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The heterotrimeric PP2A holoenzyme consists of a scaffolding A, a catalytic C, and a 

variable regulatory B subunit. Previous study has reported that B56γ subunit mediates the tumor 

suppressive function of PP2A. B56γ-PP2A inhibits cell transformation by dephosphorylating and 

activating p53. In addition, B56γ-PP2A possesses the p53-independent tumor suppressive 

function although its mechanism is unclear. In the present study, we demonstrate the mechanism 

of B56γ tumor suppressive function inactivation through characterizing B56γ mutations identified 

in human cancer.  
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First, we demonstrate that the A383G and F395C mutations disrupt B56γ from 

interacting and activating p53. The mutants are unable to dephosphorylate p53 and thus lack the 

p53-dependent tumor suppressive function. Moreover, we identify the region adjacent to these 

mutations as the p53 binding domain. This finding implies that the bridging interaction between 

B56γ and p53 is required for p53 dephosphorylation by PP2A.  

Second, we show that the C39R mutation within the HEAT repeat 1 disrupts B56γ 

binding with the AC core and thus abolishes the B56γ tumor suppressive function completely. 

We further demonstrate that the intact HEAT repeat 1 is required for B56γ to bind the AC core, 

providing structural insights into the B56γ-PP2A holoenzyme assembly.  

Further characterization of additional B56γ mutations reveals two classes of mutations 

with different mechanisms of tumor suppressive function inactivation. Mutations in the first class 

disrupt the interaction between B56γ and the AC core and thus fail to regulate all substrates and 

completely lose the tumor suppressive function. Mutations in the second class prevent specific 

substrates from binding B56γ and partially reduce the tumor suppressive function. Although it 

remains to be investigated how frequently these mutations occur, our results underline the 

importance of B56γ tumor suppressive function in human cancer. 

Finally, we identified the S220N mutation that specifically disrupts the p53-independent 

tumor suppressive function of B56γ, suggesting that it may disrupt the binding of unknown 

substrates. Identification of these proteins would contribute to the further understanding of the 

tumor suppressor role of B56γ in cells. 
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CHAPTER 1 

Introduction 
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Protein phosphatases 

Phosphorylation is the most common type of post-translational modification of proteins 

and is essential for the proper regulation of signaling pathways in cells. In response to 

environmental cues, cells quickly undergo dynamic adaptations involving reversible 

phosphorylation via complex networks of kinases and phosphatases. In eukaryotic cells, 

phosphorylation mainly occurs on three hydroxyl-containing amino acids, serine, threonine, and 

tyrosine residues which account for 86.4%, 11.8%, and 1.8%, respectively, of the phosphorylated 

residues (Olsen et al., 2006). According to the specific amino acids that they dephosphorylate, 

phosphatases can be categorized into either serine/threonine phosphatases (PSTP) or protein 

tyrosine phosphatases (PTP). There are approximately 30-40 PSTPs in eukaryotic cells. Based on 

the sequence, catalytic function, and structure, PSTPs can be further subdivided into three major 

families: phosphoprotein phosphatases (PPP), metal-dependent protein phosphatases (PPM), and 

aspartate-based phosphatases. The PPP family includes PP1, PP2A, PP2B (also known as 

calcineurin), PP4, PP5, PP6, and PP7. All members of the PPP family share conserved catalytic 

subunits and function as multimeric holoenzymes consisting of a catalytic subunit, and one or 

more of a number of regulatory and scaffolding subunits. The PPM family includes PP2C and 

pyruvate dehydrogenase phosphatase and its activity is dependent on manganese (Mg
+2

) or 

magnesium (Mn
+2

) ions. Unlike the PPP family, the PPM family has a single subunit with 

multiple isoforms encoded by different genes that contain regulatory sequences that determine the 

substrate specificity. The more recently identified aspartate-based phosphatases include FCP1 and 

SCP1 and target only one substrate, the C-terminal domain of RNA polymerase II (Gallego and 

Virshup, 2005; Shi, 2009). In comparison, phosphatases of the PTP superfamily are encoded by 

over 100 genes and are defined by a characteristic motif containing cysteine at the active site. 

Classical PTPs possess a conserved catalytic domain and are subdivided based on their cellular 
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localization: transmembrane receptor and cytoplasmic non-receptor phosphatases. In addition, the 

PTP superfamily includes the dual-specificity phosphatases (DSP). The DSPs have a similar 

catalytic mechanism as the classical PTPs but their active site is structured in a way that it can 

accommodate not only the tyrosine, but also serine and threonine residues (Tonks, 2006). Various 

phosphatases display exquisite substrate specificity and functions, hence control a diverse array 

of cell signaling responses playing a critical role in biological processes.  

 

PP2A (Protein Phosphatase 2A) 

PP2A is arguably the most important PSTP and is highly conserved from yeast to human. 

PP2A accounts for 30-50% of all the serine/threonine dephosphorylation activity depending on 

the type of cells and tissues. PP2A is ubiquitously expressed and highly abundant, accounting for 

up to 1% of total cellular protein in some tissues. PP2A function has been implicated in a 

multitude of signaling pathways that control development, cell proliferation and death, cell 

mobility, cytoskeleton dynamics, and control of cell cycle (Schönthal, 2001; Sontag, 2001; 

Janssens et al., 2008; Virshup and Shenolikar, 2009). As such, deregulation of PP2A has a 

profound effect on cell function and ultimately can lead to cancer, Alzheimer’s disease, and viral 

and parasitic diseases (Lim and Lu, 2005; Eichhorn et al., 2009). 

PP2A is not a single protein but a collection of multiple phosphatases. PP2A can exist 

either as a heterodimeric core enzyme or a heterotrimeric holoenzyme. The heterodimeric core 

enzyme consists of a scaffolding A subunit and a catalytic C subunit (AC core). The A and C 

subunits are each encoded by two ubiquitously expressed genes, α and β, where the α isoform is 

10-fold more abundant than the β isoform in most tissues (Khew-Goodall and Hemmings, 1988; 

Hendrix et al., 1993b; Bosch et al., 1995). With one of the variable B subunits bound to the AC 
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core, the heterotrimeric PP2A holoenzyme is believed to exhibit distinct substrate specificity as 

well as spatially and temporally determined functions. The B subunits are comprised of four gene 

families based on sequence homology: B (B55 or PR55), B’ (B56 or PR61), B” 

(PR48/59/72/130), and B”’ (PR93/110). Each B subunit family consists of two to five isoforms, 

which many contain alternative splice variants. Isoforms within the same family share highly 

conserved sequence, however there is no sequence similarity across different gene families. 

Various regulatory B subunits display differential expression depending on tissue, cell types, and 

developmental stages (Li and Virshup, 2002). Cellular and tissue localizations for the 

representative B subunits are listed in Table 1.1. A large number of PP2A holoenzyme 

combinations are possible and this most likely accounts for the diverse range of phospho-proteins 

and signaling pathways targeted by PP2A.  

An increasing number of reports now demonstrate that PP2A holoenzymes with different 

B subunits exert diverse effects on many signaling pathways, emphasizing the importance of B 

subunits in PP2A regulation. Intriguingly, PP2A holoenzymes with varying B subunits often 

display antagonizing effects while targeting the same pathway as seen in the TGF-β signaling 

(Batut et al., 2008), MAPK pathway (Sieburth et al., 1999; Abraham et al., 2000; Silverstein et al., 

2002; Ory et al., 2003; Adams et al., 2005; Junttila et al., 2008), and Wnt signaling (Seeling et al., 

1999; Li et al., 2001). Furthermore, PP2A has been implicated to function both positively and 

negatively in the control of cell cycle by regulating multiple pocket proteins and CDK substrates 

(Reviewed in Wurzenberger and Gerlich, 2011; Kurimchak and Graña, 2012). List of some of the 

known individual substrate targeted by PP2A holoenzymes with specific B subunits is shown in 

Table 1.2. Given that the B subunit has a key regulatory role in determining PP2A holoenzyme 

activity, recent studies focus on the individual B subunits to characterize PP2A function. 
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Regulation of PP2A  

The A and C subunits 

Precise functions of PP2A in a broad spectrum of signaling pathways are achieved by its 

highly complex regulatory mechanisms. Since activities of PP2A are determined by the varying 

combinations of subunits, it is apparent that proper regulation of the subunits and their assembly 

is critical. Recent reports suggest that the distinct expression pattern of the A subunit contributes 

to the regulation of PP2A function. The scaffolding A subunit is encoded by two genes, Aα 

(PPP2R1A) and Aβ (PPP2R1B), respectively. Although two isoforms share 87% sequence 

homology, they have different binding affinity for specific C subunit isoforms and various B 

subunits. At the mRNA level, the Aα isoform is approximately 40-fold more abundant than Aβ 

isoform (Hemmings et al., 1990). This difference can be partially explained by recent findings 

that the promoters of the Aα and Aβ genes are differentially regulated by multiple transcription 

factors including Ets-1, CREB, AP2α, SP1/SP3 and RXRα/β (Chen et al., 2009; Liu et al., 2012). 

At the protein level, the Aα isoform is 10 times more abundant than the Aβ isoform in adult 

tissues. However, expression of the Aβ isoform is higher than the Aα isoform in the ovary and 

during the early stages of development in Xenopus (Hendrix et al., 1993b; Bosch et al., 1995; 

Zhou et al., 2003). Changes in the protein expression levels of the Aα and Aβ isoforms have been 

associated with cancer and ocular diseases, underlining the importance of controlled A subunit 

expression in cells (Palczewski et al., 1990; Kantorow et al., 1998; Colella et al., 2001). 

Nevertheless, much remains unknown about the alterations in the Aα and Aβ isoforms expression 

patterns and resulting consequences in cells.  

The C subunit expression is also suggested to be regulated at the transcription level. A 

catalytic C subunit has two isoforms, Cα (PPP2CA) and Cβ (PPP2CB), which share 97% 
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sequence homology. Both isoforms are ubiquitously expressed, but the mRNA expression of the 

Cα isoform is approximately 10-fold higher than the Cβ isoform because of its stronger promoter 

(Khew-Goodall and Hemmings, 1988). Despite the high sequence homology, loss of the Cα 

isoform is lethal in yeast and mice and cannot be rescued by the Cβ isoform, suggesting that there 

are functions specific to each isoforms (Götz et al., 1998). In general, the expression of the C 

subunit is maintained at constant level via tight autoregulation mechanism through translational 

regulation (Baharians and Schönthal, 1998). The Cα isoform expression is regulated by SP1 and 

CREB binding at its TATA-less promoter (Sunahori et al., 2010). And increased C subunit 

expression is associated with viral infections including HBV, HCV (Christen et al., 2007) and 

CMV (Hakki and Geballe, 2008) which cause CREB activation. In contrast, the expression of the 

Cβ isoform is unlikely to be regulated by CREB as its promoter lacks a CRE element for CREB 

to bind. Additional studies are required to fully understand the regulation of C subunit expression. 

In addition to the protein expression level, the enzyme activity of PP2A is regulated 

through posttranslational modification of the C subunit. Posttranslational modification of the 

highly conserved C-terminal tail of the C subunit (
304-

TPDYFL
-309

) is believed to be involved in 

modulating PP2A holoenzyme formation and enzyme activity. Reversible carboxyl methylation 

on Leu309 of the C-terminal tail is a conserved mechanism that has been demonstrated to 

promote the binding of some, but not all families of the B subunits to the AC core enzyme. As 

such, Leu309 methylation may modulate substrate specificity and enzyme function of PP2A by 

affecting the B subunit association (Ogris et al., 1997; Bryant et al., 1999; Tolstykh et al., 2000; 

Wei et al., 2001; Ikehara et al., 2007). Leu309 methylation of the C-terminal tail is regulated by 

the methyltransferase LCMT1 and methylesterase PME-1 (Ogris et al., 1999a; Longin et al., 

2007). When PME-1 forms complex with the C subunit, it inactivates PP2A activity by 

preventing LCMT1 from methylating Leu309 as well as by removing the catalytic metal ions 
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from the active site (Xing et al., 2008). In opposition, a cis-trans prolyl isomerase PTPA can bind 

the A subunit and disrupt the interaction between PME-1 and PP2A, leading to the activation of 

PP2A (Longin et al., 2004; Hombauer et al., 2007). Moreover, PTPA changes conformation of 

the catalytic site of PP2A holoenzyme and thus may alter PP2A enzyme activity and substrate 

specificity (Jordens et al., 2006; Leulliot et al., 2006). Leu309 methylation status fluctuates 

throughout the cell cycle, suggesting that its control mechanism is dependent on the cell cycle 

(Turowski et al., 1995; Lee and Pallas, 2007). Nevertheless, the precise cellular processes 

involved in maintaining the balance of LCMT1 and PME-1 activity and functional significance of 

Leu309 methylation regulation in vivo remain to be investigated.  

In addition to methylation, the C-terminal tail of the C subunit is transiently 

phosphorylated by the tyrosine kinases pp60
v-src

 and pp56
lck

 in response to growth factors and cell 

transformation signals (Chen et al., 1992), indicating that PP2A regulation is an important part of 

signal transduction by kinase cascades. Phosphorylation on Tyr307 of the C-terminal tail has been 

shown to affect the recruitment of B55 and B56α, β, and ε subunits to the AC core and also to 

inactivate PP2A activity by inhibiting methylation on Leu309. On the other hand, 

phosphorylation on Tyr304 selectively inhibits the binding of B55 but not B56 and B”’ subunits, 

and does not affect Leu309 methylation (Yu et al., 2001; Gentry et al., 2005; Longin et al., 2007). 

While posttranslational modification on the C-terminal tail of the C subunit appears to be pivotal 

for PP2A function in vivo, it still requires further experiments to delineate the circumstances and 

physiological consequences of such posttranslational modifications on PP2A holoenzyme activity.  
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The B subunit 

Binding of the B subunit to the AC core determines the subcellular localization, the 

substrate specificity, as well as the enzyme activity of PP2A holoenzyme. As such, a large 

number of the B subunits provides foundation for the multi-faced role of PP2A in cells. So far, 15 

B subunit genes with multiple, distinct alternative transcripts and additional splice variants have 

been identified in human (Eichhorn et al., 2009). As shown in Table 1.1, the expressions of the B 

subunits are regulated in spatially and developmentally specific manner and diverse B subunits in 

different cell types, tissues, and developmental stages likely manipulate environmentally precise 

function of PP2A. One of the four gene families, the B56 family has at least five isoforms, α 

(PPP2R5A), β (PPP2R5B), γ (PPP2R5C), δ (PPP2R5D), and ε (PPP2R5E) (Csortos et al., 1996; 

McCright et al., 1996). The B56γ gene has at least four alternative splice transcripts (Muneer et 

al., 2002; Ortega-Lázaro and del Mazo, 2003) and the B56δ gene has three alternative splice 

variants (Csortos et al., 1996). All isoforms share a central region which is approximately 80% 

identical in sequence, but diverge more toward the C- and N-termini. While the B56α and B56γ 

isoforms are highly expressed in heart and skeletal muscle, the B56β, B56δ, and B56ε isoforms 

are expressed predominantly in brain (McCright and Virshup, 1995; Csortos et al., 1996; Tehrani 

et al., 1996). Consistent with this, recent studies have demonstrated the participation of B56β and 

B56δ in neuronal functions (Saraf et al., 2007; Van Kanegan and Strack, 2009; Louis et al., 2011). 

Evidence suggests that differential tissue and cellular expression of the B subunits is an important 

aspect in the functional control of PP2A. This is especially important because to certain extent 

there is functional redundancy among some members within the same family of B subunit. For 

instance, an overexpression of any one of the B56 isoforms downregulates β-catenin and reduces 

Wnt signaling in vitro (Seeling et al., 1999). Surprisingly, during the development of Xenopus 

embryo in vivo, B56α and B56γ inhibit Wnt signaling, but B56ε acts as a positive regulator and is 
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required for the organogenesis (Seeling et al., 1999; Li et al., 2001). Discrepancy between the in 

vitro and in vivo functions among the B56 isoforms may be explained by the fact that these 

isoforms display dynamic differential expression patterns throughout the developmental stages. 

Specific PP2A function is likely achieved through particular localization of the individual B56 

isoforms in the embryo (Everett et al., 2002; Baek and Seeling, 2007). Abundant variety of the B 

subunits along with their spatially and temporally regulated differential expression is an important 

aspect of PP2A regulation mechanism. 

In addition to the mRNA and protein expression level, the B subunit is also subjected to 

posttranslational modifications which lead to the altered protein stability, PP2A holoenzyme 

assembly, and enzyme activity. In particular, the B56 family members are known as phospho-

proteins (McCright et al., 1996). For example, B56α is phosphorylated by PKR at Ser28, which 

promotes B56α localization in mitochondria and enhanced dephosphorylation of Bcl2 (Ruvolo et 

al., 2008). B56γ is phosphorylated at Ser327 by ERK in the presence of IEX-1, which results in 

dissociation of B56γ from the AC core and the PP2A inactivity (Letourneux et al., 2006). In 

response to DNA damage, ATM phosphorylates B56γ at Ser510, which stabilizes B56γ by 

preventing degradation and increases PP2A activity toward p53 (Shouse et al., 2011). Similarly, 

B56δ is phosphorylated at Ser37 by Chk1, leading to increased PP2A activity toward Cdc25 upon 

replication checkpoint activation (Margolis et al., 2006). In neurons, B56δ is phosphorylated at 

Ser566 by PKA, which augments B56δ –PP2A function (Ahn et al., 2007; Stipanovich et al., 

2009). These reports suggest that either the protein level or affinity for the AC core or substrates 

of particular B subunit is regulated temporally and spatially through posttranslational 

modifications to alter the overall function of PP2A under different conditions. 
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Structure of PP2A 

 Recent crystallographic studies provide a mechanistic basis for the PP2A holoenzyme 

assembly and phosphatase activity. As shown in Figure 1.1A, the monomeric A subunit forms an 

elongated, L-shaped structure, composed of 15 tandem repeated Huntington-elongation-A 

subunit-TOR (HEAT) sequences (Groves et al., 1999). Each HEAT motif consists of a conserved 

39-residue sequence organized into a pair of antiparallel α-helices connected by the intrahelical 

loop, stacked in a consecutive array. Aligned intrahelical loops from 15 HEAT repeats form a 

contiguous ridge on one side of the A subunit. 

Crystal structure of the dimeric AC core enzyme revealed interesting information in 

regards to the PP2A holoenzyme assembly. The catalytic C subunit has a compact ellipsoidal 

structure (Figure 1.1B). The C subunit interacts with part of the ridge (intrahelical loop 11-15) of 

the A subunit (Ruediger et al., 1992, 1994) where extensive hydrogen bonding makes association 

of the A and C subunits relatively stable (Xing et al., 2006). The catalytic cleft of the AC core is 

somewhat shallow compared to that of most protein kinases, explaining the absence of specific 

target substrate motif by the AC core alone. The most remarkable aspect of the AC core assembly 

is structural flexibility of the A subunit. Upon the C subunit binding, the A subunit undergoes 

dramatic conformational adjustments and bends to adopt a horse-shoe shape conformation (Xing 

et al., 2006; Xu et al., 2006; Cho and Xu, 2007). This conformational flexibility of the A subunit 

is likely the key for PP2A activity as it enables to accommodate not only the binding of the C 

subunit, but especially the structurally varying B subunits.  

To date, heterotrimeric PP2A holoenzymes containing two families of the B subunit, 

B56γ and B55α, have been successfully crystalized, revealing distinct structures for each. PP2A 

holoenzymes comprising the B” or B”’ subunits have not yet been crystalized. Four families of 
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the B subunit are unrelated by sequence except that they have a conserved sequence in common 

which is used to interact with the A subunit, making the binding of different B subunits to the AC 

core mutually exclusive (Ruediger et al., 1999). As such, each B subunit is presumably very 

different in their structures and manner of binding the AC core. Considering the role of B subunit 

in regulating the substrate specificity of PP2A, it is predicted that the association of specific B 

subunit with the AC core potentially creates a unique substrate binding site and facilitates the 

dephosphorylation of target proteins by directing them to be positioned in the catalytic site. 

B56γ consists of eight pseudo HEAT repeats motifs, forming an elongated, solenoid-

shaped structure as shown in Figure 1.1C (Xu et al., 2006; Cho and Xu, 2007). Interestingly, 

B56γ structure closely resembles that of the A subunit even though there is no sequence similarity. 

It is notable that once B56γ-PP2A holoenzyme assembles, the C-terminal tail of the C subunit 

resides at the interface between B56γ and the A subunit. Although its exact purpose has not been 

elucidated, methylation of Leu309 on the C-terminal tail of the C subunit has been suggested to 

be important for regulating the PP2A holoenzyme assembly and activity through controlling the 

B subunit binding. Curiously, methylated Leu309 fits into the negatively charged interface 

between B56γ and the A subunit, providing an explanation that methylation may promote the 

binding of B56γ to the AC core by neutralizing the negatively charged carboxyl group of the C-

terminal tail of the C subunit (Cho and Xu, 2007). Moreover, B56γ interacts with both the A and 

C subunits extensively using the conserved central region. B56γ binding with the A subunit 

involves the convex side of B56γ (HEAT repeat 2-5) interacting with the ridge on the A subunit 

(intrahelical loop 2-8), and B56γ binding with the C subunit involves the rim of B56γ (HEAT 

repeat 2, 5-8). This leaves an open concave surface of B56γ placed next to the catalytic pocket of 

PP2A holoenzyme. Although further study is needed, this surface is predicted to be used for 

recognition and recruitment of the substrates to the active site for dephosphorylation.  
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B55α comprises a seven-bladed β propeller with a protruding β-hairpin arm as shown in 

Figure 1.1D (Xu et al., 2008). As expected, B55α differs greatly in its structure and manner of 

holoenzyme assembly compared to B56γ. Notably, B55α lacks the stable association of the 

methylated C-terminal tail of the C subunit, which is consistent with the biochemical data that 

show methylation is not required for the in vitro assembly of B55-PP2A holoenzyme (Ikehara et 

al., 2007).  Overall C subunit interaction with B55α involves much smaller area compared to its 

interaction with B56γ. On the other hand, B55α extensively interacts with the A subunit. 

