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ABSTRACT 
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Doctoral Advisory Committee Chair:  Xavier Graña, Ph.D 
 
The retinoblastoma family of phosphoproteins consisting of the retinoblastoma protein 

(pRB) and the two structurally related proteins p130 and p107 play an important role in 

the negative regulation of cell cyle progression. Hypophosphorylated pocket proteins 

interact with the different members of the E2F family and repress the transcription of 

E2F-dependent genes and consequently suppress cell cycle progression through the 

G0/G1 transition and the restriction point in G1. Mitogenic stimulation results in 

sequential activation of cyclin/CDK complexes in mid to late G1, leading to subsequent 

hyperphosphorylation at multiple Ser/Thr sites of pocket proteins triggering dissociation 

of pocket protein/E2F complexes. This disruption leads to de-repression of many E2F 

dependent genes whose products are essential for cell cycle progression. The traditional 

view has been that pocket proteins continue to be hyperphosphorylated through the S and 

G2 phases and following cyclin/CDK inactivation during mitotic exit become 

dephosphorylated by action of PP1. However, our lab observed that upon treatment of 

asynchronously growing cells with the CDK inhibitor Flavopiridol or CHX, pocket 

proteins, are rapidly dephosphorylated correlating with the inactivation of G1/CDKs and 

down regulation of D-type cyclins,  respectively. Pocket protein dephosphorylation was 

prevented by pre-treating these cells with phosphtase inhibitors at a concentration 

selective for PP2A, implicating PP2A or PP2A-like serine/threonine phosphatase in this 
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process. The involvement of PP2A on pocket protein dephosphorylation was further 

strengthened by the observation that SV40 small t antigen (ST) delays/prevents p107 

dephosphorylation. Moreover, a physical association between PP2A/C and p130/p107 

was observed throughout the cell cycle that was not affected by CHX treatment, strongly 

suggesting that CHX-induced dephosphorylation is not the result of increased pocket 

protein targeting by PP2A, but rather that a dynamic equilibrium between CDKs and 

PP2A is shifted to dephosphorylation when CDK activity is compromised. This dynamic 

equilibrium operates throughout the cell cycle.  

PP2A is a trimeric enzyme complex consisting of a catalytic C, a structural A and 

substrate specific B subunit. There are four families of regulatory B subunits designated 

B, B’, B’’ and B’’’, each with several members encoded by genes with multiple splice 

variants that mediate substrate specificity and subcellular localization. It has been 

reported recently that in excess of 200 functional distinct PP2A holoenzymes can 

assemble with distinct specificities. Therefore, to gain insight into the mechanisms that 

regulate the steady state phosphorylation of pocket proteins throughout the cell cycle, it 

was essential to identify the specific holoenzyme complexes involved. To this end, it was 

identified that a PP2A trimeric holoenzyme containing B55α specifically targets and 

dephosphorylates p107/p130 both in vitro and in mammalian cells. B55α associates 

directly with the spacer of p107 and this interaction seems to be indirectly enhanced by 

the C-terminus of p107. The decreased association of p107 with PP2A/C of the 

B55α/PP2A holoenzyme complex upon treatment with ST further confirmed the role of 

B55α in mediating p107-PP2A/C interaction. Our data also revealed an interaction 

between B55α and p130, but not pRb, which appears to prefer a PR70, suggesting 
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selectivity in the interaction of pocket proteins with distinct PP2A holoenzymes. In 

accordance with this, recombinant purified B55α dephosphorylates p107 in vitro. 

Limited ectopic expression of B55α but not other subunits, result in ST sensitive 

dephosphorylation of p107 and p130 in cells. Further shRNA mediated knockdown of 

B55α results in hyperphosphorylation of p107 and p130. This suggests that the cellular 

levels of B55α are critical in modulating the phosphorylation status of p107/p130 rather 

than just catalyzing the dephosphorylation of these proteins when the activity of CDKs is 

compromised. Since ST disrupts the B55α/PP2A holoenzyme complex by binding to the 

PP2A-A-C dimer and leads to hyperphosphorylation of pocket proteins it is conceivable 

that ST mediates its effects on cell proliferation at least in part, via inactivation of the 

PP2A holoenzymes that activates pocket proteins. Given the sensitivity of p107 

phosphorylation to the cellular levels of B55α, future analyses should ascertain if 

deregulation of B55α leads to hyperphosphorylation of pocket proteins and abnormal cell 

cycle progression.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Pocket proteins: General Overview 

 

 The retinoblastoma family of phosphoproteins consists of the retinoblastoma protein 

(pRB), a product of the retinoblastoma susceptible gene (RB), and two related proteins 

designated p130 and p107. They all are biochemically and structurally related and carry 

out similar functions. They are collectively termed pocket proteins since all of them 

exhibit two homologous domains “A” and “B” separated by a spacer allowing the 

assembly of two domains into a bipartite “pocket” like structure. pRB pocket proteins 

negatively regulate the progression through the restriction point in G1 into the S phase of 

the cell cycle, as well as the transition from G0 into G1. These proteins respond to anti-

growth signals and their deregulation constitutes one of the hallmarks of cancer (Hahanan 

and Weinberg, 2000). The RB gene is the archetypal tumor suppressor gene, and was the 

first gene to be identified as a member of the retinoblastoma family. pRB loss-of-function 

is responsible for the susceptibility to retinoblastoma, a sporadic or hereditary pediatric 

tumor harboring either deletion or mutational inactivation of both RB alleles (Knudson, 

1971, 1986). Additionally, individuals with familial retinoblastoma having one mutated 

RB allele in their germline are at a higher risk of developing bilateral retinoblastoma and 

a second, non-occular, malignancy (Eng et. al., 1993; Moll et. al., 1996). RB mutations or 

deletions are shared by several tumor types which include hepatic, breast, prostate, 
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ovarian, small-lung carcinoma, osteosarcoma among many others (Yeung et al; 1993; 

reviewed in Harlow 2002). In addition, exogenous expression of wild-type pRB in pRB-

defective cancer cells result in the suppression of tumorigenicity in nude mice and also 

correlates with the inhibition of tumor cell invasion in vitro (Weinberg et. al., 1995; 

Paggi et. al., 1996; Li et. al., 1996; Bartek et. al., 1997; Kaelin, 1999).  

Although p130 and p107 are related to pRB, their involvement in tumorigenesis as tumor 

suppressors is not as well established. Both p130 and p107 mutations have been detected 

in human cancer, and are relatively rare (Helin et. al., 1997; Claudio et al; 1994; 

reviewed in Claudio et. al., 2006). Cancer cell lines having ectopically expressed p130 

exhibited cell-cycle arrest in G0/G1 phase (Claudio et. al., 1996). Similarly, retroviral 

mediated expression of human p130 led to decrease proliferation of lung carcinoma cells 

both in vitro and xenotransplanted nude mice (Claudio et. al., 1994, Claudio et. al., 1996, 

Claudio et. al., 2000). However, while both p130 and p107 nullizygous mice show no 

predisposition to tumorigensis, mice hetererozygous for RB exhibit multiple tumors 

(Cobrinik et. al., 1996; Lee et. al., 1996; LeCouter et. al., 1998). Moreover, mice 

deficient in pRB and also nullizygous for either p130 or p107 show increased evidence of 

tumor formation, not limited to the pituitary and thyroid glands (Dannenberg et. al., 

2004). Interestingly, concomitant loss of E2F4 (repressor E2F) in an RB+/- genetic 

background results in decreased tumorigenesis as compared to RB+/-, which has been 

credited to increase complex formation of p107 and p130 with the activating E2Fs (E2F 

1, 2, 3), thus partly compensating for the lack of pRB (Yamasaki et. al., 1998; Lee et. al., 

2002). This suggests that p130 and p107 function as tumor suppressors in the absence of 

pRB. 

 2



1.1.1 Pocket proteins: Structure and its targets. 

 Pocket proteins were identified as a set of cellular factors that had the ability to interact 

with the Adenovirus 5 E1A oncoprotein. These proteins were initially named after their 

apparent SDS–PAGE molecular mass p105, p107, p130 (Harlow et. al., 1986). The 

subsequent characterization of these proteins identified p105 as the product of the RB 

gene (Whyte et. al., 1988). Later, genes encoding p107 (Ewen et. al., 1991; Zhu et. al., 

1993) and p130 (Hannon et. al., 1993; Li et. al., 1993; Mayol et. al., 1993) were cloned 

using different strategies. As indicated earlier, pocket proteins have a bipartite pocket the 

two domains “A” and “B” separated by a “Spacer”, which is lengthier in p130 and p107 

in comparison to pRB. The pocket is bordered by the “N” and the “C” terminus. Many of 

the sequence similarities for the pocket proteins reside in the homologous functional 

“pocket” domain. p130 and p107 are much more closely related to each other in the 

pocket region, with about 50% amino-acid identity, than they are to pRB (30–35% 

identity). Additionally, the similarity extends beyond the pocket and their C-termini have 

multiple phosphorylation sites (reviewed in Classon and Dyson, 2001). The pocket region 

confers a unique structural conformation to the pocket proteins, which is responsible for 

many protein–protein interactions and in turn regulates their function with respect to 

maintaining cell cycle progression (Ewen et. al., 1991; Paggi et. al., 1996). A number of 

targets have been found to interact with the pocket region among pocket proteins, 

including members of the E2F/DP family of transcription factors, oncoproteins from 

DNA tumor viruses, the D-type cyclins and the histone deacetylases and other LXCXE 

motif-containing cellular proteins (Weinberg, 1995; Lee et. al., 1998, Graña et. al., 1998; 

Mulligan and Jacks, 1998; Classon and Dyson, 2001). Interestingly, oncoproteins from 

DNA tumor viruses including adenoviral E1A (early region 1A), Simian virus (SV40) 
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large T antigen and human papilloma virus (HPV) E7 that cause cellular transformation 

inactivate pRB for cell cycle deregulation. The same domains of these oncoproteins that 

interact and inactivate pRB also interact with p130 and p107 (Harlow et. al; 1986, 

DeCaprio et. al; 1988, Whyte et. al; 1988; Dyson et. al; 1989; Mayol et. al; 1993; 

reviewed in Classon and Dyson, 2001). 

The identification of viral oncoproteins that interact and interrupt the function of pRB 

raised the possibility that similar cellular proteins could exist. E2F was first described in 

1986 as a cellular protein whose activity is required for transactivation of the E2 

promoter by E1A. The activity was named E2 Factor: E2F (Kovesdi et. al., 1986). It was 

observed that E2F transactivates the E2 gene by binding to the sequence TTTCGCG, 

present in the E2 promoter (Loeken and Brady, 1989; Yee et. al., 1989). Similar 

sequences were later found in several cellular genes whose products regulate cell cycle 

progression like cyclin E and cyclin A (Neuman et. al., 1994; DeGregori et. al., 1995). 

Subsequent experimentation led to the identification of the E2F1 transcription factor as 

the first cellular target of pRB (Helin et. al., 1992; Kaelin et. al., 1992) (reviewed in refs 

Nevins et. al., 1992; Dyson et. al., 1996). Later it was discovered that E2F1 

overexpression can promote transition from the G1 phase to the S phase of the cell cycle 

and thus regulate cell proliferation (Dyson et. al., 1996). Additional studies revealed and 

identified several E2F1 related proteins, several of which have been found to interact 

with pRB (Trimarchi et. al., 2002). The mammalian genome encodes at least to date, ten 

E2F related genes. These have been further divided into two distict groups: the E2Fs and 

the DPs whose protein products heterodimerize to form functional E2F complexes. The 

fuctional specificity of the E2F-DP complex is determined by the E2F subunit (Bandara 
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et. al., 1993; Helin et. al., 1993; Krek et. al., 1993). Further, E2F family of transcription 

factors can be classified on the basis of function as activators (E2F1-3) and repressors 

(E2F4-8). Activator E2Fs play an important role in the activation of E2F responsive 

genes during cell cycle entry from quiescence although they do have other unique 

properties. Although originally, pRB was believed to interact with this subgroup, recent 

studies indicate that both p130 and p107 can interact with E2F1 and E2F3 (Calbo et. al., 

2002; Lee et. al., 2002). Pocket proteins presumably repress the activating potential of 

these three E2Fs. E2F4 and E2F5, which represent the second repressor group, are also 

known to be fairly weak transcriptional activators and form complexes with p107 and 

p130 (although E2F4 does interact with all three pocket proteins). E2F6 does not 

associate with pocket proteins and like E2F7 and E2F8 seems to act as a transcriptional 

repressor (Trimarchi et. al., 2002). Most current models propose that the role of pocket 

proteins in controlling cell-cycle progression is mainly exerted through its repressive 

effects on gene expression mediated by the E2Fs (reviewed in Dyson et. al., 1998; 

Classon and Dyson 2001; Trimarchi et. al., 2002; reviewed in Rowland and Bernards, 

2006; reviewed in Blais and Dynlacht, 2007). Regions within the pocket, as well as a 

domain in the carboxyl terminus of pRB, have been shown to be important for E2F 

binding.  Cyclin-dependent kinases (CDK2, CDK4 and CDK6) phosphorylate the pocket 

proteins and inactivate the ability of pocket proteins to repress E2F-mediated 

transcription. This phosphorylation disrupts the association between E2Fs and pRB 

(Buchkovich et. al., 1989; Cooper et. al., 2001). pRB is therefore linked directly to the 

intricate regulatory network that controls cell-cycle progression (Sherr et. al., 1996) and 

alterations in theses cell-cycle regulatory genes that encode proteins participating in the 
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regulation of pocket protein function are commonly observed in a broad spectrum of 

tumor types. In addition to its ability to block S-phase progression, pocket proteins are 

believed to regulate a wide variety of processes, such as apoptosis, DNA replication, 

DNA repair, checkpoint control and differentiation. It is unclear whether these functions 

are all mediated through regulation of E2F or is dependent on one of the many (more than 

100) factors with which pocket proteins can interact. In addition to this, pRB family of 

proteins has also been shown to interact with chromatin remodelling complexes, such as 

the SWI/SNF complex, the histone deacetylases (HDACs), polycomb group (PcG) 

proteins as well as methylases. These complexes mediate chromatin condensation and 

subsequent inhibition of transcription (Brehm et. al., 2000; Harbour et. al., 2000; Harbour 

et. al., 2001).  

 

1.1.2 Pocket proteins: Similarities and differences. 

Pocket proteins cause arrest of some cell types in the G1 phase of the cell cycle upon 

ectopic expression and they can all interact with and repress E2F-mediated gene 

transcription. In addition, they are all phosphorylated and inactivated by G1/S CDKs 

indicating the functional similarities in regulating cell cycle progression in addition to 

their structural similarities (for review, see Mulligan et. al., 1998; Classon et. al., 2001). 

Despite these basic similarities, each of the pocket proteins has their own individual 

characteristics and differs from one another. pRB is assumed to interact predominantly 

with E2Fs 1, 2, 3, and 4, whereas p107 and p130 primarily interact with E2F4 and 5 (for 

review, Classon et. al., 2001). These associations occur at distinct times during the cell 
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cycle due to their cell-cycle specific expression patterns. The expression of each pRB 

family protein differs according to cell status. While pRB can be found in both quiescent 

and cycling cells, p130 is highly expressed in quiescent and differentiated cells and its 

levels drop rapidly when quiescent cells are stimulated to enter the cell cycle.  Whereas 

pRB interacts with E2Fs in both quiescent and cycling cells, p130 interacts with E2Fs 

primarily in quiescent cells (Trimarchi et. al., 2002). In differentiated cells, there is an 

accumulation of mainly p130–E2F-4 complexes that are dissociated when quiescent cells 

enter the cell cycle (Keiss et. al., 1995; Mayol et. al., 1996; Garriga et. al., 1998; 

reviewed in Classon and Dyson, 2001; reviewed in Classon and Harlow 2002). Thus 

p130–E2F-4 complexes are indicators of the G0 phase of the cell cycle (Dimova and 

Dyson, 2005).  Since p107 is an E2F-responsive gene, p107 levels are generally quite low 

in terminally differentiated cells and they rise when quiescent cells are stimulated to 

proliferate (Beijersbergen e.t al., 1995). p107 is predominantly associated with E2Fs in 

the S phase of the cell cycle, a phenomenon that is not well understood, particularly since 

overexpression of p107 results in G1 arrest in some cells (Zhu et. al., 1993; Zhu et. al., 

1994).  The cyclin-binding site (LFG) for binding cyclin A and cyclin E maps to the 

lengthier spacer, which is unique only to p107 and p130 and not pRB (Ewen et. al., 1992; 

Smith and Nevins, 1995; Adams et. al., 1996). In addition, p107 and p130 can recruit 

CDK2-containing complexes to promoters, via their N terminus, which are relatively 

different in comparison to pRB. In addition, it is also suggested that only p107 and p130 

can act as inhibitors of CDK function (Zhu et. al., 1995; Dynlacht et. al., 1996). p130 

possesses a kinase inhibitory domain in its spacer region that preferentially inhibits 

CDK2 kinase activity (De Luca et. al., 1997). Through this inhibition, p130 also induces 
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p27Kip1 levels by inhibiting cyclin E–CDK2 mediated phosphorylation of p27Kip1, which 

in turn causes degradation of p27Kip1 (Howard et. al., 2000). Likewise, pRB also contains 

a unique C-terminal E2F1 binding domain, distinct from the pocket, reported to be 

involved in inhibiting E2F1 induced apoptosis (Dick and Dyson, 2003). It is uncertain as 

to which of the many proteins that bind to pRB also interact with p107 and p130. It is 

also indistinct if there are additional proteins that associate only with p107 and p130 that 

do not bind pRB (reviewed in Classon and Dyson, 2001). Studies using knockout mouse 

models with different genetic environments for each of the pocket proteins have revealed 

that different genetic backgrounds result in different phenotypes, providing the idea that 

there is not complete functional redundancy between family members. Thus, it is clear 

that pocket proteins seem to have both redundant and differing functions depending on 

the context and further work needs to be done to better understand the different cellular 

functions of each of the pRB family members (for review, Mulligan et. al.,1998; Classon 

et. al., 2001; Classon and Harlow, 2002). 

 

1.1.3 Overview of in vivo studies of pocket protein function: 

In vivo studies reveal that 'pocket proteins' exhibit overlapping but distinctive functional 

roles in the cell cycle regulation. pRB is highly expressed in a few tissues, including the 

nervous system, blood cells, skeletal muscle and lens (Jiang et. al., 2001). RB-/- mice die 

between days 13 and 15 of gestation, with defects in erythroid, neuronal, lens 

development, as well as skeletal muscle defects (Jacks et. al., 1992; Lee et. al., 1992; 

Morgenbesser et. al., 1994; Jacks et. al., 1996; Herrera et. al., 1996, reviewed in Liu et. 
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al., 2004). It was later discovered that the subset of the apoptotic responses resulted from 

defective placental function and the ensuing hypoxia. These developmental defects were 

restored when they were provided with wild-type placentas (de Bruin et al., 2003; Wu et. 

al., 2003; reviewed in Du and Pogoriler, 2006).  In contrast to the mice that are deficient 

in pRB, mice deficient in either p107 or p130 in the same genetic background develop 

normally and exhibit no obvious adult phenotypes (Cobirink et. al., 1996; Lee et. al., 

1996).  

Cells established from pRB-deficient mouse embryos are defective in myogenesis and 

adipogenesis (Chen et. al., 1996; Novitch et. al., 1996; Novitch et. al., 1999).   Additional 

proliferation and differentiation defects have been observed postnatally in tissue-specific 

pRB knockouts in the pituitary, lung, cerebellum, retina, prostate, and skin (Vooijs et. al., 

1998; Marino et. al., 2003; Chen et. al., 2004; MacPherson et. al., 2004; Maddison et. al., 

2004; Ruiz et. al., 2004; Wikenheiser-Brokamp, et. al., 2004; Zhang et. al., 2004a). p107 

and p130 are required to control proliferation and differentiation in a more limited array 

of tissues, including cartilage, epidermis, and brain (Rossi et. al., 2002; Ruiz et. al., 2003; 

Laplantine et. al., 2002; Vanderluit et. al., 2004). 

Although the predominant tumor type that is seen in human patients harbouring a 

germline mutation in the RB gene is retinoblastoma, it was observed that the targeted 

disruption of one allele of RB in mice does not lead to this cancer. In addition, studies of 

conditional knockout mice have shown that loss of pRB in mouse photoreceptor cells 

does not result in retinoblastoma or any other phenotypic changes in these cells (Vooijs 

et. al., 2002). Similarly, the loss of p107 and/or p130 does not lead to the development of 
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retinal dysplasia (Vooijs et. al., 1999).   However, chimaeras that contain cells with 

disruptions in both copies of the RB and p107 genes develop retinoblastoma (Takahashi 

et. al., 2000)   Loss of p130, however, does not seem to impact on the development of 

retinoblastoma in a RB-heterozygous background. However, mice that are heterozygous 

for RB do show an increased predisposition to pituitary and thyroid tumors, which are 

associated with a loss of heterozygosity at the RB locus (Vooijs et. al., 1999).  

Interestingly, it has been reported that the phenotypes observed in p130 and p107 

knockout mice depend on genetic background. p130-/- BALB/cJ mice die between 

embryonic days 11 and 13 and p107-/- BALB/cJ mice exhibit severely impaired growth 

and myeloid hyperplasia (LeCouter et. al., 1998a; LeCouter et. al., 1998b). However, 

there are no clear phenotypes in a mixed 129/Sv:C57BL/6J genetic background (Cobrinik 

et. al., 1996; Lee et. al., 1996; Le Couter et. al., 1998a; LeCouter et. al., 1998b). Since 

p107 and p130 have overlapping functions in development it is possible that they might 

compensate for one another in tumor suppression and could be the reason as to why mice 

deficient in p107 or p130 are viable and no tumor phenotype was observed in this genetic 

background (reviewed in Classon and Dyson, 2001). However, BALB/cJ mice exhibit a 

mutation in the p16INK4A/p19ARF locus not found in the mixed 129/Sv:C57BL/6J 

background, indicating that p130 and p107 might function in a p16 dependent manner. 

RB+/- mice and also nullizygous for either p130 or p107 show increased evidence of 

tumor formation, not just limited to the pituitary and thyroid (Dannenberg et. al., 2004). 

