsequent G1 arrest and maturation in 

RCS  cells  without  changes  in  the  expression  of  B55α. RCS cells were stimulated with 5 

ng/ml FGF1 in the presence of heparin or with heparin alone (control). Cells were collected 

at the indicated times for cell cycle FACS analysis (A) and Western blot (B). Hyper- and 

hypophosphorylated forms of p107/p130/pRb and maturation markers are indicated. The 

asterisk indicates a co-reacting band (Kurimchak et al., 2013). 
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3.1.2 The PP2A/B55α   Holoenzyme Interacts with p107 in RCS and Primary 

Chondrocytes   

Previous  work  in  our  lab  has  identified  the  PP2A/B55α phosphatase responsible for 

dephosphorylating p107 throughout the cell cycle in U2-OS cells (Jayadeva et al., 2010). 

It is also known that expression of the SV40 Small t Antigen and the Adenovirus E4orf4 

protein in RCS cells blocks or delays the FGF1 mediated dephosphorylation of p107 

(Kolupaeva et al., 2008). E4orf4 specifically targets B and B’  regulatory subunits with a 

reported preference   of   B   over   B’   members   (Shtrichman et al., 2000) (reviewed in 

Kurimchak and Graña, 2013). Taken together this suggested that a member of the B55 

family targets p107 in RCS cells upon treatment with FGF1 since we did not observe any 

changes in protein expression of the B55α  subunit upon treatment (Figure 4B),  most likely 

another mechanism is responsible for recruiting PP2A to p107. We first determined if we 

could detect endogenous p107/PP2A/B55α  complexes  in  untreated  RCS  cells, as we have 

previously identified these complexes in U2-OS cells. We used approximately 1 mg RCS 

whole cell lysate to immunoprecipitate   B55α   and   p107   complexes.   The   catalytic   and  

scaffold sunbunits clearly co-IP  with  B55α  as  seen  in  Figure 5A (left panel). Importantly, 

p107 was also detected in the complex. In the reciprocal immunoprecipitation with p107 

antibodies,  which  completely  preclear  the  lysate  from  p107,  we  also  detected  B55α  along  

with PP2A/A and PP2A/C (supernatants, right panel). Of note, only a relative small amount 

of  B55α  was  co-immunoprecipitated (supernatants, left panel), indicating that the majority 

of this holoenzyme is free or complexed to other substrates. Consistent with this idea,  B55α  

holoenzymes have many known substrates (reviewed in Eichhorn et al., 2008).  



67 
 

As  mentioned  before,  we  did  not  detect  upregulation  of  B55α  at  the  protein  level  

upon FGF1 treatment, so we next wanted to determine if the FGF1 signal results in 

recruitment of p107 to PP2A. Cells were treated with FGF1 or heparin alone for 30 

minutes, collected, lysed, and immunoprecipitated with a p107 antibody or a rabbit IgG 

control. We clearly detected an increased amount of PP2A/B55α holoenzyme associating 

with p107 30 minutes post-treatment (Figure 5B) without changes in expression of any of 

the PP2A subunits. This increased association is transient in nature, as we do not detect 

this increase after 3-4 hours post-treatment (data not shown). This transient 

holoenzyme/substrate interaction is consistent with the previous report that p107 

transiently interacts with PP2A/A and PP2A/C upon FGF1 signaling (Kolupaeva et al., 

2008). Since  our  lab  has  previously  shown  that  p107  can  contact  B55α  independently  of  

the core enzyme (Jayadeva et al., 2010),  the  formation  of  the  PP2A/B55α/p107  complex  

may depend on posttranslational modifications of one of the subunits involved, or another 

factor  that  modulates  B55α  affinity  for  p107  or  the  holoenzyme  subcellular  localization.  

We then determined if we could observe this interaction in primary rat 

chondrocytes. Primary cultures were prepared by our collaborators as described in the 

Materials and Methods section and in (Wu et al., 2011). Because these are primary cells, 

all experiments involving them were done before they reached passage 6, as this is when 

they begin to spontaneously differentiate (DeLuca, personal communication). These cells 

also had to be treated with higher concentrations of FGF1 to see an effect. Primary 

chondrocytes were treated with heparin or heparin and 20 ng/ml FGF1 for the times 

indicated in Figure 5C and 4D. We observed a G1 arrest via FACS analysis 14-24 hours 

post treatment. In contrast to RCS cells, the G1 arrest (Figure 5C) and visual morphological 
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changes do not occur until hours later (14 hours vs. ~8  hours; data not shown). We detected  

dephosphorylation of p107 2 hours (and as early as 1 hour) post treatment, as seen in Figure 

5D, although hyperphosphorylated p107 species were not as prevalent as in untreated RCS 

cells.  We  were  also  able  to  immunoprecipitate  the  B55α  subunit  with  p107  and  observe  a  

transient increase around 2 hours, although not as drastic as we see in RCS cells. Cells 

were passaged 4 or 5 when these experiments were performed because that was the number 

of expansions needed to obtain enough material for the immunoprecipitations. Although 

they were still below passage 6, it is possible some of the cells had differentiated into a 

fibroblast phenotype at this point, which may explain why we needed higher concentrations 

of FGF1 to induce growth arrest and why the effects were not as robust compared to RCS 

cells. Regardless, we were able to detect an FGF1 induced complex formation of the 

PP2A/B55α  holoenzyme  and  p107  in  RCS  cells  and  primary  rat  chondrocytes. 

 

 



69 
 

 



70 
 

Figure 5. Endogenous   PP2A/B55α   complexes   coimmunoprecipitate   with   p107   in  

chondrocytes, and the association is markedly increased upon FGF1 treatment in 

RCS cells. (A) Whole-cell lysates were immunoprecipitated with the indicated antibodies 

and resolved by Western blot analysis with antibodies to the indicated proteins. (B) FGF1 

induces   rapid   transient   formation  of  p107/B55α  PP2A  complexes  coinciding  with p107 

dephosphorylation in RCS cells. RCS cells were stimulated with FGF1 in the presence of 

heparin for 30 min. (C) FGF1 induces p107 dephosphorylation and growth arrest in 

primary rat chondrocytes. Primary rat chondrocytes were treated with FGF1 (20 ng/ml) 

and heparin or heparin alone, and cells were processed as described for Fig. 1A (left) or for 

Western  blot  analysis   (right).   (D)  B55α  coimmunoprecipitates  with  p107   in  primary   rat  

chondrocytes (Kurimchak et al., 2013). 
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3.1.3 Identification of Interactors  with  p107  and  B55α  in  RCS  Cells 

To identify additional binding partners of  p107  and  B55α  in  chondrocytes and to 

also determine if any other PP2A B subunits are involved, we generated stable RCS lines 

ectopically expressing Myc-tagged   B55α   and   Flag-tagged p107 for mass spectrometry 

analysis of immunopurified complexes. Clone 3 was selected for identification of  B55α  

binding partners because it expresses the Myc-tagged protein at about 75% of the 

endogenous B55α protein level (Figure 6A). Clone 6 was selected for p107 analysis and 

expresses the Flag-tagged protein around 125% of the endogenous protein (Figure 6B). 

Under these conditions, Flag-p107 is still phosphorylated and the cells proliferate normally.  

Lysates were prepared from 15 15 cm plates of 50-75% confluent cells and 

immunoprecipitated with anti-Myc or anti-Flag antibodies. The isolated complexes were 

digested with trypsin and lysyl-endopeptidase C and analyzed via liquid chromatography-

tandem mass spectrometry (LC-MS/MS) by our collaborators as described in the Materials 

and Methods and (Haines et al., 2012). Flag-p107 was found to bind to known and novel 

partners (Figure 6C). Aside from DP-1, E2F4, the preferred partner of p107 (Ginsberg et 

al., 1994), had the highest number of spectral hits among the E2F/DP group. Cyclin A and 

CDK2 were the most prominent cyclin and CDK detected. p107 has a CDK inhibitory 

domain in its N-terminus that specifically inactivates cyclin/CDK2 complexes (Castano et 

al., 1998; Woo et al., 1997; Zhu et al., 1995a).  Also detected was the CDK inhibitor p21 

(WAF1).  Both  isoforms  of  the  PP2A  catalytic  subunit  and  the  α  isoform  of  the  scaffold  

subunit were detected, although curiously, the Scaffold software assigned 20 spectral hits 

of  the  β  isoform  of  the  catalytic  subunit  versus  one  of  the  α  isoform.  This  was unexpected 

as the   β isoform is expressed 10 fold lower due to a weaker promoter in most tissues 
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(reviewed in Eichhorn et al., 2008; Khew-Goodall and Hemmings, 1988). However upon 

further inspection, the majority of the  unique  peptides  could  belong  to  the  α  or  β  isoform 

(17/20), and only 1 of 20 is unique to PP2A/Cα  and  2  of  20  are  unique  to  PP2A/Cβ,  so  the  

true ratio of PP2A/Cα  to  PP2A/Cβ  is  not  known. Importantly, the main B subunit found 

bound to p107 in   RCS   cells   was   B55α,   and   interestingly, a unique spectral hit 

corresponding  to  B55δ  was  also  detected.  No  other  B  subunits  were  found  in  complex  with  

p107 in RCS cells. Finally, we also detected members of the DREAM complex, which 

functions as a transcriptional repressor of cell cycle genes in quiescent cells (Litovchick et 

al., 2007) but is known to associate with p107 in S-phase and regulate the expression of 

genes necessary for mitosis (Schmit et al., 2007). Novel potential partners detected include 

the ubiquitin ligase HERC2, the DNA clamp PCNA, Mybbp1A (Myb binding protein), 

E1A-associated protein p400, and Csnk2a2 (Casein kinase 2). Reciprocally, p107 was 

among the most abundant hits aside from the core enzyme upon analysis of the complexes 

bound to Myc-B55α  (Figure 6D). The  β  isoform  of  PP2A/C  was  the  only  isoform  detected  

with Myc-B55α,   suggesting   that   this   is   the   predominant   isoform in these cells. 