Specifically, the β propeller of B55α interacts with the ridge on the A subunit (intrahelical loop 3-

7) plus the β-hairpin arm of B55α interacts with the intrahelical loop 1-2 of the A subunit. Similar 

to B56γ, B55α binding with the AC core creates an open surface adjacent to the catalytic pocket, 

suggesting a potential substrate binding site. Taken together, these studies offer structural 

explanation in regards to the distinct role of individual B subunit in determining the substrate 

specificity and regulating PP2A phosphatase activity.  

 

PP2A in cancer 

Deregulation of cell growth is a hallmark of tumorigenic cell transformation. PP2A is 

implicated in regulating many critical signaling pathways and is considered to be an important 

tumor suppressor against carcinogenesis. Regulation of protein kinase cascades is one of the 

major targets of PP2A. PP2A serves to reverse the action of kinases in major signaling pathways 

including the MAPK signaling (Sonoda et al., 1997; Junttila et al., 2008), PKC signaling 

(Nunbhakdi-Craig et al., 2002; Adams et al., 2005; Xu et al., 2008), and Wnt signaling (Seeling et 

al., 1999; Li et al., 2001; Creyghton et al., 2005). In the classical model of reversible 

phosphorylation regulation, it was thought that phosphatases reverse the effects of kinases by 
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dephosphorylating the substrates of kinases. However, it is now apparent that PP2A also 

dephosphorylates kinases themselves and in many cases kinases are negatively regulated by 

dephosphorylation. For example, PP2A directly dephosphorylates ERK, Ca
2+

/calmodulin-

dependent kinases, PKA, PKB, PKC, and IκB kinases and modulates their enzyme activities 

(Reviewed in Millward et al., 1999). Similarly, various kinases directly phosphorylate and 

regulate PP2A as well. This feedback signaling mechanism of kinases and phosphatases allows 

them to regulate each other and maintain cellular phosphorylation in balance. As such, PP2A 

function impacts a wide range of signaling pathways and deregulation of PP2A can contribute to 

multiple types of cancer (Eichhorn et al., 2009). 

The tumor suppressor role of PP2A was first confirmed when okadaic acid, a PP2A 

inhibitor, was shown to promote skin tumor growth in mouse (Suganuma et al., 1988, 1990). 

Subsequently, several tumor-promoting viral proteins including polyomavirus middle (PyMT) 

and small (PyST) tumor antigens and simian virus SV40 small (SVST) tumor antigen were found 

to alter the enzyme activity of PP2A by binding to the AC core and displacing the B subunit 

(Pallas et al., 1990; Walter et al., 1990; Yang et al., 1991; Cayla et al., 1993; Kamibayashi et al., 

1994; Campbell et al., 1995; Shtrichman et al., 1999). In spite of their similar AC core binding 

ability, SV40 and polyomavirus antigens affect PP2A function and cellular signaling pathways by 

different mechanisms. SVST binds the Aα isoform of the A subunit and displaces the B55 and 

B56 subunit from PP2A holoenzyme (Chen et al., 2004; Moule et al., 2004). SVST expression 

leads to the activation of Akt kinase pathway (Gillet et al., 2001; Yuan et al., 2002) and NF-κB 

signaling (Sontag et al., 1997; Moreno et al., 2004), promoting cell growth and survival. On the 

other hand, Py antigens displace the B subunit from the AC core by binding to either Aα and Aβ 

isoforms of the A subunit (Rodriguez-Viciana et al., 2006). PyST and PyMT are derived from the 

same genomic DNA as a result of alternative splicing and they have different cellular 
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localizations; PyST is located in both the cytoplasm and nucleus while PyMT is located in the 

membrane. Both PyST and PyMT promote cell proliferation but modulate different signaling 

pathways. PyMT forms complex with Src family tyrosine kinases and mediates cell 

transformation through activation of numerous growth stimulatory pathways including MAPK 

and PI3-kinase pathways (Brewster et al., 1997; Ogris et al., 1999b). PyST activates MAPK, but 

not PI3-kinase pathway (Yuan et al., 2002; Zhao et al., 2003a). Altogether, this indicates the 

complexity of the effects of PP2A activity in signaling pathways involved in cell growth. 

Deregulated expression of tumor suppressor genes is a common phenomenon in cancer. 

Aberrant expression patterns of the A subunit have been associated with cancer, suggesting that 

the overall function of PP2A may be disturbed during tumorigenesis. Decreased Aα expression 

has been observed in brain tumors and primary human gliomas (Colella et al., 2001) and MCF-7 

human breast cancer cells (Suzuki and Takahashi, 2003). Meanwhile, many of the established 

cancer cell lines do not show reduction in the expression level of Aα isoform, suggesting that the 

Aα isoform may be an important selection factor for cell immortalization. On the other hand, 

expression of the Aβ isoform was detected at lower levels in approximately 50% of 34 tumor cell 

lines tested in one study (Zhou et al., 2003). In addition to the A subunit, suppression of the C 

subunit, particularly the Cα isoform, has been observed in androgen receptor signaling 

independent prostate cancer cells (Bhardwaj et al., 2011). And suppressed protein expression of 

the B56γ subunit  has been reported in transformed melanomas compared to melanocytic naevi 

(Deichmann et al., 2001). Significance of such reduced expression of individual PP2A subunits 

and whether it contributes to the loss of tumor suppressive activity of PP2A in cells requires 

further investigation.  



 

15 

 

Given the importance of the B subunit in regulating PP2A substrate specificity and 

enzyme activity, it is generally perceived that a subset of B subunit is responsible for the PP2A 

tumor suppressive functions by directing PP2A activity towards proteins involved in 

tumorigenesis. In particular, members of the B56 family have been implicated in governing the 

tumor suppressive functions of PP2A (Mumby, 2007; Westermarck and Hahn, 2008; Eichhorn et 

al., 2009; Virshup and Shenolikar, 2009). B56α-PP2A has been shown to inactivate the oncogene 

c-Myc by dephosphorylating Ser62 (Arnold and Sears, 2006). B56β-PP2A negatively regulates 

Pim1 kinase which cooperates with c-Myc in lymphomagenesis, suggesting that the regulation of 

c-Myc and Pim1 is a coordinated act of B56α- and B56β-PP2A (Ma et al., 2007). B56γ-PP2A 

inhibits cell proliferation and anchorage-independent growth by dephosphorylating tumor 

suppressor protein p53 and is required for SVST mediated cell transformation (Chen et al., 2004; 

Li et al., 2007; Lee et al., 2010). In addition, B56δ-PP2A has been demonstrated to 

dephosphorylate and inactivate Cdc25 phosphatase to block mitotic cell cycle progression 

(Margolis et al., 2006; Forester et al., 2007). These studies suggest that B56-PP2A exerts its 

tumor suppressive function by targeting particular substrates and regulating their cellular function.  

To date, there are several lines of evidence suggesting that B56-PP2A is involved in the 

regulation of p53 tumor suppressor pathway. p53 is a major tumor suppressor protein that 

controls a variety of cellular processes including DNA repair, cell senescence, apoptosis, cell 

cycle arrest, and metabolism. In response to cellular stresses, p53 is activated as a transcription 

factor through a series of posttranslational modifications including phosphorylation, and regulates 

a vast number of genes (Bode and Dong, 2004; Menendez et al., 2009; Vousden and Prives, 

2009). Upon DNA damage, B56γ-PP2A directly dephosphorylates p53 at Thr55, leading to p53 

stabilization and activation. This results in the induction of CDK inhibitor p21 and G1 cell cycle 

arrest (Li et al., 2007). PP2A indirectly affects p53 function through regulating other proteins 
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involved in p53 signaling pathway as well. A recent study suggests that B56-PP2A 

dephosphorylates the antiapoptotic regulator Bcl2 which is a transcriptional target of p53 and 

modulates apoptosis (Ruvolo et al., 2002; Lin et al., 2006). In addition, B56-PP2A has been 

shown to form a complex with Mdm2, an E3 ubiquitin ligase of p53, and cyclin G, a 

transcriptional target of p53 (Okamoto et al., 1996, 2002). This interaction promotes 

dephosphorylation of Mdm2 at Ser166 and Thr216. The interpretation of this, however, is 

complicated since phosphorylation on Ser166 and Thr216 have opposing effects on Mdm2 

activity; phosphorylation on Ser166 stimulates p53 ubiquitination while phosphorylation on 

Thr216 weakens Mdm2 association with p53 (Meek and Knippschild, 2004). Cellular function of 

cyclin G is ambiguous and conflicting positive and negative effects on cell growth have been 

previously found (Kimura et al., 2001; Zhao et al., 2003b). As such, it is possible that the 

interaction of B56-PP2A and Mdm2 mediated by cyclin G results in different effects on p53 

under varying circumstances. 

It is widely accepted that tumorigenesis is a multistep process, the progression of which 

depends on a sequential accumulation of mutations in the genes that regulate cell growth and 

differentiation, apoptosis, and DNA repair. Loss of tumor suppressive activities is a critical step 

for cancer progression and mutations are commonly identified in tumor suppressor genes. It is 

well known that mutations in the Aα and Aβ genes are associated with cancer. In one study, Aβ 

mutations were identified in 15% of primary lung tumors, 15% of colorectal carcinomas, 13% of 

breast cancers, and 6% of lung tumor-derived cell lines (Wang et al., 1998). Most of these are 

missense mutations and the A subunit with these mutations display decreased binding with either 

the C subunit or various B subunits, leading to altered PP2A activity (Esplin et al., 2006; Sablina 

et al., 2010). Although occurring at lower frequency, Aα mutations have been also reported in 

human melanoma, breast, lung, and ovarian cancers (Calin et al., 2000; Ruediger et al., 2001b; 
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Jones et al., 2010). Four Aα mutations have been characterized, and two of them disrupt the C 

subunit binding and the other two disrupt the B56 subunit and at lesser extent B55 subunit 

binding (Ruediger et al., 2001b), suggesting the particular significance of B56 subunit in the 

tumor suppressor function of PP2A.  

Even though there is accumulating evidence suggesting that B56-PP2A is involved in the 

cancer-associated pathways, mutations in the B56 subunit are less well known. For the first time, 

this study presents the loss of function B56γ mutations in cancer. Mechanism of mutations 

inhibiting the tumor suppressor ability of B56γ-PP2A is discussed in the following chapters. In 

Chapter 2, mechanisms behind the loss of p53 interaction and consequential loss of p53-

dependent function associated with mutations F395C and A383G are described. In Chapter 3, 

characterization of the C39R mutation and the importance of HEAT repeat 1 in B56γ function 

and PP2A holoenzyme assembly is discussed. In Chapter 4, results summarizing the panel of 

tumor-derived B56γ mutations and the model of inactivation mechanisms of B56γ-PP2A function 

are presented. Lastly, proteomic analysis of B56γ protein complex in an attempt to elucidate the 

cause of loss of p53-independent function in S220N mutant is described in Chapter 5. Taken 

together, this study illustrates the complex mechanisms underlying the B56γ tumor suppressive 

activity and further strengthens the link between B56γ-PP2A function and tumor progression. 
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Figure legend 

Figure 1.1 Structure of PP2A.  

Using PyMOL, the crystal structures of PP2A are prepared for (A) the monomeric A subunit 

(adapted from Protein Data Bank, accession code 1B3U), (B) the heterodimeric AC core enzyme 

(adapted from Protein Data Bank, accession code 2IE3), (C) the heterotrimeric PP2A holoenzyme 

involving the B56 subunit (adapted from Protein Data Bank, accession code 2NYM), and (D) 

the heterotrimeric PP2A holoenzyme involving the B55α subunit (adapted from Protein Data 

Bank, accession code 3DW8).   
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Figures 

 

 

Figure 1.1 Structure of PP2A.  
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Tables 

B 

subunit 
Gene name  Alternate names 

Tissue 

localization 

Subcellular 

localization 
Reference 

B 

PPP2R2A B55α PR55α Ubiquitous Ubiquitous Mayer et al., 1991; 

Hatano et al., 1993; 

Hendrix et al., 

1993b; Zolnierowicz 

et al., 1994; 

Akiyama et al., 

1995; Strack et al., 

1998, 1999 

PPP2R2B B55β PR55β Brain and testes Cytosol 

PPP2R2C B55γ PR55γ Brain Cytoskeleton 

PPP2R2D B55δ PR55δ Widespread Cytosol 

B’ 

PPP2R5A B56α PR61α 
Heart and 

skeletal muscle 
Cytoplasm 

McCright and 

Virshup, 1995; 

Csortos et al., 1996; 

McCright et al., 

1996; Tanabe et al., 

1996; Tehrani et al., 

1996; Nagase et al., 

1997; Ito et al., 

2000; Muneer et al., 

2002; Martens et al., 

2004 

PPP2R5B B56β PR61β Brain Cytoplasm 

PPP2R5C 

B56γ1 PR61γ1 
Heart and 

skeletal muscle 

Mainly 

cytoplasmic 

B56γ2 PR61γ2 
Heart and 

skeletal muscle 
Mainly nuclear 

B56γ3 PR61γ3 
Heart and 

skeletal muscle 
Mainly nuclear 

PPP2R5D B56δ PR61δ Brain 

Nucleus, 

cytosol, 

mitochondria, 

microsome 

PPP2R5E B56ε PR61ε Brain Cytoplasm 

B” 

PPP2R3A 

B”α1 PR130 
Heart, brain, 

lung, muscle, 

kidney 

Centrosome, 

Golgi Hendrix et al., 

1993a; Yan et al., 

2000; Kono et al., 

2002; Stevens et al., 

2003; Zwaenepoel et 

al., 2008  

B”α2 PR72 
Heart, skeletal 

muscle 
Cytosol, nucleus 

PPP2R3B B”β PR70/48 Placenta Nucleus 

C14orf10 B”γ G5PR Ubiquitous Cytosol, nucleus 

B”’ 
STRN Striatin PR110 Brain Cytoplasm 

Castets et al., 2000; 

Moreno et al., 2001 
STRN3 SGN2A PR93 Brain Cytoplasm 

 

Table 1.1 Nomenclature and subcellular localization of PP2A B subunits. 
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B subunit Interacting protein Phos residue References 

B55α Akt Thr308 Kuo et al. 2008 

 Ap-1/Ap-2 Thr156 Ricotta et al. 2008 

 ATM Ser367/1893/1981 Kalev et al. 2012 

 HDAC4 Ser298 Paroni et al. 2008 

 Raf1 Ser259 Adams et al. 2005 

 Tau Ser202/Thr205 Merrick et al. 1996; Sontag 

et al. 1996, 1999 

B55γ Src Ser12 Eichhorn et al. 2007 

B55δ Raf1 Ser259 Adams et al. 2005 

B56α c-Myc Ser62 Arnold and Sears 2006 

 Bcl2 Ser70 Ruvolo et al. 2001 

 SK1 Ser225 Pitman et al. 2011 

B56β Pim1  Ma et al. 2007 

 Akt Ser473/T308 Rodgers et al. 2011 

B56γ p53 Thr55 Li et al. 2007 

 TRAF2 Thr117 Li et al. 2006 

B56δ Cdc25 Thr138 Margolis et al. 2006 

PR70 Rb Thr826 Margolis et al. 2006 

PR72 DARPP-32 Thr75 Ahn et al. 2007 

 

Table 1.2 Summary of proteins dephosphorylated by PP2A, classified by B subunits. 



 

35 

 

CHAPTER 2 

A B56γ mutation in lung cancer disrupts the p53-dependent tumor suppressor function of 

protein phosphatase 2A  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This research was originally published in Oncogene. G.P. Shouse, Y. Nobumori, and X. Liu. A 

B56γ mutation in lung cancer disrupts the p53-dependent tumor-suppressor function of protein 

phosphatase 2A. Oncogene. 2010; 29:3933-3941. © Nature Publishing Group. I am responsible 

for generating B56γ mutant plasmid A383G and Figure S2.3B, D, and E.  
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Abstract 

Earlier studies have shown both p53-dependent and -independent tumor suppressive functions of 

B56γ-specific protein phosphatase 2A (B56γ-PP2A). In the absence of p53, B56γ-PP2A can 

inhibit cell proliferation and cell transformation by an unknown mechanism. In the presence of 

p53, on DNA damage, a complex including B56γ-PP2A and p53 is formed which leads to Thr55 

dephosphorylation of p53, induction of the p53 transcriptional target p21, and inhibition of cell 

proliferation. In spite of its significance in inhibition of cell proliferation, no B56γ mutations have 

been linked to human cancer to date. In this study, we first differentiate between the p53-

dependent and -independent functions of B56γ-PP2A by identifying a domain of the B56γ protein 

required for interaction with p53. Within this region we identify a B56γ mutation, F395C, in lung 

cancer that disrupts the B56γ-p53 interaction. More importantly, we show that F395C is unable to 

promote p53 Thr55 dephosphorylation, transcriptional activation of p21, and the p53-dependent 

tumor suppressive function of PP2A. This finding provides a mechanistic basis for the p53-

dependent and -independent functions of B56γ-PP2A and establishes a critical link between 

B56γ-PP2A p53-dependent tumor suppressive function and tumorigenesis.
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Introduction 

Protein phosphatase 2A (PP2A) is a family of serine/threonine phosphoprotein 

phosphatases that has been implicated as a potential tumor suppressor. PP2A consists of a 

heterotrimeric complex composed of a scaffolding (A) subunit, catalytic (C) subunit, and 

regulatory (B) subunit. The B subunit is postulated to confer substrate specificity to the PP2A 

holoenzyme (Janssens and Goris, 2001; Schönthal, 2001; Eichhorn et al., 2009; Virshup and 

Shenolikar, 2009). The role of PP2A in control of tumor progression is thought to be governed by 

a small subset of specific B subunits directing PP2A to dephosphorylate and regulate key tumor 

suppressors or oncogenes (Eichhorn et al., 2009; Virshup and Shenolikar, 2009). Indeed, several 

members of the B56 family have been described as having a role in directing PP2A potential 

tumor suppressive activity. It has been shown that B56α-PP2A (PPP2R5A) dephosphorylates the 

c-Myc oncogene at Ser62 leading to its inactivation (Arnold and Sears, 2008), B56δ-PP2A 

(PPP2R5D) dephosphorylates Cdc25 blocking cell cycle progression (Margolis et al., 2006; 

Forester et al., 2007), and B56γ-PP2A (PPP2R5C) was shown to be important in SV40 mediated 

cell transformation (Chen et al., 2004). Interestingly, mutational analyses of PP2A genes have 

yielded data suggesting PP2A Aα and Aβ mutations are present in some cancers (Wang et al., 

1998; Ruediger et al., 2001a, 2001b; Chen et al., 2005b; Esplin et al., 2006). Importantly, the 

unifying effect of these mutations is loss of interaction with B56 subunit family members. 

Although one mutation in B56ε (PPP2R5E) gene of the B56 family has been reported to associate 

with increased risk of soft tissue sarcoma (Grochola et al., 2009), no mutations in the B56α, B56δ 

or B56γ tumor suppressor have been linked to human cancer to date.  

p53 is a very important highly studied tumor suppressor protein that functions primarily 

as a transcription factor (Kruse and Gu, 2009; Vousden and Prives, 2009). In response to DNA 

damage, p53 is highly post-translationally modified promoting its activation and nuclear 
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localization, whereby it acts as a transcription factor turning on genes responsible for apoptosis or 

cell cycle arrest including the CDK inhibitor, p21 (Bode and Dong, 2004). Our laboratory has 

previously demonstrated that in response to DNA damage, B56γ-PP2A dephosphorylates p53 at 

Thr55 and promotes its transcriptional activation. In addition, we were able to describe both a 

p53-dependent and –independent tumor suppressive function of B56γ-PP2A (Li et al., 2007; 

Shouse et al., 2008). These results, along with recent crystallography studies of the B56γ-PP2A 

complex (Xu et al., 2006; Cho and Xu, 2007), led us to focus our investigations toward 

identifying the region of B56γ required for interaction with p53 as an attempt to better understand 

its p53-dependent and –independent functions. 

In this study, we show that a small region of B56γ (aa391-401) is critical for interaction 

with the tumor suppressor protein p53. Within this region we identify a cancer-derived mutation, 

F395C which disrupts the B56γ-p53 interaction. Although this mutation has been found from 

only one human cancer sample thus far, we were able to further show that F395C lacks the ability 

to promote p53 Thr55 dephosphorylation and transcriptional activation of the p21 gene. 

Importantly, we demonstrate that F395C is unable to drive the previously described p53-

dependent tumor suppressive functions of PP2A either by inhibiting cell proliferation or by 

decreasing anchorage-independent growth of tumor-derived cells, while retaining its p53-

independent functions. Taken together, these results provide evidence that PP2A-mediated 

activation of p53 may have an important role in prevention of tumor progression. 
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Materials and Methods 

Identification of cancer-derived mutation 

The AceView program, developed at NCBI, provides a strictly cDNA-supported view of the 

human transcriptome and the genes by summarizing all quality-filtered human cDNA data from 

GenBank, dbEST and RefSeq. Using this program, we looked for B56γ mutations present within 

our identified p53 interaction domain where the annotated sequencing data was taken from 

tumors, tumor samples, and cancer cell lines. Our specific mutant was identified from a lung 

tumor sample and the corresponding gene accession number is BE829999. 

 

Cell culture and plasmids  

U2OS, HCT116 or H1299 cells were cultured in McCoy’s 5A, DMEM or RPMI 1640 medium 

supplemented with 10% fetal calf serum. The B56γ3 deletion mutants, ΔN17, ΔN156, ΔC347, 

ΔC376, and ΔC401 were generated by PCR. The B56γ3 point mutants, Q392G, C398L, 

Q392G/C398L, QQ400/401SS, F395C, were generated using the QuikChange Site-Directed 

Mutagenesis Kit (Stratagene). All plasmids were verified by sequencing. 

 

Western blot and immunoprecipitation  

Whole cell extract was prepared by lysing the cells in a buffer containing 50 mM Tris–HCl (pH 

8.0), 120 mM NaCl, 0.5% NP-40, 1 mM dithiothreitol, 2 μg/ml aprotinin and 2 μg/ml leupeptin. 