Interestingly, concomitant loss of E2F4 in an RB+/- genetic background results in 

decreases tumorigenesis which has been credited to increase complex formation of p107 

and p130 with the activating E2Fs, partly compensating for the lack of pRB (Yamasaki 
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et. al., 1998; Lee at al., 2002). The above suggests that p130 and p107 function as tumor 

suppressors in the absence of pRB. 

 3T3 fibroblasts derived from embryos lacking one or more of pRB family proteins (RB-/-, 

p107-/-, p130-/-, RB-/-; p107-/-, RB-/-; p130-/- and p107-/-; p130-/-) were examined for their 

growth and cell cycle characteristics. The various genotypes resulted in differences in the 

cell cycle progression between the G1 and S phases. Whereas all exhibited a similar 

doubling time: Rb-/-, RB-/-;p107-/-, RB-/-;p130-/- and p107-/-;p130-/- cells showed a shorter 

G1 and a lengthening of S phase than wt, p107-/- and p130-/- (Classon et al. 2000). Indeed, 

fibroblasts lacking either RB or p107/p130 maintain the ability to arrest in G0/G1, whereas 

fibroblasts lacking all three pocket proteins (as well as those lacking both RB and p107) 

fail to do so under a variety of circumstances (Sage et. al., 2000; Dannenberg et. al., 

2000). Interestingly, in pRB-deficient fibroblasts, the ability to arrest in G0/G1 requires a 

compensatory increase in p107. The compensatory increase in p107 was delayed after an 

acute loss of pRB, and this provided an opportunity for further proliferation and 

immortalization (Sage et. al., 2003). As one possibility, p107 may partially substitute for 

pRB in the regulation of E2F1–3, and it may thereby repress some E2F-responsive genes 

that are normally controlled by pRB (Lee et. al., 2002). Alternatively, the p107 CKI 

activity may contribute to G0/G1 arrest, perhaps compensating for diminished p27 

expression in pRB-deficient cells (Ji et. al., 2004).  In addition to pRB, a second function 

provided by either p107 or p130, two pRB-related proteins, is required for p16INK4a to 

block DNA synthesis. This suggets that p16INK4a-induced arrest is not mediated 

exclusively by pRB, but depends on the nonredundant functions of at least two pRB-

family members. (Bruce et. al., 2000). In MEFS derived from CDK4R24C mouse, where 
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p16 fails to bind and inhibit this mutant CDK4 harboring an arginine to cysteine 

substitution at residue 24, show hyperphosphorylation of pocket proteins, resist contact 

inhibition induced growth arrest, exhibit a shortened cell-cycle, an enhanced propensity 

to escape replicative senescence. Of note unpublished data shows that at least some of 

these phenotypes are dependent on the genetic background of the mice 

(Jayaraman/Graña; Carbone/Haines personal communication). Interestingly, it has been 

reported that the genes that are deregulated as a result of p107 or p130 loss are different 

from those that are deregulated in pRB-deficient cells (Mulligan et. al., 1998; Takahashi 

et. al., 2000; Wells et. al., 2000). Altogether these results indicate that pRB-family 

members have both overlapping and distinct functions that work together to regulate 

E2F-mediated gene expression and progression through the G0/G1 transition and G1 phase 

of the cell cycle.  

 

1.1.4 Pocket-protein and E2F interactions: 

Pocket proteins function together with E2Fs to actively repress transcription and inhibit 

G1–S progression. It is also known that pocket proteins inhibit E2F-mediated 

transactivation (Zhang et. al., 1999; He et. al., 2000). Moreover, the ectopic expression of 

E2F-responsive genes such as cyclin E1, cyclin A2, and Emi1 (which stabilizes cyclin A) 

was found to overcome pocket protein-dependent G0/G1 arrests (Alevizopoulos et. al., 

1997; Leng et. al., 1997; Lukas et. al., 1997; Hsu et. al., 2002; Calbo et. al., 2002). 

Pocket proteins and E2Fs have also been found to govern the expression of genes that 

control entry into and progression through mitosis, and they coordinate these cell cycle 
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programs with transcriptional programs mediating checkpoint control, the DNA damage 

response, apoptosis, differentiation, and development (Ishida et. al., 2001; Muller et. al., 

2001; Polager et. al., 2002; Ren et. al., 2002; Weinmann et. al., 2002; Dimova et. al., 

2003). Thus, the deregulation of E2Fs has multiple consequences in tumor cells varying 

from increased proliferation, to having checkpoint defects, to having an altered DNA 

damage response, and to resist the effects of differentiation agents (reviewed in Cobrinik 

et. al., 2005). 

As discussed earlier, pocket proteins appear to mediate G0/G1 cell cycle arrest through 

their repression of E2F-regulated genes. Pocket proteins are thought to inhibit expression 

of E2F-regulated genes in two ways (Dyson et. al., 2002): by directly binding and 

blocking the activation domain of E2F proteins or more importantly by recruiting a 

variety of chromatin-modifying agents to E2F-responsive promoters (Frolov and Dyson, 

2004) and remodeling chromatin structure, through interaction with proteins such as 

hBRM, BRG1, HDAC1 , SUV39H1 (Shao et. al., 1995), and other Polycomb group 

proteins (Dahiya et. al., 2001), which  are involved in nucleosome remodeling, histone 

acetylation/deacetylation and methylation. For example, chromatin immunoprecipitation 

(ChIP) analyses demonstrated that the recruitment of HDAC to the E2F-regulated 

promoters in mammalian cells depends on an intact E2F-binding site in the promoter and 

requires p130 or p107. The recruitment of type I histone deacetylases (HDACs), results 

in removal of acetyl groups from histones H3 and H4 and in a compacted chromatin 

structure that prevents transcription initiation (Takahashi et. al., 2000; Ferreira et. al., 

2001; Morrison et. al., 2002; Rayman et. al., 2002). The recruitment of HDACs is 

indirect (Lai et. al., 2001) and accompanied by recruitment of other corepressors, 
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chromatin remodeling factors, and histone methyltransferases (Frolov and Dyson, 2004). 

Curiously, several studies have struggled to find pRB at E2F-regulated promoters and the 

analysis of RB-/- cells have revealed that pRB is not required for HDAC1 to be recruited 

to E2F targets (Rayman et. al., 2002). These results have led to the idea that pRB may not 

be the primary regulator of E2F activity in all situations but may be preferentially 

recruited to E2F sites under specific conditions, such as cell-cycle arrest induced by the 

CDK inhibitor p16INK4a (Dahiya et. al., 2001) or Ras-induces senescence (Narita et. al., 

2003).  Pocket proteins also have been shown to repress transcription through HDAC-

independent mechanisms, both in Drosophila (Taylor-Harding et. al., 2004) and in 

mammalian cells (Strobeck et. al., 2000; Zhang et. al., 2000). hBRM and BRG1 are 

mammalian homologs of components of the yeast chromatin remodeling complex 

SNF2/SWI2 (Strober et. al., 1996). BRG1 has shown to bind to, and activate transcription 

from, the promoter of the gene encoding the CDK inhibitor p21.  Although physical 

association between pRB and BRG1 is not absolutely necessary, both BRG1 and hBRM 

have been shown to associate with pRB and they are implicated in pRB-mediated 

repression. SUV39H1 is a methyltransferase that specifically methylates K9 of histone 

H3 and cooperates with pRB in the repression of the promoter of E2F-responding genes. 

It is also suggested that the kind of repression that pRB proteins enforce on cell growth 

depends on the type of co-repressor proteins that bind E2F target genes and presents a 

scenario where different types of transcriptional repression can operate at the same 

promoter in a different cellular state or in a different cell phenotype (Dimova and Dyson, 

2005). New evidence also suggests that specific adaptors may also control the choice of 

transcriptional fates. Thus, the E2F and pRB families form scaffolds that recruit 
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additional proteins with the ability to either activate or repress genes and thereby promote 

or suppress proliferation (reviewed in Blais and Dynlacht, 2007).  

As discussed previously, p130 largely interacts with E2F4 and E2F5, p107 interacts 

mainly with E2F4 and pRB with activating E2Fs 1-3. However, E2F4 is known to 

interact with pRB, p107 and p130 in vivo and all the three pocket proteins can repress 

E2F4 dependent transactivation (reviewed in Mayol and Graña, 1997). Further, our lab 

and others have observed E2F1 bound to p107 and p130 in a variety of cells (Calbo et. 

al., 2002; Lee et. al., 2002; Dai et al., 2006). In quiescent and differentiated cells p130-

E2F4 interaction is the predominant one.  p130 is highly expressed in quiescent and 

differentiated cells and its levels drop rapidly when quiescent cells are stimulated to enter 

the cell cycle (Kiess et. al., 1995; Mayol et. al., 1996; Smith et. al., 1996; Garriga et. al., 

1998; Classon and Dyson, 2001). Interestingly, recent findings show that only p130 and 

E2F4/5 form part of an evolutionarily conserved multimeric complex, known as DREAM 

(for DP, pRB-like, E2F, and MuvB) that mediates repression of cell cycle dependent 

genes in quiescence (Litovchick et. al., 2007). siRNA knockdown of p130 resulted in 

increased levels of p107 in DREAM complex, illustrating the mutually compensatory 

nature of pocket proteins (Litovchick et. al., 2007). Meanwhile, p107 levels are generally 

quite low in terminally differentiated cells and they rise when quiescent cells are 

stimulated to proliferate. EMSA analysis indicates that p107 is predominantly associated 

with E2Fs in the S phase of the cell cycle. Curiously, ChIP on chip data show that while 

there is a significant set of genes commonly regulated by p130, p107 and E2F4; E2F4 

regulates a subset of genes in a pocket protein independent fashion (reviewed in Harbour 

and Dean, 2000; Rubin et. al., 2005; Balciunaite et. al., 2005; reviewed in Blais and 
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Dynlacht, 2007). The key event for cell cycle progression lies with the abrogation of the 

temporal and sequential interaction of pocket proteins and E2Fs at different phases of cell 

cycle as a consequence of CDK mediated phosphorylation of pocket proteins. 

Requirement of similar domains by the pocket proteins for E2F interaction also indicates 

that there is a significant homology between the pockets of these proteins as well as the 

evolutionary conserved nature of the pocket protein-E2F interactions which allow for 

some degree of compensation and redundacy. Thus, the binding of pRB family proteins 

with the E2F family of transcription factors seems to be vital in leading cell cycle 

progression and DNA replication by regulating the expression of cell cycle E2F-

dependent genes (Frolov and Dyson, 2004) upon mitogenic stimulation. However there 

may be other unidentified important mechanisms for pocket protein mediated inhibition 

of cell cycle progression.   

 

1.1.5 Pocket protein phosphorylation and modulation: 

pRB family members are phosphoproteins that are post-translationally regulated and their 

gradual phosphorylation leads to their functional inactivation. Pocket protein 

phosphorylation is modulated in a cell cycle-dependent phenomenon and is modulated 

not only during the cell cycle entry and exit transitions in mammalian cells but 

throughout the cell cycle (Buchkovich et. al., 1989; Chen et. al., 1989; DeCaprio et. al., 

1989; Mihara et. al., 1989; Beijersbergen et. al., 1995; Mayol et. al., 1995; reviewed in 

Graña et. al., 1998). Each of the pocket proteins exhibits multiple phosphorylation sites, 

whose differential phosphorylation results in discrete migration of isoforms by PAGE. In 

the case of p130, four forms are detected by PAGE in whole lysates of most cell types, 
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which are designated as unphosphorylated p130 and phosphorylated p130 forms 1, 2 and 

3, in order of increasing phosphorylation (Mayol 1995, 1996). Importantly, each of these 

is seen during a specific phase of cell cycle.  Multiple pRB phosphorylated forms with 

different mobility are detected during a complete cell cycle, but because the migration of 

these forms changes in different cell types they are designated hyperphosphorylated and 

the fastest migrating form is named hypophosphorylated for simplicity. Two different 

p107 forms are detected in most cell types and these forms are generally designated as 

hypo- and hyperphosphorylated p107 (reviewed in Graña 1998).  When cells exit the cell 

cycle to a resting state, at the G1/G0 transition, p130 phosphorylation status is modulated 

differently from pRB and p107 (Mayol et. al., 1996; Garriga et. al., 1998). While pRB 

and p107 become hypophosphorylated, p130 is detected as phosphorylated forms 1 and 2. 

In the G0 quiescent phase, there is accumulation of form 2 of p130. This unique 

modulation of p130 phosphorylation status correlates with a dramatic accumulation of 

p130 protein and p130/E2F complexes, which are characteristic of a quiescent stage. 

Activation of cyclin/CDK complexes in mid-to-late G1 results in the hyper-

phosphorylation of pRB and p107 and in the phosphorylation of p130 to form 3. While 

ectopic expression of cyclin D1 is sufficient to induce hyperphosphorylation of p107, 

overexpression of both cyclin D1 and cyclin E is required for complete 

hyperphosphorylation of both p130 and p107 (reviewed in Mayol and Graña, 1998). 

Cyclin/cyclin-dependent kinase (CDK) complexes are responsible for phosphorylation at 

specific serine/threonine-proline sites of pocket proteins, in which cyclin represents the 

rate limiting, regulatory, subunit and the CDK functions as the catalytic subunit 

(reviewed in Graña and Reddy, 1995).  Cyclin D-CDK4/CDK6 and cyclin E-CDK2 have 
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long been implicated in pocket protein phosphorylation (Weinberg, 1995). In the early 

G1 phase, upon mitogenic stimulation, D-type cyclins interact with the A/B pocket of the 

pRB gene products via their LXCXE motif; in particular, they couple with the kinase 

CDK4 or CDK6 and phosphorylate pRB and p130 (Dowdy et. al., 1993). These CDKs 

have been suggested to mediate phosphorylation of distinct pRB residues (Mittnacht, 

1998) and inactivate pRB in a step-wise fashion during G1 (Hatakeyama et. al., 1994; 

Lundberg and Weinberg, 1998; Harbour et. al., 1999). This step is crucial for the 

inactivation of members of the pRB family and the subsequent release and transcription 

of E2F responsive genes required for S-Phase progression. In the middle to late G1 phase, 

cyclin E form complexes with CDK2 and specifically target pRB, p130 and perhaps 

p107, due to E2F mediated induction of cyclin E and downregulation of p27. This 

phosphorylated state is further maintained through S-phase and mitosis by cyclin 

A/CDK2 activity as well as cyclin/cdc2 kinase complexes. It has been proposed that pRB 

phosphorylation during the G0–G1 transition is mediated by cyclin C-CDK3, but can be 

mediated by other CDKs in CDK3-deficient cells (Ren and Rollins, 2004). In contrast, 

p130 phosphorylation in quiescent cells appears to be CDK independent. Using small 

molecule inhibitors of GSK3, site-specific mutants of p130 and phospho-specific 

antibodies it was demonstrated that phosphorylation of p130 in quiescent cells is mainly 

due to GSK3. This contributes to stability of p130 but does not affect its ability to interact 

with CDKs or cyclins (Litovchick et. al., 2004).  

Cyclin/CDK complexes are regulated by CDK inhibitors (CKIs), which modulate their 

biological activity. There are two families of CKIs: INK4 and CIP/KIP. The INK4 family 

consists of p15, p16, p18 and p19; these proteins specifically inhibit cyclin D-associated 
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kinases. They bind to the non-catalytic side of CDK4 and CDK6, opposite the cyclin D-

binding site. Interestingly, CIP/KIP bind to but do not inhibit D-type cyclin/CDK 

complexes. Indeed p21/p27 appears to act as adaptor proteins that facilitate generation of 

D-type cyclin/CDK complexes. By preventing the formation of CDK4,6/cyclin D 

complexes, INK4 proteins also force the redistribution of CIP/KIP inhibitors to the 

CDK2/cyclin E complexes, causing inhibition of this kinase. The CIP/KIP family is 

constituted by p21, p27 and p57; these members target the cyclin E/CDK2 and cyclin 

A/CDK2 complexes. CIP/KIP proteins interact with cyclin/CDK complexes through their 

N-terminal part to inhibit their kinase activity and block cell cycle progression. It seems 

likely that each G1/S cyclin/CDK complex phosphorylates pRB and related family 

members at particular sets of phosphorylation sites and at specific times during 

progression through the cell cycle (reviewed in Graña and Mayol, 1998). 

 It was believed that previous phosphorylation by a cyclin/CDK complex resulted in 

conformational changes on the pocket protein that converted it into a suitable substrate 

for another CDK suggesting that the activity of a particular cyclin/CDK may be 

necessary to promote and/or negate the action of a different cyclin/CDK complex 

(reviewed in Mayol and Graña, 1998). The nature of the proteins associated to a 

particular pocket protein or the absence of these proteins is also known to affect the 

ability of cyclin/CDK complexes to phosphorylate particular sites. In addition, 

phosphorylation of specific sites on pRB has also been linked to the differential 

abrogation of the interaction between pRB and a set of pRB associated proteins.  Thus, 

phosphorylation of particular sites, or sets of sites, is likely to result in the sequential 

disruption of pocket protein complexes containing different transcription factors leading 
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to the coordinated succession of events required for progression of cell cycle (reviewed in 

Graña and Mayol, 1998). 

However, while cooperation among distinct G1 cyclin/CDKs has been strongly suggested 

in a variety of studies using cell lines, gene targeting in mice eliminating all member of a 

particular cyclin/CDK complex suggest compensation and or redundancy. In this regard, 

it was discovered that each of the cyclins and CDKs (D cyclins, E cyclins, and the 

CDK4/CDK6 or CDK2 kinases) were not absolutely required for pRB or p107 

phosphorylation or for G1–S progression in mouse fibroblasts but could be compensated 

by other cyclin/CDKs (Berthet et. al., 2003; Geng et. al., 2003; Ortega et. al., 2003; 

Kozar et. al., 2004; Malumbres et. al., 2004). Concordantly, in cell types that normally 

require cyclin D1, expression of cyclin E1 from the endogeneous cyclin D1 promoter was 

able to substitute for cyclin D1 function (Geng et. al., 1999). The above findings imply 

that either CDK4/CDK6 or CDK2 can mediate the phosphorylation events that are 

needed for S phase entry. Recent work has shown that in the absence of all G1/S CDKs, 

CDK1 can compensate for their absence and inactivate pocket proteins in MEFs 

(Santamaria et. al., 2007). 

Pocket protein dephosphorylation is known to occur in the period from anaphase to G1 

and to depend upon protein phosphatase 1 (Ludlow et. al., 1993), but it is now also 

known to occur in other cell cycle phases in response to growth inhibitory signals. For 

example, protein phosphatase 2A (PP2A) is implicated in producing limited pRB 

hypophosphorylation in S phase cells and more extensive pRB hypophosphorylation in 

response to γ-irradiation (Avni et. al., 2003). Similarly, oxidative stress elicited a rapid 
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PP2A-dependent dephosphorylation of pRB, p107, and p130 (Cicchillitti et. al., 2003), 

and the differentiation agent all-trans-retinoic acid elicited rapid PP2A-dependent 

dephosphorylation of p130 (Vuocolo et. al., 2003). Rapid dephosphorylation may also 

occur in a developmental context. For example, in chondrocytes, Fibroblast induced 

growth fctor (FGF) induced rapid dephosphorylation of p107 by PP2A, but not p130 or 

pRB, preceding a p107-dependent G0/G1 arrest (Laplantine et. al., 2002; Dailey et. al., 

2003; Kolupaeva et. al., 2008).  More extensive evidence of PP2A involvement in 

maintaining pocket protein phosphorylation will be discussed in this thesis. 

While pRB expression is not dramatically regulated as cells exit quiescence and progress 

through different phases of cell cycle, both p130 and p107 levels are regulated. In G0 

phase, p107 is expressed at very low levels since it is the product of an E2F responsive 

gene and its levels increase as the cells enter the cell cycle due to abrogation of repressor 

p130-E2F4 complexes mediated by phosphorylation by cyclin/CDKs (Zhu et. al., 1995; 

reviewed in Graña et. al., 1998).  p130 levels are also linked to its phosphorylation state. 

p130 is detected in quiescent cells as two abundant phosphorylated forms (forms 1 and 

2). When cells progress through the G0/G1 transition and through mid G1, p130 is 

hyperphosphorylated to form 3, by combined actions of different cyclin/CDKS, and their 

levels are dramatically downregulated as cells enter S phase (Mayol et. al., 1995, 1996; 

Smith et al., 1996). Hyperphosphorylated p130 is targeted for degradation by the 

ubiquitin ligase SCFSKP2 (Tedesco et. al., 2002; Bhattacharya et. al., 2003). This decrease 

in p130 is due to post-translational mechanisms, as there is no change in the levels of 

p130 mRNA (Richon et. al., 1997; Smith et. al., 1998). In G0 and early G1, p130 binds 

E2F4 forming a repressive complex. But upon p130 hyperphosphorylation dissociation of 
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the E2F4-p130 complex results in formation of a p130/E2F1 complex which may 

negatively regulate activator E2Fs (Calbo et. al., 2002, Jayaraman/Graña, unpublished 

observations). Interestingly, hyperphosphorylated p130 also binds CDK2 and functions 

as a CKI, in vitro and in vivo (Woo et. al., 1997; Coats et. al., 1999). Therefore, SKP2-

dependent degradation of hyperphosphorylated p130 may facilitate cell cycle progression 

by allowing E2F target gene transactivation, presumably by CDK2 activation and 

abrogation of p130-E2F1 complexes. Thus, it is conceivable that different phosphorylated 

forms of p130 exhibit growth suppression properties by targeting completely different 

downstream targets at distinct points of the cell cycle and in quiescent cells. 

 

 

1.2 Protein Phosphatase 2A: General Overview 

 

1.2.1 Protein Ser/Thr phosphatases 

The phosphorylation state of any protein represents a balance between the actions of 

specific protein kinases and protein phosphatases. Protein phosphorylation is a 

widespread and highly versatile regulatory mechanism that controls many cellular 

processes and represents one of the most common regulatory mechanisms in eukaryotic 

cells. It is known that every third protein undergoes reversible phosphorylation in an 

average eukaryotic cell. Sequencing of Saccharomyces cerevisiae, Caenorhabditis 

elegans, and Drosophila melanogaster genomes (Plowman et al., 1999; Adams et al., 

2000; Costanzo et al., 2000) has demonstrated that 1.7% and 2.2% of genes code for 

kinases. However, the number of genes encoding protein phosphatases is 2.4 to 3.4 fold 
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lower than those for protein kinases (reviewed in Zolnierowicz 2000). This is explained 

by the fact that catalytic subunits of protein phosphatases often associate with multiple 

regulatory subunits to form distinct holoenzymes compensating for the higher number of 

kinases. Protein phosphatases have been classified into 3 distinct families based on amino 

acid sequence identity, catalytic mechanisms and similarity of their three-dimensional 

structures. These include phosphotyrosine phosphatases (PTP), Ser/Thr phosphatases and 

Asp-based protein phosphatases (reviewed in Cohen et al., 1997; Heideker et al., 2007). 