Interestingly, 5 spectral hits corresponding to pRb were also detected. This was unexpected 

because pRb was previously found to bind PR70, and we did not detect association between 

pRb  and  B55α   in  U2-OS cells (Jayadeva et al., 2010; Magenta et al., 2008). Thus, the 

chondrocyte pRb/B55α   interaction   may   be   cell-type specific. Finally, to verify these 

interactions, immunoprecipitations were performed (Figure 6E). In all four immunoblots, 

there appears to be an increase in cyclin and CDK binding to Flag-p107 in the presence of 

FGF1, much like we see an increase in the amount of PP2A binding. Ideally, we wanted to 

confirm this via mass spectrometry, however, we initially saw no differential peptide 
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enrichment in the presence of FGF1. Upon inspection of the lysate, we found that because 

the current protocol only called for protease and not phosphatase inhibitors, p107 was being 

dephosphorylated in vitro (not shown).  We repeated this in the presence of phosphatase 

inhibitors and this introduced further technical difficulties as well as lowering the number 

of spectral hits of weaker interactors. Therefore, further refinements will need to be worked 

out to determine changes in protein complexes upon FGF1 stimulation using mass 

spectrometry. Other interactions that were confirmed via IP are indicated   by   a   “+”   in  

Figures 5C and 5D. We also attempted to confirm the interactions between p107 and the 

DREAM complex members, as well as the novel interactors (Figure 6C), but due to the 

lack of quality commercially available antibodies, this could not be completed. 
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Figure 6. Generation of stable RCS-Flag-p107 and RCS-Myc-B55α cell lines and 

analysis of Myc-B55α and Flag-p107 complexes in RCS cells via solution-based 

proteomics analysis. Stable RCS-Myc-B55α  and  RCS-Flag-p107 clones were generated 

as described in Materials and Methods (A and B). (A) RCS-Myc-B55α clone 3 was selected 

for proteomics analysis. Vec, vector. (B) Clone 6 was selected for proteomics analysis. 

Note that the hypophosphorylated form of Flag-p107 (F-hypo) comigrates with 

endogenous hyperphosphorylated p107 (hyper) (differentially phosphorylated forms are 

indicated). (C and D) RCS-Flag-p107 (F-p107), RCS-Myc-B55α  (M-B55α),  and  control  

RCS-vector (Vec-Ct)   cells   were   lysed,   and   p107   and   B55α complexes were 

immunoprecipitated with corresponding antitag antibodies and processed for proteomics 

analysis as described in Materials and Methods. Numbers indicate the numbers of spectral 

hits and are ranked. (C) Proteins are grouped based on function as E2F/DP, LIN members 

of DREAM complex, cyclin/CDKs, and B55-PP2A holoenzymes. The last group (green) 

contains   potential   unvalidated   novel   interactions.   (D)   B55α   holoenzyme   and   potential  

substrates are indicated on the right. A few spectral hits were also detected for two LIN 

proteins, a cyclin, and a CDK and are indicated on the right but not shown in this truncated 

table. If confirmed, these proteins may be associated with p107 or forming independent 

complexes   with   B55α.   The   plus   sign   indicates   confirmation   by   IP/Western   blot   (WB)  

analysis. (E) Confirmation of select binding partners from proteomics analysis. RCS Flag-

p107 cells were treated with FGF1 for 2 h, collected, immunoprecipitated using the M2 

Flag antibody, and subjected to Western blot analysis. Cont., the parental RCS line 

(Kurimchak et al., 2013). 
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3.1.4 Modulation  of  B55α  in  RCS  Cells  Differentially  Affects  p107  Phosphorylation 

Status and Delays FGF1 Mediated p107 Dephosphorylation. 

Our lab has previously demonstrated that the  knockdown  of  B55α  via  shRNA  in  

U2-OS cells results in increased hyperphosphorylation of p107, while the opposite is true 

with  limited  overexpression  of  B55α.  Importantly,  this  effect  is  not  observed  with  a  B55α  

D197K point mutant that does not bind p107 (Jayadeva et al., 2010). Gain and loss of 

function  assays  were  used  to  determine  if  forced  modulation  of  B55α  levels  affected  the  

phosphorylation state of p107 in RCS cells. The effects of stable expression of Myc-B55α  

and Myc-B55α-D197K on p107 in selected, pooled populations of RCS cells were 

compared by Western blot analysis. Similarly as in U2-OS cells, ectopic expression of WT 

B55α  at only about 50% its endogenous level results in noticeable hypophosphorylation of 

p107, while both species of p107 are still present in the vector and point mutant RCS pools 

(Figure 7A). We next used siRNA   to   knock   down   B55α, and a clear increase in 

hyperphosphorylated p107 is observed compared to the non-transfected cells and 

scrambled control (Figure 7B). These  results  indicate  minor  changes  in  B55α  expression  

considerably affect p107 phosphorylation status in these cells. Next, we wanted to 

determine if the knockdown of B55α  would  block  or  delay  the  dephosphorylation of p107 

upon FGF1 treatment. We lentivirally transduced RCS cells with two shRNAs directed 

against  B55α both alone and together, selected with puromycin, and treated the cells with 

FGF1 48 hours later. We had opted to use lentiviral transduction in an attempt to ensure 

the shRNA hit the majority of the cells, hopefully resulting in more efficient knockdown, 

but this did not appear to be the case. We were only able to achieve ~50% knockdown 

using shRNA, but we observed a clear delay in the dephosphorylation of p107. At time 
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zero, the shRNA treated cells have relatively higher levels of hyperphoshorylated p107 

relative to the control (Figure 7C, top left panel), which is consistent with the result shown 

in Figure 7B. At 30 minutes post-treatment, dephosphorylation is clearly delayed as 

compared to the vector control (Figure 7C). This effect is still seen 2 hours post treatment, 

but a complete block in FGF1 mediated p107 dephosphorylation was not observed. This 

suggested   that   a  more   effective  knockdown  of  B55α  was   required. We transfected two 

separate siRNAs twice over a 48 hour period, which results in much more efficient 

knockdown, however, this still did not completely block dephosphorylation of p107 after 

one hour of treatment (Figure 7D). 

 B55α   and  B55δ  holoenzymes   are  known   to  both  play   roles   in  MAPK  signaling  

(Adams et al., 2005) and are important for proper entry into and exit from mitosis (Chapter 

1.6, reviewed in (Kurimchak and Graña, 2013)). B55α  and  B55δ  subunits  are   ubiquitously 

expressed,  while  B55β   and  B55γ   are   primarily   found   in   the   brain   and   nervous   system  

(reviewed in Eichhorn et al., 2008). Because  B55δ  also  appeared  as  a  partner  of  p107  in 

our mass spectrometry analysis, we  next  determined  if  knocking  down  B55δ  would  have  

an effect on this process,  in  case  it  may  somehow  be  compensating  for  the  loss  of  B55α. 

We  transfected  RCS  cells  with  siRNAs  against  B55α  and  B55δ  alone  and  in  combination  

and treated them with FGF1 for one hour and analyzed the lysates via Western blot. We 

found that  the  combined  knockdown  of  B55α  and  B55δ  blocks  the  dephosphorylation  of  

p107  more  efficiently  than  B55α  alone. B55δ  knockdown  alone had no effect on delaying 

p107 dephosphorylation (Figure 7D).  Finally, to ensure the delay we observed in the 

dephosphorylation of p107 is not due to off-target effects of the sh- and siRNAs, we 

transfected both parental RCS cells and Myc-B55α  RCS  cells  with  siRNAs  targeting  the  
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ORF  and  untranslated  region  (UTR)  of  B55α  and  treated  the  cells  with  FGF1. Because the 

UTR siRNA will only affect endogenous  B55α,  we would expect to see a delay in p107 

dephosphorylation in the parental cell line much like we would with the ORF siRNA. With 

respect to the Myc-B55α  cells,  the  UTR  will  knock  down  the  endogenous  B55α  but  not  the  

ectopically expressed Myc-B55α,   so   we   would   not expect to see a delay in 

dephosphorylation.  The ORF siRNA will target both endogenous and Myc-B55α,  so  we  

would also expect to see a delay. As expected, in the parental RCS line, both siRNAs 

targeting  B55α  were  able  to  delay  the  effects  of  FGF1 on p107 (Figure 7E, upper top panel) 

relative to the scrambled control. In the cells expressing Myc-B55α,  the  cells  transfected  

with scrambled and Myc-B55α  UTR  siRNAs  exhibit  similar  levels  of  hypophosphorylated  

p107, while the siRNA targeting the ORF has relatively more hyperphosphorylated p107 

(Figure 7E lower top panel). Considering multiple si- and  shRNAs  against  B55α  effectively  

delay the FGF1 induced  dephosphorylation  of  p107  and  PP2A/B55α  complexes  rapidly  

form upon stimulation with FGF1 coinciding with dephosphorylation of p107, these data 

strongly suggest   that   the  PP2A/B55α  holoenzyme   is   the  major  phosphatase   that   targets  

p107 upon stimulation by FGF1 in RCS cells.  
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Figure 7. The phosphorylation state of p107 is sensitive to changes in the expression 

of  B55α, and loss of B55α function delays p107 dephosphorylation in response to 

FGF1 signaling RCS cells. (A)  Overexpression  of  B55α  results  in  a  relative  accumulation  

of hypophosphorylated p107 in selected pooled populations of RCS cells, which is not 

observed with a D197K point mutant (Mut). Vec, vector; WT, wild type. (B) siRNA-

mediated  knockdown  of  B55α  results  in  a  relative  increase  of  hyperphosphorylated p107 

not seen in cells transfected with scrambled (Sc) siRNA. NT, not transfected. (C) RCS cells 

were transduced with lentiviruses  encoding  B55α  or  control  shRNA  vectors, selected with 

puromycin for 3 days, and then stimulated with heparin alone (-FGF1) or FGF1 and heparin 

(FGF1) for the times indicated. Proteins were detected via WB analysis. V, vector. (D) 

siRNA-mediated knockdowns  of  B55α  and  B55δ cooperate to prevent FGF1-induced p107 

dephosphorylation   (right).   Levels   of   B55α   and B55δ are shown on the right. Scr, 

scrambled.  (E)  Expression  of  B55α  resistant to siB55α  directed  to  the  UTR  promotes  p107 
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dephosphorylation even in the presence  of  B55α  UTR siRNA. p107 hypophosphorylated 

(white bullets) and hyperphosphorylated (black bullets) forms are indicated. ORF, open 

reading frame; UTR, untranslated region (Kurimchak et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 
 

3.1.5 FGF1 Treatment of RCS Cells Affects Subcellular Localization of p107 and 

Complex Remodeling 

A previous study identified sets of genes that are up- or downregulated upon FGF1 

stimulation  in  RCS  cells.  A  subset  of  these  genes,  referred  to  as  “early  response”  genes,  

are differentially affected 0-3 hours post-FGF1 treatment (Dailey et al., 2003). Many of 

these are regulated even in the presence of the protein synthesis inhibitor cycloheximide 

(CHX). Since pRb and p130 are not activated until much later following FGF1 stimulation 

and only p107 is dephosphorylated in the presence of CHX (Dailey et al., 2003), it is 

possible that p107 may play a role in repressing some of these early response genes or the 

activation of others. To determine how FGF1 contributes to activation of the transcriptional 

activities of p107 by modulating its sub-cellular localization, we performed 

cytoplasmic/nuclear fractionation assays.  Cells were treated with FGF1 for the times 

indicated, lysed, and separated into cytoplasmic (C) and nuclear (N) fractions. In untreated 

cells, the majority of p107 is hyperphosphorylated and present in the cytoplasm. Upon 

treatment with FGF1, hypophosphorylated p107 rapidly accumulates in the nucleus and 

the increased nuclear/cytoplasmic ratio is maintained for several hours until p107 levels 

drop as a result of cell cycle exit, presumably via repression by its promoter. In contrast, 

p130 accumulates in both fractions with predominance of its hypophosphorylated form by 

24 hours (Figure 8A). Hyperphosphorylated p107 appears to be restricted to the cytoplasm, 

and only hypophosphorylated p107 is found in the nuclear fractions. The exclusive 

expression of HSP70 in the cytoplasmic fraction and CTCF in the nuclear fraction indicates 

proper separation of cytoplasmic and nuclear components. We also determined if 

knockdown  of  B55α  or  B55α  and  B55δ  together  affected  the  ability  of  p107  to  translocate  
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to the nucleus upon FGF1 stimulation, and while it does prolong the delay of p107 

dephosphorylation in the cytoplasmic fraction, it had very little effect on nuclear 

translocation (not shown). This suggests the delay in dephosphorylation with the obtained 

knockdown is not sufficient to prevent the shift of p107 from the cytoplasm to the nucleus. 