Cell lysates were subjected to SDS–PAGE, followed by immunoblotting analysis with anti-p53 

(DO1, Santa Cruz Biotechnology), anti-p21 (C-19, Santa Cruz), anti-PP2A A subunit (Upstate), 

anti-PP2A C subunit (1D6, Upstate), anti-PP2A B56γ3 (against full-length B56γ3), anti-ERK 

(Santa Cruz Biotechnology), anti-Cyclin G (Santa Cruz Biotechnology), anti-SGOL1 

(ABNOVA), or anti-vinculin (VIN-11-5, Sigma) antibodies. For Thr55 dephosphorylation, the 
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cell lysate was immunoprecipitated with phospho-specific antibody for Thr55 (Ab202) and 

immunoblotted with anti-p53 antibody (Li et al., 2007).  For GST pull down experiments, GST 

fusion proteins were expressed in BL21 bacteria and purified using glutathione sepharose beads. 

U2OS cell lysate or 
35

S-labeled p53 was then incubated with the GST protein. Precipitated 

proteins were then analyzed by SDS-PAGE followed by immunoblotting or autoradiography. The 

peptide competition experiments were performed by addition of different peptides in the reactions 

at 100- to 1000-fold molar excess. For interaction of endogenous p53 with the transfected B56 

proteins, U2OS cells were transfected with various B56 plasmids using FuGene (Roche) and 

lysed 28 h after transfection. Immunoprecipitation was performed using either anti-p53 

polyclonal antibody (FL393, Santa Cruz) or anti-HA 12CA5 monoclonal antibody. The amounts 

of co-precipitated proteins were determined by immunoblotting.  

 

Cell proliferation and anchorage-independent growth assays  

To generate proliferation curves for HCT116 cells, cells were transfected with wild type, QC, 

F395C, Q392G, C398L, or QQ mutant B56γ3 or a control CMV empty vector using FuGene, 

seeded in triplicate and counted at 0, 24, 48, 72, 96 and 120 h post seeding. To generate 

proliferation curves for H1299 cells, cells were cotransfected with wild type, QC, F395C, Q392G, 

C398L, or QQ mutant B56γ3 or a control CMV empty vector along with either wild type p53 or 

T55D mutant p53, using FuGene, seeded in triplicate and counted at 0, 24, 48, 72, 96 and 120 h 

post seeding. For anchorage-independent growth assays of HCT116 cells, cells were transfected 

with wild type, Q392G, C398L, QC, QQ, or F395C mutant B56γ3 or a control CMV empty 

vector seeded in triplicate in 0.35% Noble Agar (Fisher) and counted 4 weeks post seeding.  

  



 

41 

 

Results 

Identification of a domain of B56γ required for interaction with p53  

The B56γ gene product directs PP2A phosphatase activity toward p53, promoting p53 

Thr55 dephosphorylation, activation, and tumor suppressive function. We sought to better 

understand the region of the B56γ protein required for interaction with p53. To this end, we 

compared the amino acid sequences of two different spliced forms of B56γ protein, B56γ1 and 

B56γ3, able to interact with p53, and the highly related B56α protein, which is unable to interact 

with p53 (Li et al., 2007).  We posited that the more variable regions found toward the C- and N-

terminus (Figure 2.1A) of B56γ were most likely the areas of potential interaction with p53 

because of their variation from the sequence of the noninteracting B56α protein and their position 

in the potential substrate binding area of the B56γ-PP2A holoenzyme complex as described in 

crystallographic studies (Xu et al., 2006; Cho and Xu, 2007). To test this, we constructed several 

B56γ deletion mutants as glutathione S-transferase fusion proteins and assayed their ability to 

interact with the PP2A core and p53 (Figure 2.1A). Deletion of the N-terminal 156 amino acids 

(ΔN156) or the C-terminus after amino acid 401 (ΔC401) disrupted the interaction between B56γ 

and the AC core of PP2A. Interestingly, although the ΔN156 and ΔC401 mutants were no longer 

able to interact with the PP2A core, they were still able to bind p53 to a level similar to that of 

wild type B56γ3 and B56γ1. Significantly, the ΔC347 and ΔC376 mutants lost p53 interaction, 

suggesting that the deleted region may be required for interaction with p53. To confirm this result, 

we show that the ΔN156, ΔC376, and ΔC401 mutants also disrupted interaction with the PP2A 

core in vivo (Figure 2.1B). In addition, the ΔC376 mutant lost interaction with p53 in vivo, 

whereas ΔC401 and ΔN156 mutants still maintained interaction (Figure 2.1B).  

To exclude the possibility that our result could be explained by a loss of proper 

conformation because of the deletion, we conducted peptide competition experiments using a 
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peptide consisting of the amino acids of B56γ from 376 to 402 (peptide B56γ, Figure 2.1C). The 

assay showed that the B56γ peptide was clearly able to compete out the p53 interaction. An 

additional smaller peptide containing amino acids 391 to 402 (peptide 391) was also able to block 

the interaction, whereas a peptide containing amino acids 376 to 388 (peptide 376) was unable to 

do so. A combination of both smaller peptides showed results similar to those of peptide 391 only. 

As a control, a peptide consisting of amino acids from the corresponding region of homology 

from B56α (peptide B56α) was unable to block the p53 interaction, as expected. These data 

suggest that the amino acids on B56γ from 391 to 402 constitute a domain required for interaction 

with p53. 

To provide further evidence, we designed and generated four B56γ3 point mutants, 

Q392G, C398L, the double mutant Q392G/C398L (QC), and the double mutant QQ400/401SS 

(QQ), in which B56γ amino acids were mutated to the corresponding amino acids present on 

B56α (Figure 2.1C). We assayed for the effects of the mutations on interaction with p53 and the 

PP2A core in vivo (Figure 2.1D). Although the interaction was constant between the PP2A core 

and each of the B subunit constructs expressed, p53 interaction with the QC mutant was almost 

undetectable and no interaction was detected with the B56α negative control. Interestingly, both 

Q392 and C398 single mutants retained their ability to interact with p53. To confirm these results, 

we performed p53 IP followed by immunoblotting with anti-HA antibody and showed that the 

QC mutant and B56α are indeed unable to interact with p53 (Figure 2.1D, right). We previously 

showed an endogenous interaction between PP2A and p53 that can be strongly enhanced by 

B56γ3 overexpression (Li et al., 2007). Blotting with the PP2A C subunit showed that the 

enhanced interaction between p53 and PP2A observed in the presence of overexpressed B56γ3 

was lost in the presence of the QC mutant, suggesting that the QC mutant lost its ability to 
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interact with p53. Overall, these results provide additional evidence of the importance of the 

region of B56γ between amino acids 391 and 402 for p53 interaction. 

 

A cancer-derived B56γ3 mutant, F395C, is unable to interact with p53 or promote Thr55 

dephosphorylation  

To continue to investigate the importance of this region in tumor progression, we 

analyzed annotated cDNA sequences within our p53 interaction domain present in public 

databases that were derived from human cancer cell lines and tumor samples and identified a 

mutation of a phenylalanine residue at amino acid position 395 of B56γ3 that was mutated to 

cysteine present in a lung tumor sample (Dias Neto et al., 2000). Since this mutation was present 

within our identified p53 interaction domain (Figure 2.2A), we tested whether this mutation could 

disrupt interaction with p53. Although the F395C mutant was able to interact normally with the 

PP2A A and C subunits, it specifically lost its ability to interact with p53 (Figure 2.2A). The 

interaction with the QC mutant was shown as a negative control. To provide further evidence for 

specificity, we tested the ability of F395C to bind several other PP2A substrates, such as Cyclin 

G2 (Bennin et al., 2002), ERK (Letourneux et al., 2006), Shugoshin (Riedel et al., 2006). As 

shown in Figure 2.2E, F395C, although defect in p53 binding, retains its ability to bind Cyclin G2, 

ERK and Shugoshin. Together, these results suggest that the F395C mutant was unable to 

specifically interact with p53 and thus unable to recruit the PP2A core to p53. 

To test this directly, we assayed the ability of the F395C mutant to promote p53 Thr55 

dephosphorylation and p21 induction. As shown in Figure 2.2A, overexpression of wild type 

B56γ3 promoted efficient dephosphorylation of p53 at Thr55, compared with the empty vector 

control. This dephosphorylation correlated with an induction of the p53 transcriptional target p21, 

underscoring the functional significance of the dephosphorylation. Overexpression of the F395C 



 

44 

 

mutant, however, was unable to promote p53 Thr55 dephosphorylation or p21 induction, 

suggesting that this mutant has lost its ability to direct PP2A phosphatase activity toward p53. In 

addition, the QC mutant was also unable to promote Thr55 dephosphorylation or p21 induction, 

providing evidence that interaction with p53 is required for the tumor suppressive function of 

B56γ-PP2A. In addition, as shown in Figure 2.2B, mutants able to interact with p53, including 

Q392G, C398L, and the QQ double mutant, promoted p53 Thr55 dephosphorylation and 

induction of p21 protein levels similar to that of wild type B56γ3. Taken together with the 

interaction results, we have shown that a cancer-derived mutation of B56γ3 may disrupt a 

physiologically significant function of PP2A in preventing tumor progression through activation 

of p53.  

To investigate the potential of the F395C mutant to block the function of the endogenous 

B56γ protein, we assayed for p53 Thr55 dephosphorylation and p21 induction after DNA damage 

in the presence of exogenous wild type B56γ3, F395C mutant B56γ3 or an empty vector control 

(Figure 2.2C). In the case of controls, efficient Thr55 dephosphorylation and induction of p21 

protein occur after DNA damage. In the presence of exogenous wild type B56γ3, Thr55 

phosphorylation levels are already lower under mock conditions, and further dephosphorylation is 

observed after IR, whereas p21 levels are higher in the mock lane and increase further after IR. 

Importantly, in the presence of the F395C mutant, Thr55 phosphorylation levels do not decrease 

after DNA damage and induction of the p53 transcriptional target p21 is also blocked. This result 

questions whether the F395C mutant could potentially function as a dominant negative mutant 

when present at a level similar to that of endogenous wild type protein. To test this possibility, we 

titrated the amount of overexpressed protein and assayed for the effect on Thr55 phosphorylation 

after DNA damage (Figure 2.2D). Decreasing the level of F395C expression to a level similar to 

that of endogenous protein (0.25-0.5 μg) led to some Thr55 dephosphorylation after DNA 
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damage, whereas higher levels of F395C expression completely blocked this function. This 

finding suggests that F395C may be able to function as a dominant negative mutant by competing 

with wild type B56γ for binding to the PP2A core, thereby blocking C subunit-substrate 

interactions. To further support this view, we assayed for the ability of either wild type or F395C 

mutant B56γ3 to interact with the endogenous B56γ protein (Figure S2.1). No interaction was 

detected between exogenous protein and the endogenous B56γ, suggesting that the inhibitory 

mechanism of F395C overexpression is probably through competitive binding to the AC core of 

PP2A or due to some unknown factors. 

 

Cancer-derived mutant B56γ3 lacks p53-dependent tumor suppressive functions  

Although the F395C mutation was found in a tumor sample, we wanted to elucidate 

whether the mutation could directly contribute to a cancer phenotype. We previously showed that 

wild type B56γ overexpression decreased anchorage-independent growth and cell proliferation 

rates utilizing a p53-dependent mechanism (Li et al., 2007). Based on our findings that F395C 

mutant B56γ3 lacks interaction with p53 and ability to promote p53 activation, we first tested 

whether it could function to block anchorage-independent cell growth in a p53-dependent manner. 

HCT116 cells with either a p53
-/- 

or p53
+/+

  background were transfected with each of the B56γ3 

constructs, including F395C, QC, wild type, Q392G, C398L, and QQ, or an empty vector control 

and seeded in soft agar. As shown in Figure 2.3, overexpression of each of the B56γ3 constructs 

into the HCT116 cells lacking p53 led to a similar decrease in the number of colonies present in 

the agar from approximately 280 colonies in the empty vector control to approximately 250 

colonies. In the presence of p53, however, only those B56γ3 constructs able to interact with p53, 

namely wild type, Q392G, C398L, and QQ, showed a more dramatic decrease in colony number 

from about 250 colonies in the empty vector control to around 75 colonies. Expression of the 
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F395C mutant led to a decrease in colony number, but only to an extent similar to that observed 

in the absence of p53 corresponding to around 210 colonies. Statistical analysis of the data is 

shown in Figure S2.2. This finding suggests that F395C mutant B56γ3 is no longer able to 

function as a p53-dependent tumor suppressor protein. Samples from transfected cells were 

analyzed for p21 induction. A strong correlation was shown between the ability of a B56γ3 

construct to interact with p53, promote p21 induction, and the ability of that construct to block 

anchorage-independent growth in a p53-dependent manner.   

To provide further evidence that F395C mutant B56γ3 lacks p53-dependent tumor 

suppressive function, we tested whether expression of this mutant protein could inhibit cell 

proliferation in a p53-dependent manner. As shown in Figure 2.4A, expression of wild type 

B56γ3 in the presence of p53 led to a dramatic decrease in cell proliferation corresponding to a 

45% reduction in cell number by 120 h. Interestingly, the F395C mutant was unable to block cell 

proliferation to a similar extent with only a 20% decrease in cell number. The reduced inhibition 

of cell proliferation observed in the presence of the F395C mutant can be attributed to its p53-

independent function as expression of the mutant in an isogenic p53 null background (HCT116 

p53
-/-

) led to a decrease that showed no significant difference from wild type B56γ3 (P = 0.08) 

(Figure 2.4A: Figure S2.2). To provide further data correlating p53 interaction with p53-

dependent functions of B56γ3, we expressed the non-interacting QC mutant, as well as the 

interacting Q392G, C398L, and QQ mutants in the same assay. The non-interacting QC mutant 

showed results similar to those of the F395C mutant, whereas those mutants that retained p53 

interaction also retained similar p53-dependent functions comparable to wild type B56γ3 (Figure 

2.4A). As a control, lysates of the cell proliferation experiment were analyzed. As expected, 

increase in p21 protein levels occurred in the case of wild type B56γ3 but not F395C 
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overexpression in HCT116 p53
+/+ 

and HCT116 p53
-/- 

cells, which correlated with the p53-

dependent inhibition of cell proliferation (Figure 2.4A). 

To provide evidence that p53 Thr55 phosphorylation status contributes to the p53-

dependent tumor suppressive function of B56γ, similar cell proliferation experiments were 

conducted in H1299 cells that lack functional wild type p53. These cells were transfected with 

either wild type p53 or a Thr55 to Asp mutant (T55D) that cannot be dephosphorylated at Thr55. 

As shown in Figure 2.4B, expression of wild type B56γ3 along with wild type p53 led to a 

significant inhibition of cell proliferation corresponding to a 50% decrease in cell number at 120 

h. Expression of F395C mutant B56γ3, however, led to only a small inhibition of cell 

proliferation corresponding to approximately a 10% decrease in cell number. This small 

inhibition can be attributed to the Thr55 dephosphorylation-independent function, as a similar 

inhibition was observed in the presence of T55D mutant p53. Similarly, expression of the 

noninteracting QC mutant also led to a small inhibition of cell proliferation supporting the notion 

that p53 interaction and Thr55 dephosphorylation are required for the p53-dependent tumor 

suppressive function of B56γ3 (Figure 2.4B). Statistical analysis of the data is shown in Figure 

S2.2. Cell lysates from the experiment were subjected to western blot to assess p21 protein levels 

(Figure 2.4B). The correlation between p21 induction and decrease in cell proliferation was again 

documented in the presence of wild type p53 and B56γ3. The lack of p21 induction in the 

presence of the F395C mutant B56γ3 provides further evidence that this protein has lost its Thr55 

dephosphorylation-dependent tumor suppressive function. Taken together our findings show for 

the first time that a cancer-derived mutant of B56γ3 lacks the physiologically significant p53-

dependent tumor suppressive function, providing evidence for the importance of this pathway in 

protecting cells from a cancerous phenotype. 
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Discussion 

In this study, we describe a novel molecular mechanism behind a cancer-derived loss of 

function mutation in the PP2A B56γ regulatory subunit gene. This mutation was previously 

described in a lung tumor sample, although the functional significance of this mutation in 

tumorigenesis was not previously characterized. The missense mutation changes a phenylalanine 

residue at amino acid 395 to a cysteine within a region we mapped as being required for B56γ-

PP2A-p53 interaction. According to recent crystal structure data, this region maps to an area of 

high structural variability positioned in such a manner as to allow docking of the PP2A core with 

the substrate (Xu et al., 2006; Cho and Xu, 2007). This provides further support to the notion that 

this region directly bridges the p53-PP2A interaction. In terms of tumorigenic function, we 

showed that the mutant protein has lost its ability to mediate the p53-dependent tumor 

suppressive function of PP2A. Specifically we showed that F395C is no longer able to interact 

with p53 or inhibit cultured cancer cell proliferation or growth on soft agar in a p53-dependent 

manner. Unfortunately, we are unable to assess p53 status in this identified cancer sample. 

However, recent data suggest that as many as 61% of lung tumors have wild type p53 (Petitjean 

et al., 2007), suggesting the importance of the B56γ3-p53 interaction in regulating wild type p53 

tumor suppression function.  

Although the F395C mutant lacks p53 interaction, it maintains its ability to interact with 

the PP2A core similar to the wild type protein (Figure 2.2A). As such, we were able to show a 

competitive effect of F395C expression affecting the activity of the endogenous protein. It seems 

that even a single copy of this mutation may affect the function of the wild type protein, because 

when levels of F395C expression are comparable to endogenous levels, there is a decrease in p53 

Thr55 dephosphorylation after DNA damage (Figure 2.2D). The mechanism for this interference 

seems to be due to competition between the mutant and wild type proteins for some other 
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molecules required for function, as increasing the amount of expressed F395C protein enhances 

the effect. The molecule being titrated out may be the PP2A core complex, as both F395C and 

wild type B56γ can bind the PP2A core to similar levels. In addition, it does not seem as though 

the B56γ protein can dimerize because HA-B56γ3 was unable to interact with endogenous protein 

(Figure S2.1). These findings suggest that the mechanism for F395C interference with wild type 

function is not dominant negative in the classical sense but is more because of competitive 

binding to other molecules.  

Our investigation of the functional consequences of a previously described cancer-

derived mutation in the B56γ gene provides additional evidence as to the importance of B56γ in 

tumor suppression. Although the mutation was identified in a lung tumor sample complementary 

DNA library, the mutation was not present in the B56γ gene sequence of normal lung tissue 

libraries present in the NIH database, suggesting that this mutation may have contributed to the 

phenotype of the tumor sample. In addition, since the mutation was not present in the NCBI SNP 

database, it is not likely to be a polymorphism. Although there was only one mutation found on 

the NIH database directly within the mapped p53 interaction domain, several mutations have been 

identified immediately outside this region that could potentially disrupt the p53-B56γ interaction. 

We thus tested one of the mutants, A383G, which is immediately adjacent to the mapped p53 

interaction domain (aa391-401) (Suzuki et al., 2004). Our results suggest that A383G also 

specifically lost its ability to interact with p53 (Figure S2.3B). Furthermore, we showed that 

A383G is unable to promote p53 Thr55 dephosphorylation (Figure S2.3C) and p53-dependent 

tumor suppressive function of PP2A (Figure S2.3D). This finding supports our conclusion that 

interaction with p53 plays an important role in PP2A-mediated activation of p53 and prevention 

of tumor progression. Perhaps it is worthwhile to mention that additional mutations have been 

detected in the B56γ gene. For example, mutations that disrupt binding to the A and C subunits 
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would potentially disrupt both the p53-dependent and independent tumor suppressive functions of 

this protein and may therefore be more common. Furthermore, the previously described mutations 

in the A subunit genes that contribute to tumorigenesis may function to disrupt the same pathway 

as this B56γ mutation, therefore making B56γ mutations in these cancer types less likely. 

Nevertheless, our study provides compelling biochemical data suggesting the importance of the 

F395C mutation and potentially other mutants in that expression of the mutant proteins no longer 

promotes PP2A-dependent activation of the tumor suppressor protein p53 and actually disrupts 

the normal p53 response to DNA damage stress.  

Although the cancer-derived F395C mutant protein no longer promotes a p53-dependent 

tumor suppressive function, it still demonstrates a less dramatic p53-independent function that 

has been previously described (Li et al., 2007). Interestingly, this mutant protein is able to 

distinguish between these two and therefore provides compelling evidence as to the ability of the 

B subunits of PP2A to direct the holoenzyme to specific substrate targets and the potential for the 

presence of multiple substrate binding domains within a single B subunit. Clearly, this subunit 

must promote PP2A-mediated dephosphorylation of other target proteins inside the cell that 

mediate this p53-independent function and further study may provide insight into these protein 

targets and their role in PP2A-dependent tumor suppression as well as into the domain of B56γ 

responsible for mediating interaction with the PP2A substrate. Overall, although the regulation of 

PP2A functions is complex, our study adds significant support to the role of B56γ-PP2A in tumor 

suppression specifically through activation of the tumor suppressor protein, p53.  
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Figure legend 

Figure 2.1 Mapping of the B56γ domain required for interaction with p53.  

(A) Left: Diagram of amino acid sequences of B56α, B56γ and various B56γ deletion constructs 

aligned based on sequence homology. Shades of gray indicate increasing percentage of identical 

amino acids within that region. Right: Each of the B56γ constructs were expressed in bacteria as 

GST-fusion proteins, purified, and analyzed by SDS-PAGE (upper). U2OS cell lysates were 

incubated with the purified GST-fusion proteins indicated, then analyzed by western blot against 

p53, PP2A A and C, and vinculin (vinc) (lower). (B) U2OS cells were transfected with the HA-

tagged B56γ constructs listed, lysed, and subjected to immunoprecipitation with anti-HA 

antibody. The precipitated proteins were analyzed by western blot against p53, PP2A A and C, 

HA, and vinculin (vinc). (C) 
35

S-p53 was incubated with GST protein (GST), GST-B56γ3 protein, 

or GST-B56γ3 with peptides corresponding to amino acids 376 to 402 (B56γ), 376 to 388 (376), 

or 391 to 402 of B56γ3 (391), or amino acids 411 to 437 of B56α (B56α). Amino acid sequence 

of the p53-interaction domain of B56γ aligned with the homologous sequence of B56α is shown 

below. (D) Lysates of U2OS cells transfected with HA-tagged B56γ3, Q392G, C398L, 

Q392G/C398L (QC), Q400S/Q401S (QQ) mutant B56γ3, or B56α were either 

immunoprecipitated with anti-HA antibody, then analyzed by western blot against p53, PP2A A 

and C, HA, and vinculin (vinc) (left) or with anti-p53 antibody, then analyzed by western blot 

against HA, PP2A C, p53, and vinculin (vinc) (right).  