Ser/Thr phosphatases are further classified into (a) the PPP (phosphoprotein phosphatase) 

family, which consists of the metal‑independent PP1, PP2A, PP4, PP5, PP6 and PP8 

phosphatases, (b) the Ca2+ dependent PP7 and PP2B phosphatases, and (c) the 

Mn2+/Mg2+‑dependent PPM (protein phosphatase magnesium-dependent) family, which 

is comprised of various isoforms of the PP2C phosphatase. Within the PPP phosphatases, 

PP2A, PP4 and PP6 have high homology and form the type 2A subgroup. In the PTP 

family, there also exist dual specificity protein phosphatases, which are able to 

dephosphorylate all three phosphoresidues. Ser/Thr phosphatases are known to have 

diverse functional roles in growth factor dependent signal transduction, transcription, pre-

mRNA splicing, DNA replication and the DNA damage response (Archambault et al., 

1998; Cho et al., 1999; Yeo et al., 2005; Thompson et al., 2006). 

 

PP1 is encoded by three genes in humans (PP1α, PP1β and PP1γ), and alternative 

splicing generates the γ1 and γ2 isoforms. All the four isoforms are higly related and 

differ in the C-terminal domain. C-terminal residues of PP1 bind their inhibitors and also 

their targeting subunits using more than 50 regulatory subunits. PP2A, in addition to the 
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two different catalytic subunits (Cα and Cβ) that associate with one of two different 

scaffolding subunits (Aα and Aβ), may also contain one of four distinct classes of 

regulatory subunits (B, B’, B’’ and B’’’), each with multiple isoforms and splice variants 

leading to a large number of possible holoenzyme combinations and substrate 

specificities. PP2A and its functions will be further discussed in detail later. PP4 and PP6 

are closely related to PP2A/C and also interact with α4 (also known as IGBP1; or Tap42 

in yeast) and Tip41 (Gingras et al., 2005; Prickett et al., 2006), but more work has been 

done to determine their interacting partners. Human PP4 is comprised of a catalytic 

subunit, PP4C, which associates with one of two regulatory subunits, R1 or R2 and they 

are known to associate with multiple other proteins (reviewed in Gallego and Virshup, 

2005). With the possible exception of PP5, the PPP family universally appears to rely on 

regulatory subunits for substrate specificity. PP5 contains both regulatory and sub-

cellular targeting functions within a single polypeptide chain and is one of the 

phosphatases that have a major role during cellular stress conditions like hypoxia and 

oxidative stress (reviewed in in Gallego and Virshup, 2005). PP5 shares a common 

catalytic mechanism with PP1 and PP2B (also called calcineurin) (Swingle et al., 2004) 

and its catalytic domain shares 35–45% sequence identity with the catalytic domains of 

other PPP phosphatases. 

 

PP2A is one of the ubiquitously expressed and conserved protein serine/threonine 

phosphatases and it accounts for 30%-50% of the serine/threonine phosphatase activity in 

most tissue and cells (reviewed in Cohen 1997). PP2A is an essential phosphatase and 

deletion of the gene-encoding PP2A catalytic subunit has been reported to be lethal in 
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yeast (Kinoshita et al., 1996) and mice (Gotz et. al., 1998). The use of specific PP2A 

inhibitors and molecular genetics has revealed diverse roles for PP2A varying from cell 

cycle regulation to cell morphology and development (reviewed in Janssens and Goris 

2001). PP2A also plays a prominent role in the regulation of specific signal transduction 

cascades, and is often found in association with other phosphatases and kinases. 

Additionally, PP2A also interacts with a substantial number of other cellular and viral 

proteins, which are PP2A substrates, target PP2A to different subcellular compartments 

or affect enzyme activity. Contrary to the earlier belief that PP2A serves as a 

promiscuous enzyme by non-specifically antagonizing the action of kinases, recent 

structural and functional work has revealed that PP2A has a very dynamic and definite 

role in cellular signaling mediated by a large family of regulatory subunits that are 

differentially regulated, exhibit substrate specificity, and display tissue and cell-specific 

distribution. Thus, PP2A in accordance with other kinases or interacting proteins target 

and modulate specific signaling pathways. Hence it is not surprising that de-regulation of 

PP2A pathways has been reported in cancer, neuro-degenerative diseases and other 

pathological conditions (Spillantini et. al., 1998; Malchiodi-Albedi et. al., 1997; Arias et. 

al., 1998; Gong et. al., 1995) (reviewed in Sontag , 2001). 

 

1.2.2 PP2A: Structure and Assembly 

PP2A is a trimeric enzyme consisting of a structural 65 KD protein A, a catalytic 36 KD 

protein C and a regulatory B subunit. While the B subunit is responsible for conferring 

the holoenzyme with both substrate specifity and sub-cellular localization, C is the 

enzymatically active component; and A appears to function primarily as a scaffolding 
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protein that assembles the different subunits into one holoenzyme complex. The most 

common forms of PP2A contain an active core dimer composed of the catalytic subunit 

and the scaffold (the AC core dimer). This core dimeric structure (PP2AD) can exist 

independently which forms one-third of the total cellular PP2A (reviewed in Goris et al., 

2001) or it can exist in association with a third variable regulatory subunit. The A and C 

subunits each exist as two isoforms, α and β, whereas the B subunit exists as four 

families and each of these families are each composed of multiple isoforms and splice 

variants.  

Phosphatase activity resides in PP2A/C of 36–38 kDa. The closest relatives of PP2A/C 

include PP4C and PP6C (members of the PPP family) which are 66% and 59%, 

respectively, identical to PP2A/C (Cohen et. al., 1997). The structure of the PP2A 

catalytic subunit is also similar to the catalytic subunits of PP1, PP2B and PP5. Despite 

97% identity in their primary protein sequence, knock-out mice targeting the α isoform 

of the catalytic C subunit are not viable and die in utero suggesting that the β isoform of 

the catalytic C subunit cannot make up for the missing α subunit, (Arino et. al., 1989; 

Gotz et. al., 1998). However, PP2A/Cα is about 10 times more abundant than PP2A/Cβ. 

Both the isoforms are ubiquitously expressed, and very high levels are found in brain and 

heart. Complementation data from yeast have confirmed that the different B subunits 

perform non-redundant functions (Zhao et. al., 1997) although there might be some 

amount of redundancy observed in higher species (reviewed in Goris et al., 2001). 
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The structure of PP2A/C has remained constant throughout evolution, and is among one 

of the the most conserved of all known enzymes (reviewed in Cohen et. al., 1990 and 

Janssen and Goris 2001). The expression of PP2A/C within cells is tightly controlled at 



the translational level to ensure that relatively constant levels of PP2A are always present 

in the cells (Baharians et. al., 1998).  PP2A had been difficult to express and purify and 

this was overcome by modifying the N-terminus by addition of a HA-tag (peptide 

sequence derived from the influenza haemagglutinin protein) appeared to stabilize the 

PP2A/C translation product in a functional, active form (Wadzinski et. al., 1992). Recent 

structural data published in series of papers has further added a wealth of knowledge 

about relatively unclear PP2A (Xu et. al., 2006; Xing et al., 2006; Cho et. al., 2007). 

These enzymes have a characteristic α/β fold and contain two catalytic metal ions 

(manganese) in the active site (Xing et al., 2006). The most characteristic feature of the 

catalytic subunits is their distinctive carboxy-terminal (C-terminal) tail whose tail 

(residues 296–309) extends away from the main globular protein phosphatase domain 

and slides into the surface groove generated by the interface of the scaffold and 

regulatory subunits. The interacting residues within the helical domain and a loop 

between β-strands 12 and 13 along with the characteristic arrangement of the C-terminal 

tail with the other two subunits accounts for the specificity of the PP2A catalytic subunit 

for its scaffold protein (Xu et. al., 2006; Xing et al., 2006; Cho et. al., 2007; reviewed by 

Mumby 2007).  

Like the catalytic subunit, two distinct and ubiquitously expressed PR65 isoforms are 

present, α and β, which share 86% sequence identity. In general PR65α appears to be 

much more abundant than PR65β (Hemmings et. al., 1990; Hendrix et. al., 1993). 

Interestingly, somatic alterations in the gene encoding PR65β were discovered in 15% of 

primary lung and colon tumor-derived cell lines and thus classifying it as a putative 

human tumor suppressor (Wang et. al., 1998; Baysal et. al., 1998). Mutations of PR65α 
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isoform at a lower frequency were detected in human melanoma, breast and lung 

carcinomas (Calin et. al; 2000). These alterations, including entire gene deletions, 

internal and C-terminal protein deletions, and missense and frame shift mutations, are 

likely to disrupt the structure of the core PP2A heterodimer. Recent crystal structure 

studies show that most of the cancer-associated mutations involve amino acids that 

participate in subunit interactions. The PP2A holoenzyme structures show that the A 

subunit of PP2A is a highly adaptable scaffold that alters its conformation to 

accommodate various proteins. PP2A/A structure is composed of 15 tandem repeats of a 

39-amino-acid sequence, termed a HEAT (huntingtin/elongation/A subunit/TOR, where 

TOR is target of rapamycin) motif (Groves et. al., 1999). Incidentally, these tandem 

repeats of HEAT motifs are found in a variety of proteins (reviewed in Andrade 1995), 

including the huntingtin protein, an elongation factor required for protein synthesis and 

the TOR kinase. The crystal structure of PR65α revealed that each repeat composed of 39 

amino acids that fold into two antiparallel α-helices connected by an intrarepeat loop. 

The particular stacking of these repeats within the PR65 molecule gives rise to a stable 

protein with an overall asymmetrical and elongated architecture, reminiscent of a hook 

(horse-shoe/C-shape). The evolutionarily conserved PR65 residues and the exposed 

hydrophobic surfaces are localized to the intra-repeat turns, connecting the two helices of 

each HEAT motif, and are likely to constitute the sites of interaction with the catalytic 

subunit and the B subunits and forming a compact PP2A structure (Groves et. al., 1999). 

The structural flexibility of the PP2A scaffold subunit is the important feature of the 

enzyme since the AC core dimer must be able to accommodate multiple families of 

regulatory subunits. Other good examples of this are the nuclear transport factors of the 
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importin-β superfamily of HEAT-repeat proteins, where structural flexibility is essential 

for their ability to transport multiple cargo proteins (Conti et. al., 2006; reviewed in 

Mumby et. al., 2007). Modeling and mutagenesis experiments have suggested that the 

intrarepeat loops within HEAT motifs 11–15 interact with the catalytic subunit, which 

causes a major conformational switch in Aα. This switch occurs mainly at the inter-

repeat loops between repeats 11 and 12, and 12 and 13, resulting in a horseshoe- or C-

shaped conformation of the Aα subunit (Xing et al., 2006). The intrarepeat loops in the 

HEAT motifs 1–10 interact with the regulatory subunits (Ruediger et. al., 1999). The 

association of B56γ with the A subunit involves contacts between the intrarepeat loops of 

HEAT repeats 2–5 of the A subunit (Xu et. al., 2006; Cho et al., 2007). Walter and his 

colleagues also described that while HEAT motif regions from 3-6 were involved with 

the binding for SV40 small t antigen (ST), regions 2-8 were involved for interacting with 

Polyoma virus small and middle T antigens (Ruediger et. al., 1999). 

 The regulatory B subunits are classified into into four unrelated families called 

B/PR55/B55/PPP2R2, B’/PR61/B56/PPP2R5), B’’/PR72/PPP2R3, and B’’’/striatin. But 

as more units are discovered and more work is done in the field a new nomenclature has 

emerged from their official human gene symbols as follows: R2/B55, R3/PR72, 

R4/PTPA, R5/B56, striatin/SG2NA and alpha 4 families (Silverstein et. al., 2003). To 

date, 15 genes have been identified in the human genome that encode at least 26 different 

alternative transcripts and splice forms of B subunits of the PP2A holoenzyme (reviewed 

in Eichhorn et. al., 2008). Interestingly, while PP2A/Aα interacts with all the B subunits; 

PP2A/Aβ doesn’t interact with B55 family units (Zhou et. al., 2003). There are no noted 

differences between the interacting capabilities of the two isoforms of the catalytic unit. 
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So, considering the multiple B subunits and the two isoforms each of the catalytic and 

structural units, multiple functional PP2A holoenzyme combinations can be formed to 

carry out its diverse roles.  

The R2/B55 family consists of 55kDa subunit polypeptides encoded by four genes (55α, 

55β, 55γ and 55δ), which are expressed in a tissue-specific manner. 55α and 55δ have a 

widespread tissue distribution, whereas 55β and 55γ are highly enriched in brain. 55α is 

the predominant regulatory B subunit and it is one of the best characterized B units. B55 

family member proteins also show distinct spatial distribution in the cell (Strack et. al., 

1998). The PP2A/C needs to be methylated on Leu309 and dephosphorylated at Thr304 for 

it to interact with the B55 regulatory B subunits (Bryant et. al., 1999; Longin et. al., 

2007). It has also been found that B55 doesn’t require scaffolding unit A to interact with 

PP2A/C unit (Kamibayashi et. al., 1994; Koren et. al., 2004).  B55 subunits show the 

presence of five degenerate WD-40 repeats that typically end in tryptophan–aspartate 

(WD) are arranged to form a β-propeller structure and these repeats mediate protein–

protein interactions (reviewed in Neer et al., 1994). B55α and B55β have been shown to 

interact with the cytoplasmic domain of kinase-active type I transforming growth factor-β 

(TGF-β) receptors and to be a direct target for their kinase activity (Griswold-Prenner et. 

al., 1998). The 55α subunit targets PP2A to the Ras-Raf-Mek-Erk pathway and regulates 

signaling at multiple steps of this pathway. Once thought to be a negative regulator of this 

pathway, it is now known that it can also act as an activator (Sontag et. al., 2003). The 

55α and 55β subunits also target PP2A/C to microtubules and to the microtubule 

associated protein tau and overexpression of SV40 small t results in 

hyperphosphorylation of tau on multiple sites, thus leading to dissociation of tau from 
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microtubules and their destabilization (Sontag et al., 1996).  Moreover, a RNA 

interference screen identified subunit B55γ as a stress-sensitive inhibitor of c-SRC 

(Eichhorn et. al., 2008). 

 

The B56 family of regulatory subunits contains eight members represented by five 

different genes showing diverse tissue distribution. The recent elucidation of the crystal 

structure of B56γ1 reveals that B56 family members consist exclusively of α helices and 

is structurally similar to PP2A/A(Xu et. al., 2006; Cho et al., 2007). Unexpectedly, the 

structural composition of B56γ is different from other B subunits and resembles PP2A/A 

even though they exhibit little sequence homology. Among them B56α and B56γ are the 

best studied subunits with respect to their cellular targets and tumor suppressor functions. 

B56 subunits target PP2A to the Wnt signaling pathway (Yamamoto et. al., 2001). 

B56α interacts with the adenomatous polyposis coli (APC) protein. This in turn forms a 

complex with axin and glycogen synthase kinase 3β that mediates the regulation of β-

catenin. Overexpression of B56α reduced the level of β-catenin and inhibited the 

expression of β-catenin target genes. The B56 family is also known to target cyclin G1 

and regulate MDM2 and p53 activity (Okamoto et. al., 2002, Kimura et. al., 2002).  

B56α also targets and negatively regulates c-Myc (Arnold et. al., 2006). Studies using 

anti-sense knockdown of multiple B56γ variants have shown that loss of B56γ3 

expression contributes to the transformation of human kidney epithelial cells that also 

express Simian virus 40 (SV40)-Large-T-antigen, H-Ras, and hTERT (Chen et. al., 

2004). RNAi knockdown of B56γ led to a decrease in p53 stability, reduced expression of 

Bax, and reduced apoptosis (Li HH et. al., 2007). In addition, a truncated form of B56γ1, 
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called ΔB56γ1, was identified in a mouse melanoma cell line that demonstrated increased 

metastatic potential (Ito et. al., 2003). ∆B56γ1 functions as a dominant negative form of 

B56γ and caused increased paxillin phosphorylation and cell motility. B56δ but not other 

B56 subunits associates with the cell division cycle 25 (Cdc25) cell cycle protein 

(Margolis et. al., 2006) and the HAND basic helix-loop-helix transcription factors (Firulli 

et al., 2003).   

The PR72 family consists of PR70, PR59 and the two alternatively spliced variants PR72 

and PR130 (Hendrix et. al., 1993). PR72 was shown to target PP2A to the Wnt signaling 

cascade (Creyghton et al., 2005) by interacting with a protein human Naked cuticle. 

Overexpression of PR72 results in repression of the classical Wnt signaling cascade and 

presence of PR72 is required for the inhibitory effect of Naked cuticle on Wnt signaling.  

A third member of the B’’/PR72 family, PR70 has recently been demonstrated to 

associate with the tumor suppressor, RB and dephosphorylates pRB in response to 

oxidative stress (Magenta et. al., 2008). PR48, a splice variant of PR70, was previously 

found to interact with cdc6 (Yan et. al., 2000). Dr. Mumby’s group demonstrated that 

PR70 targets PP2A to CDC6 (Davis et. al., 2008). Notably, similar to PR72, all the other 

members of this family also harbor an EFX calcium binding domain, which is dependent 

upon Ca2+ levels to regulate its binding to the core enzyme and subsequent phosphatase 

activity. The mouse specific subunit, PR59 was identified as a p107-interacting protein, 

which preferentially binds to p107 and not pRB when overexpressed (Voorhoeve et. al., 

1999).   
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In addition to its serine/threonine phosphatase activity, PP2A exhibits a basal level of 

phosphotyrosyl phosphatase activity, which is stimulated by a protein with no sequence 

homology to any known protein. This protein, originally named phosphotyrosyl 

phosphatase activator (PTPA), is highly conserved from yeast to human and requires 

ATP/Mg2+ for its activity in vitro (Cayla et al., 1990, Cayla et al., 1994 and Van Hoof 

et al., 1994). Recent studies suggest that PTPA can reactivate the serine/threonine 

phosphatase activity of an inactive form of PP2A (PP2Ai) that was isolated as a complex 

with the methyl esterase of PP2A (Fellner et al., 2003, Longin et al., 2004 and Van Hoof 

et al., 2005). This finding led to the renaming of PTPA as the PP2A phosphatase 

activator. Recently, PTPA was reported to be a peptidyl prolyl cis-trans isomerase that 

targets Pro190 in the catalytic subunit of PP2A (Jordens et al., 2006). 

The recruitment of the B subunit to the core enzyme is tightly regulated by post-

translational modification of the C-terminal tail. The PP2A/C subunit of the core enzyme 

needs to be methylated on Leu309 by S-adenosylmethionine-dependent leucine carboxyl 

transferase 1 (LCMT1) and dephosphorylated at Thr304 for it to interact with the B55 

regulatory B subunits (Bryant et. al., 1999; Longin et. al., 2007). Phosphorylation of 

Tyr307 inhibited the recruitment of the B55 and B56 αβε family members to the core 

enzyme and the mutational analysis of Tyr307 limited the methylation status at Leu309 

possibly explaining the deficiency in B55 binding (reviewed in Eichhorn et. al., 2008).  

Curiously, this site is regulated by the oncogene c-Src raising the possibility that 

inhibition of one or all of these subunits may be one of the requirements for c-Src 

induced transformation (Eichhorn et. al., 2008). The methylation of the C-terminal tail 

can be reversed by the specific phosphatase methylesterase (PME-1) thus adding another 
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dimension to holoenzyme regulation (Ogris et. al., 1999). PME-1 and the peptidyl prolyl 

isomerase PTPA together determines the formation of the holoenzyme complex and the 

activation of PP2A/C. PP2A/A and PTPA complex may function partly by inhibiting the 

methylesterase activity of PME-1 and therefore in the absence of A subunit, PME-1 can 

also inhibit the generation of the active C subunit (Hombauer et. al., 2007). There is little 

conservation between the individual regulatory subunit families and they exhibit mutually 

exclusive binding to the A-subunit (Ruediger et. al., 1992; Ruediger et. al., 1994).  A 

loosely conserved A-subunit binding domain (ASBD) has been identified among 

regulatory B subunits (Li et. al., 2002). A cluster of conserved charged residues have 

been identified in the B55 families that are important for interaction with the core dimer 

(Strack et. al., 2002). More interestingly, some of the B units themselves are 

phosphoproteins and their functions are regulated by their phosphorylation status. Hence 

it becomes necessary to understand the molecular basis of interaction between the B 

subunits, the PP2A core and substrates to further comprehend the mechanism of substrate 

specific targeting by the B units. 

 

1.2.3 Pharmacological inhibitors of PP2A: 

A multitude of low molecular mass inhibitors of PP2A and other protein phosphatases 

has been identified in nature (Table 1). Of these, several of them like Okadaic acid, 

Microscystins, Calyculin A, Tautomycin, Fostriecin, Cantharidin, and Endothal are 

commercially available. Since many inhibitors affect the activity of several different 

protein phosphatases, the application of several different inhibitors in parallel 
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experiments at specific concentrations may help to distinguish which phosphatases are 

involved in different cellular functions. Okadaic acid, 38-carbon polyether fatty acid was 

isolated from marine sponges of the Halichondria species including Halichondria 

okadaii (Fujiki et. al., 1993). It has been extensively used for the study of PP2A 

functions. Okadaic acid also inhibits PP1, but with a 100-fold lower potency. However, 

when applied to living cells at 1 μM concentration, it does not inhibit PP1 (Favre et. al., 

1997). However, later it became clear that the inhibitory effects assigned to PP2A might 

have actually resulted from Okadaic acid inhibition of PP4C (IC 50: 0.1 nM), (Hastie et. 

al., 1998) or PP5C (IC50: 1–10 nM), (Chen et. al., 1994). While Okadaic acid is a more 

potent inhibitor of PP2A than PP1 (IC50’s of 0.2 and 20 nM, respectively), Microscystin 

is an equipotent inhibitor of PP1 and PP2A (IC50 of 0.2 nM). The structures of PP2A and 

PP1 reveal that all toxins target their active catalytic sites. Although the chemical 

structures of the two toxins are very different, they bind to the same AC surface pocket 

on PP2A and interact with an identical set of amino acids. The greater affinity of PP2A 

for Okadaic acid is due to a “hydrophobic cage” within the binding pocket of PP2A that 

is not conserved in PP1 (Xing et. al., 2006). This cage surrounds the hydrophobic portion 

of Okadaic acid and is the structural feature responsible for the 100-fold difference in 

affinity of Okadaic acid for the two enzymes. Based on epidemiological studies, these 

compounds have been shown to induce liver cancer in humans (Fujiki et. al., 1993). 

