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Abstract: Protein Phosphatase 2A (PP2A) is a major serine/threonine phosphatase in cells. 

It consists of a catalytic subunit (C), a structural subunit (A), and a regulatory/variable  

B-type subunit. PP2A has a critical role to play in homeostasis where its predominant 

function is as a phosphatase that regulates the major cell signaling pathways in cells.  

Changes in the assembly, activity and substrate specificity of the PP2A holoenzyme have a 

direct role in disease and are a major contributor to the maintenance of the transformed 

phenotype in cancer. We have learned a lot about how PP2A functions from specific mutations 

that disrupt the core assembly of PP2A and from viral proteins that target PP2A and inhibit its 

effect as a phosphatase. This prompted various studies revealing that restoration of PP2A 

activity benefits some cancer patients. However, our understanding of the mechanism of action 

of this is limited because of the complex nature of PP2A holoenzyme assembly and because it 

acts through a wide variety of signaling pathways. Information on PP2A is also conflicting as 

there are situations whereby inactivation of PP2A induces apoptosis in many cancer cells. In 

this review we discuss this relationship and we also address many of the pertinent and topical 

questions that relate to novel therapeutic strategies aimed at altering PP2A activity. 
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1. Introduction 

Reversible phosphorylation is a very important mechanism of signal transduction in eukaryotic cells 

and is mediated by a series of kinases and phosphatases [1,2]. These kinases and phosphatases allow 

proteins to react rapidly to the external environment by tightly regulating the activity, location and 

substrate specificity of proteins. Disruption of the regulation of protein phosphorylation can lead to 

altered cellular behaviour and result in many diseases including cancer [3–7]. Protein Phosphatase 2A 

(PP2A) is a major serine/threonine phosphatase and is ubiquitously expressed in eukaryotic cells. It is 

one of the most conserved proteins and together with PP1, is responsible for up to 90% of all 

serine/threonine activity in a cell [3,8,9]. As a phosphatase, PP2A functions in many of the major cell 

signaling pathways including those that regulate the cell cycle, cell metabolism, cell migration and cell 

survival [10–13]. 

2. PP2A Assembly 

PP2A is, in fact, a complex of three specific and individual subunit proteins that function as a holoenzyme. 

The core dimer consists of a 65 kDa scaffolding subunit (A) and a 36 kDa catalytic subunit (C). In mammals, 

the A subunit exists in two isoforms (Aα and Aβ) that share almost 87% sequence identity [14,15]. 

Despite the similarity, approximately 90% of PP2A holoenzymes contain the Aα isoform leaving just 

10% of holoenzymes containing the Aβ isoform [16]. This suggests that there is divergent function of 

the A subunits and is illustrated by the fact that Aβ is unable to substitute for Aα in mice [3]. Aα and Aβ are 

detected primarily in the cytoplasm but differ in their ability to bind to the B regulatory subunits [17]. Aβ is 

detected at high levels in embryogenesis but is rare in adult tissues [18] and Aα increases gradually as 

Aβ decreases after late embryogenesis [19]. Two isoforms of the catalytic subunit also exist (Cα and 

Cβ). They share 97% sequence identity at the amino acid level. Cα localises primarily to the plasma 

membrane with Cβ localising primarily to the cytoplasm and nucleus [12,15,20]. Both isoforms have 

been detected in many rat and porcine tissue types including brain, heart, liver, kidney and ovaries and 

they are most abundant in the brain and heart [15,21]. 

Full activity, specific subcellular location and substrate specification is conferred upon PP2A only 

when the core dimer interacts with the B regulatory subunit to form a heterotrimeric holoenzyme [22] 

(Figure 1a). In humans, at least 26 different B subtypes have been identified to date [12]. These proteins 

are alternate transcripts and splice variants encoded by at least 15 different genes [3,12] (Figure 1b). This 

allows up to 96 possible combinations of the assembled holoenzyme [23]. The expression level of these 

subunits is highly variable and is dependent on both cell and tissue type [24]. The diversity in regulatory 

subunit availability is primarily responsible for the widespread substrate specificity and function of the 

PP2A holoenzyme. As well as this, the PP2A holoenzyme has the ability to interchange B subunits 

rapidly, allowing PP2A to respond quickly to specific environmental cues [23]. The variable regulatory B 

subunits are categorized into four recognised subfamilies; B/B55/PR55, B’/B56/PR61, B’’/B72/PR72 and 

B’’’/PR93(SG2NA)/PR110(Striatin). In contrast to the A and C subunits, the sequence and structural 

similarity amongst the four regulatory subfamilies is very low and is a major contributor to the diversity 

of PP2A holoenzymes location and function [3,15,25]. 
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Figure 1. PP2A holoenzyme structure. (a) Schematic representation of the Structural (A), 

Regulatory (B) and Catalytic (C) subunits which form the PP2A holoenzyme. (b) Table showing 

the subunit, gene, isoform and alternative name for each subunit. 
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A large body of work has been done to determine specific functions of known PP2A regulatory 

subunits and is reviewed extensively [3,12,16,26,27]. PP2A-B56 is the best studied regulatory subunit 

subfamily [3,25]. PP2A-B56α, PP2A-B56β and PP2A-B56ε are expressed in the cytoplasm of cells.  