 

Figure 2.2 Mutant B56γ3 is unable to promote p53 Thr55 dephosphorylation.  

(A) Lysates of U2OS cells transfected with HA-tagged B56γ3, F395C, or Q392G/C398L (QC) 

mutant B56γ3, were either immunoprecipitated with anti-HA antibody, then analyzed by western 

blot against p53, PP2A A and C, HA, and vinculin (vinc) (left); or analyzed for p53 Thr55 
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phosphorylation, p21 protein levels, HA, p53, and vinculin (vinc) (right). Amino acid sequence of 

the p53-interaction domain of B56γ showing the cancer-derived F395C mutation is present on the 

top. (B) Lysates of U2OS cells transfected with empty vector control (EV), HA-tagged B56γ3, 

Q392G, C398L, Q392G/C398L (QC), or Q400S/Q401S (QQ) mutant B56γ3 were analyzed for 

p53 Thr55 phosphorylation, p21 protein levels, HA, p53, and vinculin (vinc). (C) Lysates of 

U2OS cells transfected with empty vector control (EV), HA-tagged B56γ3, or F395C mutant 

B56γ3 and either mock treated (M) or treated with ionizing radiation (IR) were analyzed for p53 

Thr55 phosphorylation, HA, p53, and vinculin (vinc). (D) Lysates of U2OS cells transfected with 

varying amounts of HA-tagged F395C mutant B56γ3, were either mock (M) treated or treated 

with ionizing radiation (IR), then analyzed by western blot against endogenous (endo) and 

exogenous (exo) B56γ, as well as p53 and Thr55 phosphorylation. (E) Lysates of U2OS cells 

transfected with HA-tagged B56γ3 or F395C were immunoprecipitated with anti-HA antibody, 

then analyzed by western blot against p53, Cyclin G, ERK, Sgo, PP2A A, HA, and vinculin 

(vinc) antibodies.  

 

Figure 2.3 Overexpression of cancer-derived mutant B56γ3 is unable to block anchorage-

independent growth in a p53-dependent manner.  

(A) Anchorage-independent growth of HCT116 cells transfected with wild type (WT), F395C, 

Q392G/C398L (QC), Q392G, C398L, Q400S/Q401S (QQ), or an empty CMV vector control 

(EV). (B) Colony numbers. The values are the averages +/- standard deviations of the results of 

three representative experiments. (C) Immunoblots of the transfected HA-B56γ3 and endogenous 

B56γ3/B56γ2, p53, p21, and vinculin (vinc) proteins. -: HCT116 -/-; +: HCT116 +/+. 
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Figure 2.4 Overexpression of cancer-derived mutant B56γ3 is unable to block cell 

proliferation in a p53-dependent manner.  

Representatives of cell proliferation of the HCT116 human colon cancer cell lines (A) or the 

H1299 human lung cancer cell line (B) transfected with either wild type (WT), F395C, 

Q392G/C398L (QC), Q392G, C398L, Q400S/Q401S (QQ) mutant B56γ3, or a control CMV 

empty vector. Numbers of cells present at the 120 h time point were normalized against the 

representative empty vector controls and plotted in a bar graph. Error bars show average +/- s.d. 

from triplicate plates in one representative experiment. Cell lysates were analyzed by 

immunoblotting of the transfected HA-B56γ3, endogenous B56γ3/B56γ2, p53 and p21 proteins. 

H1299 + WT: H1299 transfected with wild type p53; H1299 + T55D: H1299 transfected with 

T55D. M: empty vector-transfected cell lysate at seeding. 

 

Figure S2.1 HA-B56γ3 is unable to interact with endogenous B56γ.  

Lysates of U2OS cells transfected with either wild type or F395C mutant B56γ3, were 

immunoprecipitated with HA antibody, then analyzed by western blot against B56γ and vinculin 

(vinc).  

 

Figure S2.2 Statistical analysis of cell growth and transformation data. 

P-values for anchorage-independent cell growth experiments from Figure 3 (A); for HCT116 

cells growth experiments from Figure 4A (B); and for H1299 cell cells growth experiments from 

Figure 4B (C) were calculated by comparing the effect of expressing the various mutants either 

versus the EV control or versus the wild type protein.  
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Figure S2.3 The A383G mutant is unable to promote p53-dependent tumor suppressive 

functions.  

(A) Amino acid sequence of B56γ showing the p53-interaction domain, adjacent regions and the 

cancer-derived mutations. Lysates of U2OS cells transfected with HA-tagged B56γ3, A383G, or 

an empty vector control, were either immunoprecipitated with anti-HA antibody, then analyzed 

by western blot against p53, PP2A A and C, HA, and vinculin (B); or analyzed for p53 Thr55 

phosphorylation, p21 protein levels, HA, p53, and vinculin (C). (D) Representatives of cell 

proliferation of HCT116 cells were transfected with either wild type, or A383G, or an empty 

vector control. Numbers of cells present at the 120 h time point were normalized against the 

representative empty vector controls and plotted in a bar graph. Error bars show average +/- s.d. 

from triplicate plates in one representative experiment. Cell lysates were analyzed by 

immunoblotting of the transfected HA-B56γ3, endogenous B56γ3/B56γ2, and p53 proteins. M: 

empty vector-transfected cell lysate at seeding. (E) Statistical analysis of cell growth from (D).   
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Figures  

 

Figure 2.1 Mapping of the B56γ domain required for interaction with p53.  

 



 

60 

 

 

Figure 2.2 Mutant B56γ3 is unable to promote p53 Thr55 dephosphorylation.  
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Figure 2.3 Overexpression of cancer-derived mutant B56γ3 is unable to block anchorage-

independent growth in a p53-dependent manner.  
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Figure 2.4 Overexpression of cancer-derived mutant B56γ3 is unable to block cell proliferation 

in a p53-dependent manner.   
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Figure S2.1 HA-B56γ3 is unable to interact with endogenous B56γ.  
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Figure S2.2 Statistical analysis of cell growth and transformation data. 
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Figure S2.3 The A383G mutant is unable to promote p53-dependent tumor suppressive functions.  
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CHAPTER 3 

 

HEAT repeat 1 is required for B56γ-PP2A holoenzyme assembly and tumor suppressive 

function  

 

 

 

 

 

 

 

 

 

 

This research was originally published in The journal of biological chemistry. Y. Nobumori, G.P. 

Shouse and X. Liu. HEAT repeat 1 motif is required for B56γ-containing protein phosphatase 2A 

(B56γ-PP2A) holoenzyme assembly and tumor-suppressive function. The journal of biological 

chemistry. 2012; 287:11030-11036. © the American Society for Biochemistry and Molecular 

Biology. I am responsible for all of the figures in this chapter except Figure 3.3A which was 

prepared by G.P. Shouse.  
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Abstract 

Protein phosphatase 2A (PP2A) enzyme consists of a heterodimeric core (AC core) comprising a 

scaffolding subunit (A), a catalytic subunit (C), and a variable regulatory subunit (B). Earlier 

studies suggest that upon DNA damage, a specific B subunit, B56γ, bridges the PP2A AC core to 

p53, leading to dephosphorylation of p53 at Thr55, induction of the p53 transcriptional target p21 

and the inhibition of cell proliferation and transformation. In addition to dephosphorylation of 

p53, B56γ–PP2A also inhibits cell proliferation and transformation by an unknown mechanism. 

B56γ contains eighteen α-helices that are organized into eight HEAT (Huntington-elongation-

A subunit-TOR) repeat motifs. Although previous crystal structure study has revealed the 

residues of B56γ that directly contact the A and C subunits, the contribution of HEAT repeats to 

holoenzyme assembly and to B56γ-PP2A tumor suppressive function remains to be elucidated. 

Here, we show that HEAT repeat 1 is required for the interaction of B56γ with the PP2A AC core 

and, more importantly, for B56γ-PP2A tumor suppressive function. Within this region, we 

identified a tumor-associated mutation, C39R, which disrupts the interaction of B56γ with the AC 

core and thus was unable to mediate dephosphorylation of p53 by PP2A. Furthermore, due to its 

lack of AC interaction, C39R was also unable to promote the p53-independent tumor suppressive 

function of B56γ-PP2A.  This study provides structural insight into the PP2A holoenzyme 

assembly and emphasizes the importance of HEAT repeat 1 in B56γ-PP2A tumor suppressive 

function. 
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Introduction 

The protein phosphatase 2A (PP2A) family of serine/threonine phosphoprotein 

phosphatases is involved in a multitude of cell-signaling pathways. The PP2A holoenzyme is a 

heterotrimeric complex that consists of scaffolding A subunit, catalytic C subunit, and regulatory 

B subunit. Each subunit is thought to have its own distinct function: the C subunit catalyzes the 

dephosphorylation of specific serine/threonine residues on target substrates and the A subunit acts 

as a scaffold holding the complex together. Together, A and C subunits form a PP2A core 

enzyme (AC core). The AC core is associated with one of the variable B subunits, which 

determines the diverse cellular localization, substrate specificities, and enzymatic activity of 

PP2A holoenzyme (Eichhorn et al., 2009; Virshup and Shenolikar, 2009).  

 Recent evidence suggested that a subset of B56-containing PP2A holoenzyme (B56-

PP2A) exhibits tumor suppressive functions. The B56 family consists of five different genes, α 

(PPP2R5A), β (PPP2R5B), γ (PPP2R5C), δ (PPP2R5D), and ε (PPP2R5E) (Csortos et al., 1996; 

McCright et al., 1996). B56γ-PP2A has been reported to dephosphorylate tumor suppressor p53 at 

Thr55, leading to p53 activation, induction of cdk inhibitor p21, and inhibition of cell 

proliferation (Li et al., 2007); B56γ-PP2A to dephosphorylate the c-Myc  oncogene, resulting in 

c-Myc  inactivation (Yeh et al., 2004; Arnold and Sears, 2006), and B56γ-PP2A to 

dephosphorylate Cdc25c, blocking cell cycle progression (Margolis et al., 2006; Forester et al., 

2007). These studies suggest that B56-PP2A exerts its tumor suppressive function by bridging the 

PP2A AC core to the substrate proteins involved in cell growth and proliferation. In support of 

this view, some viral oncoproteins have been shown to function by displacing B56 subunit from 

the AC core binding (Chen et al., 2004, 2007). In addition, among seven cancer-derived 

mutations (E64D in lung carcinoma, E64G in breast carcinoma, R418W in malignant melanoma, 
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Δ171-589 also in breast carcinoma, R182W, R183W and R183G in ovarian carcinoma) reported 

in PP2A Aα gene (PPP2R1A) to date, four of them have been characterized and the unifying 

effect of them is loss of interaction with either C subunit or B56 subunits (Ruediger et al., 2001b; 

Chen et al., 2005b; Jones et al., 2010). We have also reported two tumor-associated mutations in 

B56γ gene that specifically block interaction with p53 and thus p53-dependent, but not p53-

independent, tumor suppressive activity of B56γ-PP2A (Shouse et al., 2010). Together those data 

suggest that interaction of B56 subunit with either the PP2A AC core or its substrate is critical for 

its tumor suppressive function. However, no B56 mutation has been identified to specifically 

block the PP2A AC core interaction in human cancer to date. 

 The crystal structure of B56γ subunit revealed that it has an elongated, superhelical 

structure comprising eighteen α-helices that are organized into eight HEAT-like (Huntington-

elongation-A subunit-TOR-like) repeat motifs (Xu et al., 2006; Cho and Xu, 2007). Each HEAT 

repeat consists of two antiparallel α-helices connected by an intra-loop, and adjacent HEAT 

repeats are connected by short inter-repeat turns. Upon holoenzyme assembly, B56γ is placed into 

a position close to the active site of the C subunit and forms the substrate docking site of the 

holoenzyme, supporting the view that B56γ controls PP2A specificity by bridging the PP2A AC 

core and phosphorylated protein substrates. The structure of the B56γ-PP2A holoenzyme reveals 

a number of conserved amino acid residues located mainly on the intra-loops which mediate 

interaction of B56γ with either A or C subunit. However, how each HEAT repeat modulates 

holoenzyme formation and, importantly, contributes to B56γ-PP2A activity remains unknown.  

In this study, we show that deletion of HEAT repeat 1, although distant from the A and C 

subunits, prevents B56γ from binding to the AC core, suggesting that this motif is critical for the 

assembly of the B56γ-PP2A holoenzyme. To further investigate the importance of HEAT repeat 1, 
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we characterized a mutation, C39R, within this motif that was previously identified from a pooled 

glandular tumor sample. Our data reveal that, like the HEAT repeat 1 deletion mutants, the C39R 

mutant was unable to interact with the PP2A A and C subunits. Importantly, we show that, 

although retaining binding to p53, all HEAT repeat 1 mutants tested fail to promote p53 Thr55 

dephosphorylation and transcriptional activation of the p21 gene. As a consequence, they 

abolished the p53-dependent tumor suppressive function of PP2A. Furthermore, due to their 

missing interaction with the A and C subunit, those mutants also lost the p53-independent tumor 

suppressive function of B56γ-PP2A. This study thus provides structural insight into the PP2A 

holoenzyme assembly and suggests an additional mechanism to inactivate tumor suppressive 

function of B56γ-PP2A.  
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Materials and Methods 

Cell culture and plasmids 

U2OS and HCT116 cells were cultured in McCoy’s 5A medium supplemented with 10% fetal 

calf serum. The B56γ deletion mutants, ΔN40, ΔN53, and ΔN73 were generated by PCR from the 

wild type B56γ3 gene. The B56γ point mutants, C39R, C39A, and C39S, were generated using 

the QuikChange Site-Directed Mutagenesis Kit (Stratagene). All plasmids were verified by 

sequencing. 

 

Western blot and immunoprecipitation 

Whole cell extract was prepared by lysing the cells in a buffer containing 50 mM Tris-HCl (pH 

8.0), 120 mM NaCl, 0.5% NP-40, 1 mM dithiothreitol, 2 μg/ml aprotinin and 2 μg/ml leupeptin. 

Cell lysates were subjected to SDS-PAGE, followed by western blot analysis with anti-p53 (DO1, 

Santa Cruz Biotechnology), anti-PP2A A subunit (Upstate), anti-PP2A C subunit (1D6, Upstate), 

anti-p21 (Santa Cruz Biotechnology), anti-PP2A B56γ (Shouse et al., 2008), anti-ERK (Santa 

Cruz Biotechnology), anti-cyclin G (Santa Cruz Biotechnology), anti-HA (12CA5), or anti-

vinculin (VIN-11-5, Sigma) antibodies.  For Thr55 dephosphorylation, the cell lysate was 

immunoprecipitated with phospho-specific antibody for Thr55 (Ab202) and immunoblotted with 

anti-p53 antibody (Li et al., 2007). For interaction of PP2A A and C subunits, p53, ERK, and 

cyclin G with B56γ3 proteins, U2OS cells were transfected with various B56γ plasmids using 

FuGene (Roche) or BioT (Bioland Scientific) and lysed 28 h after transfection.  

Immunoprecipitation was performed using anti-HA monoclonal antibody.  The amounts of co-
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precipitated proteins were determined by immunoblotting.  For microcystin binding assay, U2OS 

cell lysate was incubated with microcystin agarose beads (Upstate).  

 

Identification of cancer-derived mutation 

The NCBI AceView program (http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.html) 

provides a comprehensive sequence of the human transcriptome and genes of all quality-filtered 

human complementary DNA data from GenBank, RefSeq, dbEST, and Trace in a strictly 

complementary DNA-supported manner. Using this program, we looked for B56γ mutations 

within HEAT repeat 1 region from the annotated sequencing data taken from samples of tumor 

sample and cancer cell lines. C39R mutation was identified from a glandular tumor sample and 

the corresponding gene accession number is CB956287. 

 

Circular dichroism (CD) analysis 

GST fusion proteins were expressed in BL21 bacteria and purified using glutathione sepharose 

beads (GE Healthcare) in 50 mM Tris-HCl (pH=8.0) and 100 mM NaCl. Circular dichroism (CD) 

measurements were performed on a Jasco J-815 CD spectrophotometer (Essex, United Kingdom).  

 

Cell proliferation and anchorage-independent growth assays 

To generate proliferation curves for HCT116 cells, cells were transfected with wild type, C39R, 

ΔN40, and ΔN73 mutant B56γ or a control CMV empty vector using BioT, seeded in triplicate 

and counted at 120 h after seeding.  For anchorage-independent growth assays of HCT116 cells, 
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cells were transfected with wild type, C39R, and ΔN73 mutant B56γ or a control CMV empty 

vector seeded in triplicate in 0.35% Noble Agar (Fisher) and colony numbers were counted 4 

weeks after seeding. 
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Results 

HEAT repeat 1 of B56γ is required for B56γ-PP2A holoenzyme assembly 

Previously, we have mapped the p53-binding domain at a varying region in the C-

terminus of B56γ and shown this domain is required for p53-dependent tumor suppressive 

function of B56γ-PP2A (Shouse et al., 2010). To better understand the role of the N-terminal 

domain in B56γ function, we first constructed a HEAT repeat 1 deletion mutant (ΔN73; Figure 

3.1A) as glutathione S-transferase fusion protein and assayed its ability to interact with the PP2A 

AC core and p53 in U2OS cell lysates (Figure 3.1B). The assay shows that although the wild type 

B56γ protein was able to interact with both the AC core and p53, the ΔN73 mutant lost 

interaction with the PP2A A and C subunits. This is a surprising result because, according to 

B56γ-PP2A crystal structure data, the HEAT repeat 1 motif is distant from the AC core (Figure 

3.1E) and thus should be less likely to affect the interaction. To exclude the possibility that our 

result could be explained by a loss of proper conformation because of the deletion, we conducted 

circular dichroism (CD) analysis (Figure 3.1C and Figure S3.1). The wild type B56γ protein is 

expected to have characteristic CD spectra of α-helical proteins with negative bands at 222 and 

208 nm and a positive band at 193 nm. The CD spectrum of our bacterially expressed and 

purified B56γ protein indeed displays this feature. Importantly, the CD spectrum of purified 

ΔN73
 
protein was identical to that of the wild type

 
protein over the entire recorded spectrum. 

These data, taken together with the ΔN73-p53 interaction result (Figure 3.1B), suggest that 

mutation of HEAT repeat 1 is unlikely to cause overall conformational change of the protein.  

HEAT repeat 1 motif consists of two antiparallel α-helices (helix-1 and -2) connected by 

an intra-loop (IL1) (Figure 3.1A). To study their role in the interaction with the PP2A AC core, 

we generated two smaller deletion mutants: ΔN40 for deleting helix-1 only and ΔN53 for deleting 



 

75 

 

helix-1 plus IL1, and tested their ability to interact with the PP2A AC core in vivo (Figure 3.1D). 

Although the wild type B56γ protein binds both the PP2A AC core and p53 effectively in U2OS 

cells, all HEAT repeat 1 mutants lost their interaction with the PP2A A and C subunits, 

suggesting that the entire HEAT repeat 1 domain is required for the PP2A AC core interaction. 

All deletion mutants were able to bind p53 in vivo. Together, these data suggest that the HEAT 

repeat 1 motif, although distant from the A and C subunits on the crystal structure, is required for 

B56γ-PP2A holoenzyme assembly. 

 

A cancer-associated HEAT repeat 1 mutant, C39R, is unable to form B56γ-PP2A holoenzyme 

Because B56γ-PP2A functions as a tumor suppressor (Chen et al., 2004; Li et al., 2007), 

our finding that HEAT repeat 1 is required for PP2A holoenzyme assembly prompted us to search 

for cancer-associated mutation within this region. We analyzed annotated complementary DNA 

sequences in public databases that were derived from human cancer cell lines and tumor samples 

and identified a mutation of a cysteine residue at amino acid position 39 that was mutated to 

arginine in a pooled glandular tumor sample. Next, we tested whether the C39R mutation could 

affect interaction of B56γ with the PP2A A and C subunits as well as with several reported 

substrates for B56γ-PP2A including p53 (Li et al., 2007), ERK (Letourneux et al., 2006), and 

Cyclin G2 (Bennin et al., 2002) by either immunoprecipitation (Figure 3.2A) or microcystin bead 

pull down (Figure 3.2B). Both assays indicate the C39R mutant while retaining binding to all 

substrates tested, lost interaction with the PP2A A and C subunits (Figure 3.2A and 3.2B). The 

CD analysis of C39R
 
confirms that the cysteine to arginine mutation has no effect on overall 

protein conformation (Figure S3.1). Together, these results suggest that the cancer-associated 

C39R mutant disrupts B56γ-PP2A holoenzyme assembly. 
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 We consider the possibility that cysteine to arginine mutation results in a larger side chain 

at the position of residue 39, which may clash with nearby helixes and disrupt the HEAT repeat 1 

structure. As a consequence, structural change in HEAT repeat 1 may affect the stacking of the 

rest of the HEAT repeats and thus prevent the interaction of B56γ with the PP2A A and C 

subunits (Figure 3.2C), To test this hypothesis, we generated two mutations with smaller side 

chains, C39S and C39A, and tested whether these changes could rescue the interaction of B56γ 

with the AC core in vivo (Figure 3.2A and 3.2B). The assays show that both C39S and C39A 

mutants only slightly rescued the PP2A core interaction in U2OS cells, suggesting that the 

cysteine residue, but not just the size of its side chain, is specifically required for maintenance of 

proper HEAT repeat 1 conformation and for the PP2A AC core interaction. Because Cys39 is 

located in a hydrophobic region and is not involved in any S-S bridges it may play a role in 

holding adjacent helices together through van der Waals interactions with hydrophobic residues 

from helix-2 (Leu63 and Met66), -3 (Val85 and Met88) and -4 (Val127 and Phe130) (Figure 

3.2C). Nevertheless, these data further support our finding of the importance of HEAT repeat 1 in 

PP2A holoenzyme. 