Okadaic acid also is known to induce skin tumors in mice and promote genomic 

instability in cells (reviewed in Janssen and Goris, 2001) suggesting that PP2A is a 

probable tumor suppressor.  There are also many known endogeneous PP2A inhibitors 

and they will be discussed later. 
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1.2.4 PP2A and its many functions: 

As mentioned before, PP2A has a very diverse role in maintaining the homeostatsis of the 

cell. It along with kinases are responsible for maintain the phosphorylation states of 

numerous proteins and thus it is a complex regulator of multiple signaling pathways. It is 

known to have a role in transcription, initiation and termination of translation, apoptosis, 

modulating the activites of tumor suppressors and is associated with multiple 

pathological conditions. PP2A is also known to interact with many viral proteins and has 

a role in transformation (reviewed in Vanhoof and Goris, 2004; Janssen and Goris, 2001).  

Kinases like phosphorylase kinase, the ERK/MAPKs, the Calmodulin-dependent kinases, 

PKA, protein kinase B (PKB), PKC, p70S6 kinase, IκB kinases (where IκB is inhibitor of 

Nuclear factor-κB), CDKs and many others (reviewed in Millward et. al., 1999) have 

known to be modulated by PP2A in vitro and in vivo .  PP2A affects the initiation of 

translation by regulating Tap42/α4 and the TOR pathway (Di Como et. al., 1996). PP2A 

is also known to be involved in the termination of translation through the interaction of 

PP2A/C with a translation termination factor, eRF1 (eukaryotic release factor 1) 

(Andjelkovic et. al., 1996). A role for PP2A in apoptosis (programmed cell death) is 

suggested by its interaction with caspase-3 (Santoro et. al., 1998) and Adenovirus E4orf4 

protein (Kleinberger et. al., 1993; Shtrichman et. al., 1999; Shtrichman et. al., 2000; 

Marcellus et. al., 2000). Based on co-purification and transfection of cells with SV40 

small t antigen, PP2A has been implicated in the inactivation of CREB (Wheat et. al., 

1994). Key tumor suppressors pRB and p53 have also known to associate and are 

regulated by PP2A. Transient expression of ST enhances p53 phosphorylation, DNA 
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binding and transactivation activity, whereas OA additionally causes p53-dependent 

apoptosis (Yan et. al; 1997). On the other hand, there is some cross-talk between PP2A 

and p53, in the sense that p53 may also affect PP2A regulation through its effect on the 

expression of PTPA (Janssens et. al., 2000) and cyclin G (Okamoto et. al., 1994; 

Okamoto et. al., 1996). Disruption of the normal interactions among PP2A, tau and the 

microtubules may contribute to the hyperphosphorylation of tau, dissociation of 

microtubules and formation of neurofibrillary tangles and eventually leading to 

development of tauopathies, such as Alzheimer's disease (Mandelkow et. al., 1995; 

Sontag et al., 1996). PP2A also has a major role in transformation and tumorigenesis 

which will be dealt in more detail. 

 

1.2.5 PP2A and Cancer: 

The serine/threonine protein phosphatase 2A (PP2A) appears to be critically involved in 

cellular growth control and potentially in the development of cancer. A few studies 

indicated that this enzyme might actually exert tumor suppressive function. However, 

other findings demonstrated the requirement for PP2A in cell growth and survival 

(known to positively regulate Raf-1 pathways), which is not a characteristic of a typical 

tumor suppressor. There are multiple PP2A holoenzyme complexes with distinct 

subcellular location and targeting different multi-protein signaling pathways and thus it 

can exhibit opposing functions depending on its substrate accounting for this discrepancy. 

At the same time, these varied PP2A components provides a large target for mutations 

that could derail proper enzyme function and could contribute to the process of 

tumorigenesis.  
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Initial evidence for a negative role for PP2A in carcinogenesis came from the observation 

that the tumor promoter OA (Fujiki et. al., 1993) is a potent inhibitor of PP2A (Bialojan 

et. al., 1988) Interestingly, somatic alterations in the gene encoding PR65β were 

discovered in 15% of primary lung and colon tumor-derived cell lines and thus 

classifying it as a putative human tumor suppressor (Wang et. al., 1998; Baysal et. al., 

1998). The gene encoding the more abundant PR65α isoform, mutations have also been 

detected in human melanomas, breast and lung carcinomas, although at a lower frequency 

when compared with the PR65β studies (Calin et. al; 2000). In addition, a truncated form 

of B56γ1, called ∆B56γ1, was identified in a mouse melanoma cell line that demonstrated 

increased metastatic potential (Ito et. al., 2003). It is known that the B′/B56 subunit binds 

to the adenomatous polyposis coli (APC) tumor suppressor, which is a component of the 

Wnt signaling pathway (Seeling et al., 1999), and to cyclin G, a regulator of MDM2 and 

p53 activity (Okamoto et al., 2002). Interestingly, both loss-of-function mutations of 

APC and overexpression of cyclin G are involved in colon cancer. Hence, the PP2A 

B′/B56 subunit might contribute to cancer development by direct interaction to APC and 

cyclin G. PP2A is also clearly involved in apoptosis, via B55 and B56, A positive 

regulatory function of PP2A on p53 might be another mechanism for its role as tumor 

suppressor (reviewed in Van hoof et. al., 2003).  Also the PP2A B subunit 56α,  is known 

to negatively regulate the potent oncogene c-Myc (Arnold et. al., 2006).  

DNA tumor viruses, such as Adenovirus, Polyomavirus and Simian virus 40 (SV40), 

transform mammalian cells through the actions of their oncoproteins by deregulating key 

host cell pathways that control proliferation and replication. By introduction of the gene 

encoding the catalytic subunit of human telomerase (hTERT) in combination with the 
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SV40 early region (ER) encoding the large t (LT) and small t (ST) antigens, immortalized 

human cell lines were obtained. By co-expression of an oncogenic allele of the H-ras 

gene, these cells became tumorigenic (Chen et. al., 2004). hTERT is necessary to 

compensate the difference in telomere biology between human and rodent cells that 

express a constitutive telomerase activity. LT sequesters and inactivates the tumor 

suppressors pRB and p53, whereas ST is absolutely required for the transformation and 

tumorigenicity of these cells. This ST inhibits PP2A by displacing B subunits from the 

PP2A A-C heterodimer (Chen et. al., 2007; Cho et. al., 2007). Interaction of ST with the 

Ser/Thr phosphatase PP2A was essential since a mutant ST, not binding PP2A, was 

inactive in the process (Chen et al., 2004). ST can only bind to Aα, whereas Polyoma 

middle T binds equally well to Aα and Aβ (Zhou et. al., 2003). Although it was believed 

ST could displace the B55 but not the B56 subunits from a PP2A trimer (Janssens et. al., 

2003; Arroyo et. al., 2005), it is now clear that ST can also displace several B56 isoforms 

in vivo. Infact it was discovered that suppression of B56γ3 and not B55α, mimics ST 

action in transformation of human kidney epithelial cells co-expressing Simian virus 40 

(SV40)-Large-T-antigen, H-Ras, and hTERT (Chen et. al., 2004). Structural data shows 

ST consists of an N-terminal J-domain and a C-terminal unique domain that contains two 

zinc-binding motifs. Whereas the J-domain and the second zinc-binding motif interact 

with the B56γ-binding site on Aα, the first zinc-binding motif is in a position to interact 

directly and inhibit the activity of the C subunit (Chen et. al., 2007; Cho et. al., 2007).  

However, ST appeared to have weaker affinity than B subunits while competing for the 

binding sites of PP2A/A in vitro, suggesting that competition with B-type subunits could 

be indirect, and/or cooperation with other cellular factors might be required for viral 
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proteins to disassemble PP2A holoenzymes in vivo (Cho et. al., 2007; reviewed in 

Janssens et. al., 2008). 

ST expression, (Yuan et. al., 2002; Zhao et. al., 2003) depletion of B56γ-containing 

PP2A complexes  and Aα haploinsufficiency (Chen et. al., 2005) all lead to activation of 

the Akt pathway, implicating activation of Akt as an essential step in human cell 

transformation induced by loss of Aα–C-B56γ complexes. In accordance with this either 

activated phosphatidylinositol 3-kinase (PI3K) or a combination of the activated PI3K 

effectors Akt and Rac1 can substitute for ST to induce human cell transformation (Zhao 

et. al., 2003). Moreover, PP2A/Aβ-containing complexes dephosphorylate small GTPase, 

RalA at serines 183 and 194 and this dephosphorylation event downregulates RalA 

activity. Ral A expression and activity is important for transformation of 

PP2A/Aβ deficient cells as shown by the failure of Ral A mutants to transform cells. This 

suggests that accumulation of phospho-RalA in PP2A Aβ-deficient cells is crucial to 

promote cellular transformation.  

In addition to chemical and viral inhibitors of PP2A many other endogeneous inhibitors 

have been identified, of which the most important are SET, CIP2A and PME-1 that have 

been implicated in carcinogenesis. The myeloid leukaemia-associated protein SET is a 

potent inhibitor of PP2A (Li et. al., 1995; Li et. al., 1996). SET-mediated PP2A 

inhibition in BCR-ABL-expressing cells results in increased colony-forming ability and 

tumor growth that is dependent upon SET expression (Neviani et. al., 2005).  SET mRNA 

overexpression have been observed in malignant brain tumors, tumors of the head and 

neck region, testicular cancers and in different types of hematological malignancies 
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(Ginos et. al., 2004; Korkola et. al.,2006; Andersson et. al., 2007). A novel PP2A-

interacting protein displaying Myc stabilization activity in human transformed cells, 

called CIP2A was recently identified. Myc stability is regulated in part through 

phosphorylation of two residues, threonine 58 and serine 62. Phosphorylation of 

threonine 58 by GSK-3 is required for MYC degradation; whereas Ras-mediated 

activation of the ERK/MAPK pathway induces MYC phosphorylation at serine 62 (S62) 

and correlates with increased stability of Myc (Sears et. al., 1999; Sears et. al., 2000). 

CIP2A inhibits the catalytic activity of the PP2A/C subunit in the Myc–PP2A complex 

and prevents dephosphorylation of S62 and thereby stabilizing Myc.  Moreover, CIP2A 

depletion was shown to significantly inhibit tumor growth of both HeLa cells and low 

passage squamous cell carcinoma cells isolated from human head and neck tumors 

(HNSCCs). Overexpression of CIP2A in human cells expressing LT, hTERT and H-Ras  

led to cell transformation, demonstrating that CIP2A can replace either ST or MycT58A  

(Junttila et. al., 2007). In addition to HNSCC, overexpression of CIP2A has been 

demonstrated in gastric and colon cancer samples (Soo Hoo et. al., 2002). All of the 

evidences presented above solidify the role of PP2A as a potent tumor suppressor. 
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Table 1 

   Natural compounds that inhibit PPP family of Ser / Thr Phosphatases 

   IC50 (nM)     

 PP1  PP2A  PP2B  PP4  PP5  PP7  

Okadaic 
acid  

15-50  0.1-0.3  ~4000  0.1  3.5  >1000  

Microscystin  0.3-1  0.1-1  ~1000  0.15  1.0  >1000  

Nodularin  2.4  0.3  >1000  ND  ~4  >1000  

Calyculin A  0.4  0.25  >1000  0.4  3  >1000  

Tautomycin  0.23-22  0.94-32  >1000  0.2  10  ND  

Cantharidin  1,100  194  >10,000  50  600  ND 

Fostriecin  45000-
58000  

1.5-5.5  >100000  3.0  50000-
70000  

 

 

ND 

Source: Methods in Molecular Biology 365: Protein Phosphatses Protocols – Edited by Greg 

Moorehead
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Table 2 

Subunit 
family  

Gene 
symbol  

Isoforms 
 

Aliases 
 

Subcellular 
localization  

Tissue Distribution

C PPP2CA Cα PP2ACα Not applicable Predominant form  

 PPP2CB Cβ PP2ACβ Not applicable  

A PPP2R1A Aα PR65α Not applicable Predominant form 

 PPP2R1B Aβ PR65β Not applicable  

B55/B PPP2R2A Bα 
PR55α, 
B55α 

Cytoskeleton (vimentin, 
microtubules), cytoplasm, 
nucleus, plasma 
membrane,  
Golgi and endoplasmic 
reticulum 

Wide spread 

 PPP2R2B Bβ 
PR55β, 
B55β 

Cytosol 
Enriched in Brain and 
testis 

 PPP2R2C Bγ 
PR55γ, 
B55γ 

Mainly cytoskeleton 
Brain specific 

 PPP2R2D Bδ 
PR55δ, 
B55δ 

Cytosol 
Widespread ; enriched in 
testis 

PR61/B′ PPP2R5A B′α 
PR61α, 
B56α 

Cytoplasm 
Widespread ; Highly 
expressed in heart and 
skeletal muscles 

 PPP2R5B B′β 
PR61β1, 
B56β 

Cytoplasm 
Highly expressed in brain 

   
PR61β2 
(cloning 
artefact) 

Not applicable 
 

 PPP2R5C B′γ1 
PR61γ1, 
B56γ1, 
B′α3 

Cytoplasm and nucleus 
(speckles), focal 
adhesions 

Widespread ; Highly 
expressed in heart and 
skeletal muscles 

  B′γ2 
PR61γ2, 
B56γ2, 
B′α2 

Cytoplasm and nucleus 
Widespread ; Highly 
expressed in heart and 
skeletal muscles 

  B′γ3 
B56γ3, 
B′α1 

Mainly nucleus 
Widespread ; Highly 
expressed in heart and 
skeletal muscles 

 PPP2R5D B′δ1 
PR61δ, 
B56δ, 74-

Nucleus, cytosol, 
mitochondria, microsome 

Highly expressed in Brain 



Subunit 
family  

Gene 
symbol  

Isoforms 
 

Aliases 
 

Subcellular 
localization  

Tissue Distribution

kDa/B′′δ 

  B′δ2 None Unknown  

  B′δ3 None Unknown  

 PPP2R5E B′  
PR61 , 
B56  

Cytoplasm 
Highly expressed in Brain 

PR72/B′’ PPP2R3A B′′α1 PR130 Centrosome and Golgi 
Heart, brain, lung, kidney, 
Muscle 

  B′′α2 PR72 Cytosol, nucleus 
Widespread; Enriched in 
heart and skeletal 
muscles 

 PPP2R3B B′′β PR70 Unknown Heart 

   PR48  Nucleus Placenta  

 PPP2R3C B′′γ G5PR 
Cytosol and nucleus 
 

 

B′’’ STRN Striatin PR110 Post synaptic densities Neuronal dentrites 

 STRN3 SG2NA PR93 Nucleus  

Source :  (Modified from Janssens et. al., 2008) 
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1.3 Pocket proteins and PP2A: 

 

As discussed earlier pocket proteins are known to negatively regulate cell cycle 

progression, mainly by binding and inactivating the E2F family of transcription factors, 

which control the expression of genes crucial for DNA synthesis and cell cycle 

progression (reviewed in Mayol and Graña, 1998). In addition p130 and p107 also 

regulate cell cycle progression by directly inhibiting CDK2 activity (Woo et. al., 1997; 

De Luca et. al., 1997; Castano et. al., 1998; Coats et. al., 1999). Moreover, pocket 

proteins functions, which are mediated by interactions with a variety of proteins, and 

their expression patterns are determined by their phosphorylation status (reviewed in 

Graña et. al., 1998; Mulligan and Jacks, 1998; Classon and Dyson, 2001). Thus, the 

phosphorylation state of pocket proteins are tightly regulated during the cell cycle and at 

the G0/G1 transition (reviewed in Mayol and Graña, 1998). In G0 and early G1 phase of 

the cell cycle, pRB and p107 are under- or hypophosphorylated, while p130 exists in 

predominantly phosphorylated form 2 (reviewed in Mayol and Graña, 1998). When cells 

are stimulated to enter the cell cycle, p130 and pRB become phosphorylated by the CDKs 

during mid to late G1 and remain phosphorylated throughout S phase by cyclin D/CDK4, 

cyclin E/CDK2, and cyclin A/CDK2 (Lundberg and Weinberg, 1998; Harbour et. al., 

1999; Cheng et. al., 2000; Hansen et. al., 2001; Parreno et. al., 2001; Calbo et. al., 2002). 

However, p107 appears to be inactivated primarily by D-type cyclin CDK complexes 

(Beijersbergen et. al., 1995; Xiao et. al., 1996; Calbo et. al., 2002). Cell cycle-dependent 

phosphorylation of the pRB family disrupts the E2F/pocket protein transcriptional 

repressor complexes, as well as releases activating E2Fs with transactivation abilities 

resulting in cell cycle dependent gene expression (Dyson et. al., 1998; Graña et. al., 
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1998; Mayol and Graña, 1998; Kaelin, 1999; Adams, 2001).  In addition to changes in 

phosphorylation, p130 levels fluctuate throughout the cell cycle. Expression of p130 is 

relatively high in growth-arrested cells and low in rapidly proliferating cells. The 

decreased levels of p130 during late S phase and G2 reflect an increased rate of p130 

degradation mediated by the SCFSkp2 ubiquitin ligase (Tedesco et. al., 2002; Bhattacharya 

et. al., 2003).  pRB levels increase slightly during proliferation secondary to increased 

levels of mRNA expression (Smith et. al., 1998).  In contrast, p107 levels increase 

dramatically as the p107 promoter is actually repressed in G0/early G1 by E2F/pocket 

protein repressor complexes. 

While the roles of cyclin-dependent kinases in phosphorylating and inactivating pRB 

have been characterized in detail, the roles of protein phosphatases in regulating the G1/S 

transition are not as well understood. Pocket proteins are reactivated by 

dephosphorylation at the end of mitosis, and a hypophosphorylated state is maintained in 

the subsequent early to mid G1 phase (Ludlow et. al., 1993; Mayol et. al., 1996; Calbo et. 

al., 2002). PP1 has been implicated as the major pRB phosphatase in vivo. 

Dephosphorylation of pRB by PP1 in anaphase is thought to play a critical role in 

controlling the G1/S transition (Alberts et. al., 1993; Ludlow et. al., 1993; Nelson and 

Ludlow, 1997). To this end, pRB is known to associate with the catalytic subunit of PP1 

(PP1α) in mitosis and early G1 (Berndt et. al., 1997; Liu et. al., 1999).  Though both 

p130 and p107 are converted to their hypophosphorylated forms during mitosis, it has not 

been shown that they are targeted by PP1.  
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Another major cellular phosphatase that is known to dephosphorylate pocket proteins is 

PP2A. Work done in our lab suggest that in addition to the role of PP1 in 

dephosphorylating pocket proteins in mitosis, PP2A together with CDKs modulate 

pocket protein phosphorylation throughout the cell cycle. Upon treatment of cells with 

potent pharmacological CDK inhibitor, Flavopiridol or upon treatment with protein 

synthesis inhibitor Cycloheximide (which caused rapid downregulation of D-type cyclin) 

there was rapid dephosphorylation of pocket proteins which was inhibited by PP2A 

specific inhibitors. Also, ectopic expression of ST delayed cycloheximide induced pocket 

protein dephosphorylation. Finally, we also observed a physical interaction between 

pocket proteins and PP2A/C throughout the cell cycle. Contrary to the more accepted 

view that protein phosphatases target pocket proteins for dephosphorylation mainly in 

mitosis, this led us to hypothesize, that there exists a dynamic equilibrium between CDKs 

and PP2A throughout the cell cycle (Garriga et. al., 2004).  After establishing a critical 

role for PP2A along with various kinases in modulating the phosphorylation status of 

pocket proteins, my work has been to characterize the PP2A holoenzyme complex 

responsible for targeting pocket proteins for dephophorylation. This will be discussed in 

detail in the ensuing chapters.  

PP2A has also been shown to dephosphorylate pocket proteins in response to specific 

signals. PP2A was found to specifically associate with p107, leading to the subsequent 

dephosphorylation of p107 in response to ultra violet (UV) (Voorhoeve et. al., 1999b) and 

further it was also shown that p107 associates with PR59, a mouse B subunit with no 

known human homologue (Voorhoeve et. al.,1999a). Similarly, oxidative stress elicited a 

rapid dephosphorylation of pRB, p107, and p130 (Cicchillitti et al., 2003). The results 
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obtained showed that following oxidative stress, pocket proteins undergo PP2A-

dependent dephosphorylation. PP2A core enzyme physically interacted with both pRB 

and p107, and a PP2A phosphatase activity that is co-immunoprecipitated with pRB is 

positively modulated by cell treatment with H2O2. Subsequently, it was shown that the 

PP2A subunit PR70 interacts with pRB and mediates this dephosphorylation in a calcium 

dependent manner in response to oxidative stress. In another study, the differentiation 

agent all-trans-retinoic acid elicited PP2A-dependent dephosphorylation of p130 

(Vuocolo et al., 2003). PP2A has also been known to induce dephosphorylation of pocket 

proteins in other instances. For instance, PP2A allows hypophosphorylated pRB to 

associate with various chromatin sites after UV damage and prevents endoreduplication 

(Avni et al., 2003). Disruption of PP2A function by ST in γ-irradiated, S phase wt cells 

elicits a state of endoreduplication similar to that induced by DNA damage in RB-/- cells. 