Alternatively, p107 translocation could dependent on something other than or in addition 

to dephosphorylation. 

  We next used Fast Protein Liquid Chromatography (FPLC) to determine if a change 

in the mass of the complexes containing p107 occurs upon FGF1 treatment.  600  μg  of 

whole cell lysate per time point was loaded on a Superdex 200 10/300 GL column and 500 

μl  fractions were collected. Aliquots of each fraction were resolved by SDS-PAGE and  

analyzed via Western blot. The majority of proteins elute between fractions 8 and 23, which 

is shown in Figure 8B along with the approximate size of the complexes. 

Hyperphosphorylated p107 is mainly found in fractions 18-21, which corresponds with 

complexes in the range of 158 kD. Thirty minutes post-treatment with FGF1, this peak of 

hyperphosphorylated p107 is downregulated and p107 is primarily observed in the 

fractions containing larger complexes, indicating p107 complex remodeling is occuring. 

For clarity, the p107 bands were quantified using AlphaView Software and changes in the 

fractions relative to the total amount of p107 per sample were plotted (graph, Figure 8B). 

At time zero, around 11% of the total p107 is present in fraction 19. This percentage drops 

to 3% 2 hours post treatment. The drop of hyperphosphorylated p107 in this fraction occurs 

concomitantly with an increase in the height or width of the peaks containing larger 

complexes.  We also observe a shift in E2F4 upon FGF1 treatment, as well as an 

accumulation of the E2F4 slower migrating band in fractions 13 and 14. This shift is most 
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likely the result of a post-translational modification. Although we do not know the nature 

of this posttranslational modification, E2F4 has been shown to be phosphorylated by 

Cyclin D1/CDK4 (Scime et al., 2008), MEK/ERK (Paquin et al., 2013),  and  IKK/NFκB  

(Araki et al., 2008). We also checked for the presence of B-Myb in these complexes 

because it has been previously reported to associate with p107 in S-phase along with other 

members of the LINC complex (Schmit et al., 2007). However, no changes in B-Myb 

containing complexes (Figure 8B) were detected, and we did not detect B-Myb in complex 

with p107 in our proteomics analysis. Finally, we attempted to determine the patterns of 

DREAM/LINC complex in these fractions, however, as mentioned previously when we 

were attempting to validate the mass spectrometry data, most of the available antibodies 

did not work, presumably due to lack of crossreactivity with rat proteins. Finally, to follow 

up on the FPLC data, we treated cells with FGF1, immunoprecipitated p107 and probed 

for E2F4 interaction (Figure 8C). Again, we detect a shift in the mobility of E2F4 and 

complex formation with p107 as early as 15 minutes post-treatment, and this interaction 

increases over time. Taken together, these data indicates that FGF1 treatment of RCS cells 

induces changes in the subcellular localization of  p107, as well as complex remodeling 

and formation of repressive complexes with E2F4. 
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Figure 8. FGF1 induces changes in p107 localization and protein complexes. (A) RCS 

cells were treated with FGF1 and collected at the indicated time points. Cytoplasmic and 

nuclear lysates were obtained and resolved by SDS-PAGE for Western blot analysis. The 

asterisk indicates a cross-reacting band. Hypo- and hyperphosphorylated p107 forms are 

indicated. (B) Hypophosphorylated p107 elutes with larger complexes, and relative 

accumulation of these complexes is stimulated by FGF1. Lysates of RCS cells stimulated 
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with FGF1 at the indicated time points were analyzed via gel filtration FPLC followed by 

a western blot with p107 and E2F4 antibodies. (C) FGF1 induces rapid formation of 

p107/E2F4 complexes coinciding with p107 dephosphorylation in RCS cells. RCS cells 

were stimulated with FGF1 in the presence of heparin for the indicated time points. Whole-

cell lysates were immunoprecipitated with p107 antibodies and resolved by Western blot 

analysis with antibodies to p107 and E2F4 (Kurimchak et al., 2013). 
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3.1.6 Recruitment of p107 to the MYC Promoter Following FGF1 Treatment 

Considering that upon stimulation of RCS cells with FGF1 p107 translocates to the 

nucleus and increases its assocation with E2F4 and other proteins, we next determined 

whether p107 is recruited to particular promoters upon FGF1 stimulation. Many genes are 

known to be differentially regulated in RCS cells maturing and exiting the cell cycle upon 

FGF1 treatment (Dailey et al., 2003). To idenitify genes that may be the target of p107 

following dephosphorylation and activation by PP2A/B55α   holoenzymes,   we selected 

genes that contain canonical E2F binding sites in their promoter regions and that were 

previously shown to be downregulated after treatment with FGF1 (MYC, E2F3, CDC6)  

(Dailey et al., 2003). To assess the consequence of the differential timing of activation of 

p107 versus p130 at these genes, we performed ChIP analysis. RCS cells were treated with 

or without FGF1 for 1.5 and 24 hours followed by ChIP assays and qRT-PCR to determine 

promoter occupancy by p107, p130 and E2F4. 24 hours post FGF1 treatment, p130 and 

E2F4 are present at the E2F3 and CDC6 promoters, and promoter occupancy is clearly 

regulated by FGF1 in treated versus untreated cells. This is consistent with the cells being 

arrested in G0/G1 at this time point when hypophosphorylated p130 forms 1 and 2 

accumulate, which are known to interact with E2F4 (Beijersbergen et al., 1994; Mayol et 

al., 1996; Vairo et al., 1995), and cell cycle dependent genes are among the last to be 

downregulated upon FGF1 treatment in RCS cells (Dailey et al., 2003). p107 is also present 

at the E2F3 and CDC6 promoters, but it is not regulated by FGF1. MYC has been reported 

to be downregulated by FGF1 treatment (Dailey et al., 2003) and its promoter contains E2F 

sites, but there was very little occupancy by p107, p130 or E2F4 at the MYC promoter at 

this time point (Figure 9A).  
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Because p107 is activated much earlier than pRb and p130 upon FGF1 treatment, 

we next determined if p107 was present at these same promoters at an earlier time point. 

Importantly, we found that p107 is present at the MYC, E2F3 and CDC6 promoters, and 

that p107 recruitment is greatly increased 1.5 hours following FGF1 stimulation at the MYC 

promoter. Relatively small increases in p107 occupancy also occur E2F3 and CDC6 

promoters. These data would suggest that FGF1, through dephosphorylation by 

PP2A/B55α,  directs  p107   to   the  MYC promoter and most likely the promoters of other 

genes that require repression for chondrocyte maturation and cell cycle exit. Curiously, 

E2F4 expression is unregulated at the MYC promoter, which could possibly suggest a 

different E2F mediates p107 promoter binding in this process. We also determined 

occupancy at the FGFR1 promoter as a negative control, as it has an E2F consensus site 

that is believed to be non-functional, and found no occupancy by p107, p130, or E2F4 at 

either time point. To confirm dephosphorylation of p107 had occurred upon FGF1 

treatment, we performed a Western blot on the de-crosslinked lysates (Figure 9C).  Overall, 

the p107/p130 promoter recruitment is consistent with the kinetic differences in subcellular 

localization and phosphorylation of p107 and p130 resulting from FGF1 stimulation 

(Compare Figures 3A, 7A, and 8). 
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Figure 9. FGF1-regulated p107 occupancy at promoters containing canonical E2F 

elements. (A and B) RCS cells were stimulated with FGF1 and heparin or heparin alone 

and fixed with formaldehyde 24 (A) or 1.5 (B) h later. ChIPs were performed as described 

in Materials and Methods. (C) p107 dephosphorylation was confirmed by Western blot 

(Kurimchak et al., 2013). 
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3.1.7 Requirement of B55 Family Members in FGF1 Induced Cell Cycle Arrest 

Finally,  we  wanted  to  determine  if  knockdown  of  B55α  and/or  B55δ  will  block  cell  

cycle exit in FGF1 treated  RCS  cells.  We  had  earlier  determined  that  knockdown  of  B55α  

by shRNA delays dephosphorylation of p107 (Figure 7C),  and  that  knockdown  of  B55δ  

cooperates in this delay (Figure 7D). RCS cells were reverse transfected twice in a 48 hour 

period and allowed to grow for 48-72 hours after the final transfection with siRNA, then 

treated with FGF1 for the indicated times, collected, and stained with propidium iodide and 

analyzed via FACS. We expressed the data as relative changes versus time zero for each 

condition at S, G2/M, and S+G2/M. At eight hours post treatment, the cells transfected 

with siB55α,  siB55δ  or  both  retained  more  cells  in  S  phase  that  the  control,  but  this  effect  

disappeared at 22 hours and most cells have exited the cell cycle (Figure 10A). We also 

observed that the  effects  of  B55α  and  B55δ  knockdown  are  not  additive. 

A more clear effect is observed in G2/M (Figure 10B). Cells transfected with 

siB55α  and/or  siB55δ  retained  more  cells  in  G2/M  than  the  control  at  both  time  points. The 

overall   effects   on  G2/M   are   not   surprising,   as   both  B55α   and  B55δ   holoenzymes   play  

critical roles in mitosis (Chapter 1.6), so this could be the result of a delay in mitotic exit. 

Conceivably, even more clear effects may not be observed because mitotic exit could be 

accelerated. 