 

B56γ HEAT repeat 1 mutants abate B56γ-PP2A tumor suppressive function 

Next, we tested the impact of HEAT repeat 1 mutants on B56γ-PP2A tumor suppressive 

function.  We previously showed that B56γ-PP2A dephosphorylates p53 at Thr55, leading to p53 

activation, induction of p53 transcriptional target p21, and cell growth arrest (Li et al., 2007). We 

thus first assessed the ability of the C39R mutant to promote p53 Thr55 dephosphorylation and 

p21 induction. As shown in Figure 3.3A, overexpression of wild type B56γ led to an efficient 

dephosphorylation of p53 at Thr55. As consequence of this dephosphorylation, p21 induction was 
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clearly observed. Overexpression of C39R, however, was unable to promote p53 Thr55 

dephosphorylation and p21 induction, indicating that this mutant lost its ability to direct PP2A 

phosphatase activity toward substrate p53. Similarly, none of HEAT repeat 1 deletion mutants 

tested were able to promote Thr55 dephosphorylation or p21 induction, suggesting the 

importance of HEAT repeat 1 in directing B56γ-PP2A phosphatase activity toward p53. Because 

the C39R mutation was identified in a tumor sample, those results also indicated that this mutant 

might potentially contribute to a cancer phenotype by blocking B56γ-PP2A tumor suppressive 

function.  

 To test this directly, we assessed the effect of C39R on cell proliferation. Overexpression 

of wild type B56γ has been previously shown to inhibit cell proliferation in HCT116 cells in 

either p53
-/-

 or p53
+/+

 background (Li et al., 2007). We thus transfected those cells with the C39R 

construct and compared its ability to inhibit cell growth to the wild type protein. As shown in 

Figure 3.3B and S3.2, overexpression of wild type B56γ in the presence of p53 led to an 

approximately 40% decrease in cell number as compared with control empty vector after 120 h of 

cell growth, whereas in the absence of p53, overexpression of wild type B56γ had a decreased 

effect on cell proliferation, with a 20% decrease in cell number. By comparison, overexpression 

of C39R showed no significant difference from control (P = 0.75 and P = 0.57 respectively), 

suggesting that this mutant had no effect on blocking cell proliferation in both p53
-/-

 and p53
+/+

 

background. The presence of B56γ and p53 at the analysis was verified by immunoblotting 

(Figure 3.3B). These results indicate that the C39R mutant was no longer able to inhibit cell 

proliferation regardless of p53 status. To further assess the role of the HEAT repeat 1 domain in 

inhibition of cell proliferation, we also overexpressed the HEAT repeat 1 deletion mutant ΔN40 

and ΔN73 in HCT116 cells (Figure 3.3B and S3.2). Our results show that overexpression of those 
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mutants also led to no inhibition of cell proliferation, suggesting that the importance of the HEAT 

repeat 1 domain in PP2A tumor suppressive function.   

 In addition to blocking cell proliferation, overexpression of wild type B56γ has also been 

shown to inhibit anchorage-independent cell growth (Li et al., 2007). We thus tested the effect of 

C39R on this activity of B56γ. As shown in Figure 3.4 and S3.2, overexpression of wild type 

B56γ3 in HCT116 cells with p53 significantly decreased the number of colonies from 

approximately 375 colonies to 120 colonies, whereas in HCT116 cells lacking p53 

overexpression of wild type B56γ3 decreased the number of colonies from 450 to 400 on the agar. 

By comparison, overexpression of C39R showed no significant difference from control empty 

vector (P = 0.28 and P = 0.65 respectively), suggesting this mutant had no effect on colony 

formation in both cell lines. The presence of B56γ and p53 at the analysis was verified by 

immunoblotting (Figure 3.4B). These results indicate that C39R lost both p53-dependent and -

independent tumor suppressive activity. Further, overexpression of the smallest HEAT repeat 1 

deletion mutant ΔN40 also had no effect on colony formation in both cell lines (Figure 3.4 and 

S3.2). Together these data confirm the importance of the HEAT repeat 1 domain in B56γ-PP2A 

tumor suppressive function. Our results of the functional consequences of a cancer-associated 

mutation in the B56γ gene also provide an additional mechanism to inactivate B56γ-PP2A in 

cancer.  
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Discussion 

 In this study, we show that the HEAT repeat 1 motif of B56γ plays a critical role in 

assembly of the B56γ-PP2A holoenzyme. Importantly, we identified a tumor-associated missense 

mutation, C39R, within the HEAT repeat 1 motif.  Although this mutation was found in a pooled 

glandular tumor sample its effect on B56γ-PP2A tumor suppressive function had not been 

previously determined. We showed that the mutant protein, although retaining binding to its 

substrates, is no longer able to interact with the AC core. As a consequence, C39R lost its ability 

to support both p53-dependent and p53-independent B56γ-PP2A tumor suppressive function. 

These results suggest a novel mechanism behind a cancer-associated loss of function mutation in 

the PP2A B56γ subunit gene and provide evidence for the importance of the HEAT repeat 1 motif 

in B56γ-PP2A tumor suppressive function.  

 Study of the crystal structure has revealed that the regulatory B56γ subunit has eighteen 

α-helices with pairs of antiparallel α-helices forming eight pseudo HEAT repeat motifs stacking 

against each other. Previous studies have shown that the B56γ subunit is involved in extensive 

interactions with both A and C subunits mediated by a number of conserved residues mainly 

located in the loops connecting these HEAT repeats (Xu et al., 2006; Cho and Xu, 2007). In this 

study, we examined the role of HEAT repeat 1 in PP2A holoenzyme formation. Although the 

crystal structures have shown that HEAT repeat 1 is not directly involved in binding with either 

the A or C subunits, deletion of this region prevented the holoenzyme assembly both in vivo and 

in vitro (Figure 3.1). The importance of HEAT repeat 1 is also supported by the result that a 

single point mutation, C39R, within this region has also lost the AC core interaction. One 

possible explanation for this disruption is that HEAT repeat 1 (helix-1 and -2) may play a role in 

stabilizing HEAT repeat 2 (helix-3 and -4) which contains loop IL2 that is involved in interacting 
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with the A and C subunits. Examining the helices of the B56γ subunit indicates interactions 

among the helices within each HEAT repeat and between two adjacent HEAT repeats including 

HEAT repeat 1 and HEAT repeat 2. Therefore, when HEAT repeat 1 is disrupted by mutations, 

the stacking of HEAT repeat 1 with HEAT repeat 2 may change, leading to a position shift of the 

interacting motif at the tip of IL2 in HEAT repeat 2 and therefore affecting the interaction of 

B56γ with the PP2A AC core. In the case of C39R mutation, the cysteine residue at position 39 

may play a role in holding adjacent helices together so that HEAT repeat 1 is in a proper position 

to stack with HEAT repeat 2 through van der Waals interactions with residues from helix-3 and -

4. This cysteine specific interaction network seems to be indispensable for the proper 

coordination of HEAT repeat 2, as mutation of cysteine to another residue also caused significant 

weakening of the interaction with the AC core. Indeed, our study reveals that neither alanine nor 

serine substitution at residue 39 could rescue the binding deficiency despite their side chain size 

being comparable with cysteine. These results suggest that point mutation at Cys39 rearranges the 

alignment of the helices between HEAT repeats 1 and 2, resulting in the position shift of the 

interacting motif at the tip of the extended IL2 loop and therefore weakening its interaction with 

the AC core. Naturally, arginine substitution introduces two dramatic changes as arginine side 

chain is larger in size and is positively charged. This has likely led to a much more significant 

repositioning of helix-3, forcing the tip of the extended IL2 to be pushed out of position. Together, 

those results suggest that Cys39 is important for stable HEAT repeat 1 and the proper positioning 

of HEAT repeat 2 helices, allowing B56γ to form a stable complex with the PP2A AC core. 

Perhaps it is worthwhile to mention that the cysteine residue is conserved among all B56 family 

members, suggesting its importance in maintaining the rigid alignment of the helices for all B56-

PP2A holoenzyme assembly. 
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 B56γ has been described to inhibit cell transformation in both p53-dependent and p53-

independent manner (Li et al., 2007). Previously, we identified two B56γ mutations, F395C from 

lung cancer and A383G from intestinal tumor, which specifically disrupted B56γ-p53 interaction 

and thus specifically inactivated p53-dependent tumor suppressive function of B56γ (Shouse et 

al., 2010). However, because these mutants remain their ability to interact with the PP2A AC core, 

they continue to support p53-independent tumor suppressive function of B56γ (Shouse et al., 

2010). In this study, we identified a new cancer-associated mutant in the B56γ gene, C39R, which, 

unlike F395C and A383G, prevented B56γ from binding to the PP2A AC core. As a consequence, 

this mutant is no longer able to mediate any B56γ-mediated PP2A dephosphorylation and thus 

inactivated both p53-dependent and -independent tumor suppressive function of B56γ-PP2A. 

These data thus provide a new, and perhaps more important, molecular basis for inactivating 

tumor suppressor B56γ in cancer. Given the fact that p53 is highly mutated in human cancers, this 

mechanism may have a broader impact on tumor suppressive function of B56γ. Interestingly, 

several mutations in PP2A A subunit have been reported to abolish interaction with B56 subunit 

in human carcinoma (Ruediger et al., 2001b; Chen et al., 2005b). Furthermore, several viral 

proteins such as simian virus SV40 ST antigen as well as polyoma virus ST and MT antigens 

have been reported to cause cancer by dissociating B56 subunits from the PP2A AC core (Chen et 

al., 2004, 2007). These data suggest that displacement of B56γ subunit from PP2A holoenzyme 

probably represents a more common mechanism for inactivation of tumor suppressive function 

B56γ in cancer. It will be interesting to further investigate the role of HEAT repeat 1 in the 

displacement of B56γ from PP2A by oncoproteins. 
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Figure legend 

Figure 3.1 HEAT repeat 1 motif of B56γ is required for B56γ-PP2A holoenzyme assembly 

(A) Diagram of amino acid sequence and eight HEAT repeats of B56γ. (B) Bacterially expressed 

and purified GST-wild type B56γ (WT) or HEAT repeat 1 deletion mutant ΔN73 was incubated 

with U2OS cell lysates and bound proteins were analyzed by western blot using PP2A A and C, 

p53, B56γ, and vinculin antibodies. (C) Comparison of CD spectra of wild type B56γ (WT) and 

ΔN73 in the far UV region. (D) Lysates of U2OS cells transfected with HA-tagged wild type 

B56γ or HEAT repeat 1 deletion mutants were immunoprecipitated with anti-HA antibody, then 

analyzed by western blot using PP2A A and C, HA, p53 and vinculin antibodies. All experiments 

were repeated three times and a representative of the data was shown. (E) The crystal structure of 

B56γ-PP2A holoenzyme (adapted from Protein Data Bank, accession code 2NYM) is prepared 

using PyMOL. Parts of PP2A are displayed by spheres with subunit A in grey and subunit C in 

orange. Helices of B56γ are displayed by colored cylinders with HEAT repeat 1 in green, HEAT 

repeat 2 in red, and rest of HEAT repeats in blue.  

 

Figure 3.2 The C39R mutation disrupts interaction of B56γ with A and C subunits.  

(A) Lysates of U2OS cells transfected with empty-vector control (EV), HA-tagged wild type 

B56γ (WT), C39R, C39A or C39S were immunoprecipitated with anti-HA antibody, then 

analyzed by western blot using PP2A A and C, HA, p53, Cyclin G, ERK and vinculin antibodies. 

(B) Lysates of U2OS cells transfected with empty-vector control, HA-tagged wild type B56γ, 

C39R, C39A, or C39S were bound to microcystin beads and analyzed by western blot using HA, 

PP2A A and C, p53 and vinculin antibodies. All experiments were repeated three times and a 
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representative of the data was shown. (C) Stereo view of the interface among the first four helices 

of B56γ (adapted from Protein Data Bank accession code 2NYM) in which Cys39 (red) is 

mutated to arginine, alanine, or serine, respectively. The dots represent van der Waals spheres of 

residue 39. The figure is prepared using PyMOL. 

 

Figure 3.3 HEAT repeat 1 mutants of B56γ fail to inhibit cell proliferation.  

(A) Lysates of U2OS cells transfected with HA-tagged wild type B56γ (WT), C39R, C39A, C39S, 

ΔN40, ΔN53 and ΔN73, or a control empty vector (EV) were analyzed by western blot for p53 

Thr55 dephosphorylation, p21, HA-B56γ, p53, and vinculin. (B) Representatives of cell 

proliferation of the HCT116 human colon cancer cell lines transfected with HA-tagged wild type 

B56γ, C39R, ΔN40, or ΔN73, or a control empty vector (EV). Number of cells present at the 120 

h time point were normalized against the empty vector controls and plotted in a bar graph. Error 

bars show average ± SEM from triplicate plates in one representative experiment. Cell lysates 

were analyzed by immunoblotting of transfected HA-B56γ and p53 proteins.  

 

Figure 3.4 HEAT repeat 1 mutants of B56γ fail to inhibit anchorage-independent cell 

growth.  

(A) Representatives of anchorage-independent growth of HCT116 human colon cancer cell lines 

transfected with HA-tagged wild type B56γ (WT), C39R or ΔN40, or a control empty vector 

(EV). (B) Colony numbers for anchorage-independent growth were counted and represented on a 

bar graph. The values are the averages ± SEM from three experiments. Cell lysates were analyzed 

by immunoblotting of transfected or endogenous B56γ, p53, and vinculin proteins. 
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Figure S3.1 Comparison of CD spectra of wild type B56γ (WT) and C39R in the far UV 

region. 

(A) CD spectra of wild type B56γ3 (WT) or C39R mutant in the far UV region. (B) Bacterially 

expressed and purified wild type B56γ3, C39R and ΔN73 were analyzed by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).  

 

Figure S3.2 Statistical analysis of cell growth and transformation data.  

P-values for HCT116 cell growth experiments from Figure 3.3B (A) and anchorage-independent 

cell growth experiments from Figure 3.4B (B) were calculated by comparing the effect of 

expressing the various mutants either versus the empty vector (EV) control or versus the wild 

type B56γ3 (WT). Statistical significance was defined as a P < 0.01. 
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Figures 

 

Figure 3.1 HEAT repeat 1 motif of B56γ is required for B56γ-PP2A holoenzyme assembly 
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Figure 3.2 The C39R mutation disrupts interaction of B56γ with A and C subunits.  
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Figure 3.3 HEAT repeat 1 mutants of B56γ fail to inhibit cell proliferation.  

  



 

91 

 

 

Figure 3.4 HEAT repeat 1 mutants of B56γ fail to inhibit anchorage-independent cell growth.  
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Figure S3.1 Comparison of CD spectra of wild type B56γ (WT) and C39R in the far UV region. 
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Figure S3.2 Statistical analysis of cell growth and transformation data. 



 

94 

 

CHAPTER 4 

Characterization of B56γ tumor-associated mutations reveals mechanisms for inactivation 

of B56γ-PP2A 
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Abstract 

A subset of the hetero-trimeric PP2A serine/threonine phosphatases that contain B56, and in 

particular B56γ can function as tumor suppressors. In response to DNA damage, the B56γ subunit 

complexes with the PP2A AC core (B56γ–PP2A), and binds p53. This event promotes PP2A-

mediated dephosphorylation of p53 at Thr55, which induces expression of p21, and the 

subsequent inhibition of cell proliferation and transformation. In addition to dephosphorylation of 

p53, B56γ–PP2A also inhibits cell proliferation and transformation by a second, as yet unknown, 

p53-independent mechanism. Here, we characterized a panel of B56γ mutations found in human 

cancer samples and cancer cell lines and showed that the mutations lost B56γ tumor suppressive 

activity by two distinct mechanisms; one is by disrupting interaction with the PP2A AC core and 

the other with B56γ–PP2A substrates (p53 and unknown proteins). For the first mechanism, due 

to the absence of the C catalytic subunit in the complex, the mutants would be unable to mediate 

dephosphorylation of any substrate and thus failed to promote both p53-dependent and p53–

independent tumor suppressive function of B56γ-PP2A. For the second mechanism, the mutants 

lack specific substrate interactions and thus partially lost tumor suppressive function, i.e. either 

p53-dependent or p53-independent depending on which substrate-binding was affected. Overall 

the data provide new insights into the mechanisms for inactivation of tumor suppressive function 

of B56γ and further indicate the importance of B56γ-PP2A in tumorigenesis. 
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Introduction 

The protein phosphatase 2A (PP2A) is a family of serine/threonine phosphatases that is 

involved in a multitude of cell-signaling pathways. PP2A exists either in the cell as a heterodimer 

of scaffolding A subunit and catalytic C subunit (the AC core), or as a heterotrimeric complex 

where the AC core additionally associates with one of the variable B subunits. The B subunits 

have four gene families based on sequence homology: the B (B55 or PR55), B’ (B56 or PR61), B” 

(PR48/59/72/130), and B”’ (PR93/110). Each B subunit family contains two to five isoforms and 

many contain alternative splice variants. Binding of a specific B subunit determines diverse 

cellular localization and substrate specificities, allowing PP2A holoenzyme to have a diverse 

enzymatic activity in the cell (Eichhorn et al., 2009; Virshup and Shenolikar, 2009).  

 Recent evidence suggested that a subset of PP2A holoenzymes that contain B56 (B56-

PP2A), in particular B56γ (PPP2R5C) can function as tumor suppressor (Chen et al., 2004; Li et 

al., 2007). Although the underlying mechanism is not fully understood, B56γ-PP2A is known to 

dephosphorylate and regulate specific substrates involved in cellular functions. For example, 

dephosphorylation of tumor suppressor p53 at Thr55 activates p53, resulting in the induction of 

the CDK inhibitor p21, and inhibition of cell growth. However, in the absence of p53, B56γ-

PP2A can still reduce cell growth, suggesting that it dephosphorylates other unknown substrates 

that also play roles in tumor suppression (Li et al., 2007). Although the mechanism of the p53-

independent function is unknown, additional proteins have been shown to interact with B56γ and 

potentially could be dephosphorylated by B56γ-PP2A. These proteins include the mitogen-

activated kinase ERK (Letourneux et al., 2006), transcription co-factor p300 (Chen et al., 2005a), 

and centromeric cohesion recruited by Sgo1 (Kitajima et al., 2006; Riedel et al., 2006). Overall 

these studies suggest that B56γ-PP2A acts as a tumor suppressor by dephosphorylating specific 

target substrates to regulate their effects on cellular functions. In support of this view, some viral 
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oncoproteins function by displacing the B56 subunits from the AC core (Chen et al., 2004, 2007). 

In addition, mutations in PP2A Aα gene (PPP2R1A) and Aβ gene (PPP2R1B) identified in 

cancers are known to lose interaction with either the C subunit or the B56 subunits (Calin et al., 

2000; Ruediger et al., 2001b; Tamaki et al., 2004; Chen et al., 2005b). Despite its importance in 

tumorigenesis, mechanisms for inactivation of B56γ-PP2A tumor-suppression by B56γ mutations 

are not well studied.  

In this study, we characterized a panel of B56γ mutations previously identified in human 

tumor samples and cancer cell lines. Our results revealed three classes of mutations in the B56γ 

gene. The class I mutants, which includes A61V, A212T, S251R, E266R, P274T, H287Q and 

P289S, could bind to both the AC core and p53, and displayed a tumor suppressive activity 

similar to wild type (WT) B56γ, suggesting these mutations have no effect on the B56γ tumor 

suppressor function. The class II mutants (C39R, E164K, Q256R and L257R) lost all B56γ-PP2A 

tumor suppressor activity, although still able to bind p53, we showed they could not complex 

with the AC core. In contrast, the class III mutants (S220N, A383G and F395C) had a partial 

tumor suppressor activity compared to WT B56γ and could complex with the AC core. Two 

mutations, A383G and F395C, fail to bind to p53, thus explaining their loss of p53-dependent 

function (Shouse et al., 2010). In contrast, S220N still bound and dephosphorylated p53 but 

reduced B56γ–PP2A tumor suppressive activity, indicating that it disrupts p53-independent 

mechanism although the involved substrate is unknown. These results provide mechanistic insight 

into the inactivation of tumor suppressive function of B56γ and further support the notion that 

multiple pathways are involved in B56γ-PP2A mediated tumor suppression.  
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Materials and Methods 

Cell culture and plasmids 

U2OS and HCT116 cells were cultured in McCoy’s 5A medium supplemented with 10% fetal 

calf serum. The B56γ point mutants were generated using the QuikChange Site-Directed 

Mutagenesis Kit (Stratagene).  

 

Western blot and immunoprecipitation  

Whole cell extract was prepared by lysing the cells in a buffer containing 50 mM Tris-HCl (pH 

8.0), 120 mM NaCl, 0.5% NP-40, 1 mM dithiothreitol, 2 μg/ml aprotinin and 2 μg/ml leupeptin. 

Cell lysates were subjected to SDS-PAGE, then analyzed by western blot analysis using anti-p53 

(DO1, Santa Cruz Biotechnology), anti-PP2A A subunit (Upstate), anti-PP2A C subunit (1D6, 

Upstate), anti-p21 (Santa Cruz Biotechnology), anti-PP2A B56γ (Shouse et al., 2010), anti-HA 

(12CA5), anti-ERK (Santa Cruz Biotechnology), anti-SGOL1 (ABNOVA), anti-cyclin G (Santa 

Cruz Biotechnology), or anti-vinculin (VIN-11-5, Sigma) antibodies.  For Thr55 

dephosphorylation experiments, the cell lysate was immunoprecipitated with a phospho-specific 

antibody for phos-Thr55 (Ab202) and then immunoblotted with anti-p53 antibody (Li et al., 

2007). For interaction of endogenous proteins with transfected B56γ proteins, U2OS cells were 

transfected with various B56γ plasmids using Fugene 6 (Roche) or BioT (Bioland Scientific) and 

lysed 28 h after transfection.  Immunoprecipitation was performed using anti-HA monoclonal 

antibody.  The amounts of co-precipitated proteins were determined by immunoblotting.   

 

RT-PCR 

Total RNA was extracted using Trizol reagent (Sigma), and RT-PCR was performed using 

SuperScript One-Step RT-PCR kit (Invitrogen) according to manufacturer’s protocol. RT-PCR 
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for p21 mRNA was performed with (F) 5’-CGACTGTGATGCGCTAATGG–3’ and (R) 5’-

GGCGTTTGGAGTGGTAGAAAT-3’, and for GAPDH mRNA was performed with (F) 5’-

AGGTGAAGGTCGGAGTCAAC-3’ and (R) 5’- GACAAGCTTCCCGTTCTCAG-3’. 