This suggests PP2A suppresses abnormal post damage rereplicative activity by 

maintainging pRB in a hypophosphorylated state which is essential for targeting 

chromatin sites and preventing endoreduplication (Avni et al., 2003).  Finally rapid 

dephosphorylation may also occur in a developmental context. For example, in 

chondrocytes, FGF induced rapid dephosphorylation of p107 by PP2A, but not p130 or 

pRB, preceding a p107-dependent G0/G1 arrest (Laplantine et al., 2002; Dailey et al., 

2003; Kolupaeva et al., 2008). Furthermore, they also discovered that rapid 

dephosphorylation of p107 induced by FGF is mediated by an E4orf4-sensitive B unit (B 

or B’ family) containing PP2A holoenzyme (Kolupaeva et. al., 2008). Thus, it appears 

that PP2A influences the phosphorylation states of pocket proteins both in a constitutive 

and inducible manner.



 

CHAPTER 2  

MATERIAL AND METHODS 

 

 

2.1 Cell culture and treatments. 

 

Human osteosarcoma U-2 OS cells and Human glioblastoma T98G cells were maintained 

in Dulbecco’s modified Eagles’s medium (DMEM) (Cellgro) supplemented with 9% 

Fetal Bovine Serum (FBS) (Sigma) and 100 U/ml each of pencillin and streptomycin. 

Cells were grown under standard tissue culture conditions at 37°C in a humidified 

atmosphere with 5% CO2. 

Stocks of cycloheximide (CHX) (Sigma), Calyculin A (Calbiochem) and Okadaic acid 

(OA) (100–1000 nM) (Calbiochem) were prepared in ethanol. Protein synthesis was 

inhibited by addition of 10ng/ml CHX dissolved in ethanol to the medium for the time 

periods indicated in the figures. CDKs were inhibited by adding Flavopiridol (Aventis) 

dissolved in DMSO to the medium at a final concentration of 5 μM. Cells were treated 

with the protein phosphatase inhibitors Calyculin A (10–50 nM) and OA (100–1000 nM). 

Control cells were treated with the same volumes of vehicle (ethanol) as treated cells. 

Cells were synchronized in the G0 phase by contact inhibition followed by serum-

starvation. Briefly, cells were grown and maintained confluent for 2 days. Subsequently, 

cells were trypsinized, counted and seeded cells per plate in 100-mm dishes in MCDB 
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medium (Sigma) without FBS. Following 72 hrs of serum starvation, cells were 

restimulated with medium containing 10% serum (Mayol et al., 1995). Cells were 

collected at the indicated time points and lysed for further experimentation. 

 

2.2 Plasmids 

 

pECE HA-pRB and pCMV HA-p107 were gifts from Dr. R. Bernards (Voorhoeve et al., 

1999b). ptTAS HA-wt p130 was previously generated in our lab (Parreno et al., 2000). 

pCMV5 HA-B55α was a kind gift from Dr. Liu (Li HH et. al., 2007). pGEX-2T-p107 

was a kind gift from Dr. Huang (Zhang Z et. al., 2003). pGEX-2T-pRB (1-928), pGEX-

2T-p107 deletion constructs (252-1068), spacer (385-949), spacer mutant (385-949, 

C713-F) were gifts from Dr. Livingston (Ewen et. al., 1992). pGEX-2T-p130 was 

generated by in frame subcloning of a BamHI / EcoRI pCDNA3.1 HA p130 fragment 

containing p130 coding region by Dr. DeCaprio (Litovchick et al., 2004). 

The QuikChange site directed mutagenesis kit (Stratagene) was used to generate the 

GST-p107 deletion constructs as per manufacturer’s instructions. pGEX-2T-p107 

deletion constructs p107 (1-1068), p107(254-1068), p107 pocket (385-949) were used as 

templates to generate the rest of the deletion constructs. The primers used to generate 

these constructs are detailed in Table 3 and were synthesized by Invitrogen. “N” terminus 

of p107 was created by digesting pGEX-2T-p107 (1-1068) with DraIII and SmaI and thus 

releasing the pocket and “C” terminus. The construct lacking the N terminus was 

generated by digesting the mutant pGEX-2T-p107 (254-1068) and pGEX-2T-p107 
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pocket (385-949) with EcoRI and inserting pocket next to the “C” terminus. Similarly, 

the mutant lacking the “C” terminus was generated by digesting pGEX-2T-p107 (1-1068) 

and pGEX- 2T-p107 pocket (385-949) with DraIII and SmaI and then inserting the 

pocket next to the “N” terminus. Partial B and C terminus was created by chopping the 

full length pGEX-2T-p107 (1-1068) with EcoRI and re-ligating after removing the 

fragment. 

SBC and pocket domains were further used along with the above primers to generate SC, 

AS and spacer domains. Please refer to the schematic diagram of the various GST-p107 

constructs used in this study. All the constructs cloned were further verified by 

sequencing. 

The same kit was also used to generate FLAG-tagged p107, p130 and pRB. pFLAG-

CMV-2-expression vector was used as a back bone and full length cDNAs were 

amplified with primers encasing restriction sites using pGEX-2T p107, p130 and pRB as 

templates for further cloning into the backbone using Bam HI and Not I (Table 4).  

pCEP-4HA B56α, β, γ1, γ3, δ, ε were generous gifts from Dr. Virshup (McCright et. al., 

1996). The three HA cassette was released by NotI digestion to generate single HA 

(pCEP-1HA) derivatives of these constructs. HA-PR70, HA-B55δ, HA-PR48, HA-PR72 

mammalian expression constructs were generated by amplifying the cDNAs using pCMV 

SPORT 6.1 PR70 (ATCC no. 9579873), pcDNA/TO-Flag B55δ (gift from Dr. 

Wadzinski), pTarget PR48 (gift from Dr. Williams), pRC/CMV-HAPR72 (gift from Dr. 

Bernards) as templates by PCR using primers encasing restriction sites (either NotI, Xho 

or Bam HI) and finally were sub-cloned in pCEP-1 HA vector (Table 5). All the 

constructs cloned were further verified by sequencing.  
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Table 3 

 

Mutant 
Name 

 

Primer Sequence 

ABC p107 
FP 

CTCCAGGTTTCTGCAAACAGGCCAAAGAGAACTGGGTCC 

ABC p107 
RP 

CCCAGTTCTCTTTGGCCTGTTTGCAGAAACCTGGAGAGC 

SBC p107 
FP 

GTTGCATCAGCCACCCAAAAAGTTCCTACCTGTGAAGAA 

SBC p107 
RP 

TTCACAGGTAGGAACTTTTTGGGTGGCTGATGCAACAGG 

BC p107 
FP 

GTTGCATCAGCCACCCAAAGGCCAAAGAGAACTGGGTCC 

BC p107 
RP 

CCCCGTTCTCTTTGGCCTTTGGGTGGCTGATGCAACAGG 

ASC p107 
FP 

CATTCAACTGGAATAAACTACGACTTGGCGAATCAGGAC 

ASC p107 
RP 

CTGATTCGCCAAGTCGTAGTTTATTCCAGTTGAATGTAC 

-P p107 
FP 

AAAGAAGCAGTCATTACTGACGACTTGGCGAATCAGGACCATA 

-P p107 
RP 

TATGGTCCTGATTCGCCAAGTCAGTAATGACTGCTTCTTT 

 

 

 52



Table 4 

 

Mutant Name 

 

  Primer Sequence 

Not I p107 FP ATAAGAATGCGGCCGCGATGTTCGAGGACAAGCCCCAC 

Bam HI p107 RP TCACTTTCTCGTTTAGTAATTCCTAGGCGC 

Not I p130 FP ATAAGAATGCGGCCGCGATGCCGTCGGGAGGTGACCAG

Bam HI p130 RP TTACTGGCACCAAGGGTGACTCCTAGGCGC 

Not I pRB FP ATAAGAATGCGGCCGCGATGCCGCCCAAAACCCCCCGA 

Bam HI pRB RP AGTTTGTTCCTTCTCTTTACTCCTAGGCGC 
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Table 5 

 

Mutant Name 

 

Primer Sequence 

Not I PR70 FP ATAAGAATGCGGCCGCGATGCCGCCCGGCAAAGTGCTG

Bam HI PR70 

RP 

CTCCTGGACCTCGGCGACACTCCTAGGCGC 

Not I PR48 FP ATAAGAATGCGGCCGCATGGATGACATGGGCCTG 

Bam HI PR48 

RP 

CGCGGATCCTCACAGCGGCTCCTAGGTC 

Not I B55δ FP ATAAGAATGCGGCCGCATGGCAGGAGCCGGAGGC 

Xho B55δ RP CCGCTCGAGCTAGTTGATTTTGTCCTG 

Not I PR72 FP ATAAGAATGCGGCCGCGATGATGATCAAGGAAACA 

Xho PR72 RP CCGCTCGAGCTATTCTTCATCCACTGA 
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2.3 Preparation of cell lysates 

 

Protein extracts were prepared by lysing cell pellets in DIP buffer containing 50 mM 

HEPES (pH 7.2), 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% 

Tween 20, which was supplemented with freshly added 1 mM dithiothreitol (DTT), 1 

mM NaF, 0.5 mM Na3VO4 , 0.5 mM PMSF, 1 μg/ml of leupeptin, 1 μg/ml of aprotinin, 

and 1 μg/ml of pepstatin (from here on referred to as complete DIP)  for 30 min on ice 

and then lysates were cleared by centrifugation at 13,000 rpm for 10 min at 4°C. The 

supernatants were then transferred to new tubes and protein concentration determined by 

Bradford assay. 

 

2.4 Western blot analysis 

 

10-30 μg of protein in Laemmli sample loading buffer was resolved by SDS-PAGE 

(Protogel, National Diagnostics) and transferred to a polyvinylidene difluoride (PVDF) 

membrane (Immobilion-P, Millipore) in 10 mM CAPS buffer (pH 11) containing 10% 

methanol. 6% polyacrylamide/SDS gels were used to determine the phosphorylation state 

of pocket protein analysis while 8 to 12% gels were used to assess the expression of 

various proteins. Membranes were blocked in Tris-buffered saline with 0.5% Tween-20 

(TBST) (Acros) and 5% powdered milk for 15 min. Membranes were then probed with 

the appropriate primary antibodies diluted 1:500-1:3500 in TBST containing 3% milk 

overnight at 4°C or for 2 hrs at room temperature. Membranes were washed 3 times for 3 

min each with TBST prior to incubation for 2 hrs with the appropriate horseradish 
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peroxidase conjugated (HRP) secondary antibody (Amersham), diluted 1:5000 for anti-

mouse or 1:10000 for other sources in 3% milk. Membranes were then washed 5 times 

with TBST at an interval of 5 min. Bands were visualized by incubating the membranes 

with chemiluminiscence reagent (Perkin Elmer) and exposing the membranes onto X-ray 

film (Phenix blue X-ray film). 

 

2.5 Immunoprecipitation 

 

200-300 μg of cellular lysate in a total volume of 300 μl of complete DIP buffer and 

incubated overnight while rocking at 4°C, with specific antibodies and 

immunocomplexes were isolated with 30 μl of Sepharose-A beads in a 1:1 slurry (Pierce) 

for 3-4 hrs at 4°C. Immunocomplexes were pelleted via brief centrifugation at 8,000 rpm 

at 4°C and washed 5 times with 1 ml of ice cold DIP buffer. Protein complexes were 

eluted from beads by addition of 45 μl 2X LSB and incubation at 65°C for 10 min. 

Following brief centrifugation protein complexes in the supernatants were resolved via 

SDS-PAGE and visualized by western blotting, as described above. 

 

 

2.6 Transient transfections 

 

1 pre-confluent 100 mm2 tissue culture plate (70-80%) cells was split 1:5-1:6 into 100 

mm2 plates. The next day transfections were performed using the Fugene 6 reagent 

(Roche) as per the manufacturer’s instructions. Briefly, DNA mixes were prepared with a 
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constant total amount of DNA, from 1-3 μg/reaction, in 10 μl sterile Milli-Q water. Then, 

the Fugene 6 reagent was carefully added to 200 μl DMEM supplemented with 12.5 mM 

HEPES (Sigma-Aldrich), in a 3:1 ratio of Fugene 6 in μl to total DNA in μg. After gentle 

tapping the reagent mix was allowed to sit for 5 min prior to addition of the DNA and 

then the DNA-Fugene mix was tapped and left 20 min at room temperature for incubation 

prior to being added on top of the cells in a drop-wise fashion. Cells were harvested 48 

hrs post-transfection. 

 

2.7 Adenovirus production and Infection 

 

Recombinant Adenoviruses encoding SV40 small t antigen (Ad-ST) and EGFP were 

obtained from B. Thimmapaya and P. Ruiz respectively. Adenoviruses were generated 

and amplified by Dr. Garriga’s viral core as follows. Viral stocks were amplified in 293 

cells and purified by CsCl density gradient centrifugation. Viral titers were determined by 

plaque assay. Titers obtained ranged from 5 x 109 to 5 x 1010 PFU/ml. Infection 

conditions and optimal multiplicity of infection (MOI) were previously determined using 

Adenovirus carrying reporter EGFP. U-2 OS cells were infected for the indicated times at 

a MOI of 50 PFU/cell for each Adenovirus used. Infections were carried out by direct 

addition of the necessary volume of Adenovirus stock to the medium and cells were 

harvested 24 hrs post-infection for analysis.  
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2.8 Antibodies  

 

Anti-p107 (sc-318), anti-pRB (sc-50), anti-p130 (sc-317), anti-HA (sc-805), anti-cyclin A 

(sc-596), anti-E2F4 (sc-512), anti-p27 (sc-528), anti-B55α (sc-33191), anti-PR48 (sc-

11801), anti-PP2A/A (sc-6113), Anti CDK2 (sc-163) polyclonal antibodies  and anti-HA 

(sc-7392), anti B55α (sc-81606) mouse monoclonal antibody were obtained from Santa 

Cruz Biotechnology. Anti-p130 (R27020) and Anti-PP2A (1D6) monoclonal antibodies 

were supplied by Transduction Laboratories and Upstate Biotechnology, respectively. 

Anti pan B56 polyclonal antibody cat# B13009-51 was obtained from stratagene. We 

also used a monoclonal antibody that recognizes ST (mAb-419) provided by E. Moran. 

 

2.9 Flow cytometry 

 

Cells were trypsinized and washed with ice cold PBS containing 1% calf serum. These 

cells were fixed via addition of 4 times the volume of ice cold methanol. Cells were 

allowed to fix overnight at 4°C, washed with 1 ml of ice cold PBS containing 1% calf 

serum and then resuspended in 0.5 ml of the same. Cellular DNA was stained via 

addition of 1/100 volumes of a 38 mM solution of sodium citrate containing 200 μg/ml 

propidium iodide (PI) and 10 mg/ml of DNase free RNase A. PI content of the cells were 

measured using a Becton Dickinson FACS Calibur flow cytometer. Post-acquistion data 

analysis was performed using Modfit LT 3.1.  
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2.10 In Vitro Phosphatase Assays 

 

For phosphatase assays, cells were lysed in 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 

mM EDTA, 1 mM EGTA, 0.1% Triton X-100, 1 mM DTT, 0.1 mM PMSF, 10 μg/ml 

leupeptin, 4 μg/ml aprotinin and 4 μg/ml pepstatin (phosphatase lysis buffer, PhLB). OA 

was added to the PhLB or cell lysates at concentrations of 5 nM or 1 μM as indicated. 

PP2A and PP1 activities in cell extracts were determined using 32P-labeled phosphorylase 

a as an exogenous substrate, as described previously (Favre et al., 1997; Yan et al., 

1999). The relative proportion of cellular PP2A and PP1 activities were distinguished by 

“in vitro” adding 1–5 nM OA (which inhibits PP2A, but not PP1) or 1 μM OA (which 

inhibits both PP2A and PP1) to the assay buffer (Favre et al., 1997; Yan et al., 1999).  

 

2.11 In Vitro De-phosphorylation Assays 

 

 Soluble Histone H1 and 50 μg of GST-p107 immobilised on glutathione beads was 

phosphorylated by mixing with 5 μl of the purified cyclin A-CDK2 complex (Millipore) 

in kinase buffer (50mM HEPES pH 7.2), 10 mM MgCl2, 5mM MnCl2) supplemented 

with 50 μM ATP and 10 μCi (γ−32P)-ATP. The sample was incubated for one hour at 

30°C. Following the incubation, the beads were collected by centrifugation and washed 

four times in wash buffer containing 20 mM HEPES, pH 7.4 and 10 mM EDTA. One-

tenth of the reaction was run on a 8% SDS-PAGE gel. The gel was stained with 

Coomassie Brilliant Blue stain, dried and exposed to X-ray film to assess the degree of 

p107 phosphorylation. Phosphorylated GST-p107 was resuspended in phosphatase buffer 
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(50 mM Tris, pH 7.6, 0.7 mg/ml BSA, 50 mM NaCl, 0.4 mM EDTA) supplemented with 

20% glycerol, aliquoted, and stored at -80°C until further use. Phosphorylated histone H1 

was TCA-precipitated and redissolved in phosphatase buffer. 

Dephosphorylation assays using the 32P-labeled GST-p107 as substrate were performed 

using purified PP2A heterotrimers with the following subunit composition- AC-56γ2, 

AC-B55α (obtained from Dr Mumby’s lab) (Yan et al., 2000). For each 

dephosphorylation assays, 3 μg of GST-p107 was incubated in the presence of 1.5 μg of 

each PP2A oligomer in phosphatase buffer at 30°C for 30 minutes. Following incubation, 

the beads were pelleted and the supernatant was removed. The reaction was stopped by 

addition of SDS-PAGE loading buffer and resolved on an 8% gel. The gel was stained 

with Coomassie Brilliant Blue stain, dried and exposed to X-ray film to assess the degree 

of p107 dephosphorylation. 

 

2.12 Kinase Assays 

 

Cells were lysed in complete DIP buffer. CDK2, CDK4 and CDK1 were 

immunoprecipitated with respective polyclonal Santa Cruz antibodies from 300 μg of 

whole protein extracts and protein A sepharose beads. The immunocomplexes were 

washed four times with complete DIP buffer and two additional times with kinase buffer 

(50 mM HEPES (pH 7.2), 10 mM MgCl2, 5 mM MnCl2). Kinase assays were performed 

at 30°C for 30 min in kinase buffer containing 1mM DTT, 20 μM ATP (10 μ 

Ci/reaction), and 1 μg of substrate (histone H1). The reactions were stopped by adding 
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equal volumes of 2X Laemmli sample buffer and boiling samples. Substrates were 

resolved by SDS-PAGE and gels were dried and visualized by autoradiography. 

 

2.13 In vitro binding assays 

 

Purified recombinant complexes of PP2A containing either B55α, PR48 and B56γ2 were 

kind gift from Dr. Mumby (Yan et. al., 2000). The recombinant holoenzymes were 

obtained after coexpression of the three subunits in insect cells. Complexes were affinity 

purified by means of a His-tag fused to the A subunit and further purified via ion-

exchange and gel filtration FPLC. Despite this purification scheme, an excess of free A 

subunit was still observed which was more prominent in the trimeric complex containing 

B56γ2 and PR48. Thus, I normalized the amount of trimeric enzyme by comparing the 

levels of PP2A/C for the three PP2A holoenzymes in SDS/PAGE Coomassie stained 

gels. 2 μg of GST-pocket proteins or the deletion constructs bound to glutathione beads 

were incubated in the presence of 300 μg lysates or 1 μg of recombinant purified 

holoenzyme PP2A complexes in complete DIP buffer. Following incubation, the beads 

were pelleted and the supernatant was removed. The beads were washed 4-5 times with 

ice-cold complete DIP before resuspension in 2x laemmli sample buffer. Proteins were 

resolved by SDS-PAGE and confirmed by western blotting. 
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2.14 shRNA cell-lines: 

 

shRNA cell lines were generated by co-transfecting the retroviral plasmid or the pSUPER 

plasmids encoding specific shRNAs with a pBABE puro plasmid in the ratio of 1:10 and 

selecting the cell lines with 2 μg/ml concentration of puromycin for 72hrs. List of 

retroviral constructs acquired from open biosystems (Table 6). 

pSUPER B55α and PR48 shRNA constructs were a gift from Dr Bernards. These were 

provided as mixed pool of four independent shRNA vectors for each target. Individual 

shRNA plasmids were isolated via limited transformation and confirmed by sequencing. 

The sequences of the plasmids are listed in Table 7. 
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Table 6 

Gene Name Clone ID 

B55α − PPP2R2A V2HS_78653 

 V2HS_78652 

 V2HS_78650 

B55δ − PPP2R2D V2HS_175728 

PR48- PPP2R3B V2HS_85691 

 V2HS_71705 

PP2A/Aα - PPP2R1A V2HS_197495 

PP2A/Aα - PPP2R1B V2HS_170347 

 V2HS_170348 

B56α- PPP2R5A V2HS_57967 

 V2HS_57968 

PR72- PPP2R3A V2HS_39816 

PR130- PPP2R3A V2HS_244249 

PR53- PPP2R4 V2HS_66644 

 V2HS_66645 

PP2A/Cα−PPP2CA V2HS_170338 

PP2A/Cβ-PPP2CB V2HS_173256 
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Table 7 

GENE NAME PRIMER SEQUENCES 

B55α − PPP2R2A CAGGAGATAAAGGTGGTAG 

 GACCAGAAGGGTATAACTT 

 CATATTTATCTGCAGATGA 

PR48- PPP2R3B CACGCACCCGGGGCTGTCG 

 CGTCTTCTTCGACACCTTC 

 

Note: A vector encoding a scrambled sequence and Empty pSUPER constructs were used 

as a negative control.  
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CHAPTER 3 

RESULTS 

 

 

 Previous studies in the Graña lab leading to the formulation of this thesis 

hypothesis: 

 

As described in the Introduction pocket proteins are rapidly dephosphorylated during 

mitosis, and this hypophosphorylated state is maintained in the following early to mid G1 

phase (Ludlow et. al., 1993; Mayol et. al., 1996; Calbo et. al., 2002). PP1 has been 

shown to associate with pRB in mitosis and early G1 (Berndt et. al., 1997; Liu et. al., 

1999) leading to dephosphorylation of pRB (Ludlow et. al., 1993; Alberts et. al., 1993; 

Nelson et. al., 1997). Comparison of the kinetics of dephosphorylation of the three pocket 

proteins lead to the assumption that they were targeted similarly by PP1. However, work 

performed in this laboratory previous to the inititation of this thesis lead to a series of 

intriguing observation as detailed in this chapter. This work was done in a collaborative 

effort by members of the lab including myself and eventually led to a publication. Figs. 1 

and 2A listed in this thesis were done by other members of the lab and are included here 

as an introduction for clarity. Figs. 2B, 2C, 3 and 4 were done by me (Garriga et. al., 

2004). 
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 PP2A plays an active role in maintaining pocket protein phosphorylation. 