When the cells in S+G2/M (or any cells not in G1) are considered (Figure 10C), the 

effects are more obvious at eight hours post-treatment and less so at twenty two hours, 

when most cells have exited the cell cycle.  Taken  together,   this  suggests   that  B55α  and  

B55δ  knockdown  alone  is  not  sufficient  to  block  cell  cycle  exit  in  cells  treated with FGF1. 
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It is possible that a more potent knockdown is needed to achieve a complete block 

(knockdown is shown in Figure 7D). As with the current knockdowns, p107 

dephosphorylation is delayed, but not blocked. On the other hand, we cannot rule out 

compensation by other PP2A holoenzymes or even a different class of phosphatases. 
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Figure 10. Effects  of  B55α  and/or  B55δ  loss  of  function  in  FGF1-induced cell cycle 

exit. RCS cells were transfected as described in Fig. 4D and 4 days later were stimulated 

for the indicated times, collected, and processed for DNA content/ flow cytometric 

analysis. The percentage of cells remaining in S (A), G2/M (B), and S G2/M (C) phases 

versus untreated cells is represented at the indicated times (Kurimchak et al., 2013). 
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3.2 Discussion 

3.2.1 The effects of FGF1 on  p107  are  mediated  by  the  PP2A/B55α  holoenzyme  in  

RCS cells. 

In Chapter 3.1 and in (Kurimchak et al., 2013), we confirmed that upon FGF1 

stimulation, p107 is rapidly dephosphorylated in RCS cells, which leads to cell cycle arrest. 

We  demonstrated  that  PP2A/B55α  holoenzymes  target  p107  in  these  cells.  This  interaction  

is   transiently   enhanced   after   treatment  with  FGF1  without   an   increase   in  B55α  protein  

expression. Furthermore, we showed that following dephosphorylation, p107 undergoes 

changes in subcellular localization and complex formation, including complexes with 

E2F4 and cyclin/CDK holoenzymes, and enhanced recruitment to the MYC promoter 

within 1.5 hours of FGF1 treatment. The other pocket proteins p130 and pRb are not 

activated until several hours later, indicating that they do not play an initiating role in 

chondrocyte maturation or cell cycle exit. Since pRb and p130 are not dephosphorylated 

until much later after FGF1 treatment, it is more likely that FGF1 differentially mediates 

activation of  pocket proteins in RCS cells via two separate pathways, as illustrated in 

Figure 11. Upon treatment with FGF1, p107 is very rapidly activated   by   PP2A/B55α  

holoenzymes. This is followed by p107 translocating to the nucleus and binding to the MYC 

promoter and most likely to the promoters of other unidentified genes required for 

chondrocyte maturation and the initiation of cell cycle exit. Meanwhile, pRb and p130 

remain inactivated due to phosphorylation by CDK4 and CDK2 complexes. The 

dephosphorylation of pRb and p130 coincides with an increase in p21 expression (Figure 

4A), which was previously reported to occur in these cells upon FGF2 treatment resulting 

in the inactivation of cyclin E/CDK2 complexes (Aikawa et al., 2001). Upregulation of p16 
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and p27 is also observed after FGF1 treatment (Dailey et al., 2003; Krejci et al., 2004). 

Differential phosphorylation of p107 prior to p130 and pRb without the activation of CDKs 

suggests   that  PP2A/B55α  holoenzymes   target   p107 preferentially over the other pocket 

proteins. This could be the result of 1) higher affinity for p107, or 2) a consequence of 

subcellular  and/or  temporal  expression  constraints.  Differential  affinity  of  PP2A/B55α  for  

p107 over p130 and pRb was already suggested by work in this lab (Jayadeva et al., 2010). 

Of  note,  it  is  likely  that  PP2A/B55α  participates  in  the  dephosphorylation  of  p130  and  pRb  

when CDK4 and CDK2 are inactivated by CKIs (5 hours post stimulation). It is also 

plausible that cooperation by other phosphatases such as PP2A/PR70 and PP1 also take 

place at this point. In any case, the pattern of p130 and pRb dephosphorylation and 

recruitment of p130 to the promoters of E2F dependent genes is consistent with the 

repression of E2F genes generally observed during cell cycle exit. 

Knockdown  of  the  B55α  subunit  delays  dephosphorylation  of  p107  and  results  in  a  

modest delay in cell cycle exit, however, it is not enough to completely block cell cycle 

arrest (Figures 6C, 9).  Knockdown  of  B55δ  does  not  cooperate  in this effect (Figure 10). 

A group that independently published their work about the same time as ours also found 

that  knockdown  of  B55α  delays  dephosphorylation  of  p107  in  RCS  cells,  but  again,  was  

not sufficient to completely block cell cycle exit (Kolupaeva et al., 2013). One possibility 

is   that   because   B55α   is   an   abundant   protein,   almost   complete   knockdown   would   be  

required to block this effect. This was seen in a different study in which it was shown that 

B55α   holoenzymes   play   an   important   role   in   mitotic   exit.   Knockdown   of   all   three  

components  of  the  PP2A/B55α  holoenzyme  were  only  sufficient  to  delay  mitotic  exit  but  

not block it completely, and no other holoenzymes were found to compensate, as the 
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knockdown  of  additional  B  subunits  along  with  B55α  also  did  not  result  in  a  block  (Schmitz 

et al., 2009). Further supporting this model is another study that shows overexpression of 

cyclin E/CDK2 complexes blocks FGF1 induced cell cycle exit in these same cells. The 

dephosphorylation of p107 appears unaffected, and the overexpression of this cyclin/CDK 

complex prevents the translocation of repressive p130/E2F complexes to the nucleus 

(Kolupaeva and Basilico, 2012). Consistent with this idea, mice that are null for p107/p27 

or null for p57 exhibit similar neonatal lethality, defects in endochondral ossification, and 

elevated chondrocyte proliferation as p107/p130 null mice (Cobrinik et al., 1996; Yan et 

al., 1997; Yeh et al., 2007b), suggesting that p27 and p130 play important roles in similar 

pathways in chondrocyte maturation (Yeh et al., 2007b), and furthermore that CKIs also 

play an important role in chondrocyte maturation.  

Additionally, overexpression of cyclinD/CDK4 complexes, which are known to 

inactivate p107 (Leng et al., 2002), in RCS cells blocks p107 dephosphorylation upon 

FGF1 treatment, and this also blocks cell cycle exit 24 hours later (Kolupaeva et al., 2008). 

This suggests that with forced upregulation of CDK4 and presumably coupled upregulation 

of CDK2 due to sequestration of CKIs from cyclin E/CDK2 complexes, FGF mediated 

upregulation of PP2A activity towards p107 is insufficient.  The sequestration of CKIs by 

cyclin D/CDK4 complexes may also maintain cyclin E/CDK2 activity despite upregulation 

of p21, so that p130 and pRb  remain hyperphosphorylated. Together these suggest that the 

role  of  B55α  is  to  immediately  dephosphorylate  p107  so  it  can  serve  as  a  transcriptional  

repressor at specific promoters and initiate a program of maturation and cell cycle exit that 

is later maintained by p130.  
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Another distinct effect of FGF1 treatment is a transient arrest in G2 that occurs 4-6 

hours post FGF1 treatment (Tran et al., 2010). This was reported to be the result of the 

inactivation of cyclin B/CDK1 complexes via phosphorylation by MYT1 and also by 

inhibition of the CDC25 phosphatase, which opposes MYT1. MYT1/CDC25 phosphatase 

or WEE1/CDC25 phosphatase pairs regulate phosphorylation sites at the amino termini of 

CDK1 and CDK2 that regulate their activation (Mueller et al., 1995; Parker et al., 1992). 

Inactivation of CDC25 is not due to inhibition by PP2A or any other okadaic acid sensitive 

phosphatase (Tran et al., 2010). We have observed a brief increase in hyperphosphorylation 

of p107 around this time period (Figure 4A) before it returns to the predominant 

hypophosphorylated  form.  Since  we  have  found  that  the  PP2A/B55α/p107  interaction  upon  

FGF1 treatment is transient (we no longer detect it after 3-4 hours, not shown), it is possible 

that mitotic CDK complexes re-phosphorylate p107 when the transient arrest is resolved 

and many cells move through this transition. As discussed in Chapter 1.6, regulation of 

PP2A/B55α  and  B55δ  holoenzymes  are  known  to  be  critical  for  mitotic  exit,  as  these  have  

to be inhibited during most of mitosis to prevent the dephosphorylation of CDK1 

substrates. This is due to the phosphorylation of the PP2A inhibitors ENSA and ARPP19 

by Greatwall, which is activated by cyclin B/CDK1 (Castilho et al., 2009; Gharbi-Ayachi 

et al., 2010; Manchado et al., 2010; Mochida et al., 2010). The interaction between Myt1 

and CDK1 is strongest at 2 hours post FGF1 treatment (Tran et al., 2010), so hypothetically, 

this increase in hyperphosphorylation of p107 could result from the inactivation of PP2A 

complexes by Gwl once CDK1 is reactivated and the transient arrest completes. Altogether 

this reinforces the notion that the function of the immediate dephosphorylation of p107 by 

PP2A/B55α   holoenzymes   minutes   after   FGF1   treatment   is   to   target   genes   that   are  



100 
 

responsible for chondrocyte maturation and cell cycle exit, but it alone is not responsible 

for the ultimate cell cycle arrest that appears to require a coordinated activation of at least 

p107 and p130. Additional experiments can be done in the future to confirm this model. 