 

Identification of cancer-derived mutation 

The NCBI AceView program (http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.html) 

provides a comprehensive sequence of the human transcriptome and genes of all quality-filtered 

human complementary DNA data from GenBank, RefSeq, dbEST, and Trace in a strictly 

complementary DNA-supported manner. Using this program, we looked for B56γ mutations in 

the annotated sequences of tumor samples and cancer cell lines.  

 

Cell proliferation and anchorage-independent growth assays  

To generate proliferation curves for HCT116 cells, cells were transfected with WT, mutant B56γ 

or a control cytomegalovirus (CMV) empty vector using BioT. Transfected cells were seeded in 

triplicate, and then counted at 120 h post seeding.  The presence of overexpressed B56γ protein in 

the cell was verified by immunoblotting. For anchorage-independent growth assays of HCT116 

cells, cells transfected with WT, mutant B56γ or a control empty vector were seeded in triplicate 

in 0.35% Noble agar (Fisher) and colony numbers were counted 4 weeks post seeding. 
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Results 

Identification of potential tumor-derived mutations in B56γ gene  

 To better understand the role of B56γ in human cancers, we performed an AceView 

search for all of the known, tumor-associated mutations in the B56γ gene. AceView regularly 

downloads the whole set of cDNA sequences from the public databases, aligns them on the 

current genome available at NCBI, and clusters them into reference transcripts. Because all of the 

identified alternative transcripts were originally cloned from cancer samples or cancer cell lines, 

they represent potential tumor-inducing mutations. We identified twenty-four point mutations 

scattered throughout the B56γ coding region (Table 4.1; Figure 4.1), whereas a search of the 

NCBI single-nucleotide polymorphism (SNP) database did not yield any of these mutations. The 

fact that B56γ mutations are found in several different types of tumors (Table 4.1) suggests that 

B56γ may play a broad role in tumor suppression. The B56γ protein consists of eight pseudo 

Huntington-elongation-A subunit-TOR (HEAT) repeats. Interestingly, although the mutations are 

spread across the entire B56γ sequence, they cluster more frequently toward the center of the 

gene, notably on the HEAT-repeat 4, 5, 6 and in a very small domain (aa 383-410) that contains 

the p53 binding domain (Figure 4.1), suggesting that there are potential cancer mutation hot spots 

in the gene. The human B56γ transcript has at least three long splice variants known as 1, 2, 

and 3 (Muneer et al., 2002; Ortega-Lázaro and del Mazo, 2003) and most of the mutations we 

identified are common to all three variants. To begin investigating their function in tumor 

suppression, we used site directed mutagenesis to generate eleven of the new mutations (A61V, 

E164K, A212T, S220N, S251R, Q256R, L257R, E266R, P274T, H287Q, and P289S; Figure 4.1). 

All of these mutations, plus three previously reported C39R, A383G and F395C mutations, are 

shared by the three spliced isoforms and represent different clusters located in the B56γ gene 

(Figure 4.1). 
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Effect of identified mutations on the tumor suppressive functions of B56γ 

Because the mutations were identified in tumor samples, we assessed their effect 

on B56γ tumor suppressor activity. Previously, we showed that overexpression of WT 

B56γ inhibits cell proliferation and anchorage-independent cell growth in both p53-

dependent and p53-independent manner (Li et al., 2007). To evaluate the effect of the 

mutants, we first tested whether mutations affect the ability of B56γ to inhibit cell 

proliferation.  Human colon cancer cells, HCT116 cells with either a p53
-/-

 or p53
+/+ 

background, were transfected with WT B56γ or each of the mutants. As shown in Figure 

4.2A, overexpression of WT B56γ in the presence of p53 (HCT116 p53
+/+

 cells) led to 

approximately 45% decrease in cell number compared to the vector control after 120 h of 

cell growth. This decrease represented both p53-dependent and p53–independent 

inhibition. In contrast, in the p53
-/-

 cells, overexpression of WT B56γ had a reduced effect 

on cell proliferation, with a 20% decrease in cell number, which represented the level of 

p53-independent inhibition.  

In comparison, overexpression of B56γ mutants led to cell growth inhibition 

ranged from similar to WT, to partial reduction, to no inhibition at all. Based on their 

growth inhibition property, we classified all 14 mutants tested into one of three classes 

(Table 4.2). Class I, including A61V, A212T, S251R, E266R, P274T, H287Q and P289S, 

had little or no effect on B56γ-mediated growth inhibition in both HCT116 p53
+/+

 cells 

and p53
-/-

 cells, suggesting those individual single mutations have no effect on the B56γ 

tumor suppressor function. In contrast, Class II, including C39R, E164K, Q256R and 
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L257R, were unable to inhibit cell growth in both p53
-/-

 and p53
+/+

 HCT116 cells 

(highlighted in blue), suggesting these mutants lost their ability to block cell proliferation 

regardless of p53 status. Class III, including S220N, A383G and F395C, only partially 

inhibited cell proliferation compared to wild type B56γ (highlighted in red). As 

previously described, A383G and F395C show reduced inhibitory effect in p53
+/+

 cells 

but not in p53
-/-

 cells. This can be explained by their inability to bind and 

dephosphorylate p53 (Shouse et al., 2010). Interestingly, S220N showed a partial 

inhibitory effect in p53
+/+

 cells, but not in p53
-/-

 cells, suggesting that this mutant 

specifically lost the p53-independent tumor suppressor activity of B56γ-PP2A.  

To provide further evidence, we tested the effect of the mutations on anchorage-

independent cell growth. Based on the result from cell proliferation assay (Figure 4.2A), 

we assayed A212T and P274T from Class I, E164K, Q256R, L257R from Class II, and 

S220N from Class III. HCT116 p53
+/+ 

cells and p53
-/- 

cells were transfected with WT 

B56γ or the mutants, and seeded in soft agar. As shown in Figure 4.2B, overexpression of 

WT B56γ in p53
+/+ 

cells led to 65% reduction in the number of colonies compared to 

empty vector control, which represents both p53-dependent and p53-independent 

inhibition. In contrast, overexpression of WT B56γ in p53
-/- 

cells only led to 18% decrease 

in colony numbers, which represents the p53-independent inhibition.  

When Class I A212T and P274T mutants were overexpressed, no significant 

changes in the number of colonies were observed compared to WT, suggesting those 

mutants have no effect on anchorage-independent growth suppression of B56γ. 

Overexpression of Class II E164K, Q256R and L257R mutants, however, completely 
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abolished WT B56γ-mediated anchorage-independent growth suppression in both p53
-/-

 

and p53
+/+

 cells, indicating that those mutations lost their ability to suppress anchorage-

independent cell growth in both p53-dependent and –independent manner. Compared to 

WT, Class III S220N mutant partially lost its ability to inhibit anchorage-independent 

growth in p53
+/+

 cells and completely lost its ability in p53
-/-

 cells, suggesting that it 

specifically disrupts p53-independent function of B56γ. A383G and F395C from Class III 

were previously shown to specifically block p53-dependent function of B56γ (Shouse et 

al., 2010). Taken together, our results demonstrate that Class II and III cancer-associated 

B56γ mutations disrupt, either completely or partially, tumor suppressive activity of B56γ. 

 

B56γ mutations interfere with interaction with either the AC core or substrates 

To understand the mechanisms for inactivation of B56γ tumor suppressive 

function, we next assayed the ability of the mutants to interact with the AC core and with 

p53. WT or mutant B56γ was expressed in U2OS cells, and their interaction with the AC 

core and p53 was assayed by immunoprecipitation. As shown in Figure 4.3A and 

summarized in Table 4.2, none of the eleven new mutations tested affect interaction of 

B56γ with p53. This is perhaps not surprising because most of the mutations are not 

located near the mapped p53-binding domain (aa391-401). Furthermore, all Class I 

mutants (A61V, A212T, S251R, E266R, P274T, H287Q and P289S) showed little or no 

effect on the AC interaction (Figure 4.3), supporting the notion that these individual 

mutations do not affect the B56γ tumor suppressor function (Figure 4.2 and Table 4.2). 

To further prove this, we examined the effect of these mutations on p53 Thr55 



 

104 

 

dephosphorylation and function. Results of four representatives (A61V, A212T, E266R 

and P274T) are shown in Figure 4.3B. Overexpression of these mutants led to efficient 

dephosphorylation of p53 at Thr55 and activation of the p53 transcription target p21 at 

levels similar to WT B563 (summarized in Table 4.2). Because p53 Thr55 is the only 

known residue that is directly dephosphorylated by B56γ-PP2A, we were unable to assess 

the effect of the mutations on other potential dephosphorylation by B56γ-PP2A. However, 

given their ability to fully support p53-independent tumor suppressive function (Figure 

4.2), it is likely that Class I mutants fully support B56γ-PP2A dephosphorylation.  

In contrast, Class II mutants (E164K, Q256R and L257R) remained bound to p53, 

but lost their ability to interact with the AC core (Figure 4.3A). In addition, C39R was 

also unable to bind to the AC core (Nobumori et al., 2012). We note that all residues in 

this class, C39, E164, Q256, and L257, are not making any direct contact to A or C 

subunits according to B56γ–PP2A crystal structure (Xu et al., 2006; Cho and Xu, 2007). 

However, they are located in close proximity from the interaction interface (Figure 4.3D). 

E164 residue is located within intra-loop of HEAT-repeat 3 and its negatively charged 

side chain is important to form hydrogen bond to E118 and R167. Mutation of E to K in 

this position would abolish these hydrogen bonds and thus destabilize intra-loop of 

HEAT-repeat 2 that mediates interaction with A and C subunits. Q256 and L257 residues 

are located within the second helix of HEAT-repeat 5. The polar side chain of Q256 

points toward a helix of HEAT-repeat 4 and interacts with E216. In Q256R mutation, 

arginine has a positively charged side chain that is larger than glutamine and additionally 

contacts E213. Alternatively, the hydrophobic side chain of L257 points toward the first 
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helix of HEAT-repeat 5. In L257R mutation, a larger side chain of arginine would 

protrude into the adjacent helix and a positive charge of arginine would induce further 

alterations in the environment. Both cases would result in displacement of helices, 

leading to rearrange the location of intra-loops that mediate the interaction between B56γ 

and the AC core. Interestingly, all four residues are conserved among the B56 family 

isoforms, indicating the importance of these residues for maintaining the interaction 

between B56 and the AC core.  

Because the C subunit is required for PP2A catalytic activity, our data explain 

why the Class II mutants completely abolished all tumor suppressive function of B56γ-

PP2A (Figure 4.2 and Table 4.2). To support this view, we assayed their effect on p53 

Thr55 dephosphorylation and induction of p21 (Figure 4.3B, 4.3C and Table 4.2). The 

assays showed that, unlike WT B56γ, overexpression of Class II mutants fails to induce 

dephosphorylation of p53 at Thr55 and activation of p53 transcription target p21. These 

results demonstrate that the interaction of B56γ with the AC core is required for B56γ-

PP2A to dephosphorylate and activate p53. Consequently, Class II mutants have lost their 

tumor suppressive function through disruption of the AC core interaction and loss of 

catalytic activity. 

Previous study has shown that two mutants in Class III, A383G and F395C, 

remain bound to the AC core, but have lost their ability to bind and dephosphorylate p53, 

leading to disruption of the p53-dependent tumor suppressor activity of B56γ -PP2A 

(Shouse et al., 2010).  Interestingly, unlike A383G and F395C, S220N still interacted 

with p53 at a level comparable to WT B56γ. Importantly, the protein also promoted 
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dephosphorylation of p53 at Thr55 and induced p21 expression to levels similar to WT 

B56γ (Figure 4.3B, 4.3C, and Table 4.2). These results suggest that p53 is unlikely 

responsible for partial loss of tumor suppressor activity of the S220N protein (Figure 4.2). 

Together, our results show that Class III mutations inactivate the tumor suppressor 

activity of B56γ-PP2A by preventing B56γ from binding to its substrates, thereby 

indicating the importance of B56γ in recruiting the AC core to substrate, so that B56γ-

PP2A can function correctly. 

 

S220N binds B56γ interacting proteins 

Because S220N specifically abolished the p53-independent tumor suppressor activity of 

B56γ-PP2A, we hypothesize that this may be due to its lack of interaction with another unknown 

substrate. Interestingly, S220 is located on a large concave surface of B56γ that is unoccupied by 

A and C subunits and leans toward the catalytic pocket of the C subunit (Figure 4.4A). It has been 

previously suggested that this open area may be important for recruiting substrates (Xu et al., 

2006). To identify potential substrate that may bind to wild type B56γ but not S220N, we assayed 

the ability of the S220N mutant protein to interact with several known B56γ interacting proteins 

including ERK, Cyclin G2, Shugoshin and p300 (Figure 4.4B and data not shown). The assay 

showed that the interaction of S220N with all of these proteins was similar to WT B56γ (Figure 

4.4B), suggesting that interactions with these proteins are unlikely responsible for loss of p53-

independent tumor suppressor activity of S220N. Nevertheless, our results indicate that Class III 

mutations specifically abolished individual substrate interaction, thus partially disrupting B56γ 

tumor suppressor activity. Furthermore, our results also indicate that B56γ contains multiple 

substrate-binding domains, implying the role of a specific B subunit in multiple pathways. 
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Further study will provide insight into these pathways and their role in PP2A-dependent tumor 

suppression. 
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Discussion 

 In this study, we characterized a panel of B56γ mutations that were previously identified 

in human cancers and defined the molecular mechanisms behind loss of B56γ-PP2A tumor 

suppression. In general, the mutations could be categorized into three groups, “no effect”, “loss of 

the AC core interaction” and “loss of substrate interaction”, based on how they inactivated B56γ 

function (Figure 4.5). The “loss of the AC core interaction” group or Class II mutations (C39R, 

E164K, Q256R and L257R) failed to bind to the AC core and thus disrupted the B56γ-PP2A 

complex in the cells. This leads to the loss of all B56γ-PP2A tumor suppressor-related functions. 

As a result, overexpression of these mutants failed to promote p53-dependent and p53-

independent tumor-suppression in HCT116 p53
+/+ 

cells and p53-independent tumor-suppression 

in HCT116 p53
-/-

 cells. Interestingly, the “loss of the AC core interaction” mechanism has been 

observed with several previously described A subunit tumor-associated mutations and SV40 ST 

antigen, emphasizing the importance of the B56γ-PP2A complex in cancer suppression. In 

contrast, the “loss of substrate interaction” group or Class III mutations (S220N, A383G and 

F395C) remain bound to the AC core, but failed to bind B56γ-PP2A substrates. The A383G and 

F395C mutations are located at the p53-binding domain, and thus caused the loss of p53 

interaction, which specifically abolished p53-dependent B56γ tumor suppressor function. In 

contrast, the S220N mutation is located at another potential substrate binding domain. Although 

we have not identified the substrate(s) involved in this loss of B56γ-PP2A function, we 

hypothesize that an unknown protein(s) plays a role in p53-independent tumor suppression. 

Taken together, our data identified detailed mechanisms for the inactivation of B56γ-PP2A in 

cancer, and suggest possible avenues for targeted therapy against cancers caused by loss of B56γ-

PP2A function. 
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Although the B56γ mutations identified so far spread across the entire B56γ sequence, 

they appear more frequently in two regions: the center of the B56γ gene (HEAT-repeat 4, 5, and 

6) and a small region toward the C-terminus (Figure 4.1). These clusters suggest possible 

existence of hot spots that are more susceptible to tumor-associated mutations. The existence of 

hot spots for somatic mutations often indicates that the region is essential for the function of 

protein. Indeed, the small region at the C-terminus (aa 383-401) contains a domain crucial for p53 

binding (Shouse et al., 2010), arguing that p53 is an important substrate for B56γ-PP2A function. 

Interestingly, although eleven mutations are located on HEAT-repeat 4, 5, and 6 alone, the 

majority of them did not affect the B56γ ability to inhibit cell growth. Aside from sequencing 

errors, it is possible that more than one point mutation is needed to change the protein function 

supported by those repeats. In fact, multiple interacting interfaces have been suggested for the 

complex formed between B56γ and the A and C subunits (Xu et al., 2006; Cho and Xu, 2007).  

Further study of this region may lead to a better understanding of those interfaces and their roles 

in PP2A function. 
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Figure legend 

Figure 4.1 Distribution of B56γ mutations identified by AceView.  

Distribution of twenty-four mutations on three splice variants, known as γ1, 2, and 3, of B56γ. 

The structure of B56γ is shown below. Each α-helix is indicated by a box and HEAT-repeat is 

represented by a shaded box. Mutants in bold were chosen for characterization.   

 

Figure 4.2 Effect of B56γ mutants on tumor suppressor function. 

HCT116 human colon cancer cells with p53
+/+

 or p53
-/- 

background were transfected with HA-

tagged WT or B56γ mutants. For the control (EV), cells were transfected with an empty 

cytomegalovirus (CMV) vector. (A) Representatives of cell proliferation assay where transfected 

cells were seeded and harvested and counted after 120 h of growth. Numbers of cells were 

normalized against the representative empty vector controls and plotted in a bar graph. Error bars 

show average ± s.d. from triplicate plates in one representative experiment. The experiments were 

repeated at least three times. Cells harvested were lysed and protein expression for B56, p53, 

and vinculin (vinc) were analyzed by western blot.  (B) Representatives of anchorage-

independent growth assay where transfected cells were seeded in soft agar and number of 

colonies were counted. Error bars show average ± s.d. from triplicate plates in one representative 

experiment. Cells at initial seeding were lysed and analyzed for B56 protein expression. 

 

Figure 4.3 Interaction of B56γ mutants with PP2A A and C and p53. 

U2OS cells were transfected with empty vector control (EV), HA-tagged WT or mutant B56γ. 

(A) WT and mutant B56γ were immunoprecipitated and interacting proteins were analyzed by 

western blot using antibodies listed. (B) p53 Thr55 dephosphorylation, p21 protein levels, p53, 

and vinculin (vinc) were analyzed by western blot. p53 Thr55 phosphorylation levels were 
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analyzed by phospho-specific antibody for Thr55 in presence of MG132. The p21 protein levels 

were tested in the absence of MG132. (C) p21 mRNA levels were analyzed by RT-PCR. (D) 

Class II mutations are shown on the crystal structure of B56γ-PP2A holoenzyme (adapted from 

Protein Data Bank, accession code 2NYM), prepared by PyMOL. The PP2A holoenzyme is 

displayed with subunit A in green, subunit C in yellow, and subunit B56γ in blue. Microcystin-LR 

(MCLR) is shown in magenta. Mutation residues are indicated by orange for C39, lime-green for 

Q256, and red for L257. Dashed lines indicate hydrogen bonds. 

 

Figure 4.4 S220N interacts with the AC core and p53. 

(A) S220N mutation residue is indicated by the color red on the crystal structure of B56γ-PP2A 

holoenzyme. Is displayed with(B) Lysates of U2OS cells that were transfected with empty vector 

control (EV), HA-tagged WT or S220N B56γ were immunoprecipitated with anti-HA antibody, 

then analyzed by western blot against PP2A A and C, ERK, p53, Sgo, Cyclin G, HA, and 

vinculin (vinc). 

  

Figure 4.5 Inactivation of B56γ-PP2A tumor suppressive function by B56γ mutations. 

The Class II mutations C39R, E164K, Q256R and L257R failed to bind to the AC core and thus 

disrupted all B56γ-PP2A tumor suppressor-related functions. The Class III mutations (S220N, 

A383G and F395C) failed to bind B56γ-PP2A substrates and thus partially lost tumor suppressive 

function of B56γ-PP2A, i.e. either p53-dependent or p53-independent depending on which 

substrate-binding was affected. 
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Figures 

 

Figure 4.1 Distribution of B56γ mutations identified by AceView.  
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Figure 4.2 Effect of B56γ mutants on tumor suppressor function. 
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Figure 4.3 Interaction of B56γ mutants with PP2A A and C and p53.  
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Figure 4.4 S220N interacts with the AC core and p53. 
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Figure 4.5 Inactivation of B56γ-PP2A tumor suppressive function by B56γ mutations. 
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Tables 

Amino acid 

(protein) 
B56γ 

isoforms 
Tumor origin 

HEAT-

repeat* 
Reference 

C39R γ1, 2, 3 Pooled glandular 1 Nobumori et al., 2012 

A61V γ1, 2, 3 Pooled glandular 1 This study 

L157P γ1, 2, 3 Pooled glandular 3 
 

E164K γ1, 2, 3 Pooled glandular 3 This study 

R169K γ1, 2, 3 Pooled glandular 3 
 

A212T γ1, 2, 3 Melanotic melanoma skin 4 This study 

S220N γ1, 2, 3 Leiomyosarcoma uterus 4 This study 

H233P γ1, 2, 3 Embryonal carcinoma 5 
 

S251R γ1, 2, 3 Embryonal carcinoma 5 This study 

Q256R γ1, 2, 3 Melanotic melanoma skin 5 This study 

L257R γ1, 2, 3 Melanotic melanoma skin 5 This study 

L265F γ1, 2, 3 Embryonal carcinoma 5 
 

E266R γ1, 2, 3 Embryonal carcinoma 5 This study 

P274T γ1, 2, 3 Large cell carcinoma lung 6 This study 

H287Q γ1, 2, 3 Pooled glandular 6 This study 

P289S γ1, 2, 3 Pooled glandular 6 This study 

A383G γ1, 2, 3 Ilea mucosa 8 Shouse et al., 2010 

F395C γ1, 2, 3 Lung carcinoma 9 Shouse et al., 2010 

Q401R γ1, 2, 3 Pooled germ cell tumor 9 
 

E409R γ1, 2, 3 Pooled germ cell tumor 9 
 

K410R γ1, 2, 3 Pooled germ cell tumor 9 
 

S440I γ1, 2, 3 Lung carcinoma 
  

H494P γ2, 3 Embryonal carcinoma 
  

T495H γ2, 3 Embryonal carcinoma 
  

*location on the B56 protein 

Table 4.1 List of tumor-derived B56γ mutations. 
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B563 

Interaction 
p53 Thr55 

dephosphorylation 

p21 

Induction 

Cell Growth Inhibition 

PP2A 

AC core 
p53 

p53 

dependent 

p53 

independent 

WT Y Y Y Y Y Y 

C39R N Y N N N N 

A61V Y Y Y Y Y Y 

E164K N Y N N N N 

A212T Y Y Y Y Y Y 

S220N Y Y Y Y Y N 

S251R Y Y Y Y Y Y 

Q256R N Y N N N N 

L257R N Y N N N N 

E266R Y Y Y Y Y Y 

P274T Y Y Y Y Y Y 

H287Q Y Y Y Y Y Y 

P289S Y Y Y Y Y Y 

A383G Y N N N N Y 

F395C Y N N N N Y 

 

Table 4.2 Summary of fourteen tumor-derived B56γ mutations’ tumor suppressive functional 

assays.  
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CHAPTER 5 

Identification of B56γ-PP2A substrates responsible for its p53-independent tumor 

suppressive function  
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Introduction 

Protein phosphatase 2A (PP2A) is a family of serine/threonine phosphatases that plays a 

role in the regulation of diverse signal transduction cascades and cellular processes. PP2A exists 

in the cell as a heterodimer consisting of scaffolding A subunit and catalytic C subunit (AC core), 

or as a heterotrimeric complex where the AC core additionally associates with one of the variable 

B subunits. The multitude of PP2A function is believed to be accomplished by members of 

various regulatory B subunits, which regulate the substrate specificity, cellular localization, and 

enzymatic activity of the PP2A holoenzymes (Virshup and Shenolikar, 2009).  