 

3.1 CDK inhibitors and CHX induce rapid changes in phosphorylation status of 

pocket proteins. 

 

 A series of intriguing observations were made when studying the turnover of pocket 

proteins. The first unexpected finding was that inhibition of protein synthesis leads to 

rapid dephosphorylation of pocket proteins. In a representative experiment, 

asynchronously growing human T98G and U-2 OS cells were treated for the indicated 

times with either vehicle or Cycloheximide (CHX), at a concentration typically used to 

inhibit protein synthesis. Cells were harvested, lysed and lysates were resolved by 

SDS/PAGE followed by western blot analysis with specific antibodies. The 

representative Fig. 1 shows that treatment of both T98G and U-2 OS cells with CHX, led 

to rapid and coordinated changes in the phosphorylation status of pocket proteins.  The 

changes included: (a) rapid downregulation of hyperphosphorylated p107 as early as 1 

hour post-treatment, (b) downregulation of p130 hyperphosphorylated form 3 as early as 

2 hour post-treatment, (c) accumulation of hypophosphorylated forms of pRB. It was 

interesting to note that p130 and pRb do maintain partially hyperphosphorylated forms 

and are quite stable throughout the time course. As the rapid shift to hypophosphorylated 

pocket proteins correlated with downregulation of D-type cyclins, the positive regulatory  

subunits of G1 CDKs ( CDK4/6) that phosphorylate pocket proteins, a pan CDK inhibitor 

was used to determine if inhibition of CDK activity leads to rapid and concomitant 

pocket protein dephosphorylation. Asynchronously growing T98G and U-2 OS cells were 
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treated for indicated time periods with either vehicle or 50 μM Flavopiridol (FVP), a 

known  potent CDK inhibitor ( reviewed in Senderowicz et. al., 2000; Zhai et. al., 2002 ). 

FVP treatment led to abrupt dephosphorylation of the three pocket proteins. Together 

these results suggested that when the CDK activity is compromised, a constitutively 

active phosphatase dephosphorylates pocket proteins.  
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3.2 Selective inhibition of PP2A by Okadaic acid and Calyculin A prevents 

dephosphorylation of pocket proteins induced by inhibitors of CDK activity.  

 

As PP1 had been shown to dephosphorylate pRb in mitosis (Ludlow et. al., 1993; Alberts 

et. al., 1993; Nelson et. al., 1997) and PP2A had been implicated in dephosphorylating 

p107 upon treatment with both UV (Voorhoeve et. al., 1999) experiments were 

performed to test whether PP2A, PP1 or both were involved in FVP induced 

dephosphorylation of pocket proteins. To this end, cells were pretreated with known 

inhibitors of these phosphatases prior to FVP treatment. T98G cells were pretreated with 

either vehicle or Okadaic acid, at a concentration known to inhibit PP2A specifically (see 

Table 1) before treating with FVP for indicated time points (Fig. 2A). In this 

representative experiment, pretreatment with 100 nM Okadaic acid for 5 hrs clearly 

inhibited FVP induced dephosphorylation of p130. I then performed in vitro phosphatase 

assays using extracts from the treated cells to establish the selectivity of phosphatase 

inhibitors in vivo. Measurement of PP2A and PP1 activity in cell extracts of the treated 

cells confirmed the selectivity of Okadaic acid for PP2A in vivo for both T98G and U-2 

OS cells as described below. PP1 and PP2A activities in protein extracts of differently 

treated cells were assayed using 32P-labeled phosphorylated glycogen phosphorylase a as 

a substrate. Okadaic acid was added to the in vitro assay to distinguish PP2A and PP1 as 

indicated in Fig 2B and Fig. 2C. Okadaic acid inhibits PP2A in vitro with an IC50 of 0.1 

nM. Thus, PP2A activity is mostly inactivated when OA is added to extracts at 5 nM 

concentration. Both PP2A and PP1 are inactivated when OA is added at a 1 μM 

concentration. In whole protein extracts of cells treated in vivo with 100 nM Okadaic 

acid, phosphorylase a dephosphorylation is similar to that seen in extracts on untreated 
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cells incubated in 5 nM OA. The remaining activity is equally sensitive to inhibition with 

1μM OA in both cells treated or untreated with OA demonstrating that PP1 was not 

inhibited in cells incubated with OA at a 100 nM concentration in vivo.  

   Similar experiments were also performed using Calyculin A. Calyculin A is a potent 

inhibitor of both PP2A and PP1 in vivo (Favre et. al., 1997). However, it has been 

reported previously that PP2A, but not PP1, is completely inhibited in cells treated with 

Calyculin A at a concentration of 50 nM for 4 hrs (Yan et. al., 1999).  As shown in Fig. 

2B, T98G cells pretreated Calyculin A for 2 hrs clearly inhibited FVP induced pocket 

protein dephosphorylation at a concentration as low as 10 nM. I then performed 

phosphatase assays as already described. I found that under our experimental conditions 

Calyculin A partially inhibited other phosphatases in addition to PP2A in vivo, as 

demonstrated by the diminished 5 nM Okadaic acid-resistant phosphatase activity 

detected in the extracts of cells treated with Calyculin A (Fig 2B and Fig. 2C). 

   Since Okadaic acid exhibits high selectivity towards PP2A in intact cells at the 

concentrations used in this study, the above results suggest that PP2A, or a PP2A-like 

enzyme, is responsible for maintaining a certain level of pocket protein phosphorylation 

in the cell. Notably, the FVP-treatment experiments were done using asynchronously 

growing T98G cells. Therefore, the abrupt dephosphorylation of pocket proteins seen as 

early as 1 hr indicates that dephosphorylation is not restricted to cells at a particular phase 

of the cell cycle. This suggests that PP2A modulates the phosphorylation status of pocket 

proteins throughout the cell cycle which is dependent on equilibrium with kinase 

activities that target pocket proteins. 
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Figure 2. Selective inhibition of PP2A by Okadaic acid and Calyculin A prevents 

dephosphorylation of pocket proteins induced by inhibitors of CDK activity.  

A  

 

(Garriga et. al., 2004) 

Figure 2A. Calyculin A and OA (PP2A-selective inhibitors) inhibit flavopiridol (FP) 

induced dephosphorylation of pocket proteins. T98G cells were pretreated with 10 nM 

Calyculin A, 100 nM OA or their respective vehicles and then incubated in the presence 

of 50 μM FP for the indicated periods of time. Cells were harvested and protein lysates 

were resolved by 6% SDS-PAGE followed by western blot analysis with specific 

antibodies  (Garriga et. al., 2004) .  
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Figure 2B. PP1 and PP2A activities in protein extracts of T98G and U-2 OS cells. 

Cells were treated with OA (5 hrs), Calyculin A (2 hrs) or vehicle (ethanol for 2 or 5 hrs) 

at the indicated concentrations. PP1 and PP2A activities in protein extracts of OA/Cal A 

or vehicle (V) treated cells were assayed using 32P-labeled phosphorylated glycogen 

phosphorylase a as a substrate. OA was added to the extracts to distinguish PP2A and 

PP1 activities when indicated. OA inhibits PP2A in vitro with an IC50 of 0.1 nM and it is 

mostly inhibited at a 5 nM concentration. PP1 activity is mostly inhibited in the presence 

of 1μM OA. Thus, addition of 5 nM OA to an extract allows measurement of PP1 

activity, while addition of 1 µM prevents detection of both PP2A and PP1 activities. In 

the presence of vehicle the activity detected is the sum of PP2A plus PP1 activities. 

Similar results were obtained in three independent assays. Phosphatase activities are 

represented as 32P liberated acid soluble cpm (Garriga et. al., 2004).  

Arrows represent the PP2A and the PP1 activities in the vehicle treated cells, measured 

by addition of 5 nM and 1 µM OA to its lysate.  
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3.3 Inhibition of serine/threonine protein phosphatases leads to 

hyperphosphorylation of pocket proteins without upregulating CDK activity.  

 

To further demonstrate the role of PP2A in modulating the phosphorylation status of 

pocket proteins, I treated asynchronously growing 293 cells and serum starved T98G 

cells with Calyculin A at indicated concentrations for 2 hours (Fig.3A). A dramatic 

hyperphosphorylation of pocket proteins upon treatment with Calyculin A in 

asynchronously growing 293 and T98G cells was observed (Fig.3A). This 

hyperphosphorylation was more pronounced upon treatment with 50 nM Calyculin A. 

Indeed, limited phosphorylation of p130 and pRb is also induced in quiescent T98G cells 

treated with Calyculin A.  To rule out an indirect activation of CDKs in response to PP2A 

inhibition, I also determined the activity of the main G1 CDKs in in vitro kinase assays 

using GST-pRb as exogeneous substrate. The kinase assays revealed that the  

hyperphosphorylation of pocket proteins is not due to increased CDK activity, as CDK4, 

CDK2 and CDK1 activities are mostly downregulated by Calyculin A at the 

concentrations used (Fig.3B). To further confirm that slowly migrating forms of pocket 

proteins correspond to hyperphosphorylated forms, cell lysates of both T98G and 293 

cells treated with Calyculin A were incubated with potato acid phosphatase (PAP). 

Treatment with PAP reduced the hyperphosphorylated p130 to a hypophosphorylated 

state demonstrating that the shift in the migration of p130 was due to 

hyperphosphorylation (Fig.3C).    
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Figure 3. Inhibition of serine-threonine phosphatases using Calyculin A leads to 

hyperphosphorylation of pocket proteins without upregulating CDK activity. (A) 

Exponentially growing or serum-starved T98G cells were treated with the indicated 

concentrations of Calyculin (Cal A) for 2 hrs. Changes in phosphorylation status were 

assayed by western blot. (B) The indicated associated-CDK activities were measured by 

immuno-kinase assays using GST-pRB as exogenous substrate. Bars represent the 

relative associated kinase activity of CDK4, CDK2 and CDK1 upon treatment of cells 

either with indicated concentrations of Cal A or Vehicle. (C) The above treated cell 

lysates were immunoprecipitated with p130 antibody and the immunocomplexes were 

incubated with potato acid phosphatase (PAP) to confirm that the slowly migrating p130 

forms are hyperphosphorylated forms (Garriga et. al., 2004). 

 

  A 

(Garriga et. al., 2004) 
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3.4 p130 associates with PP2A in vivo. 

 

The experiments described above with selective inhibitors of PP2A, as well as, 

experiments performed by others in the lab that indicated that the dephosphorylation 

induced by CDK inhibitors (CHX and FVP) was sensitive to the expression of SV40 

small t antigen strongly indicated that the PP2A was directly or indirectly involved in this 

process. Therefore, I sought more direct evidence of an implication of PP2A in 

dephosphorylation of pocket proteins, by determining if PP2A forms a stable complex 

with p130 in vivo. Endogeneous p130 was immunoprecitated from asynchronously 

growing T98G cell lysates treated with or without cycloheximide. PP2A/C was detected 

in p130 immunocomplexes. However, when I performed the  immunoprecipitation with 

anti-p130 antibodies in the presence of p130 antigenic peptide that was used to raise the 

antibody, no p130 or PP2A/C was detected in the immunocomplexes, demonstrating that 

the interaction between p130 and PP2A/C is specific (Fig. 4). Interestingly, treatment of 

T98G cells with CHX for 7 hrs did not change the amount of PP2A/C 

coimmunoprecipitating with p130 suggesting that there is no increased association of the 

PP2A/C with p130 in the presence of CHX. Experiments done by others in the lab 

demonstrated that p107 also associated with the PP2A/C and both p130 and p107 

associated with PP2A/C throughout the cell cycle (Garriga et. al., 2004).  In contrast, 

others and I failed to detect, neither p130 nor p107 in PP2A immunocomplexes, which is 

not unexpected as this antibody failed to clear all PP2A/C from the cell extracts (data not 

shown). The above results further confirmed the role of PP2A in modulating the 

phosphorylation status of pocket proteins, and suggested a direct role in 

dephosphorylation of pocket proteins by PP2A. These data together with the observation 
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made by others in the lab that ectopic expression of cyclin D1 delays the effects of CHX 

(Garriga et. al., 2004), suggest an equilibrium model for the modulation of pocket protein 

phosphorylation. 

While we had implicated PP2A in modulating the phosphorylation status of the pocket 

proteins as part of a dynamic equilibrium with CDKs throughout the cell cycle, it was 

essential to further identify the specific holoenzyme complexes playing a role in this 

equilibrium as well as in periods of cellular stress. My hypothesis was that one or more B 

unit containing PP2A holoenzyme was targeting the pocket proteins and modulating its 

phosphorylation status throughout the cell-cycle.  In this regard, my goals were a) to 

identify the specific B unit containing PP2A holoenzyme complex that targets each of the 

pocket proteins b) to further determine if these specifc PP2A holoenzyme complexes 

along with CDKs modulate the steady state phosphorylation of pocket proteins in normal 

cycling cells.  
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Figure 4. PP2A associates with p130 in cells. Immunoprecipitations were performed 

with affinity purified polyclonal antibodies raised to p130 in the presence or absence of 

the antigenic peptide using exponentially growing T98G cell-lysates. Western blots were 

performed with anti-p130 and anti-PP2A monoclonal antibodies. 
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CHAPTER 4 

 

RESULTS 

 

 

3.5 Pocket proteins associate with endogeneous PP2A complexes in human cell 

lysates in GST pull downs. 

 

After establishing a role for PP2A along with various kinases in modulating the 

phosphorylation status of pocket proteins, it was necessary to characterize the PP2A 

holoenzyme complex responsible for targeting pocket proteins. To this end, recombinant 

GST-p130, GST-p107 and GST-pRb, fusion proteins generated in the bacteria were used 

in in vitro pull down assays of cell lysates of asynchronously growing T98G and U-2 OS 

cells. 

Approximately equimolar amounts of the three glutathione Sepharose–bound GST pocket 

proteins were used for the pull down assays upon visual quantification of Coomassie 

stained SDS/PAGE. An excess of un-fused GST was used as a negative control. Protein 

complexes were permitted to form between the cellular proteins contained in the lysates 

and the GST-pocket proteins. This was followed by centrifugation and washing of bead 

bound material. The pelleted material was re-suspended in loading buffer and resolved 

via SDS-PAGE and western blots were performed using relevant antibodies.  All three 

GST pocket proteins pulled down the structural (PP2A/A) and catalytic (PP2A/C) 

subunits of the PP2A holoenzyme complex. Notably, p107 reproducibly pulled down 

more PP2A/C and PP2A/A than p130 or pRb suggesting that p107 interacts more tightly 
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with PP2A/A and PP2A/C than the other two pocket proteins (Fig. 5A). As this property 

could conceivably facilitate identification and characterization of the PP2A holoenzyme, 

p107 was used as the prototype for further studies.  

To demonstrate if there was a dose-dependent interaction between GST-p107 and PP2A 

subunits, pull downs of asynchronously growing T98G cell lysates were performed with 

increasing amounts of GST-p107. It was observed that GST-p107 pulled down PP2A/C 

and A in a dose-dependent manner further solidifying the interaction data (Fig.5B).  

 Since the data described in the previous chapter suggests that PP2A modulates the 

phosphorylation status of pocket proteins throughout the cell cycle, I sought to determine 

if the association between pocket proteins and PP2A is maintained throughout the cell 

cycle. To this end, T98G cells were serum starved and re-stimulated with FBS and 

collected at different points post-stimulation essentially as described. Pull downs with 

GST-p107 or excess of unfused GST protein were carried out with the whole cell 

extracts. The protein complexes were resolved by SDS-PAGE followed by western blot 

analysis. Fig.5C shows that recombinant p107 forms tight complexes in vitro, with 

PP2A/C and PP2A/A subunits present throughout the cell cycle. These constitutive 

associations are compatible with the rapid dephosphorylation of pocket proteins observed 

following CDK inhibition in asynchronous populations of exponentially growing cells.  
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Figure 5. Pocket proteins associate with endogeneous PP2A complexes throughout 

the cell cycle (A). In vitro pull-down assays were performed using GST tagged pocket 

proteins and cell lysates of exponentially growing U-2 OS cells. 300 µg of whole cell 

lysate were incubated with comparable amounts of affinity purified fusion GST-pocket 

proteins or excess of unfused GST protein loaded with glutathione beads. Supernatants 

and bound proteins (pull-down) were resolved via SDS/PAGE and analysed by western 

blot with antibodies specific for the proteins indicated. GST protein levels were detected 

via Coomassie blue staining. (B) 300 µg of cell lysates of exponentially growing U-2 OS 

cells were used to perform in vitro pull-down assays using increasing amounts of GST-

p107 (20, 100, 500 and 2500 ng) or an excess of GST. Binding of PP2A subunits was 

determined as in A. (C) In vitro pull-down assays were performed using GST-p107 and 

cell lysates of exponentially growing T98G cells which were synchronized by serum 

starvation and re-stimulated with 10% FBS and harvested at indicated time points. The 

various complexes were resolved by electrophoresis in 8% polyacrylamide/SDS gels 

followed by western blot analysis with specific antibodies. (D) Schematic representation 

of the position of the cells during the cell cycle at the indicated time points. 
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Pocket proteins are targeted by distinct PP2A holoenzymes 

 

3.6 p107 preferentially interacts with purified recombinant B55α and to a lesser 

extent PR48 containing trimeric human PP2A complexes. 

 

To identify the subunit composition of the PP2A holoenzyme that targets pocket proteins 

in vitro, binding assays using GST-p107 and recombinant purified human PP2A 

complexes were performed. Our collaborator, Dr. Mumby kindly provided trimeric 

recombinant purified human PP2A complexes that differ in their B subunit component, 

specifically containing B55α, B56γ2 and PR48. As described in more detail in the 

Material and Method section, the recombinant holoenzymes were obtained after co-

expression of the three subunits in insect cells. Complexes were affinity purified by 

means of a His-tag fused to the A subunit and further purified via ion-exchange and gel 

filtration FPLC. Despite this purification scheme, an excess of free A subunit was still 

observed which was more prominent in the trimeric complex containing B56γ2 and 

PR48. Thus, I normalized the amount of trimeric enzyme by comparing the levels of 

PP2A/C for the three PP2A holoenzymes in SDS/PAGE Coomassie stained gels (data not 

shown). Normalized trimeric holoenzyme complexes were incubated with GST-p107 and 

excess amounts of unfused GST in DIP buffer in a total volume of 300 μl. Binding was 

allowed to occur for a period of 1 hr followed by centrifugation and washes of beads with 

the bound complexes. Complexes were resuspended in loading buffer and resolved via 

SDS-PAGE and western blots were performed using relevant antibodies. As expected all 
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the inputs, which represent the 10% of the total amount of purified holoenzyme 

complexes used, exhibited similar amounts of PP2A/C (Fig. 6A). 

Fig. 6A demonstrates that GST-p107 preferentially interacts with trimeric recombinant 

purified human PP2A complexes containing B55α and to a lesser extent containing 

PR48. This can be clearly inferred from two separate observations: (1) more PP2A/C and 

PP2A/A was being pulled down by GST-p107 when incubated with B55α containing 

PP2A holoenzyme complexes. (2) The relative levels of B subunit in the GST-p107 

pulldowns as compared to inputs was much higher for the B55α holoenzymes, with PR48 

being detected at a much lower extent and no detection of B56γ2 . Moreover, relatively 

low levels of PP2A/C were detected in the pulldowns using B56γ2 holoenzymes, despite 

not detecting B56γ2 suggesting that PP2A/C may be able to interact with p107 directly. 

This is not surprising, since p107 is a substrate it should interact with PP2A/C, even if 

this interaction is not very stable. On the other hand, p107 is unlikely to contact PP2A/A 

directly, as the pull down signals does not reflect the inputs. 

Altogether, these results show that p107 interacts directly with PP2A holoenzymes and 

suggest that the strength of the association is determined by the B subunit. 
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Figure 6. Pocket proteins exhibit distinct selectivity for particular B subunits. (A) 

GST and GST-p107 pull-downs were performed using recombinant purified PP2A 

holoenzymes containing B55α, B56γ2 or PR48. PP2A/A and PP2A/C were coexpressed 

with a member of each B subunit family (B55α, B56γ2 or PR48) in insect cells and 

trimeric complexes purified as described previously (Yan et. al., 2000). Comparable 

amounts of the three trimeric complexes normalized by amount of PP2A/C in the 

complex were incubated with GST-p107 or GST and thoroughly washed. Supernatants 

and bound proteins (pull-down) were resolved via SDS/PAGE and analysed by western 

blot with antibodies specific for the proteins indicated. (B) U-2 OS cells were transfected 

with different HA-tagged B subunits to obtain comparable levels of ectopic expression. 

The cells were lysed and the lysates were used to perform pull-down assays using GST 

fusion proteins for the three pocket proteins. The various complexes were resolved by 

electrophoresis in 8% polyacrylamide/SDS gels followed by western blot analysis with 

specific antibodies. 
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3.7 p107 and p130 interact with B55α in vivo .      

 

After observing that p107 interacts specifically with B55α in vitro, the next step was to 

recapitulate this interaction in cultured mammalian cells. Asynchronous U-2 OS cells 

were mock transfected or transiently transfected with plasmids encoding HA-

B55α  and/or ΗΑ-p107 as indicated in Fig 7A. Similarly, they were co-transfected in 

combination with FLAG-p107 and/or HA-B55α as indicated and cells were harvested 48 

hrs post-transfection. The resulting lysates were subjected to immunoprecipitation and 

western blot analysis. Specifically, p107 and FLAG antibodies were used to 

immunoprecipitate p107-55α complexes, and anti-HA, anti-FLAG and anti-PP2A/C 

antibodies were used to visualize the components of complexes. Both FLAG and p107 

immunoprecipitation pulled down B55α, as detected by western blotting with anti-HA 

antibodies as shown in Fig 7A. This was observed only in lysates of cells transfected with 

p107 and B55α  but not in the lysates of cells transfected with either, p107 or B55α    

demonstrating the specificity of the IPs. These results show that p107 interacts with 

B55α in cells ectopically expressing these proteins. Moreover, immunoblotting of the 

immunocomplexes with anti PP2A/C antibodies, confirmed the interaction of PP2A/C 

with endogeneous p107 as reported previously (Garriga et. al., 2004) and showed an 

enrichment in the immunoprecipitates of the lysates ectopically expressing B55α.  