One would  be  to  knockdown  CKIs  in  addition  to  B55α  to  determine  if  this  is  sufficient  to  

block cell cycle arrest.  Moreover, to determine if the main function of the rapid p107 by 

PP2A/B55α   dephosphorylation   is   to   bind   to   the   promoters   of   chondrocyte   maturation 

genes,  knockdown  of  B55α  should  prevent  this;;  so  ChIP  experiments  could  be  repeated  in  

the  presence  or  absence  of  B55α  to  determine  if   this  prevents   the  enhancement  of  p107  

promoter occupancy induced by FGF1. We found that the MYC promoter, which contains 

an E2F consensus site, reproducibly had FGF1 dependent p107 promoter occupancy 

(MYC). One other gene, POLD1, appeared to have regulated p107 promoter occupancy, 

but the inducibility was not reproducible. Other genes whose products are regulated by 

FGF and have demonstrated or potential E2F consensus sites in their promoters exhibited 

little occupancy or non-regulated occupancy. Since the selection of these promoters was 

biased and limited in number, ChiP-Seq experiments in the presence or absence of FGF1 

is required to identify the subset of genes that are regulated in this manner. 
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Figure 11.  Differential  effects  of  FGF1  on  pocket  proteins  are  mediated  by  the  B55α-

PP2A holoenzyme. In this   model,   FGF1   activates   B55α   PP2A-mediated 

dephosphorylation of p107, leading to rapid formation of p107 complexes that target genes 

regulated early in this process. p130 and pRb remain partially hyperphosphorylated and do 

not play an initial role in controlling gene expression. FGF1-dependent upregulation of 

p21, which results in inactivation of CDK2, and p16, which presumably inactivates CDK4, 

is likely responsible for the delayed dephosphorylation of these two pocket proteins. When 

p130 is activated, it may start substituting for p107 in repression of E2F-dependent genes 

and/or may target new sets of genes. p107 typically forms repressor complexes with E2Fs, 

but other possibilities, including positive transcriptional regulation with fate-specific 

transcription factors, are conceivable (Kurimchak et al., 2013). 
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3.2.2 The CDK/PP2A Equilibrium is Modulated by Signals that Upregulate or Inhibit 

both CDKs and PP2A  

 Pocket proteins are targeted by PP2A in two manners; in an equilibrium with CDKs 

throughout the cell cycle and inducibly upon extracellular signals or stresses (Chapters 1.3 

and 1.4, reviewed in (reviewed in Kurimchak and Graña, 2012)). Throughout the cell cycle, 

phosphorylation and dephosphorylation of pocket proteins is modulated by cyclin/CDK 

complexes and PP2A. When cells are treated with inhibitors that affect the synthesis of 

unstable cyclins or CDK activity, all three pocket proteins are immediately 

dephosphorylated (Garriga et al., 2004). This means signals that result in cell cycle arrest 

or exit that function through the accumulation of CKIs are time-limited by the rate of 

accumulation of CKIs that are needed to inhibit CDKs. In this case, reduction in CDK 

activity will need a substantial accumulation of CKIs to shift the equilibrium towards 

pocket protein dephosphorylation by PP2A. This requires protein synthesis and 

stabilization, which are not fast processes. Recruitment of PP2A holoenzymes upon 

extracellular signaling or stresses serve as an alternative mechanism of rapidly targeting 

pocket proteins. In Chapter 3.1, we show that FGF1 signaling promotes the rapid 

dephosphorylation of p107 as a result of complex formation  between  p107  and  PP2A/B55α  

holoenzymes, and this happens in the presence of CDK activity that maintains the 

phosphorylation of pRb and p130. Shifts in the PP2A/CDK balance due to the selective 

recruitment of PP2A to pocket proteins in response to a variety of signaling cues could 

serve as a model for rapid activation of pocket proteins. As mentioned in Chapter 1.4, at 

least two other instances of pocket proteins being rapidly activated as the result of stresses 

are known. UV irradiation results in the dephosphorylation of p107 within 90 minutes, 
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which also results in a G1 cell cycle arrest (Voorhoeve et al., 1999b). Oxidative stress also 

results in the rapid dephosphorylation of all three pocket proteins within 30 minutes, and 

cyclin/CDK activity is unaffected (Cicchillitti et al., 2003). Particularly, pRb is targeted by 

PR70 in this situation; the holoenzymes targeting p107 and p130 were not investigated 

(Magenta et al., 2008).   

 Another example in which PP2A and CDKs operate in an equilibrium is in mitosis, 

which was discussed in Chapter 1.6. PP2A/B55α and  B55δ  holoenzyme  activity  is required 

for exit from mitosis, but it is inactive during mitosis itself. This is a result of activation of 

the Gwl kinase by CDK1, which in turn activates ENSA and ARPP19, which directly 

inhibit PP2A. While the mechanism by which PP2A is activated in response to FGF1 is 

still  unclear,  ENSA  and  ARPP19  were  detected  in  our  mass  spectrometry  analysis  of  B55α.  

We were not able to confirm this interaction in the presence or absence of FGF1 via 

immunoprecipitation despite being able to detect both proteins in cell lysates, this suggests 

that these complexes are not very abundant in asynchronous RCS cells or cells treated with 

FGF1.  

 

3.2.3 Insights into the potential mechanism of p107/PP2A/B55α  complex  formation. 

 We have established that the PP2A/B55α holoenzyme is responsible for the 

dephosphorylation of p107 in RCS cells, but the mechanism by which the signal leads to 

the recruitment of PP2A to p107 is not really understood. Kolupaeva, et al suggest that one 

aspect of this mechanism is the dephosphorylation  of  the  B55α  subunit  upon  treatment  with  

FGF1.  Evidence   of   serine   phosphorylation   regulating  B55α  holoenzyme   assembly   as   a  

possible mechanism to inactivate the holoenzyme in mitosis has been reported in the past 
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(Schmitz et al., 2009).    Kolupaeva,  et  al  demonstrate  through  immunoprecipitation  of  B55α  

in   separate   assays   that   dephosphorylation   of   B55α,   probably   on   one   or   more   serine  

residues, occurs around one hour and more clearly at two hours after FGF1 treatment, 

claiming  that  this  dephosphorylation  step  may  be  what  “activates”  PP2A  to  target  p107,  

and through the use of phosphosmimetic mutants that serine phosphorylation inhibits the 

binding of the scaffold subunit and in some cases p107 as well (Kolupaeva et al., 2013). 

This is not fully consistent with some of our findings, as we observe dephosphorylation of 

p107 as early as 15-30 minutes post treatment (Figure 8C) as well as increase in complex 

formation at this time (data not shown). While dephosphorylation may contribute to the 

stability  of  the  complex,  it  is  more  likely  the  activation  event  that  recruits  PP2A/B55α  to 

p107 would have to occur minutes after FGF1 signaling; not 1-2 hours later.  

It is known that in RCS cells, treatment with FGF1 activates MAPK pathways. 

ERK 1/2 and p38 are activated very rapidly- 5 minutes post treatment with FGF1. 

Treatment with a MEK1/2 inhibitor, which is directly upstream of ERK in this pathway, 

inhibits the dephosphorylation of p107 one hour after treatment with FGF (Raucci et al., 

2004),  similar  to  the  knockdown  of  B55α.  This indicates ERK1/2 signaling somehow plays 

a  role  in  the  dephosphorylation  of  p107  and  perhaps  the  immediate  recruitment  of  the  B55α  

holoenzyme   to   p107.   Also   of   note,   B55α   and   B55δ   holoenzymes   dephosphorylate   the  

inhibitory phosphorylation pS259 on Raf1 and pS392 KSR1 (Ory et al., 2003), which is 

immediately upstream of MEK1/2 in the activation of the MAPK cascade (Adams et al., 

2005), and these effects are observed within 5-15 minutes of treatment with EGF or PDGF. 

While these holoenzymes are known to regulate the MAPK cascade itself, the recruitment 
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of   the   PP2A/B55α   holoenzyme to p107 through ERK1/2 signaling is a more likely 

mechanism  than  the  dephosphorylation  of  the  B55α  subunit. 

 

3.2.4 Composition of p107 complexes in RCS cells 

 As previously mentioned in Chapter 3.1.3, we generated stable RCS cell lines that 

express Flag-tagged  p107   for  mass   spectrometry  analysis   to  determine   if  B55α  was   the  

primary B subunit recruiting the core dimer to p107 in RCS cells. We indeed confirmed 

that  the  B55α  holoenzyme  is  the  major  phosphatase  targeting  p107  in  RCS  cells,  but  we  

additionally  detected  one  unique  spectral  hit  for  the  closely  related  family  member  B55δ.  

Out  of  the  eleven  spectral  hits  assigned  to  B55α,  9  are  unique  to  this  subunit.  Two  other  

peptides  are  ambiguous;;  they  could  belong  to  B55α  or  B55δ.  Importantly,  these  were  the 

only phosphatase subunits we detected in RCS cells. We detected no other B subunit 

families and no other phosphatases. We also detected expected binding partners of p107, 

such as DP1 and E2F family members and cyclins, CDKs, and CKIs. We also detected 

novel interactors, however due to the limited quality of the commercially available 

antibodies, and the fact that most of these antibodies are raised against human proteins, we 

were not able to confirm any of these potential new interactions (Figure 6C). 

 One expected but interesting group of proteins that we detected were members of 

the DREAM complex, an evolutionarily conserved protein complex that serves as both a 

transcriptional regulator and repressor at different phases of the cell cycle (reviewed in 

Sadasivam and DeCaprio, 2013). The mammalian DREAM complex is composed of  DP1 

or DP2, p107 or p130 (but not pRb), E2F4 or E2F5 and the MuvB core, which contains 

Lin 9, Lin 37, Lin 52, Lin 54, and RBBP4 (Litovchick et al., 2007; Pilkinton et al., 2007). 
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The MuvB core can also form complexes with BMyb and and FoxM1, referred to as BMyb-

MuvB (Sadasivam et al., 2012). The major role of the p130-containing DREAM complex 

is to repress genes for cell cycle exit and quiescence, while the BMyb-MuvB complex is 

recruited in S phase to the promoters of G2/M genes to serve as a transcriptional activator. 

The  “switch”  from  BMyb  binding  to  DREAM  binding  of  the  MuvB  core  is  the  result  of  

phosphorylation of Lin 52 by the DYRK1 kinase (reviewed in Litovchick et al., 2011; 

Sadasivam and DeCaprio, 2013). 

 A very recent publication has implicated the DREAM complex in the regulation of 

chondrocyte proliferation (Forristal et al., 2014). In this study, mice that homozygously 

express p107 with mutations in the LXCXE binding cleft that render it incapable of binding 

the MuvB core were crossed with p130 null mice. In MEFs derived from these mice, the 

DREAM complex failed to assemble, DREAM target genes failed to be repressed, resulting 

in their increased expression during cell proliferation. Importantly, these mice are neonatal 

lethal, but were found to be alive at embryonic day 18.5, shortly before birth, which is 

highly reminiscent of p107/p130 knockout mice (Cobrinik et al., 1996). When the bones 

of these mice were analyzed, they were found to have abnormally smaller and 

underdeveloped endocranial bones that the wild type mice, as well as significantly shorter 

long bones. This overall demonstrates that similar to p107/p130 null mice, mice deficient 

in DREAM complex assembly display defective chondrocyte proliferative control and 

endochondral ossification (Forristal et al., 2014). 

 As mentioned in Chapter 3.1, we were unable to perform comparative mass 

spectrometry analysis in the presence or absence of FGF1 because the current protocol is 

not set up for the use of phosphatase inhibitors, which resulted in our samples being subject 
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to dephosphorylation in vitro. We were able to confirm some interactions by IP/Western 

blot and discovered that there was increased binding with several interactors upon 

treatment with FGF1 (Figure 6E). We were unable to confirm if any MuvB (Lin) proteins 

interacted by IP/Western blot in this system due to the limited antibody availability for rat 

proteins. However, this study suggests a requirement for p107 to be able to interact with 

the MuvB core for proper chondrocyte maturation. The DREAM complex is normally 

associated with p130 in a transcriptionally repressive role during cell cycle exit. Therefore 

it is likely that members of the MuvB core could be found with p107 at the MYC promoter 

or other genes whose downregulation is required for maturation and cell cycle exit shortly 

after treatment with FGF1 in RCS cells. Alternatively, p107 may also promote expression 

of maturation genes via co-recruitment of other factors yet to be determined upon p107 

activation. 