Several evidence indicates that a subset of the PP2A holoenzymes that contain B56 

subunit (B56-PP2A), and in particular B56 (PPP2R5C), has tumor suppressive functions. 

Although the underlying mechanism has not been fully elucidated, B56 is thought to recruit 

particular oncogenes and tumor suppressors to the AC core for dephosphorylation and regulate 

their cellular function (Eichhorn et al., 2009). For example, B56γ inhibits cell transformation by 

recruiting p53 to the AC core and dephosphorylating p53 at Thr55, leading to p53 activation, 

induction of Cdk inhibitor p21, and inhibition of cell proliferation. In addition, B56γ-PP2A can 

inhibit cell proliferation in the absence of p53, suggesting that it may dephosphorylate additional 

substrates that also play roles in tumor suppression (Li et al., 2007). The mechanism and proteins 

associated with this p53-independent function are currently unknown.  

In chapter 4, we described the characterization of a panel of tumor-associated B56γ 

mutations. During the course of study, we found the S220N mutation which retained its p53-

dependent tumor suppressive function, but lost its p53-independent tumor suppressive function. 

Because this mutant can bind the AC core and p53 comparable to the wild type (WT) B56, we 

hypothesize that its loss of tumor suppressive activity is due to its inability to bind other unknown 

substrate(s).  
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In this study, we attempted to identify the unknown substrate(s) of B56γ–PP2A involved 

in p53-independent tumor suppressive function. We first established tetracycline-inducible U2OS 

stable cell lines that express either HA-WT B56γ or HA-S220N. We then carried out affinity 

purification of WT B56γ or S220N complexes and precipitated proteins were identified by LC-

MS/MS analysis. In addition to known proteins that interact with both WT B56γ and S220N, our 

analysis identified a series of proteins that associate with WT B56γ but not S220N. As such, they 

may potentially mediate p53-independent tumor suppressive function of B56γ–PP2A. 

Interestingly, some proteins are known to function in cellular processes involved in cell 

transformation and here we discuss some of the proteins’ functions and implications in tumor 

suppressive function of B56γ–PP2A. 
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Materials and Methods 

Cell culture and plasmids 

U2OS cells were cultured in McCoy's 5A supplemented with 10% fetal calf serum. pcDNA6/TR 

and pcDNA4/TO vectors were obtained from Invitrogen. B56γ3 with N-terminus 4x HA epitope 

tag plasmid (pCEP4-HA-B56γ3) has been previously described (Li et al., 2007). S220N point 

mutant was generated using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). 

pcDNA4/TO-HA-B56γ3 plasmid was obtained by excising HA-B56γ3 DNA fragment from 

pCEP4-HA-B56γ3, and then inserting into pcDNA4/TO vector by digestion with KpnI and XbaI 

restriction enzymes (Figure 5.1). All plasmids were verified by sequencing. 

 

Cell lines 

U2OS cells were transfected with pcDNA6/TR and pcDNA4/TO-HA-B56γ3 or S220N plasmids 

using BioT (Bioland Scientific). Stably transfected cell lines resistant to 5 μg/ml blasticidin 

(A.G.Scientific) and 200 µg/ml zeocin (Invitrogen) were selected, and individual colonies were 

isolated and expanded. To induce HA-B56γ protein expression, cells were treated with 0.5 μg/ml 

tetracycline (Sigma) for 12 h before harvesting.  

 

Purification of HA-B56γ complexes by immunoprecipitation 

Whole cell extract was prepared by lysing cells in a lysis buffer containing 50 mM Tris–HCl (pH 

8.0), 120 mM NaCl, 0.5% NP-40, 1 mM dithiothreitol, 2 μg/ml aprotinin and 2 μg/ml leupeptin. 

For HA IP, U2OS lysate was incubated with anti-HA (12CA5) monoclonal antibody conjugated 
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Protein A sepharose beads (Pierce) for 6 h at 4 °C. Double affinity purification of HA-B56γ was 

performed by HA-IP followed by B56γ IP. After HA-IP, beads were washed once in lysis buffer 

and 100 mM KCl D buffer containing 20 mM HEPES (pH=7.9), 20% glycerol, 100 mM KCl, 0.2 

mM EDTA, and 1 mM dithiothreitol. Bound proteins were eluted with twice the beads volume of 

1 mg/ml HA peptide in 100 mM KCl D buffer for 30 m at room temperature, repeated twice. The 

elutes were combined and diluted 10-fold in lysis buffer, and incubated with B56γ antibody and 

Protein A beads for 4 h at 4 °C. Beads were washed twice with lysis buffer, boiled in SDS-

loading buffer, and analyzed by immunoblotting. For LC-MS/MS analysis, U2OS lysate from ten 

10-cm-diameter dishes yielding approximately 4 mg of total protein was incubated with anti-HA 

antibody conjugated beads for 6 h at 4 °C. Beads were washed three times with lysis buffer and 

twice with 300 mM KCl D buffer. The co-precipitated proteins were either visualized by silver 

staining, detected by immunoblotting, or analyzed by MS.  

 

Western blot 

Cell lysates were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE), followed by immunoblotting analysis with anti-p53 (DO1, Santa Cruz Biotechnology), 

anti-p21 (c-19, Santa Cruz Biotechnology), anti-PP2A A subunit (Upstate), anti-PP2A C subunit 

(1D6, Upstate), anti-PP2A B56γ (against full-length B56γ3), anti-HA (12CA5), or anti-vinculin 

(VIN-11-5, Sigma) antibodies.  

 

Mass spectrometry analysis 
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Tryptic digests of proteins co-purified with HA-B56γ3 were identified by LC/ESI/MS/MS and 

search in the NCBI database was done using Mascot MS/MS ion search program (Matrix 

Sciences Ltd.). Lists of significant “hit” proteins that have at least one peptide ion scoring higher 

than 20 (p < 0.05) were generated. Proteins identified in control mock-purified samples were 

considered as background and were not included in the interaction results. Protein abundance 

index (PAI) is the number of detected peptides per protein normalized by the theoretical number 

of peptides. The exponentially modified protein abundance index (emPAI) indicates approximate, 

relative quantitation of the proteins in a mixture based on protein coverage by the peptide 

matches in a database search result (Ishihama et al., 2005).  
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Results 

Establishment of the tetracycline-inducible B56γ U2OS cell lines 

 To identify proteins that specifically lost interaction with S220N, we created tetracycline-

inducible U2OS stable cell lines that express high levels of either HA-WT B56γ or HA-S220N 

protein upon tetracycline treatment. Tetracycline-inducible system allows efficient and rapid 

induction of target protein and facilitates preparing samples in larger scale. The cell lines were 

prepared by stable transfection of U2OS cells with tetR expression plasmid and either HA-WT or 

HA-S220N plasmid. tetR expression plasmid contains tetR sequence downstream of 

cytomegalovirus (CMV) promoter along with the blasticidin resistance gene under control of EM-

7 promoter. B56γ expression plasmids contained B56γ3 gene with HA epitope tag on the N-

terminus downstream of CMV promoter containing two tetO sequence as well as the zeocin 

resistance gene under control of EM-7 promoter (Figure 5.1). Individual colonies of stably 

transfected cell lines resistant to blasticidin and zeocin were selected and expanded. All of the 

selected colonies of WT and S220N induced high level of HA-B56γ protein. In order to confirm 

that expressed B56γ protein is functional, p21 expression level was analyzed for several of the 

isolated colonies (Figure 5.2A).  Upon western blotting analysis, WT #4 and S220N #6 colonies 

were selected for the following experiments. For those cells, we also observed similar levels of 

dephosphorylation of p53 at Thr55 (data not shown). Next, induction efficiency was tested for 

various tetracycline dosage and treatment time. As shown in Figure 5.2B, 1 μg/ml treatment 

promoted slightly higher expression of B56γ and p21 induction compared to 0.5 μg/ml treatment. 

Detection of efficient upregulation of p21 protein suggests that tetracycline-induced B56γ protein 

is functional and presumably capable of interacting with B56γ binding proteins. When cells were 

treated with 0.5 μg/ml of tetracycline, gradual increase in the protein expression level of B56γ 

was observed in association with increasing treatment time in the cell and reached its maximum 
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approximately at 10 h. On the other hand, increase in the p21 protein expression is not apparent 

until 18 h treatment (Figure 5.2C). All together, the result suggests that 0.5 μg/ml of tetracycline 

treatment for 18 h is sufficient for B56γ protein to be induced, to dephosphorylate p53 at Thr55 

and promote p21 upregulation. 

 

Optimizing conditions for affinity purification of B56γ-PP2A  

 We next sought to find the optimal immunoprecipitation conditions to purify B56γ 

binding proteins using the established cell lines. First, we assessed the adequate amount of HA-

antibody-conjugated beads needed to immunoprecipitate B56γ from the cell lysate. We prepared 

the whole cell lysate from tetracycline treated cells and performed HA IP with varying volume of 

beads and detected the amount of B56γ protein bound to the beads as well as the co-precipitating 

A and C subunits. The assay indicates that 5 to 10 μl of conjugated beads would achieve the most 

efficient immunoprecipitation of B56γ-PP2A from cell lysate of a 10-cm-diameter dish (Figure 

5.3A). Second, we tested different wash conditions with increased amount of salt in an attempt to 

reduce the nonspecific protein binding while maintaining specific protein interaction of B56γ 

intact. B56γ bound HA-beads were washed with either the lysis buffer containing 0.5% NP-40 

and 120 mM NaCl (Wash 1), D buffer containing 300 mM KCl (Wash 2), or D buffer containing 

500 mM KCl (Wash 3). High concentration of salt in Wash 3 allowed the precipitate with less 

nonspecific proteins as shown by the silver staining (Figure 5.3B). However, although the B56γ 

association between A and C subunits was not affected, its interaction with p53 was significantly 

compromised for Wash 3 (Figure 5.3C). Therefore, D buffer containing 300 mM KCl was used 

for the wash for the following experiments in order to avoid losing B56γ specific interaction.  
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We also attempted to purify B56γ complexes using double affinity purification where HA 

IP and B56γ IP were performed in tandem. As shown in Figure 5.3D, B56γ complexes were first 

immunoprecipitated from cell lysate with HA-beads and then eluted from HA-beads using HA 

peptides. The eluted B56γ complexes were further purified by immunoprecipitation with anti-

B56γ antibody. The assay shows that significant portion of B56γ protein remained bound to HA-

beads after eluting with HA peptides (Figure 5.3D, left panel). Moreover, overall protein yield of 

B56γ and C subunit after double affinity purification was small (Figure 5.3D, right panel). This 

suggests that majority of HA-B56γ protein complex is lost during the elution step with HA 

peptides and thus a very low amount of B56γ protein complex is recovered. Since LC-MS/MS 

analysis requires a large quantity of purified proteins, it would be necessary to modify double 

affinity purification method and increase the overall protein recovery.  

 

Mass Spectrometry Analysis 

Based on the above results, we performed HA IP with optimized conditions (Figure 5.4) 

and subjected WT and S220N complexes to LC-MS/MS (minimum of one peptide with a 

MASCOT score of >20 and p < 0.05). In parallel, mock purification and LC-MS/MS analysis 

were performed from parental U2OS cells treated with tetracycline as a control. The list of 

identified proteins containing those with highest number of spectral counts indicated by emPAI is 

summarized in Table 5.1. Among those proteins, 17 proteins were detected in both WT and 

S220N protein complexes (Table 5.2). Interestingly we successfully detected A and C subunits 

with both WT and S220N, however, did not detect p53. This is likely due to low amount of 

endogenous p53 protein in the sample and/or low ionization efficiency of the sample peptides 
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could have caused them to be undetected. Nevertheless, a list of 26 proteins that interact with 

only WT but not S220N is summarized in Table 5.3 and several of them are discussed below. 

BMPR-II is a serine/threonine receptor kinase of the BMP signaling pathway. BMP 

ligands are members of the TGF-β superfamily that bind to two types of transmembrane receptor 

kinases, BMPR-I and BMPR-II. Upon BMP binding, BMPR-II phosphorylates and activates 

BMPR-I, leading to the activation of downstream signaling molecules through Smad-dependent 

and –independent pathways (Miyazono et al., 2005). Originally discovered as an inducer of bone 

formation, following studies have revealed the multipurpose role of BMPs as cytokines that 

regulate cell growth, apoptosis and differentiation in a number of cell types (Von Bubnoff and 

Cho, 2001; Zwijsen et al., 2003). It has been recently shown that the BMB pathway is disrupted 

in majority of colorectal (Kodach et al., 2008) and prostate cancer (Kim et al., 2004). Moreover, 

tumor suppressive function of BMPR-II to inhibit cell growth inhibition has been described, 

indicating a link between the BMP signaling and tumorigenesis (Pouliot et al., 2003; Beppu et al., 

2008; Owens et al., 2012). Several phosphorylation sites on BMPR-II have been reported 

although the mechanism of BMPR-II regulation remains largely unknown. If B56γ indeed 

interacts with BMPR-II, B56γ–PP2A may directly dephosphorylate BMPR-II to affect its 

function. Interestingly, another PP2A B subunit, B55β, has been shown to interact with BMPR-II 

and dephosphorylates Smads, positively regulating the BMP signaling (Bengtsson et al., 2009). It 

will be interesting to investigate in the future whether B56γ also plays a role in BMP signaling 

and affect the rate of cell proliferation. 

Liprin α-1 and α-2 have been previously reported to interact with B56γ although 

functional significance of the interaction remains to be elucidated (Arroyo et al., 2008; 

Goudreault et al., 2009). Liprins are cytoplasmic dimeric scaffolding proteins that have two 
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isoforms, α and β. In humans, liprin α has four genes where α-1 is ubiquitously expressed and α-2, 

3, and 4 are predominantly expressed in neuronal tissues (Serra-Pagès et al. 1998). In neuronal 

cells, liprins have been shown to function in regulation of nervous system including lymphatic 

vessel development, synaptic development and activity (Astigarraga et al. 2010; Choe et al. 2006; 

Dai et al. 2006; Olsen et al. 2005; Wyszynski et al. 2002; Zhen and Jin 1999). In non-neuronal 

cells, liprin α is involved in cell adhesion, cell motility, and cytoskeleton organization and has 

been shown to bind proteins such as LAR, GIT1, and CASK (de Curtis 2011; Ko et al. 2003; Shin 

et al. 2003; Stryker and Johnson 2007). Phosphorylation of several serine residues of liprin α has 

been shown to promote its association with LAR, leading to translocation of LAR and 

disassembly of focal adhesions (Serra-Pagès et al. 2005). Whether phosphorylation also affects 

the binding of liprin α with other proteins is unclear, but this suggests the possible regulation of 

liprin α activity through dephosphorylation by B56γ-PP2A. Alternatively, liprins may act as 

scaffold, forming complex and recruiting B56γ-PP2A to specific proteins at the plasma 

membrane. Liprin α is has been shown to regulate tumor cell invasion and migration in breast 

cancer cells and liprin α-1 gene is often amplified in several human cancers (Shen et al., 2007; 

Astro et al., 2011). As such, B56γ potentially have a tumor suppressive function through 

regulating liprin α activity.  

Rho GEF-H1 and Rho GAP-p190A are the regulators of small GTPase oncogene RhoA 

that influences the cell proliferation, cytoskeleton reorganization, and cellular invasion (Sahai and 

Marshall, 2002; Aznar et al., 2004). GEF-H1, a positive regulator of RhoA, is a conserved, 

ubiquitously expressed protein. GEF-H1 activity is regulated through microtubule association, 

thus linking the microtubular cytoskeletal dynamics with Rho dependent regulation (Krendel et 

al., 2002; Matsuzawa et al., 2004). Emphasizing its role as an oncogene, cancer-associated mutant 

p53 increases GEF-H1 transcription, promoting cell viability (Mizuarai et al., 2006). Post-
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translational phosphorylation is believed to regulate GEF-H1 expression and function, and several 

kinases including ERK1/2, Aurora A/B and CDK1 are known to phosphorylate GEF-H1 

(Birkenfeld et al., 2008; Fujishiro et al., 2008). In contrast, ubiquitously expressed GAP-p190A 

negatively regulates RhoA activity and inhibits RhoA induced cell transformation (Bernards, 

2003; Wang et al., 2003; Kusama et al., 2006). GAPs are also regulated by various kinases 

including GSK-3β (Bernards and Settleman, 2004; Jiang et al., 2008). If B56γ indeed binds and 

dephosphorylates GEF-H1 and GAP-p190A, it may block tumorigenesis by negatively regulating 

the activation of oncogenic RhoA. 

In summary, our LC-MS/MS analysis provided a variety of proteins that interact and thus 

potentially possess B56γ-mediated function in addition to previously known proteins. Several 

proteins were detected with only WT but not with S220N, implying that they could potentially be 

responsible for the p53-independent function of B56γ-PP2A. However, data have to be analyzed 

with caution considering that binding of many of these proteins actually may not be specific for 

B56γ. Indeed, we detected 41 proteins only in S220N but not in WT protein complex (Table 5.4). 

These proteins are probably not specific to mutant S220N but rather MS failed to detect them in 

other samples because of their low amount. Hence additional experiments are absolutely needed 

to verify their interaction with WT B56γ or S220N.  
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Discussion 

Identification and characterization of signaling molecules interacting with B56γ will 

provide important clues in understanding the tumor suppressive function and regulation of B56γ-

PP2A. Earlier, we showed that S220N mutation results in the loss of p53-independent tumor 

suppressive function of B56γ and hypothesized that S220N mutation specifically disrupts B56γ 

interaction with an unknown substrate. In this study, we sought to find proteins that interact with 

WT but not with S220N protein through affinity purification coupled with LC-MS/MS analysis. 

MS analysis has detected a number of potential interacting proteins, including those that have not 

been previously reported to interact with B56γ. Interestingly, some of these proteins are known to 

function in various cellular processes including cell motility, focal adhesion, metastasis, and cell 

transformation. Once we verify the interactions of these proteins with B56γ, we will further 

examine their role in p53-independent tumor suppressive function of B56γ in the future. 

Even though our result provides multiple proteins that potentially interact with B56γ, MS 

has its limitations and it is difficult to detect proteins of less abundance and to distinguish 

between specific and nonspecific interactions. In this study, LC-MS/MS analysis did not detect 

p53 in B56γ protein complex. Since p53 interaction was confirmed by immunoblotting (Figure 

5.4A), lack of detection by MS was most likely due to low amount of proteins in the sample 

and/or low ionization efficiency of the sample peptides. In addition, a large number of proteins 

detected unique in S220N protein complex suggests the presence of many background proteins 

(Table 5.4). Peptide peaks in the MS spectra are more likely to overlap in presence of abundant 

proteins, making it difficult to extract proteins in scarcity with low signal intensities. Thus, 

enrichment and purification of B56γ protein complex are crucial for increasing the likelihood of 

detecting B56γ specific associating proteins by LC-MS/MS. For reducing the number of 
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background proteins, one possibility is to purify B56γ complexes by double affinity purification 

method. In our early attempt, we tried to purify B56γ complexes by HA IP followed by B56γ IP. 

However, a large amount of B56γ protein was lost during HA IP elution because majority of the 

HA-B56γ remained tightly bound on HA-beads (Figure 5.3D). Low purification yields require 

large amounts of starting cell material which imposes challenge. To address this issue, alternative 

tags for B56γ may be used in tandem affinity purification to improve the protein elution 

efficiency. For example, a recent paper has shown a highly efficient method of purifying protein 

from mammalian cells using a double-affinity tag containing a streptavidin-binding peptide (SBP) 

and a HA-tag (Glatter et al., 2009). In this method, proteins were first bound to streptavidin beads 

with high affinity and eluted under mild conditions with 2mM biotin with almost 90% recovery, 

and then subjected to further purification by HA IP. This purification method may reduce 

nonspecific protein while minimizing loss of sample during purification processes. Another 

option is to perform subcellular fractionation and then separately analyze B56γ protein complexes. 

B56γ expression is mostly ubiquitous but becomes enriched in the nucleus during S phase in the 

cell (Lee et al., 2010). Thus, purifying B56γ complex from different subcellular fractionation may 

also provide clues to understanding B56γ functions specific to cellular localizations in addition to 

reducing background proteins. Taken together, further improvements on B56γ protein complex 

purification are clearly needed to facilitate identification of B56γ interacting proteins by LC-

MS/MS.   
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Figure legend 

Figure 5.1 Plasmid maps for pcDNA4/TO-HA-B56γ and pcDNA6/TR.  

HA-tagged B56γ gene was isolated from the plasmid pCEP4-HA-B56γ and inserted into 

pcDNA4/TO using KpnI and XbaI restriction enzymes.  

  

Figure 5.2 Tetracycline-inducible B56γ protein expression and p21 induction.  

The extra band below HA-B56γ3 marked by * indicates the endogenous B56γ3 protein. (A) 

Selected isolated colonies of the U2OS cells that were stably transfected with either B56γ WT (#1, 

2, 3, 4, 5) or S220N (#6, 7, 8), or parental U2OS cells (M: mock) were treated with tetracycline. 