In order to establish whether the selectivity of B55α for p107 and p130 observed in vitro, 

is re-capitulated in vivo. U-2 OS cells were co-transfected in combination with each of 

the FLAG-tagged pocket proteins and HA-B55α or by themselves, as indicated. Cells 

were transfected with Fugene 6 and harvested 48 hrs post-transfection. The resulting 
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lysates were subjected to immunoprecipitation with FLAG or control IgG antibodies and 

western blotting was performed with FLAG antibodies. Both p130 and p107 

immunoprecipitated B55α, while pRb failed to do so (Fig. 7B). Immunoprecipitations 

with p107 antibody confirmed its association with in B55α cells (Fig. 7A). Thus this 

confirms the selectivity of B55α PP2A holoenzymes for these two pocket proteins, as it 

had been observed in vitro (Fig.6B). 
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3.8 Mapping of the p107-PP2A interaction. 

 

3.8.1 Deletion of the p107 “Spacer” results in decreased association with PP2A/C 

and PP2A/A. 

Preliminary experiments had revealed that GST-p107 as well as the pocket of GST-p107 

pull down endogeneous PP2A from 293, T98G and U-2 OS cell-lysates (data not shown). 

To further map the domains that could be involved in the interaction, site directed 

mutagenesis was employed to precisely generate GST-tagged p107 deletion mutants, as 

detailed in the material and methods (Fig. 8B). In vitro mapping studies were performed 

via GST pull downs of lysates of asynchronously growing 293, T98G and U-2 OS cells 

with equimolar amounts of various GST p107 deletion constructs and excess unfused 

GST. Protein complexes were permitted to form between the lysates and the GST-

constructs. This was followed by centrifugation and washing of bead bound material. The 

pelleted material was suspended in loading buffer and resolved via SDS-PAGE and 

western blot analysis was performed using relevant antibodies. 

As indicated in Fig. 8A there was no PP2A/C and PP2A/A being pulled down in those 

constructs which lacked the “Spacer” element. There was also a noticeable loss of 

binding for those constructs lacking the “C” terminus. However, while “Spacer” element 

was able to pull down both PP2A/A and PP2A/C by itself, the construct having “C” along 

with partial B domain failed to pull down both PP2A/A and PP2A/C. The constructs 

having both “Spacer” and “C” terminus did pull down PP2A/A and PP2A/C comparable 

to full length GST-p107. This suggested that “Spacer” is the key mediator for the 

interaction between p107 and PP2A. Although “C” terminus enhances this interaction, by 

itself it fails to pull down PP2A suggesting that PP2A makes primary contact with the 
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spacer of p107. Moreover, I also performed western blots to confirm that binding 

domains required for this interaction are unique or differ from that of other p107 

interacting proteins such as cyclin A, CDK2, and E2F4. The results indicate a binding 

domain specifically similar to that of the Cyclin A/CDK2 complex, and distinguishable 

from that of E2F-4. This is not unexpected as the cyclin A/ CDK2 complex has a binding 

site in the spacer of p130/p107. The absence of p27 on the beads demonstrates the 

specificity of these interactions. 
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Figure 8. Mapping of the p107-PP2A interaction 

 

 

 

A 

 

 

 

Figure 8A. Deletion of the p107 “spacer” leads to decreased association with PP2A.  

Schematic representation of the various deletion constructs and their relative binding 

strength to PP2A. 
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Figure 8B. Deletion of the p107 “spacer” leads to decreased association with 

PP2A/A and PP2A/C. Equimolar amounts of wild type and mutant GST- p107 deletion 

constructs or GST loaded onto glutathione beads were incubated with exponentially 

growing U-2 OS cell lysates. Complexes were analysed by SDS-PAGE and western blot 

with specific antibodies. 
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3.8.2 Deletion of the p107 “Spacer” results in decreased association with 

exogeneously expressed B55α. 

To further determine if the domains involved for the interaction between p107 and 

B55α were same as that of PP2A/C and PP2A/A, I performed pull down assays with 

GST-p107 deletion mutant proteins and whole cell lysates expressing equivalent amounts 

of several HA-tagged B units. U-2 OS cells were transiently transfected with plasmids 

encoding various HA-tagged B subunits using Fugene 6 and harvested 48 hrs post-

transfection. The resulting lysates were subjected to SDS-PAGE and western blot 

analysis with anti-HA antibodies to ensure that all of the expression vectors expressed to 

comparable levels. The lysates were then subjected to pull down assays with equimolar 

amounts of GST-p107 deletion mutant proteins in DIP buffer. As in the earlier case, 

GST-p107 “Spacer” pulled down both B55α and PR48. “C” terminus enhanced this 

interaction although it failed to pull down B units by itself. GST-p107 constructs 

containing both “Spacer” and “C” terminus pulled B55α and PR48 comparable to that of 

full length GST-p107 (Fig. 8C). Importantly, we also observed an enrichment in the 

amount of PP2A/C and PP2A/A pulled down in presence of B55α regulatory subunit. 

Indeed, the p107 spacer construct only pulled down detectable PP2A/A and PP2A/C if 

B55α was expressed. Again, altogether this strongly suggests that the spacer of p107 

targets the PP2A holoenzyme preferentially through B55α.  
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Figure 8C. B55α containing PP2A holoenzymes interact with the spacer of p107.  

U-2OS cells were transfected with the indicated HA-tagged B subunits to obtain 

comparable levels of ectopic expression. The cells were lysed and the lysates were used 

to perform pull-down assays using GST-p107 deletion constructs as described previously.  
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3.8.3 Deletion of the p107 “Spacer” results in decreased association with trimeric 

recombinant purified human PP2A holoenzyme containing B55α. 

To validate the above data in a cell-free in vitro system, pull downs were performed using 

a subset of GST-p107 deletion fusion proteins and recombinant purified human PP2A 

complexes containing either B55α or B56γ2. As in the case with lysates exogeneously 

expressing B subunits, the data suggested that the “Spacer” and “C” terminus of p107 

contact the recombinant purified human PP2A holoenzymes. The spacer seems to make 

the primary contact, while the C-terminus enhances this interaction as indicated in Fig. 

8D. However, as previously, noted none of the GST-p107 fusion proteins associated with 

the B56γ2 holoenzyme complex or the excess free PP2A/A present in this purified 

sample. 
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Figure 8D. Recombinant purified PP2A/B55α but not B56γ2 holoenzymes interact 

with the spacer of p107. Pull-downs were performed using GST-p107 deletion 

constructs and recombinant purified PP2A holoenzymes containing B55α or B56γ2 as 

described in Fig. 6A. Complexes were resolved by electrophoresis in 10% 

polyacrylamide/SDS gels followed by western blot analysis with the indicated specific 

antibodies. 
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3.9 The interaction between p107 and PP2A is B55α dependent. 

 

3.9.1 Expression of SV40 small t antigen reduces the amount of PP2A/C and 

PP2A/A pulled down by GST-p107. 

Considering, B55α enhances the amount of catalytic and structural units being pulled 

down with GST-p107 it was necessary to determine if this interaction was B55α unit 

dependent. It is known that the small and middle tumor antigens of SV40 and Polyoma 

DNA tumor viruses bind to the PP2A core dimer and can displace some of the 

endogeneous regulatory subunits (Chen et. al., 2007; Cho et. al., 2007). SV40 small 

tumor antigen (ST) displaces the B55α subunit from native PP2A in vitro and in intact 

cells (Janssens et. al., 2003; Arroyo et. al., 2005). Moreover, work in this lab has shown 

that CHX induced dephosphorylation of pocket proteins is inhibited by ST (Garriga et. 

al., 2004). The amount of PP2A/C and PP2A/A binding to p107 was determined in 

presence of ST.  

Asynchronous U-2 OS cells were mock transfected or transiently transfected with 

plasmids encoding various HA-tagged B subunits using Fugene 6. 24 hrs post-

transfection cells were infected with recombinant Adenoviruses expressing either ST or 

the control β-galactosidase and the cells were harvested 24 hrs later and subjected to GST 

pull downs with either GST-p107 or excess unfused GST as described earlier after 

ensuring comparable expression of various HA-tagged B subuints.  

As the Fig.9A indicates in the presence of ST there is a marked reduction in the amount 

of PP2A/C and PP2A/A being pulled down compared to that being pulled down in 

presence of β-galactosidase. Since ST is known to displace some of the regulatory 
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subunits, this result strongly suggests that a B subunit mediates the interaction between 

p107 and PP2A/C.  

 

3.9.2 ST effectively dissociates B55α from PP2A/C. 

As mentioned previously, it is well established that SV40 small tumor antigen displaces 

the B55α subunit from native PP2A in vitro and in intact cells (Janssens et. al., 2003; 

Arroyo et. al., 2005). However, there have been conflicting reports as to whether SV40 

small t antigen can displace B56 family members and other B subunits.  Therefore, I 

sought to determine if there was effective dissociation of B55α from the 

B55α holoenzyme trimeric PP2A complex in presence of ST antigen and if such a 

disruption was affecting the p107-PP2A/C complex formation under our experimental 

conditions. 

Asynchronous U-2 OS cells were mock transfected or transiently transfected with 

plasmid encoding various HA-tagged B subunits. Cells were transfected with Fugene 6 

transfection reagent. 24 hrs post-transfection cells were infected with recombinant 

Adenoviruses expressing either ST or the control GFP. The cells were harvested 48 hrs 

post-transfection and lysed in DIP buffer. The resulting lysates were subjected SDS-

PAGE and western blotting. It was made sure that all of the expression vectors expressed 

to comparable levels by probing with anti-HA antibody (Fig. 9B). It was also noted that 

in the presence of ST there was a decreased expression of all the regulatory B units. The 

resulting lysates were subjected to immunoprecipitation and western blot analysis. 

Specifically, HA antibodies were used to immunoprecipitate PP2A complexes, and anti-

HA and anti-PP2A/C antibodies were used to detect subunits in the immunocomplexes.  
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As expected, Fig. 9B shows that PP2A/C form complexes with all B subunits in presence 

of β-galactosidase. But there was complete disruption of B55α holoenzyme trimeric 

PP2A complexes when ST was expressed, as indicated by the absence of PP2A/C in the 

immune complexes in the presence of ST.  However, the B56α and β PP2A complexes 

were not affected. The slight reduction in the amount of PP2A/C being pulled down with 

B56 family members correspond to the decreased expression of the B units in presence of 

ST. 

 

3.9.3 B55α  binds p107 in the presence of ST. 

In order to determine if p107 continues to bind B55α in the presence of ST, lysates from 

the earlier experiment were used to pull down with GST-p107.  The pull-down 

complexes were resolved using SDS-PAGE and visualized via western blot analysis with 

antibodies to HA. Fig. 9C shows that GST-p107 binds B55α in the presence of ST. 

Although there seems to be lesser amount of B55α being pulled down in presence of ST, 

it actually reflects the B55α levels in inputs. 

The above data suggest that ST disrupts the B55α unit binding to PP2A/C but does not 

prevent the GST-p107 binding to B55α.  Since ST dramatically reduces complex 

formation between p107, PP2A/C and PP2A/A, and the previous results demonstrate a 

direct contact between p107 and the B55α−PP2A holoenzyme, it appears certain that 

B55α is responsible for mediating the direct binding of p107 to this PP2A holoenzyme. 
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Figure 9. The interaction between p107 and PP2A is B55α dependent. Expression of 

SV40 small t (ST) reduces the amount of PP2A/A and PP2A/C pulled-down by GST-

p107 implicating a B subunit in mediating the interaction between p107 and PP2A. (A) 

U-2 OS cells were transfected with the indicated B subunits and after 24 hrs were 

transduced with recombinant Adenovirus expressing either ST or β-gal. Cells were 

collected 48 hrs post-transfection, lysed and the lysates were used to perform pull-downs 

using GST-p107. ST effects on PP2A complexes are represented schematically. (B) ST 

antigen displaces B55α from PP2A/C but not from p107. U-2 OS cells were transfected 

with different HA-tagged B subunits and 24 hrs later was transduced with recombinant 

Adenovirus expressing either ST or GFP. The cells were collected 48 hrs post-

transfection, lysed and the lysates were used to perform immunoprecipitation using HA 

polyclonal antibodies or control rabbit IgGs. Immunoprecipitates were analyzed via 

western blot with the indicated antibodies. (C) Lysates from above experiment were used 

to perform pull-down using GST-p107. Complexes were resolved by electrophoresis in 

10% polyacrylamide/SDS gels followed by western blot analysis with the indicated 

specific antibodies. 

 

B55α dephosphorylates p107. 

3.10 Recombinant purified B55α trimeric PP2A complex dephosphorylates 

phosphorylated p107 in vitro. 

 

Since B55α  associates with p107 both in vitro and in vivo and targets p107 to the 

catalytic unit PP2A/C, it was necessary to determine if such an interaction resulted in 
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dephosphorylation of p107. To address this question, in vitro phosphatase assays were 

performed using recombinant GST-p107 and purified recombinant B55α and 

B56γ2  PP2A holoenzyme complexes. First, I determined if these purified recombinant 

complexes exhibited comparable enzymatic activity. Histone H1 was phosphorylated 

using recombinant Cyclin A/CDK2 and (γ-32P) ATP. Phosphorylated Histone H1 was 

then incubated with recombinant B55α  and B56γ2 PP2A holoenzymes for 30 min. The 

above reaction was resolved on a SDS-PAGE gel, stained with Coomassie and then 

exposed to x-ray film. The autoradiogram revealed that both B55α and 

B56γ2 holoenzymes dephosphorylated 32P-labeled Histone H1, confirming their 

enzymatic comparable activity (Fig. 10A). Recombinant GST-p107 protein was labeled 

in vitro with Cyclin A-CDK2 and (γ-32P)ATP. 32P-labeled p107 was incubated with 

purified recombinant B55α and B56γ2  PP2A holoenzymes. While purified 

B55α trimeric PP2A complex dephosphorylated 32P-labeled p107 in vitro, B56γ2 failed 

to do so (Fig. 10C). Moreover, I observed dose-dependent dephosphorylation of 

phosphorylated-p107 with increased amounts of recombinant B55α, suggesting that 

when phosphorylated p107 binds the B55α PP2A holoenzyme, it can be recognized as a 

substrate by PP2A/C (Fig. 10B). 
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Figure 10. Recombinant purified B55α trimeric PP2A dephosphorylates 

phosphorylated GST-p107 in vitro. Recombinant GST-p107 and histone H1 were 

phosphorylated in vitro with cyclin A/CDK2 and (γ-P32)-ATP. (A) Comparable amounts 
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of B55α and B56γ2 containing PP2A holoenzymes were incubated in presence of 

phosphorylated substrate (histone-H1) to determine that both the enzymes were 

comparably active. (B) In vitro phosphorylated GST-p107 was incubated with increasing 

concentrations of purified PP2A/B55α for 1 hr. Glutathione loaded GST-p107 was then 

washed and loaded onto a SDS/PAGE and analysed by autoradiogram. GST protein 

levels were detected via Coomassie blue staining. (C) Phosphorylated GST-p107 was 

incubated with the indicated PP2A holoenzymes for 1 hr and then processed as described 

above. 

 

 

3.11 Transiently transfected B55α dephosphorylates endogeneous p130 and p107 in 

cultured mammalian cells. 

 

 The binding of p107 to the B55α PP2A holoenzyme in vitro and in vivo and the ability 

of this holoenzyme to dephosphorylate p107 in vitro indicates that p107 may be a 

bonafide substrate of this holoenzyme in vivo. To test this possibility, asynchronous U-2 

OS cells were transiently transfected with plasmids encoding various HA-tagged B 

subunits using Fugene 6 transfection reagent and harvested 48 hrs post-transfection. The 

resulting lysates were subjected to SDS-PAGE and western blotting with anti-HA, anti-

p130 and anti-p107 antibodies. 

As indicated in Fig. 11 B55α causes dephosphorylation of both endogeneous p130 and 

p107.  In contrast, B56 had no effect on the phosphorylation status of pocket proteins. In 

addition, Fig. 11 shows that the effects of B55α on p107 are dose dependent, similar to 
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seen in in vitro for p107.  The data correlates nicely with the interaction data, which had 

suggested that both p130 and p107 interact primarily with B55α and to a lesser extent 

with PR48 while pRb interacts only with PR48. Altogether these results, demonstrate that 

pocket proteins are selectively targeted by PP2A holoenzymes from different families 

with the likely role of modulating pocket protein phosphorylation in response to a variety 

of signals. 
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Figure 11. Ectopically expressed B55α, but not other units, dephosphorylate 

endogeneous p107 and p130. (A) U-2 OS cells were transfected with the indicated B 

units at comparable levels and their effect on the phosphorylation of endogeneous p107 

and p130 was determined via western blot analysis. (B) Dose-dependent increase in 

B55α expression leads to dose-dependent p107 dephosphorylation. U-2 OS cells were 

transfected with increasing concentration of plasmids expressing B55α . The cells were 

collected 48 hrs post-transfection, lysed and the lysates were resolved by electrophoresis 

in 6% polyacrylamide/SDS gels followed by western blot analysis with specific 

antibodies. Hypo and hyper phosphorylated forms of both p130 and p107 has been 

indicated by a hypen. 
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3.12 ST abrogates B55α  induced dephosphorylation of p107. 

 

ST is known to displace the regulatory B units from the PP2A holoenzyme complexes 

and prevent dephosphorylation of its substrates. In this regard, we tried to determine if 

55α can over-ride the ST induced hyperphosphorylation of pocket proteins. 

Asynchronous U-2 OS cells were mock transfected or transiently transfected with 

plasmids encoding various HA-tagged B subunits using Fugene 6. 24 hrs post-

transfection cells were infected with recombinant Adenoviruses expressing either ST or 

the control GFP and the cells were harvested 24 hrs later. As expected, we clearly saw the 

accumulation of hyperphosphorylated form of p130 (Form 3) and p107 in presence of ST 

(Fig. 12). In the cells expressing GFP and the different B subunits we clearly see 

dephosphorylation of both p130 and p107 in the presence of B55α. Interestingly the 

amount of B55α  that is ectopically expressed is comparable to the endogeneous levels 

and a two fold increase in B55α  is able to induce dephosphorylation of both p130 and 

p107.  Expression of ST causes decreased expression of both endogeneous p130 and 

B55α.  ST abrogates B55α  induced dephosphorylation of p107 demonstrating that 

dephosphorylation is ST sensitive. 
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Figure 12. ST abrogates B55α  induced p107 dephosphorylation. U-2 OS cells were 

transfected with the indicated B subunits and after 24 hrs were transduced with 

recombinant Adenovirus expressing either ST or GFP. Cells were collected 48 hrs post-

transfection, lysed and the lysates were resolved by electrophoresis in 6% 

polyacrylamide/SDS gels followed by western blot analysis with the indicated specific 

antibodies.  Hypo and hyper phosphorylated forms of p107 and p130 has been indicated. 

Note that ST expression leads to potent hyperphopshorylation of p107.  
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3.13 Depletion of endogeneous B55α causes hyperphosphorylation of both p130 and 

p107. 

 

Various shRNA constructs targeting the different B subunits were co-transfected in U-2 

OS with puromycin expressing vector in the ratio of 1:10. After 48 hrs cells were selected 

in puromycin for another 48 hrs. Cells were counted and re-seeded before harvesting for 

analysis of the phosphorylation state of pocket proteins. We clearly saw a shift in the 

migration of p107 in clone #3 which has more than 50% knock-down of endogeneous 

B55α, confirming the accumulation of predominantly hyperphosphorylated form of p107 

(Fig. 13A). There was also hyperphosphorylation of p130 but to a lesser extent probably 

because of compensation by other units (Fig. 13B).  Our interaction data had suggested 

that p107 had clear preference for B55α, while p130 interacted more or less equally with 

both PR48 and B55α. 
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Figure 13. Depletion of endogeneous B55α causes hyperphosphorylation of p107 and 

to a lesser extent p130. U-2 OS cells were co-transfected with shRNA constructs and 
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puromycin resistance vector at a ratio of 1:10. Forty eight hrs post-transfection, cells 

were selected with puromycin and equal number of cells were reseeded for another 24hrs 

before harvesting. Whole cell lysates were processed by electrophoresis in 6% 

polyacrylamide/SDS gels followed by western blot analysis with the indicated specific 

antibodies. Results of two different experiments are shown. Hypo and hyper 

phosphorylated forms of p107 and p130 have been indicated. 
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CHAPTER 4 

DISCUSSION 

 

4.1 PP2A reverses CDK mediated phosphorylation of pocket proteins throughout 

the cell cycle. 

 

In contrast to the widely accepted view that protein phosphatases target pocket proteins 

for dephosphorylation mainly in mitosis, our lab has proposed that there exists a dynamic 

equilibrium between CDKs and PP2A which modulates the phosphorylation status of 

pocket proteins throughout the cell cycle (Garriga et al., 2004). Previous to our lab’s 

work, it was widely believed that modulation of the phosphorylation status of pocket 

proteins in mammalian cells is mediated by a “switch on” of CDKs with a concomitant 

“switch off ” of PP1 in mid-late G1. Hyperphosphorylation of pocket proteins was 

thought to be reversed in mitosis by a “switch on” of PP1 concomitant to downregulation 

of CDKs (reviewed in Tamrakar et al., 2000). The view that pocket protein 

dephosphorylation was largely mediated by PP1 was reinforced by other data which 

suggested that PP2A affects pRB phosphorylation only indirectly, by regulating the 

activity of CDKs (Yan et al., 1999). However, our lab has observed that in addition to the 

role of PP1 in resetting pRB, and presumably p130/p107, to a hypophosphorylated state 

in mitosis and early G1, the overall balance of the equilibrium between CDKs and PP2A 

determines the phosphorylation state of pocket proteins throughout the cell cycle (Garriga 

et al., 2004). 
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Treatment of asynchronously growing cells with CHX led to rapid dephosphorylation of 

pocket proteins, which coincided with the down regulation of D-type cyclins required for 

activation of the pocket protein CDKs, CDK4 and CDK6. This occurred with no apparent 

change in the phosphatase activity targeting the three pocket proteins. Of note, virtually 

complete dephosphorylation of p107 was observed, as p107 is primarily phosphorylated 

by cyclin D/CDK (Beijersbergen et al., 1995; Xiao et al., 1996; Calbo et al., 2002). 