 In closing, we demonstrate that the phosphatase that triggers dephosphorylation and 

activation of p107, a protein required together with p130 for chondrocyte cell cycle exit 

and   endochondral   bone   formation,   is   the   PP2A/B55α   holoenzyme.  We   also   propose   a  

model by which activation of p107 cooperates with p130 to promote cell cycle exit in 

chondrocytes that induces repression of the MYC gene and potentially other genes yet to 

be identified. 
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CHAPTER 4 

PPP2R2A AS A HAPLOINSUFFICIENT TUMOR SUPPRESSOR IN  

     PROSTATE CANCER 

 

4.1 Results 

4.1.1 Experiments Leading to the Hypothesis that PPP2R2A is a Haploinsufficient 

Tumor Suppressor in Prostate Cancer  

Our lab has previously showed that PP2A plays a major role in an equilibrium with 

CDKs that determines the phosphorylation state of pocket proteins throughout the cell 

cycle (Figure 1) (Garriga et al., 2004). Alterations leading to dysregulation of most of the 

major players in this newtork are known. Amplifications of cyclins or defects in their 

degradation pathways, CDK4 mutations that are resistant to inhibition by CKIs, or  

mutations  or deletions of  CKIs, pRb and p130, are found at high frequency (70-90%) in 

most types of cancers (reviewed in Malumbres and Barbacid, 2001) (Figure 12) (reviewed 

in Kurimchak and Graña, 2013). As discussed extensively in Chapter 1.8, there is evidence 

that the PP2A holenzymes function as tumor suppressors, but the specific holoenzymes are 

not well characterized. Our lab had previously identified the gene product of PPP2R2A, 

B55α,   as   the   regulatory   subunit   of   the   PP2A   holoenzyme   responsible   for   the  

dephosphorylation of p107 and p130 in U2-OS cells (Jayadeva et al., 2010), and later we 

confirmed  this  interaction  in  RCS  cells,  as  well  as  an  interaction  between  pRb  and  B55α 

(Chapter 3.1.3) (Kurimchak et al., 2013). The finding that the  PP2A/B55α  holoenzyme  is  

a major phosphatase for pocket proteins in various cell types led us to ask whether  B55α 
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expression was downregulated in cancer as an alternative mechanism of inactivation of the 

pRb pathway. 
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Figure 12. The pocket protein regulatory network is disrupted by multiple 

mechanisms in cancer. Tumor suppressors in the network are inactivated via point 

mutations or deletions (X) or via epigenetic silencing or increased proteolytic degradation 

(↓).   Mutations   and   or   deletions   affecting   pRb, p130, and p16 have been described. 

Amplification of cyclins  or  defects  in  their  degradation  pathways  is  also  common  (↑).  The  

pathway can be disrupted by a mutation on CDK4 that makes it resistant to CDK inhibitors 

(X). Deletions affecting expression of B55α have been described in a variety of cancers 

(see text) and may affect this equilibrium (Kurimchak and Graña, 2013). 

 

 

 



111 
 

We first mined the Oncomine database for decreased mRNA expression and copy 

number in cancer versus normal samples. We observed outlier underexpression of 

PPP2R2A mRNA in a fraction of the samples examined in head and neck and esophageal 

cancer. However, the most strinking finding was the reduction in copy number in the 

comparison of paired normal blood and prostate adenocarcinoma samples. These studies 

were performed by TCGA using SNP arrays. As expected, no major change in copy 

number is detected in the normal blood samples (Figure 13A, left side), yet many of the 

prostate cancer samples have a copy number unit below the 25% threshold that approaches 

-0.5 on the log2 scale (Figure 13A, right side). This is consistent with hemizygous deletion 

of the gene. A follow-up search of the literature revealed recent studies that have shown 

that locus of PPP2R2A in chromosome 8p21.2 is frequently deleted or contains a 

breakpoint in prostate cancer cell lines and patient tumors (Cheng et al., 2011; Liu et al., 

2008b; Mao et al., 2011). Specifically, eighty four tumors (59.6%) out of 141 analyzed 

were found to have a hemizygous deletion of the PPP2R2A gene; 3 tumors (2.1%) had a 

homozygous deletion (Cheng et al., 2011). VCaP, a prostate cancer cell line, also harbors 

a homozygous deletion of PPP2R2A (Liu et al., 2008b). Another study from Memorial 

Sloan Kettering Cancer Center shows that PPP2R2A was homozygously deleted in 7 of 

128 (5.5%), and hemizygously deleted in 47 (36.7%) samples analyzed (Taylor et al., 

2010).    

If PPP2R2A is a classical tumor suppressor, we would predict elimination of the 

other allele via promoter silencing or mutations on the gene body affecting PPP2R2A 

expression or activity. A member of the same family of B subunits, PPP2R2B, is silenced 

via promoter methylation in various cancers (Muggerud et al., 2010; Paluszczak et al., 
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2014; Tan et al., 2010; Vazquez et al., 2010). Therefore, we also determined if promoter 

silencing via methylation of the PPP2R2A promoter was common in prostate and other 

cancers. A preliminary analysis, conducted with Dr. Jean Pierre Issa, from their genome-

wide study of 32 matched primary prostate normal and cancer samples using the 

methylated CpG island amplification method (Chung et al., 2008) showed no 

hypermethylation at the PPP2R2A gene promoter in prostate vs. control cells (Fig. 10B).  

Additionally, Digital Restriction Enzyme Analysis of Methylation data, as well as analysis 

of TCGA Illumina DNA methylation data show no evidence of differential methylation on 

the PPP2R2A promoter in leukemia and other cancers (not shown). Lastly, a search of the 

COSMIC database for mutations detected by sequencing tumors found 4 mutations in 

PPP2R2A out of 7694 tumors sequenced, but none of these mutations were found in 440 

prostate cancer samples (not shown). This indicates mutations in the gene itself are very 

rare. 

The data from the study done at Memorial Sloan Kettering Cancer Center (Taylor 

et al., 2010) was made available at cBioPortal, so we analyzed the MSKCC and TGCA 

prostate adenocarcinoma studies for correlation of loss of copy number with decrease 

expression of PP2R2A in matched prostate cancer samples. Another tumor suppressor 

gene, NKX3.1, is a prostate specific transcription factor. It is believed to play a role in the 

initiation of prostate development and also maintains the differentiated state of prostate 

epithelial cells, and its expression is androgen dependent (Bieberich et al., 1996). It is 

located close to PPP2R2A on chromosome 8p21.2 and has been proposed to be a 

haploinsufficient tumor suppressor as well (Bhatia-Gaur et al., 1999; He et al., 1997). 

Nkx3.1 has been shown to cooperate with Pten in prostate carcinogenesis in mice, and loss 
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of these genes also leads to the dysregulation of the Akt pathway (Kim et al., 2002). 

However, it has been reported that there is no correlation between NKX3.1 copy number 

and its mRNA expression (Taylor et al., 2010), which led the authors of this study to 

suggest that another tumor suppressor may be located in this region. Consistent with this 

idea, side by side comparison of copy number and gene expression in prostate cancer using 

cBioPortal, shows a statistically significant correlation between homozygous deletion and 

diploid samples in the MSKCC study (p=.027), and between the hemizygous deletion and 

diploid samples in the TCGA study (p=.0015), data not shown (Fig. 11C).  Consistently 

with the remarks of the Taylor study, there is no correlation for NKX3.1 (Fig. 11D). Taken 

together, the absence of aberrant promoter methylation at the PPP2R2A promoter and the 

low frequency of mutations affecting the PPP2R2A gene strongly indicate that the 

mechanism of mutation of PPP2R2A associated with cancer is hemizygous deletion. 

Therefore, if PPP2R2A is a tumor suppressor in prostate cancer, it should work by 

haploinsufficiency. 
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Figure 13. Preliminary evidence that PPP2R2A is a haploinsufficient tumor 

suppressor. (A) PPP2R2A copy number in individual prostate cancer samples vs. blood 

(B) Absence of CpG island methylation at the PPP2R2A promoter. Graphs show % 

methylation at the PPP2R2A promoter in prostate cancer versus normal cells using MCA. 

(C,D) MSKCC database analysis: PPP2R2A, but not NKX3-1 gene copy number alterations 

correlate with decreased mRNA expression in matched prostate tumor samples. 
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4.1.2 Expression  of  B55α  in  Prostate  Cancer  Cell  Lines 

Because PPP2R2A has been found deleted very frequently in prostate tumor 

samples and a PCa cell line, we wanted to determine if there are alterations on the 

expression of its gene product  B55α.  We  performed  Western blot analysis on lysates from 

five different PCa cell lines: VCaP, PC3, DU145, LnCaP, and 22rv1. VCaP cells were 

reported to have a homozygous deletion in the PPP2R2A gene (Liu et al., 2008b). 

Consistently, we found that the VCaP cell line does not express any detectable B55α,  and  

two other cell lines- PC3 and DU145- appear to have reduced  expression  of  B55α  (Figure 

14A). Upon probing for p107, we found that PC3 and DU145 have higher levels of 

hyperphosphorylated p107 relative to LnCaP and 22rv1, which have higher expression of 

B55α. This is consistent with our prior data in that reduction of B55α  expression  results  in  

increased hyperphosphorylation of p107 (Figure 14A, Short Exposure) (Jayadeva et al., 

2010). Although VCaP express very low levels of p107, these consist of hypo- and 

hyperphosphorylated forms (Figure 14A, Long Exposure). According to the MSKCC 

cBioPortal database, the RBL1 gene is not known to be deleted or mutated in these cells 

(Taylor et al., 2010), so the low expression of p107 is most likely associated with the slow 

growth of these cells, as p107 is actively repressed in quiescent cells. The catalytic 

(PP2A/C) and scaffold (PP2A/A) subunits were expressed in all cell lines and the decreased 

levels of these subunits in VCaP and PC3 cells may reflect instability of core dimers in the 

absence of B55D. We also determined the effects on AKT, another known substrate of 

PP2A holoenzymes and did not find any relation between PPP2R2A status and pAKT 

S473. Phosphorylation of AKT on S473 and T308 is required for full activation (Sarbassov 

et al., 2005). However, it has been reported that S473 is targeted by B56γ  holoenzymes  
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(Sablina et al., 2010), while T308, is reported to be targeted by B55α (Kuo et al., 2008). 

We  plan  to  determine  if  phosphorylation  of  these  sites  is  associated  with  B55α  levels  in  

prostate cancer cell lines in future experiments. 