Cells were harvested after 24 h, and cell lysates were subjected to SDS-PAGE and analyzed by 

WB for proteins listed. (B) WT expressing cells were harvested after the incubation with either 

0.5 or 1 μg/ml tetracycline for the indicated time period. (C) WT expressing cells were harvested 

after the incubation with 0.5 μg/ml tetracycline for the indicated time period.  

 

Figure 5.3 Testing the pulldown efficiency of B56γ-PP2A by HA immunoprecipitation. 

Immunoprecipitated proteins were subjected to SDS-PAGE and analyzed by WB using antibodies 

listed. (A) Precipitates from one 10-cm-diameter dish with varying amount of HA-beads (2.5-20 

μl) were analyzed by WB.  Precipitates from four 10-cm-diameter dishes with different wash 

conditions were analyzed by (B) silverstaining and (C) WB. “Wash 1” consists of four washes 

with lysis buffer, “Wash 2” consists of three washes with 300 mM KCl D buffer and once with 

lysis buffer, and “Wash 3” consists of three washes with 500 mM KCl D buffer and once with 

lysis buffer. Double affinity purification of HA-B56γ was performed by HA IP followed by B56γ 

IP, and precipitates were analyzed by (D) WB. U2OS cell lysates were incubated with indicated 

amount of HA-beads (5-40 μl). Bound B56γ protein was eluted by HA peptide, and the elute was 
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further purified by B56γ IP. Purified B56γ complexes after B56γ IP were analyzed by WB for 

proteins listed (right). Amount of proteins left bound on the used HA-beads was detected by WB 

as well (left: Beads after elution).  

 

Figure 5.4 Analysis of WT B56γ and S220N mutant complex proteins purified by HA 

immunoprecipitation. 

Precipitates were subjected to SDS-PAGE and analyzed by (A) WB for proteins listed or (B) 

silver staining. The numbers indicated on the right correspond to the molecular weight (kDa) of 

marker proteins. 
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Figures 

 

Figure 5.1 Plasmid maps for pcDNA4/TO-HA-B56γ and pcDNA6/TR.  
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Figure 5.2 Tetracycline-inducible B56γ protein expression and p21 induction.  
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Figure 5.3 Testing the pulldown efficiency of B56γ-PP2A by HA immunoprecipitation. 
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Figure 5.4 Analysis of WT B56γ and S220N mutant complex proteins purified by HA 

immunoprecipitation.  
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Tables 

Protein Name NCBI GI no. 
emPAI 

WT S220N 

 α isoform of scaffolding A subunit PR65, PP2A 4558258 2.67 2 

 γ isoform of regulatory B subunit B56, PP2A 31083259 1.86 1.23 

 ribosomal protein S29 isoform 1   4506717 -- 0.54 

 ribosomal protein S12   36146 0.52 0.23 

 ribosomal protein S17   4506693 0.22 0.48 

 ribosomal protein S11   4506681 -- 0.4 

 ribosomal protein L21   18104948 -- 0.4 

 ribosomal protein S6   337514 -- 0.39 

 β isoform of scaffolding A subunit PR65, PP2A 3603418 0.37 0.23 

 small nuclear ribonucleic protein (snRNP)   338259 0.36 -- 

 ribosomal protein L37a   4506643 -- 0.34 

 histone H1.1   4885373 0.33 -- 

 histone H1t   184084 0.33 0.33 

 human leukocyte antigen B   10799656 -- 0.33 

 ribosomal protein L19   4506609 -- 0.31 

 Tat binding protein 7 (TBP-7) 263099 0.28 0.28 

 ribosomal protein S26   296452 -- 0.27 

 histone H2B type 3-B   28173554 -- 0.25 

 DNA-binding protein   189299 -- 0.23 

 ribosomal protein S16   4506691 0.21 0.21 

 tubulin β-2C chain   5174735 -- 0.21 

 BBF2H7/FUS protein   34481861 -- 0.21 

 ribosomal protein S19   4506695 0.2 0.21 

 ribosomal protein L23a   1574942 0.2 -- 

 ribosomal protein L24   4506619 -- 0.19 

 ribosomal protein L21   808090 -- 0.18 

 hnRNP U protein   16041796 0.08 0.18 

 ribosomal protein L11   495126 0.17 -- 

 histone H1.0   4885371 -- 0.16 

 β'-actin   28336 -- 0.16 

 ribosomal protein L7a   55958183 -- 0.16 

 ATP/GTP binding protein 1   55661112 -- 0.16 
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Protein Name NCBI GI no. 
emPAI 

WT S220N 

 ribosomal protein S5   550021 0.15 -- 

 histone H1x   5174449 0.15 0.15 

 proteasome 26S subunit ATPase 1, isoform CRA_b   119601826 -- 0.15 

 ribosomal protein S9   550023 -- 0.15 

 ribosomal protein S8   4506743 0.14 0.14 

 β-tubulin   338695 -- 0.14 

 ribosomal protein L15   12006350 -- 0.14 

 ras-related protein Ral-A 4506405 -- 0.13 

 lung cancer oncogene 3 (HLC3); Kanadaptin   32394404 0.12 -- 

 brain-specific angiogenesis inhibitor 1-associated protein 2 61680505 -- 0.12 

 ribosomal protein S3a   4506723 -- 0.11 

 heterogeneous nuclear ribonucleoprotein A0   5803036 -- 0.11 

 emerin   4557553 -- 0.11 

 ribosomal protein L3   337580 0.1 -- 

 polymerase I and transcript release factor   42734430 0.1 -- 

 hnRNP C protein   337455 0.1 -- 

 leucine zipper transcription factor-like 1   8980369 0.1 -- 

 HSP70-1   4529893 0.1 0.1 

 proteasome 26S subunit, ATPase, 1, isoform CRA_a 119603737 -- 0.1 

 transcription factor IIE 228298 -- 0.1 

 ribosomal protein P0   4506667 -- 0.1 

 MHC class I   118026426 -- 0.1 

 homeobox-containing protein 1   47059040 0.09 -- 

 catalytic C subunit, PP2A 17149125 0.09 0.09 

 HSP70-6 34419635 -- 0.09 

 bone morphogenetic protein receptor type II (BMPR-II) 15451916 0.08 -- 

 glutathione-insulin transhydrogenase   31746 -- 0.08 

 leukocyte antigen (HLA) class I molecule   32179 -- 0.08 

 liprin-α-1 4505983 0.07 -- 

 cell division cycle-associated protein 2   44681484 0.07 -- 

 Rho GAP p190-A   8886143 0.07 -- 

 α tubulin   2843123 0.07 -- 

 tubulin β-6 chain   14210536 0.07 0.21 

 xenotropic and polytropic retrovirus receptor 1 19923272 0.07 0.04 
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Protein Name NCBI GI no. 
emPAI 

WT S220N 

 DNA-binding protein A   181484 -- 0.07 

 GPATCH8 protein   39644463 0.06 -- 

 UBX domain-containing protein 4   24307965 0.06 -- 

 nucleolin   189306 0.06 -- 

 transmembrane protein 209   66348165 0.05 -- 

 zinc finger CCCH domain-containing protein 4   126723060 -- 0.05 

 RAB GTPase activating protein 1-like   56202421 -- 0.05 

 coiled-coil domain-containing protein 81 isoform 1   226493512 -- 0.05 

 nucleophosmin-retinoic acid receptor α fusion protein  1314308 -- 0.05 

 NHS-like protein 1 isoform 1   254692997 0.04 -- 

 Na+, K+ activated adenosine triphosphatase α subunit   179227 0.04 -- 

 leucine-rich repeat and calponin homology domain-containing 

protein 3   
14249428 0.04 0.04 

 ATP-dependent RNA helicase 46   2696613 -- 0.04 

 splicing factor 3 subunit 1 isoform 1   5032087 -- 0.04 

 liprin-α-2   29171755 0.03 -- 

 Na+, K+ -ATPase catalytic subunit   497763 0.03 -- 

 kinesin family member 13A   57208793 0.03 -- 

 Rho GEF-H1   15011974 0.03 -- 

 

Table 5.1 List of potential B56γ interacting proteins identified by LC-MS/MS.  
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Protein Name NCBI GI no. 
emPAI 

WT S220N 

 α isoform of scaffolding A subunit PR65, PP2A 4558258 2.67 2.00 

 γ isoform of regulatory B subunit B56, PP2A 31083259 1.86 1.23 

 ribosomal protein S12   36146 0.52 0.23 

 β isoform of scaffolding A subunit PR65, PP2A 3603418 0.37 0.23 

 histone H1t   184084 0.33 0.33 

 Tat binding protein 7 (TBP-7) 263099 0.28 0.28 

 ribosomal protein S17   4506693 0.22 0.48 

 ribosomal protein S16   4506691 0.21 0.21 

 ribosomal protein S19   4506695 0.2 0.21 

 histone H1x   5174449 0.15 0.15 

 ribosomal protein S8   4506743 0.14 0.14 

 HSP70-1   4529893 0.10 0.10 

 catalytic C subunit, PP2A 17149125 0.09 0.09 

 hnRNP U protein   16041796 0.08 0.18 

 tubulin β-6 chain   14210536 0.07 0.21 

 xenotropic and polytropic retrovirus receptor 1 19923272 0.07 0.04 

 leucine-rich repeat and CH domain-containing protein 3   14249428 0.04 0.04 

 

Table 5.2 List of potential B56γ interacting proteins detected in both WT B56γ and S220N 

mutant complexes.  

 

  



 

151 

 

Protein Name NCBI GI no. 
emPAI 

WT S220N 

 small nuclear ribonucleic protein (snRNP)   338259 0.36 -- 

 histone H1.1   4885373 0.33 -- 

 ribosomal protein L23a   1574942 0.20 -- 

 ribosomal protein L11   495126 0.17 -- 

 ribosomal protein S5   550021 0.15 -- 

 lung cancer oncogene 3 (HLC3); Kanadaptin   32394404 0.12 -- 

 ribosomal protein L3   337580 0.10 -- 

 polymerase I and transcript release factor   42734430 0.10 -- 

 hnRNP C protein   337455 0.10 -- 

 leucine zipper transcription factor-like 1   8980369 0.10 -- 

 homeobox-containing protein 1   47059040 0.09 -- 

 bone morphogenetic protein receptor type II (BMPR-II) 15451916 0.08 -- 

 liprin-α-1 4505983 0.07 -- 

 cell division cycle-associated protein 2   44681484 0.07 -- 

 Rho GAP p190-A   8886143 0.07 -- 

 α tubulin   2843123 0.07 -- 

 GPATCH8 protein   39644463 0.06 -- 

 UBX domain-containing protein 4   24307965 0.06 -- 

 nucleolin   189306 0.06 -- 

 transmembrane protein 209   66348165 0.05 -- 

 NHS-like protein 1 isoform 1   254692997 0.04 -- 

 Na+, K+ activated adenosine triphosphatase α subunit   179227 0.04 -- 

 liprin-α-2   29171755 0.03 -- 

 Na+, K+ -ATPase catalytic subunit   497763 0.03 -- 

 kinesin family member 13A   57208793 0.03 -- 

 Rho GEF-H1   15011974 0.03 -- 

 

Table 5.3 List of potential B56γ interacting proteins detected in WT B56γ but not in S220N 

mutant protein complex.  
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Protein Name NCBI GI no. 
emPAI 

WT S220N 

 ribosomal protein S29 isoform 1   4506717 -- 0.54 

 ribosomal protein S11   4506681 -- 0.40 

 ribosomal protein L21   18104948 -- 0.40 

 ribosomal protein S6   337514 -- 0.39 

 ribosomal protein L37a   4506643 -- 0.34 

 human leukocyte antigen B   10799656 -- 0.33 

 ribosomal protein L19   4506609 -- 0.31 

 ribosomal protein S26   296452 -- 0.27 

 histone H2B type 3-B   28173554 -- 0.25 

 DNA-binding protein   189299 -- 0.23 

 tubulin β-2C chain   5174735 -- 0.21 

 BBF2H7/FUS protein   34481861 -- 0.21 

 ribosomal protein L24   4506619 -- 0.19 

 ribosomal protein L21   808090 -- 0.18 

 histone H1.0   4885371 -- 0.16 

 β'-actin 28336 -- 0.16 

 ribosomal protein L7a   55958183 -- 0.16 

 ATP/GTP binding protein 1   55661112 -- 0.16 

 proteasome 26S subunit, ATPase, 1, isoform CRA_b   119601826 -- 0.15 

 ribosomal protein S9   550023 -- 0.15 

 β-tubulin   338695 -- 0.14 

 ribosomal protein L15   12006350 -- 0.14 

 ras-related protein Ral-A 4506405 -- 0.13 

 brain-specific angiogenesis inhibitor 1-associated protein 2 61680505 -- 0.12 

 ribosomal protein S3a   4506723 -- 0.11 

 heterogeneous nuclear ribonucleoprotein A0   5803036 -- 0.11 

 emerin   4557553 -- 0.11 

 proteasome 26S subunit ATPase 1, isoform CRA_a 119603737 -- 0.10 

 transcription factor IIE 228298 -- 0.10 

 ribosomal protein P0   4506667 -- 0.10 

 MHC class I   118026426 -- 0.10 

 HSP70-6 34419635 -- 0.09 

 glutathione-insulin transhydrogenase   31746 -- 0.08 

 leukocyte antigen (HLA) class I molecule   32179 -- 0.08 
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Protein Name NCBI GI no. 
emPAI 

WT S220N 

 DNA-binding protein A   181484 -- 0.07 

 zinc finger CCCH domain-containing protein 4   126723060 -- 0.05 

 RAB GTPase activating protein 1-like   56202421 -- 0.05 

 coiled-coil domain-containing protein 81 isoform 1   226493512 -- 0.05 

 nucleophosmin-retinoic acid receptor α fusion protein  1314308 -- 0.05 

 ATP-dependent RNA helicase 46   2696613 -- 0.04 

 splicing factor 3 subunit 1 isoform 1   5032087 -- 0.04 

 

Table 5.4 List of potential B56γ interacting proteins detected in S220N mutant but not in WT 

B56γ protein complex. 
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CHAPTER 6 

 

Conclusion 
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Protein phosphatase 2A (PP2A) is a family of serine/threonine phosphoprotein 

phosphatases that are involved in the regulation of diverse signal transduction cascades and 

cellular processes. Accumulating evidence now highlights the role of PP2A as a guardian against 

tumorigenic transformation of cells. PP2A family consists of numerous PP2A heterotrimeric 

holoenzymes with dynamic subunits compositions where one of the various regulatory B subunits 

binds the AC core, which consists of a scaffolding A and a catalytic C subunit. Different B 

subunits confer diverse substrate specificity, enzyme activity, and cellular localization of PP2A 

holoenzyme. As such, particular B subunits are believed to govern the tumor suppressive function 

of PP2A by targeting tumor suppressor proteins or oncogenes for dephosphorylation and 

regulating cellular functions (Eichhorn et al., 2009). Interestingly, it was shown that tumor 

promoting SV40 ST antigen targets B56γ and suppression of B56γ leads to cell transformation 

(Chen et al., 2004), suggesting that B56γ is a key factor in the tumor suppressive function of 

PP2A. In support of this, our lab has previously revealed that the B56γ subunit associated PP2A 

(B56γ-PP2A) dephosphorylates the tumor suppressor p53 at Thr55 and activates p53 function, 

promoting transcription of genes involved in cell cycle arrest and apoptosis in response to DNA 

damage. Moreover, we observed that B56γ-PP2A inhibits cell transformation in absence of p53 

(Li et al., 2007), indicating that other unknown substrates are also involved in p53-independent 

function of B56γ. In an attempt to gain further understanding of tumor suppressive activity of 

B56γ, we characterized a series of B56γ mutations originally identified in cancer samples. Our 

results present the underlying mechanism of B56γ regulatory function in directing tumor 

suppressive function of PP2A and provide a model of inactivation mechanism of B56γ-PP2A 

tumor suppressive activity in human cancer.  

In this study, we demonstrated that the tumor suppressive ability of B56γ-PP2A requires 

B56γ to bridge interactions between substrates and the AC core. Within B56γ, there are specific 
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interaction domains that mediate different substrate interactions with B56γ. For example, p53-

dependent tumor suppressive function of B56γ-PP2A requires interaction between B56γ and p53 

(Chapter 2). We showed that the B56γ mutants A383G and F395C, which do not interact with 

p53, lose p53-dependent tumor suppressive function of B56γ-PP2A. Specifically, they were 

unable to promote p53 Thr55 dephosphorylation and transcriptional activation of p21. 

Importantly, we showed that a specific domain adjacent to these mutations is essential for B56γ 

binding with p53. In addition, we identified another B56γ mutation S220N inhibits p53-

independent tumor suppressive function of B56γ-PP2A (Chapter 4). Ser220 is located on the open 

surface of B56γ adjacent to the catalytic pocket of B56γ-PP2A holoenzyme. This region of B56γ 

is likely responsible for the binding of one or more unknown substrates that conveys p53-

independent tumor suppressive function of B56γ-PP2A. As such, our results provide a model 

where individual domains on B56γ mediate interaction with different substrates (Figure 6.1). This 

model supports the hypothesis that the B subunit provides a binding site such that a substrate can 

be recruited and positioned in the correct orientation for fitting of phosphorylated residues in the 

PP2A active site and thus determines the substrate specificity of PP2A holoenzyme. In the future, 

elucidation of the structure of these domains together with bound substrates will provide useful 

information on how PP2A recognizes and interacts with its substrates.  

In addition, our study provides structural insights into the B56γ-PP2A holoenzyme 

assembly that the integrity of B56γ structure is important for association of B56γ with the AC 

core. B56γ is an elongated, superhelical protein formed by eight pseudo HEAT repeats where 

each HEAT repeat consists of a pair of antiparallel α-helices connected by an intrahelical loop. 

Crystal structure of B56γ-PP2A holoenzyme shows a number of residues in the conserved central 

domain (HEAT repeat 2-8) of B56γ that interact with A and C subunits (Xu et al., 2006; Cho and 

Xu, 2007). We identified several B56γ mutations within this central domain that disrupt 
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interaction between B56γ and the AC core even though none of these residues directly contact 

with either A or C subunit (Chapter 4). This suggests that ordered alignment of helices as a whole 

is critical in stabilizing B56γ and maintaining B56γ-PP2A holoenzyme assembly. Although B56γ 

directly interacts extensively with both the A and C subunits at multiple interfaces, our data 

indicate that B56γ mutants lost interaction with A and C subunits altogether. Similarly, 

previously described A subunit mutants that cannot bind to C subunit simultaneously lost B56γ 

interaction (Ruediger et al., 2001b; Sablina et al., 2007). These data suggest that B56γ binds 

stably only to the AC core in cells. Dynamic regulatory B subunit exchanges of PP2A in response 

to different physiological circumstances are believed to be the basis for diverse PP2A activities. 

Additional knowledge on the B56γ-PP2A structure will provide clues to the underlying 

mechanism of PP2A holoenzyme assembly and regulation of B56γ-PP2A function.  

To date, we have identified several B56γ mutations that abolish tumor suppressive 

activity of B56γ-PP2A, which provides evidence for the tumor suppressive function of B56γ in 

cells. Because these mutations were originally identified in tumor samples, loss of B56γ-PP2A 

functions may be a critical event during tumorigenesis. We have demonstrated that mutations 

inactivate B56γ functions via several mechanisms resulting in the simultaneous deregulation of 

B56γ-PP2A tumor suppressive activities in cells. Nonetheless, an important question remains as 

to what frequency does loss or disruption of B56γ function occur in human cancer. If tumor 

samples indeed commonly contain loss of function mutations in the B56γ gene, this will 

substantiate the causal role of B56γ as a tumor suppressor during cancer progression. Because 

different cell signaling pathways have distinct roles in different tissues, deregulation of certain 

molecular pathways can contribute to progression of different types of tumor. As such, it will be 

interesting to screen samples from various tumor types to investigate whether they possibly reveal 

additional mutations that have negative effects on B56γ function. So far, studies suggest that 
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tumor suppressive function of B56γ-PP2A is exerted through direct dephosphorylation of p53, 

however it is yet unknown what additional substrates of B56γ-PP2A play role in tumor 

suppression. A better understanding of B56γ-PP2A tumor suppressive function will depend 

largely on the identification of specific target of B56γ-PP2A and relevance of B56γ-PP2A 

dephosphorylation. Together, it is important to investigate the specific functions and cellular 

processes of which B56γ-PP2A is involved and the overall molecular and biological 

consequences of loss of B56γ-PP2A function. 

Lastly and most intriguingly, our study may provide insight into the molecular aspects of 

observed differences in the cancer pathways between human and mouse. Perturbation of PP2A 

pathway in addition to five other pathways including p53, Raf, pRb, telomerase and Ral-GEFs is 

required for the tumorigenic transformation of human fibroblasts. On the other hand, perturbation 

of only two pathways involving p53 and Raf is sufficient to immortalize mouse fibroblasts 

(Rangarajan et al., 2004). Curiously, while dephosphorylation modification of Thr55 of p53 

appears to be essential for p53 activity in humans, Thr55 residue is absent in mouse p53. As such, 

impact of tumor suppressive function of B56γ-PP2A is presumably less in mice compared to 

humans. This tumor suppressive function of B56γ specific to humans perhaps offers a partial 

explanation why deregulation of PP2A function is detrimental to cancer prevention in humans. 

Although other B subunits are also suggested to contribute to the tumor suppressive function of 

PP2A (Eichhorn et al., 2009), our study underlines the importance of B56γ in regulating cell 

proliferation and transformation. Future studies on the relevance of B56γ-PP2A function within 

diverse cell signaling cascades will lead to a more complete understanding of how B56γ functions 

as a tumor suppressor. Given the potential role of PP2A in human cancer, unraveling the 

molecular mechanism of B56γ tumor suppressive function will ultimately aid in designing 

therapeutic agents for cancer diagnosis and counteracting PP2A deregulation in cancer.  
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Figure legend 

Figure 6.1 A model for the tumor suppressive function mediated by the interaction between 

B56 and substrates. 

The mutations A383G and F395C prevented B56γ interaction with p53 and thus disrupted p53-

dependent tumor suppressive function of B56γ-PP2A. The mutation S220N disrupted p53-

independent tumor suppressive function of B56γ-PP2A suggesting that it likely prevented B56γ 

interaction with an unknown substrate. 
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Figure

 

Figure 6.1 A model for the tumor suppressive function mediated by the interaction between B56 

and substrates. 