However, p130 and pRB were only partially dephosphorylated as presumably additional 

CDKs continue to phosphorylate both p130 and pRB under these conditions. This likely 

reflects the higher stability of the cyclins (E and A) that activate CDK2 under conditions 

of protein synthesis inhibition. Consistent with this notion, treatment of cells with a pan 

CDK inhibitor designated Flavopiridol (FVP) resulted in rapid and more complete 

dephosphorylation of pocket proteins. This suggested that when CDK activity is 

compromised a constitutively active phosphatase dephosphorylates pocket proteins. Since 

dephosphorylation was prevented by pre-treating these cells with phosphatase inhibitors 

at a concentration selective for PP2A, the pocket protein phosphatase is likely a PP2A or 

PP2A-like serine/threonine phosphatase. The involvement of PP2A on pocket protein 

dephosphorylation was further strengthened by the observation that SV40 ST 

delays/prevents p107 dephosphorylation. Moreover, we observed a physical association 

between PP2A/C and p130/p107 that was not affected by CHX treatment, strongly 

suggesting that CHX-induced dephosphorylation is not the result of increased pocket 

protein targeting by PP2A, but rather that a dynamic equilibrium between CDKs and 

PP2A is shifted to dephosphorylation when CDK activity is compromised. It is important 

to note that the interaction of PP2A with p130/p107 is maintained throughout the cell 
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cycle. This, together with the rapidity with which the CHX or FVP induces 

dephosphorylation of pocket in asynchronously growing cells, makes it evident that 

dephosphorylation occurs throughout the cell cycle and not in just one particular phase of 

the cell cycle. Taken together, our results demonstrate that PP2A is in a dynamic 

equilibrium with CDKs throughout the cell cycle. Consistent with the above finding, it 

has been recently reported that in Drosophila that PP1 is dispensable for pRB activation 

and inhibition of E2F1 dependent gene expression suggesting that another phosphatase 

acts alone or redundantly with PP1 to dephosphorylate and activate pRB (Swanhart et. 

al., 2007). 

As discussed earlier pocket protein function is regulated via phosphorylation. There are 

multiple Ser/Thr-Pro phosphorylation sites on each member of the family. In p130 alone 

there are 22 serine and threonine residues as identified by in vivo phosphopeptide 

mapping. Of these, nineteen are phosphorylated by cyclin/CDK complexes while the 

remaining three are phosphorylated by non-CDK complexes (Hansen et al., 2001). Of the 

nineteen sites phosphorylated by cyclin/CDK complexes, three (Thr 401, Ser 672 and Ser 

1035) are exclusively phosphorylated by CDK4(6) containing complexes (Canhoto et al., 

2000; Hansen et al., 2001; Parreno et al., 2001) and GSK3 has been proposed to 

phosphorylate p130 in quiescent cells (Litovchick et al., 2004). These data exemplifies 

the complexities involved in the regulation of pocket protein phosphorylation, which 

determines not only pocket protein expression levels, but also their interaction with other 

proteins and hence their functional capabilities. PP2A seems to be ensuring that 

phosphorylable sites remain phosphorylated only when their target kinases are active. 

The existence of this dynamic equilibrium may be in place to enforce rapid resetting of 
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the activating/inactivating phosphorylations that modulate pocket protein activities. We 

postulate that this mechanism allows for selective dephosphorylation of particular sites, 

based on the comparison of our results obtained with CHX and FVP. If this model is 

correct, one can predict that a cellular insult that specifically leads to rapid 

downregulation of D-type cyclin/CDK activity would result in dephosphorylation of D-

type/CDK specific sites. One biological example where this mechanism could potentially 

play a role is ionizing radiation, which has been shown to result in rapid downregulation 

of cyclin D1(Agami et al., 2000). Future experiments will be needed to test this 

possibility.  

 

4.2 Specific induction of PP2A holoenzyme may challenge CDK activity. 

 

In addition to the equilibrium mechanisms postulated above, there is now solid evidence 

of participation of PP2A in the dephosphorylation of pocket protein in response to a 

variety of stresses. While the details are far to be understood in all cases, it appears that at 

least in some instances the activity of certain PP2A holoenzymes may be specifically 

upregulated to challenge CDK activity. One such example for upregulation of PP2A 

activity is in response to oxidative stress, which elicits rapid dephosphorylation of pRB, 

p107, and p130 (Cicchillitti et al., 2003). This dephosphorylation is PP2A-dependent. 

The authors of this work showed that the PP2A core enzyme physically interacts with 

pRB and p107, and a PP2A phosphatase activity that is co-immunoprecipitated with pRB 

is positively modulated upon cell treatment with H2O2. Although they observed 

degradation of cyclin D1 this was preceeded by pocket protein dephosphorylation and 
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there was no apparent downregulation of cyclin/CDK activity, prior to dephosphorylation 

suggesting that dephosphorylation is triggered by recruitment of PP2A/C to the pocket 

proteins in response to oxidative stress. Therefore, the delayed D-cyclin degradation as 

well as p21 induction in response to oxidative stress may represent reinforcement 

mechanisms that help to keep pocket proteins in dephosphorylated state (Fasanaro et. al., 

2006).  These authors also showed that PR70 is the B subunit targeting PP2A to pRB 

upon H2O2 exposure which mobilizes Ca2+ (Magenta et. al., 2008). Another study shows 

that there is increased PP2A association with p130 upon retinoic acid-induced growth 

suppression of CAOV3 ovarian carcinoma cells (Vuocolo et al., 2003). Treatment of 

these cells with All-trans-retinoic acid (ATRA) triggered recruitment of PP2A/C to p130 

which resulted in accumulation of hypophosphorylated p130 forms which are resistant to 

ubiquitination and proteosomal degradation. This is probably one of the mechanisms by 

which ATRA induces growth arrest of ovarian carcinoma cells in G0/G1.  

PP2A has also been known to induce dephosphorylation of pocket proteins in other 

instances. For instance, PP2A allows hypophosphorylated pRB to associate with various 

chromatin sites after UV damage and prevents endoreduplication (Avni et al., 2003). 

Disruption of PP2A function by ST in γ-irradiated, S phase wt cells elicits a state of 

endoreduplication similar to that induced by DNA damage in RB-/- cells. This suggests 

PP2A suppresses abnormal post damage rereplicative activity by maintainging pRB in a 

hypophosphorylated state which is essential for targeting chromatin sites and preventing 

endoreduplication (Avni et al., 2003).  Interestingly, PP2A has also been found to 

specifically associate with p107, triggering p107 dephosphorylation and G1 arrest in NIH 

3T3 cells in response to UV irradiation (Voorhoeve et. al., 1999b). Finally rapid 
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dephosphorylation may also occur in a developmental context. For example, in 

chondrocytes, FGF induced rapid dephosphorylation of p107 by PP2A, but not p130 or 

pRB, preceding a p107-dependent G0/G1 arrest (Laplantine et al., 2002; Dailey et al., 

2003; Kolupaeva et al., 2008). Furthermore, they also discovered that rapid 

dephosphorylation of p107 induced by FGF is mediated by an E4orf4-sensitive B unit (B 

or B’ family) containing PP2A holoenzyme (Kolupaeva et. al., 2008). Thus, it appears 

that PP2A influences the phosphorylation states of pocket proteins by two major 

mechanisms a) by a constitutive activity that keeps CDK dependent/ and independent 

phosphorylation of pocket proteins in check throughout the cell cycle and in quiescent 

cells (Garriga et al., 2004) and b) by signal specific inducible PP2A activity that activates 

pocket protein function (Avni et al., 2003; Cicchillitti et al., 2003; Laplantine et al., 

2002; Dailey et al., 2003; Kolupaeva et al., 2008; Magenta et al., 2008; Voorhoeve et al., 

1999b; Vuocolo et al., 2003). 

 

4.3 Pocket proteins exhibit selectivity for different PP2A holoenzyme complexes. 

 

The challenge in the field of PP2A has been in understanding the diverse roles of PP2A 

antagonizing so many different kinases. As discussed earlier, the assembly of the active 

core, the PP2A dimer consisting of structural PP2A/A and catalytic PP2A/C, with a 

specific B unit determines the substrate specificity and sub-cellular localization making it 

even more important to understand and identify the specific holoenzyme complexes 

mediating the event.  One of the first B units identified that targets pocket proteins was 

murine PR59, a member of the R3 family of regulatory B units based on structural 
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similarity. PR59 was identified in a yeast two-hybrid screen performed using the human 

p107 pocket fused to the DNA binding domain of the yeast transcription factor GAL4 as 

bait.  It was shown that PR59 specifically interacted with p107 in vitro and in vivo and 

overexpressed PR59 resulted in the accumulation of dephosphorylated p107 in U2 OS 

cells (Voorhoeve et al., 1999b). However, the physiological role of PR59 on p107 

regulation remained unknown. Interestingly, a human ortholog of PR59 has not been 

formally designated. In humans, the member of this family with the highest amino acid 

identity is designated PR48/PR70 (see below). Because in mice no PR48/PR70 has been 

identified, it is conceivable that these two genes are orthologs. In agreement with this, the 

only other B subunit that has been shown to associate with a pocket protein, pRB, is 

PR70 (Magenta et al., 2008). As mentioned above, PR70 interacts with pRB and 

mediates its dephosphorylation in a calcium dependent manner in response to oxidative 

stress (Magenta et. al., 2008). These authors showed that PR70 interacts with pRB both 

in vivo and in vitro. Consistent with this finding, PR70 overexpression caused the 

dephosphorylation of pRB and its knockdown prevented both pRB dephosphorylation 

and DNA synthesis inhibition induced by oxidative stress. The authors of this study also 

showed that intracellular calcium mobilization was necessary and sufficient to trigger 

pRB dephosphorylation and the PP2A activity of this PR70 holoenzyme was induced by 

calcium. While PR70 has a role in dephosphorylating pRB in response to oxidative stress, 

it is unclear if it specifically targets a subset of sites in a manner that could ensure 

regulation of particular protein-protein interactions or, alternatively, it just resets pRB to 

its hypophosphorylated state. 
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During our search for the B units of the PP2A holoenzyme targeting pocket proteins we 

discovered that each pocket protein appears to have distinct specificity for binding to B 

subunits. p107 clearly had a preference for B55α  over PR70 binding in vitro, while pRB 

bound only PR70/PR48 and not B55α.  Interestingly, p130 bound both B55α and PR70 

in these assays. This selectivity was also observed in cells as both overexpressed p130 

and p107, but not pRB preferentially associate with Β55α. Although we were able to 

detect a clear interaction between p107 and B55α, οur inability to detect association in 

the absence of overexpression may reflect the transient nature of their interaction in cells. 

Alternatively, it is possible that the antibodies to Β55α that we tested are limited in their 

ability to detect these complexes.  

Consistent with the above results we observed that B55α dephosphorylates p107 in vitro 

and overexpressed B55α dephosphorylates both p107 and p130 in mammalian cells. 

While it was already known that PR70 dephosphorylates pRB, it did not have a 

significant effect on phosphorylation status of p130/p107. B56 however had no effect on 

any of the three proteins coinciding with the interaction data. In addition, knock down of 

B55α using shRNAs resulted in hyperphosphorylation of both p107 and p130. This 

suggests that cellular levels of B55α are critical in maintaining the phosphorylation levels 

of p130/p107. Thus, B55α restricts hyperphosphorylation of p130/p107 in unperturbed 

cells, so its role is not just limited to catalyzing the dephosphorylation of these proteins 

when the CDK activity is compromised. The above results clearly demonstrate that 

pocket proteins are selectively targeted by PP2A holoenzymes from different families in 

order to modulate pocket protein phosphorylation in response to a variety of signals.  
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4.4 The selectivity of PP2A for p107 and p130 appears to have a structural basis. 

 

Cyclins E and A have been shown to bind the spacer region of p130/p107, but not pRB 

(Ewen et. al., 1992; Smith and Nevins, 1995; Adams et. al., 1996). Similarly, we propose 

that different elements within the spacer region which is dissimilar in pRB in comparison 

to p130 and p107, mediate the interaction with PP2A. The “C” terminus of p107 seems to 

strengthen the interaction mediated by the spacer but is unable to interact with Β55α 

independently. In contrast, both the pocket and the “C” terminus of pRB are 

independently sufficient to form complex with PR70 (Magenta et al., 2008). It is not 

known however, whether the domain in the pocket involves the spacer of pRB. But even 

if this were the case, the difference in the contribution of the “C”-terminus shows an 

important structural difference. These results indicate binding domain specificity similar 

to that of the cyclin A/CDK2 complex which binds the spacer of p107/p130 but not that 

of pRB. Moreover, this interaction was distinguishable from that of E2F4, which binds 

the non-spacer region of the p107 pocket (Zhu et al., 1995).  As p107 and pRB are 

thought to have distinct cellular gene targets in complex with specific E2Fs, a differential 

dephosphorylation of the pocket proteins may allow for the control of particular subsets 

of E2F-dependent genes in response to specific stimuli. 
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4.5 Are the effects of ST on cell cycle progression, at least in part, mediated by ST 

induced PP2A inhibition and its consequence on the phosphorylation status of 

pocket proteins?  

 

In addition to providing a means of (a) rapidly resetting the action of CDKs when 

cyclin/CDKs are inhibited and (b) dephosphorylating pocket proteins in response to any 

cellular insults, our data also suggests that PP2A proteins limit hyperphosphorylated state 

of pocket proteins in both cycling and quiescent cells. In this regard, our data show that 

PP2A/C forms a complex with pocket proteins throughout the cell cycle. Additionally, 

inhibition of PP2A in intact cells with Calyculin A and ST leads to accumulation of 

forms of pocket proteins that appear supra-hyperphosphorylayed, based on clearly slower 

migration by SDS-PAGE. It is then worth noting that Calyculin A and ST (Rundell et al., 

2001) are a tumor promoter and an oncogene respectively. These “supra-

hyperphosphorylated” forms are not seen in physiologically synchronized cells 

throughout the cell cycle.  The shift seen for p107/p130 with ST is more dramatic than 

that seen with shRNAs targeting B55α. Therefore ST is either a more potent inhibitor 

PP2A/B55α compared to shRNAs targeting B55α or ST targets other PP2A holoenzymes 

in addition to PP2A/B55α that cooperate to restrict pocket protein phosphorylation. One 

likely candidate is PP2A/PR70 holoenzyme as we have seen that is sensitive to ST 

expression. This clearly shows that PP2A/B55α and PP2A/PR70 challenge CDKs and 

restrict phosphorylation of pocket proteins to a degree that may be associated with 

normal cell cycle progression. The dramatic shift seen in p107 upon ST treatment 

suggests complete disappearance of active p107 forms responsible for restricting E2F 
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dependent transcription.  In addition, we also observed decreased expression of p130 

which may result for increased phosphorylation of the CDK sites that mediate p130 

ubiquitination and subsequent proteosomal degradation (Tedesco et. al., 2002; 

Bhattacharya et. al., 2003). However, the link of these aberrant phosphorylated forms of 

pocket proteins to transformation if any remains to be elucidated. Our data demonstrates 

that ST disrupts both B55α  and PR70  holoenzyme complexes and leads to 

hyperphosphorylation of pocket proteins raising the question of whether the stimulating 

effects of ST on cell cycle progression are dependendent, at least in part, on ST mediated 

inhibition of the effects of PP2A on pocket proteins.  

 

4.6 Is PP2A activity on pocket proteins restricted to reverse CDK phosphorylation 

events? 

 

Although cyclin/CDK complexes are the major kinases phosphorylating p130/pRB, 

hyperphosphorylation of p130/pRB in density-arrested cells upon treatment with 

phosphatase inhibitors suggest that PP2A may cooperate even with non-CDKs, in 

modulating phosphorylation status of pocket proteins. As discussed above, p130 is 

phosphorylated by GSK3 in quiescent cells at a series of non-CDK sites that span the B-

loop of p130 (Litovchick et al., 2004). Considering that G1 CDKs are not active in 

quiescent cells, it appears that the hyperphosphorylation of p130 observed in cells treated 

with Calyculin is likely the result of phosphorylation on non-CDK sites. Supporting this 

notion, we did not detect CDK4/CDK2 or CDK1 activity in serum starved T98G cells in 

the presence or absence of Calyculin. However, since we do not detect such a large shift 
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in hyperphosphorylation with other PP2A inhibitors (OA or ST) in quiescent cells, we 

should observe caution in allocating the whole of these effects to PP2A since inhibition 

of PP1 or other related phosphatases by Calyculin A may also contribute to these effects. 

On the other hand, the effects on pRB are less prominent, which might reflect the absence 

of conserved GSK-3 sites in the B pocket, which is a unique characteristic of p130 

(Litovchick et al., 2004). 

 

4.7 Does PP2A play a role in recycling pocket proteins by rapidly reversing the 

action of CDKs? 

 

Previously it has been reported that phosphorylation of subsets of residues by CDKs on 

pRB differentially regulates its interaction with various proteins (Knudsen et al., 1996; 

Harbour et al., 1999). In this regard, we can predict a scenario in which phosphorylation 

of subsets of sites regulates different pocket protein activities mediated, in part, by 

disrupting or facilitating binding to other proteins. Resetting specific phosphorylation of 

kinase-specific sites may allow phosphorylation of a different combination of sites by 

another CDK. This should warrant rapid recycling of pocket proteins in response to acute 

fluctuations in CDK activities, whose actions could be reversed by various, presumably 

constitutive, PP2A holoenzymes.  Thus, we speculate that PP2A plays a key role in 

determining specific functions for each pocket protein.  
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4.8 Are pocket proteins substrates of PP2A and/or do they recruit PP2A to other 

binding partners? 

 

While our in vitro and in vivo data suggest that p107 and p130 are bonafide substrates of 

the B55α PP2A holoenzyme, formation of the p107/PP2A complex may have other 

consequences. It is conceivable that p107/p130 help recruit PP2A holoenzymes to 

dephosphorylate other binding partners in order to mediate effects on cell cycle. For 

instance, serine phosphorylation of DP and E2F proteins inhibits their DNA binding 

activities (Dynlacht et al., 1994; Krek et al., 1994; Xu et al., 1994; Kitagawa et al., 1995), 

and DP-1 has been shown to be a target for PP2A in vitro, effectively restoring the E2F 

DNA binding capacity (Altiok et al., 1997). Thus, targeting of PP2A to p107 could not 

only result in increased p107/E2F complex formation, but also facilitate recruitment of 

these complexes to responsive gene promoters by increasing the higher affinity of the 

p107/E2F/DP complexes for DNA through dephosphorylation of DP, in turn enhancing 

the repressor activity of these complexes.  

 

4.9 Future Directions: 

 

More work is needed to understand the mechanism of recruitment of PP2A holoenzymes 

and their exact role in maintaining phosphorylation status of specific phospho-sites on 

pocket proteins and in turn modulating both the function and expression of pocket 

proteins during the cell cycle and in response to cellular insults. Although there is strong 

evidence supporting a role for PP2A in a dynamic equilibrium with kinases there are 
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situations in which the dephosphorylation of pocket proteins appears to be triggered by 

PP2A upregulation rather than CDK inhibition. Therefore, it would be necessary to 

determine if B55α expression or post-translational  modification, assembly with 

PP2A/C/A dimers, localization and or substrate recognition is modulated in any of these 

situations. Since according to our studies, B55α does not efficiently interact with pRB, 

B55α might not be the single candidate responsible for maintaining the phosphorylation 

state of all the three pocket proteins in the equilibrium model, that we proposed earlier 

(Garriga et al., 2004). Hence it can be speculated that different B units mediate 

dephosphorylation of each of the pocket proteins upon inhibition of specific 

cyclin/CDKs. It would also be interesting to determine if B55α plays a role in 

dephosphorylation of p107, upon treatment of rat chondrosarcoma cells with FGF and/ or 

upon treatment with UV. Similarly, it would also be important to determine if there is up 

regulation of B55α upon treatment of ovarian carcinoma cells with ATRA, which is 

known to increase the association of p130 with PP2A/C. It would also be interesting to 

determine if B55α is involved in dephosphorylation of p107 upon inhibition of just cyclin 

D/CDK or other CDKs as well. This could be tested by treating with CHX or FVP in a 

B55α depleted cell-line. Alternatively we can also test the role of B55α in pocket protein 

dephosphorylation ionizing radiation, where rapid downregulation of cyclin D1 has been 

reported (Agami et. al., 2000). 

Although we know that the spacer region is involved in the interaction of p107 with 

B55α, it is important to narrow down the regions within the spacer mediating the 

interaction and also determine if there are similar binding domains in p130 that are absent 
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in pRB. It would also be important to determine the functional consequences of 

disrupting these binding domains in p107 and p130.  

Since we have demonstrated that ST disrupts the B55α  holoenzyme complex and leads 

to hyperphosphorylation of pocket proteins, it raises the question if the effects of ST on 

cell cycle progression are dependendent, at least in part, on ST mediated inhibition of 

PP2A on pocket proteins. Ectopic expression and knockdown of the B units, B55α  and 

PR70, followed by analyzing their effects on cell-cycle progression will help to 

specifically establish a potential role of these specific PP2A holoenzymes in cell-cycle 

progression.  
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Figure 14. PP2A modulates the phosphorylation of pocket proteins throughout the 

cell cycle. A tentative model depicting a role for PP2A in counteracting the inactivating 

phosphorylations induced by individual cyclin/CDK complexes as well as other kinases 

throughout the cell cycle and in quiescent cells. Ovals represent a single pocket protein at 

different points of the cell cycle. Solid P(s) depict phosphorylated residues on the pocket 

protein. Ovals without P(s) represent hypophosphorylated forms. Note that the 

equilibrium between PP2A and an individual kinase allows for changes in the 

combination of phosphorylated residues in a single molecule throughout the cell cycle. 

Double arrows denote the stages of the cell cycle where particular CDKs and PP1 target 

pocket proteins. PP2A targets pocket protein throughout the cell cycle. Different PP2A 

holoenzymes targeting each of the pocket proteins during the entire cell cycle have also 

been depicted. 
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