 As mentioned in section 3.8, NKX3.1 is another tumor suppressor gene located near 

PPP2R2A and has been implicated in prostate carcinogenesis. However, we found a 

correlation between mRNA expression and copy number alterations with PPP2R2A, but 

not with NKX3.1 (Figures 11C and 11D).  Therefore, to determine if the expression patterns 

of NKX3.1 and B55α correlate, we determined their expression in the same prostate cancer 

cell lines and in epithelial cells (PrEC-LH). Since NKX3.1 expression is dependent on the 

androgen receptor, we also determined its expression. PrEC-LH cells express a basal 

epithelial cell phenotype, and do not express the androgen receptor (Berger et al., 2004). 

LnCaP and VCaP (and 22rv1 to a much lesser extent) were the only two lines with 

functional androgen receptors, and accordingly, were also the only lines expressing 

NKX3.1. Of note, VCaP cells readily retained expression of NKX3.1. Upon further 

investigation in the MSKCC cBioPortal database, we found that VCaP only has a 

hemizygous loss at the NKX3.1 locus, despite its loss of both copies of PPP2R2A. 

Interestingly, loss of one allele does not prevent expression of NKX3.1 protein to levels 

comparable to cell lines with two intact alleles. 
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Figure 14. B55α expression in prostate cancer cell lines. (A) B55D is not expressed in 

VCaP cells and is expressed at relatively lower levels in PC3 and DU145 cells. Expression 

of B55D, PP2A/C and PP2A/A and phosphorylation of p107 and Akt determined by WB. 

SE= Short Exposure, LE= Long Exposure (B) Expression of NKX3.1, AR,   and   B55α 

determined by WB.  
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4.1.3 Modulation  of  B55α  Expression in Prostate Cancer Cell Lines 

 Since  three  out  of  the  five  lines  display  reduced  or  absent  B55α  (PC3,  DU145,  and  

VCaP), we decided to focus our future experiments on these lines, however, the VCaP line 

proved difficult to grow and very difficult to manipulate, so the experiments in the next 

sections used PC3, DU145, and primary immortalized prostate epithelial cells (PrEC LH). 

These  cells  were  a  gift  from  William  Hahn’s  lab  and  are  immortalized  by  the  expression  

of hTERT and SV40 Large T Antigen (Berger et al., 2004). 

We next wanted to determine how modulation of B55D affects growth and 

tumorigenicity of PC3 Cells.  To knock down B55α  in  PC3  and  PrEC  cells,  both cell lines 

were lentivirally transduced using pGIPZ shRNA  constructs  against  B55α  or  luciferase  as  

a control. The cells were infected twice over a 48 hour period, then selected with puromycin 

for another 48 hours before collection. We observed a shift in p107 and p130 

phosphorylation  that  is  again  consistent  with  reduced  B55α  levels  in  PC3  cells, suggesting 

loss of B55α dysregulates the function of pocket proteins in prostate cancer cells (Figure 

15A). Interestingly, we also observed an increase in phosphorylation of pRb at T826. It 

was previously reported that pRb interacts with PP2A/PR70 holoenzymes in U2-OS cells 

(Magenta et al., 2008), and our lab confirmed this (Jayadeva et al., 2010), however, in our 

mass  spectrometry  analysis  of  interactors  with  B55α  in  RCS  cells,  we  clearly identified 

pRb as a target of the B55α holoenzyme  (5 spectral hits as compared to p107 with 15, 

Figure 6D, (Kurimchak et al., 2013)). Therefore, it is possible that pocket protein/PP2A 

holoenzyme interactions are tissue or cell type specific. We detected a very slight increase 

of T826 phosphorylation in PrEC-LH cells as well.  
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Given the high frequency of loss of one PPP2R2A allele without loss of expression 

of the second allele in prostate tumors, we rationalized that the loss of the second copy of 

B55α  could  be  toxic.  Therefore,  since  PC3 cells are known to be anchorage independent 

and can form colonies in soft agar, we determined if reducing the levels of B55α in these 

cells would inhibit this ability. The cells were transduced with shRNA viruses over a 48 

hour period and counted. Twenty five thousand transduced cells of  each  condition  (shB55α  

or shLuc) were placed in DMEM/0.3%  noble  agar  with  2  μg/ml  puromycin  and left to grow 

for two weeks (Figure 15B). We observed no noticeable difference at the level of 

knockdown achieved in the size or number of colonies formed. PC3-shRNA B55α cells 

also did not proliferate at any noticeable rate difference from their PC3-shRNA Luc 

counterparts (not shown). While shRNA mediated knockdown of B55α is very efficient, 

we cannot rule out that the remaining expression of B55α is sufficient to mediate any 

potential essential functions.  
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Figure 15. B55D expression is linked to inactivation of pocket proteins in PC3 and 

PrEC. (A) Pocket proteins become hyperphosphorylated when B55D is knocked down in 

PC3 cells. Slight pRb hyperphosphorylation is also detected in immortalized PrEC.  pRb 

phosphorylation is detected with anti-phospho-RB antibodies. p130/p107 

hyperphosphorylation are detected by observing delayed migration. (B) Knockdown of 

B55α  in  PC3  cells  does  not  appear  to affect anchorage independent growth. 
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Thus, we turned our attention to gain of function assays. In this case, the rationale 

is that if loss of an allele of PPP2R2A or  some  other  alteration  that  reduces  B55α  expression  

confers  a  growth   advantage  or  promotes   transformation,   then   the  upregulation  of  B55α  

should inhibit proliferation and/or transformation. To test this idea, we first attempted to 

generate stable PC3 and DU145 clones expressing a Myc-B55D expression constructs, both 

constitutively and inducibly. The few clones that survived expressed the exogenous protein 

at around ~5% of the endogenous level (not shown). We then tried lentivirally transducing 

the cells with a virus expressing a Flag-B55D construct in the same manner as described 

before; two days infection followed by two days of selection with puromycin. The cells 

were kept under puromycin selection for the duration of the experiment. The DU145 Flag-

B55D cells were almost completely killed (the controls were healthy and viable), so ectopic 

expression  of  B55α  is  highly  toxic  in  these  cells. However, the PC3 Flag-B55D cells did 

survive, but displayed features reminiscent of a senescent phenotype with enlarged nuclei 

and flat, spread cytoplasms (Figure 16A, right panel) as compared to the empty vector 

expressing cells. These cells also failed to form colonies in soft agar after 3 weeks, unlike 

the controls (Figure 16B). Furthermore, in a separate experiment, we determined if 

reintroduction of B55D would affect proliferation and viability. We used the Guava 

ViaCount reagent to determine the number and viability of cells that were selected with 

puromycin 48 hours after the last infection. We observed a decrease in proliferation in both 

lines between day 1 and 2, this likely reflects the cells needing one additional day to select. 

We observed a block in proliferation and a decrease in cell number of PC3 cells expressing 

Flag-B55D from days 2-4 while the control cells proliferated efficiently (Figure 16D). 

When assayed for viability, the control cells maintained around ~80 viability from days 2-
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4, while the cells expressing Flag-B55D decreased ~10% in viability over time and the  

percentage of dead and apoptotic cells increased (Figure 16E). From these experiments, we 

can conclude that reintroduction of B55α  in  PC3  cells  results  in  a phenotype reminiscent 

of senescent cells, prevents anchorage independent growth, blocks proliferation, and 

increases apoptosis and cell death. In all these experiments, the level of ectopically 

expressed  B55α  was  comparable  to  that  of  endogenous  B55α (Figure 16C). 
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Figure 16. Overexpression   of   B55α   in   PC3   cells   results in a senescent phenotype 

prevents anchorage independent growth, reduced proliferation, and increased cell 

death. (A) PC3 cells infected with empty vector or Flag-B55α.  Picture  taken  48  hours  post  

puromycin selection. Bar   indicates   length  of  400  μm.  Cells  with   senescent   features   are  

circled. (B) Flag-B55α  expressing  PC3  cells  are  deficient  in  forming  colonies  in  soft  agar.  

(C) Western blot of ectopic expression of Flag-B55α.   (D)  Growth   curves   of  PC3   cells  

infected with empty vector or Flag-B55α.   Totals   are   from   three   replicates, LE- long 

exposure, SE- short exposure. (E) Viability of cells infected with empty vector or Flag-

B55α  from  days  2-4. Western blot indicates transgene expression is stable over time. 
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4.1.4 Overexpression of B55α  in PC3 Cells Promotes Endoreplication 

 Because PC3 cells overexpressing Flag-B55α  fail  to  proliferate,  we  wanted  to  see  

if they had undergone cell cycle arrest prior to the observed cell death. We used cells from 

the same experiment as the viability assay shown in Figure 16D and E, stained them with 

propidium iodide and analyzed them via FACS. We noticed that aside from the G1, S, and 

G2/M peaks, there was an additional peak with a ploidy double that of the G2/M peak. PC3 

cells are reported to be near triploid (Liu et al., 2008b). We also noticed that the percentage 

of asynchronously growing cells in G2/M was high as compared to most cell lines analyzed 

previously. This could indicate that these cells have a relatively long G2 and/or M phases 

or that there is a population of euploid cells. However, we were surprised to find that in the 

cells expressing Flag-B55α,  the  percentage  of  cells  in  euploid G2/M increased with time 

(Figure 17A, Light Blue Bars), which could be indicative of endoreplication. To further 

investigate this possibility, we used BrdU incorporation to easily discriminate the cells that 

are in S phase. We re-infected PC3 cells with vector or Flag-B55α lentiviruses and selected 

them with puromycin for 48 hours.  We   then  pulsed   the  cells  with  30  μM  BrdU   for  20  

minutes 48 and 96 hours after the final puromycin selection, treated them with anti-BrdU 

antibodies and stained them with propidium iodide for FACS analysis (Figure 17B). We 

found that at 48 hours, the vector and Flag-B55α  cells  had  similar  percentages  of  cells  in  

G1 and G2/M, but the Flag-B55α  cells  had  a significantly reduced amount of cells in S 

phase compared to the vector in  the  “triploid”  state. This difference was eliminated when 

we added the S phase of the “near  hexaploid” population (Figure 17B, left side of graph, 

top panels of plots). The G2/M hexaploid population in the Flag-B55α  cells  is  also  twice  

the size of the vector population of G2/M hexaploid cells. At 96 hours, more than half the 
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vector cells were in G1 (Figure 16B, right side of graph, lower panels on plots). The S-

phase triploid population has drastically decreased, and the G2/M triploid population was 

also reduced. Given the reduction in hexaploid S and G2/M populations, the most likely 

case is that the cells in the G2/M triploid population also contain a significant amount of 

G1 hexaploid cells. Considering these cells were confluent at the time of collection, these 

cells are contact inhibited and both the triploid and hexaploid populations are arrested in 

G1. In contrast, when analyzing the cells expressing Flag-B55α,  very  few  cells  were   in 

triploid G1, but 40% were in triploid G2/M or hexaploid G1 (same peak). The triploid S 

phase population was less than 1% and there was also a drop in the hexaploid S phase 

percentage, but the G2/M hexaploid population has more than doubled in 48 hours (~8% 

to ~18%, Figure 16B, lower panels on plots). This suggests that increases in the level of 

B55α   promotes   endoreplication. Consistently, when comparing the forward and side 

scatter of each population of cells, we noticed both populations were close to the same size 

(side scatter) at 48 hours, with the Flag-B55α  cells  (red)  having  a  slightly  higher  side  scatter  

than the vector cells (green) (Figure 17C). However, at 96 hours, the Flag-B55α  cells  were  

clearly larger than the vector cells. This size difference at 48 hours post- selection can also 

be seen in the photographs in Figure 16A. Taken together, increased expression of  B55α  

in PC3 cells results in endoreplication leading to a change in nuclear and cell size and 

ploidy over time. These data are consistent with addiction of PC3 cells to low levels of 

B55α  to  effectively  move  through mitosis. A PC3 cell line expressing GFP tagged histone 

2B is being generated (EGFP colonies are being expanded) to monitor chromosome 

instability and additional evidence of endoreplication using time lapse microscopy. 
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Figure 17. Overexpression of B55D in PC3 cells results in endoreplication. (A) 

Percentages of vector or Flag-B55D transduced cells in each phase of the cell cycle over 4 

days. Hexa=hexaploid. (B) (Graph) Percentages of vector or Flag-B55D transduced cells 

in each phase of the cell cycle after BrdU incorporation 48 or 96 hours after final puromycin 

selection. (Plots) Raw data from FlowJo. (C) Overlays of forward (FSC) and side (SSC) 

scatter of each population. 
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4.1.5 Confirmation of Anchorage Independent Growth of Normal Immortalized 

Prostate Epithelial Cells 

Considering   there   is   previous   evidence   that   knockdown   of   the   B56γ   regulatory  

subunit can substitute for SV40 small T in the transformation of immortalized HEK cells 

(Chen et al., 2004), we wanted to determine if  reduction of B55D expression to levels seen 

in prostate cancer cells bearing hemizygous PPP2R2A deletions in PrEC cells engineered 

to mimic prostate cancer alterations would promote anchorage independent growth and 

tumorigenicity in a xenograft mouse model. As partially explained in section 3.10, PrEC 

cells are commercially available normal prostate epithelial cells. We obtained five 

immortalized  versions  of  this  line  from  William  Hahn’s  laboratory (listed in Figure 18B). 

This includes the “control”  line- PrEC LH, which is immortalized with hTert and SV40 

Large T Antigen (Berger et al., 2004). Like in HEK, BJ fibroblasts, and mammary 

epithelial cells (Elenbaas et al., 2001; Hahn et al., 1999; Hahn et al., 2002), expression of 

SV40 small and large T antigen, oncogenic H-Ras and hTert in PrEC cells is sufficient to 

confer anchorage independent growth and tumor growth in nude mice (Berger et al., 2004). 

We were able to confirm that two of the PrEC cell lines, LHMK ( Large T ,hTert, Myc, 

P13K ) and LHRS (Large T, hTert, Ras, Small t) are able to form colonies in soft agar 

(Berger et al., 2004) (Figure 18A).  We also prepared cells for SCID mice xenografts and 

our collaborator at Fox Chase, Dr. Vladimir Kolenko, confirmed that LHRS cells form 

tumors in nude mice, while cells that express Ras (LHR) or st (LHS) alone do not  (Figure 

18B). Future experiments, which will be described in the discussion, will focus on whether 

reduction  of  B55α  in  LHR  cells  transforms  these  cells.  This  would  be  expected  if  B55α  

knockdown mimics the effects of st in transforming these cells. In fact, this would suggest 
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that the transforming activity of st depends on inactivation of PP2A/B55α  holoenzymes in 

prostate cells. 
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Figure 18. Confirmation that LHRS cells are anchorage independent. (A) LHMK and 

LHRS form colonies in soft agar. Cells were plated in 0.3% noble agar and left to grow for 

3 weeks. NR- Not Reported, NT- Not Tested. (B) Table of immortalized PrEC lines and 

their abilities to form colonies in soft agar or tumors in nude mice. Blue columns reported 

in (Berger et al., 2004), green columns confirmed by us. 
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4.2 Discussion 

4.2.1 PPP2R2A: a Potential Haploinsufficient Tumor Suppressor in PCa: Future 

Directions 

 In Chapter 4.1, we provide preliminary evidence suggesting that PPP2R2A may act 

as a haploinsufficient tumor suppressor in prostate cancer cells, however, more 

experiments must be completed to fully support this hypothesis. We found that two cell 

lines, PC3 and DU145 express reduced levels  of  B55α,  and   in agreement with previous 

findings, these cell lines exibit relatively higher levels of hyperphosphorylated p107 than 

other PCa cell lines (Jayadeva et al., 2010) (Figure 14A). We confirmed that VCaP cells, 

which have a homozygous deletion of PPP2R2A (Liu et al., 2008b) do not express any 

detectable  levels  of  B55α,  yet  still  retain  expression  of    NKX3.1,  another  gene  in  the  same  

region typically affected by the deletion (Figure 14B).  Furthermore,  knockdown  of  B55α  

in PC3 and normal immortalized prostate epithelial cells (PrEC) results in 

hyperphosphorylation of p107 and p130 in PC3 cells and increased phosphorylation of pRb 

T826 in both cell lines (Figure 15A).  Knockdown  of  B55α  has  no  effect  on  the  ability  of  

PC3 cells to form colonies in soft agar (Figure 15B) and does not affect proliferation or 

viability.   Conversely,   ectopic   expression   of   B55α   in   PC3   cells   results   in a phenotype 

reminiscent of senescense; these cells have enlarged nuclei and flattened cytoplasms, and 

cease to proliferate and die (Figures 14A,14D, and 14E). They are also unable to form 

colonies in soft agar (Figure 16B). When analyzed by FACS, we found that these cells had 

double the DNA content expected, the number of cells with increased DNA content 

increased over time, as did cell size (Figure 17). This is indicative of endoreplication. To 

further confirm this is the case, additional experiments will need to be done. We have 
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generated a PC3 cell line that expresses GFP tagged histone H2B for the purposes of 

observing  mitotic  activity.  The  effects  of  ectopic  expression  of  B55α  on  mitosis  in  these  

cells can be monitored via live cell imaging. If endoreplication is indeed occurring, we 

should be able to see chromosomal duplication without cytokinesis. We also plan to inject 

cells  ectopically  expressing  B55α  in  mice  to  see  if  this  prevents  tumor  formation,  which  

we would expect given the effects on proliferation and anchorage independent growth. 

 Since in PC3 cells it appears that reduced B55α   expression   confers   a   growth  

advantage or promotes transformation, and ectopic expression of   B55α   inhibits this, 

pharmacological activators of PP2A may also serve as therapeutic agents in treatment of 

cancers in which one allele of PPP2R2A or another subunit has been lost. One drug that 

has received a lot of attention is FTY720, because has been shown to activate PP2A 

independently of holoenzyme composition (Matsuoka et al., 2003). Interestingly, this is an  

FDA approved drug for the treatment of multiple sclerosis and is currently in clinical trials 

to treat various cancers because of its newfound ability to activate PP2A (Liu et al., 2008a; 

Neviani et al., 2007; Wallington-Beddoe et al., 2012). Importantly, FTY720 has been 

shown to have effects on prostate cancer cells. Prostate stromal cells have been shown to 

be less sensitive to FTY720 than DU145 (Wang et al., 1999). Furthermore, it prevents 

DU145 and PC3 cells from forming colonies in soft agar and prevents cell migration and 

invasion in in vitro assays (Zhou et al., 2006), and it prevents the androgen independent 

cell line CWR22R from forming tumors in nude mice (Chua et al., 2005). More recently, 

it has been suggested that FTY720 activates PP2A by binding to I2PP2A/SET in cancers 

in which I2PP2A/SET is upregulated (Chapter 1.7) (Mukhopadhyay et al., 2013; Pippa et 

al., 2014; Saddoughi et al., 2013). Therefore, upregulation of this PP2A inhibitor may be 
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required for FTY720 to work. Although in the case of PCa patients with hemizygous 

deletions of PPP2R2A, FTY720 may increase   the   availability   of   active   PP2A/B55α  

holoenzyme by eliminating the fraction of this holoenzyme bound to SET. 

 Another class of drugs that have been shown to activate PP2A are phenothiazines. 

Perphenazine, which is in this class of drugs, was found to induce apoptosis in T-ALL, and 

rapid dephosphorylation of PP2A substrates was observed in cells treated with this drug. 

The substrates affected are known to be targeted by different holoenzymes (AKT S473, 

p70S6K T389, Myc S62), so it does not appear to activate holoenzymes in a specific B 

family, and its mechanism of action is not known (Gutierrez et al., 2014). We plan to test 

this drug in prostate cell lines to see if we observe similar effects on viability and substrate 

activity. 

  Another   future   direction   is   to   identify   the   substrates   of   B55α   implicated   in  

suppressing transformation and potential tumorigenicity in prostate cells and determine 

their deregulation in prostate cancer cell lines. This will be accomplished by identifiying 

substrates of B55α in PC3 cells via mass spectrometry. We expect that the pocket proteins 

would be targets as we show they become hyperphosphorylated when B55α  is  knocked  

down in this cell line (Figure 15A). However, they may not be such abundant partners at 

they are in chondrocytes. Other possible interactors are AKT , KSR1 and Raf. They are 

targets  of  the  PP2A/  B55α  holoenzyme,  and  we  found  that  ectopic  expression  of  B55α  in  

PC3 cells results in hypophosphorylation of Raf S259 and AKT T308 (data not shown). In 

addition, there might be other yet to be identified prostate specific substrates. Once these 

substrates are identified, we can subsequently determine the consequences of B55α loss of 
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function in PrEC cells in the activity of the identified key substrates and their signaling 

pathways. 

Finally, we confirmed that immortalized PrEC cells that express SV40 small t and 

H-rasV12 form colonies in soft agar and tumors in SCID mice (Figure 18). It has been 

previously demonstrated that knockdown of B56γ3  in HEK cells immortalized with LT, 

hTERT and H-rasV12 was able to substitute for st in the transformation of these cells. 

(Chen et al., 2004). We  plan  on  determining  if  knockdown  of  B55α  in the LHR line can 

substitute  for  st  in  transformation.  This  would  be  expected  if  B55α  knockdown  mimics  the  

effects of st in these cells. If the knockdown of B55α  in  LHR  cells  results  in  anchorage  

independent growth, they will be injected in to SCID mice to determine if they form 

tumors.  
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