The PP2A-B56y1-3 isoforms are expressed in the nucleus while PP2A-B56δ is expressed in both the 

cytoplasm and nucleus [3]. Substrates of the PP2A holoenzyme containing B56 include the basic 

proteins, shugoshins (Sgo1) [28,29]. Together, PP2A and Sgo1 function to protect centromeres in 

mammalian cells from premature chromosome segregation during both mitosis and meiosis. [3,25].  

The PP2A-B55 regulatory subunit subfamily have also been well-studied. PP2A-B55α and PP2A-B55δ 

are, for the most part, expressed ubiquitously. In rat tissues, PP2A-B55β and PP2A-B55y are highly 

expressed in the brain and are tightly controlled during development [30]. Some of the proteins that have 

been shown to directly interact with the PP2A-B55 enzyme include Akt, p53, SRC, RAF1, pRB, p107, 

p130, CDK1 and KSR1 [3,31,32]. In humans, the functions of PP2A-B72 is most widely reported in the 

regulation of the G1/S part of the cell cycle and the regulation of DNA replication during S phase [3]. Striatin, 

a member of the B’’’ subfamily is found in high numbers in post synaptic membranes while S/G2 

Nuclear Autoantigen (SG2NA), another member of the B’’’ subfamily is targeted to the nucleus and 

expressed during the S/G2 phases of the cycle [23]. 

3. PP2A: Disrupt the Core, Decrease the Function 

Mutations in PP2A subunits have been found in a variety of human cancers and include deletions, 

point mutations and mutations that generate alternate transcripts [13,33]. Some of these mutations 

prevent the A subunit from binding to the B and C subunits. This can cause disruption of the core 

complex which has implications for PP2A activity [15,34–36]. The gene encoding the Aα subunit, 

PPP2R1A, is mutated in over 40% of high grade endometrial tumours [37]. PPP2R1A has also been 

shown to be mutated in 9.1% of Type I ovarian tumours and 6.8% of Type I uterine carcinomas [38].  

As well as this, specific mutations of PPP2R1A have been identified in lung carcinoma, breast carcinoma 

and melanoma. These mutations result in a decreased binding to other PP2A subunits [35,39]. In mice 

expressing two Aα mutations (E64D and E64G), the presence of either mutation resulted in defective 

binding of the Aα subunit to B subunits [40]. Mice expressing the E64D mutation demonstrated 

increased incidence of p53 dependant lung cancer [40]. This study highlights the role of PP2A as a 

tumour suppressor and suggests that disruption of the PP2A holoenzyme may contribute to the development 

of carcinogenesis. 

PPP2R1B, the gene encoding the Aβ subunit of PP2A is located at 11q23 which is a chromosomal 

region that is frequently deleted in cancer cells [41]. PPP2R1B is mutated in 15% of both primary lung 

tumours and colorectal carcinomas [42]. One PPP2R1B mutation seen in 6% of lung cancer cell lines, 

is defective in binding to the PP2A C subunit [42]. Five missense mutations of PPP2R1B have been 

identified in colorectal tumours [43]. Other PPP2R1B mutations have been detected in human 

hepatocellular carcinomas [44] and are also found in melanoma and cancers of the breast and lung [39]. 

PP2A B subunit mutations are less frequent, but some deletion mutations have been identified in 

breast, prostate and ovarian cancers [33,45–47]. Reduced expression of PP2A-B55α has been reported 

in leukaemia [48]. PP2A-B55β is epigenetically inactivated by DNA hypermethylation in colorectal 
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cancer which has consequences for myc signaling [49]. PP2A-B55β has also been shown to be mutated 

by hypermethylation in breast cancer [50]. 

4. Displacing the Regulatory Subunit: What We Have Learned from Viral Targeting of PP2A 

and from PP2A Inhibition? 

There is very strong evidence to suggest that specific PP2A holoenzymes are genuine tumour 

suppressors. This tumour suppressor function for PP2A was realised when it was shown that okadaic acid, 

a well-known tumour promoter, is a selective (albeit non-specific) inhibitor of PP2A [51]. PP2A has a 

regulatory function in many signaling pathways that control cell growth, cell migration and apoptosis. 

This makes it an obvious target for oncogenes targeting deregulation of the cell cycle. In transformed 

cells, several mechanisms have evolved that inhibit PP2A and target carcinogenesis [52]. For example, 

some DNA tumour viruses produce viral proteins that displace B subunits from PP2A and can function 

as pseudo B subunits themselves [3,53]. This results in altered activity and location of PP2A, leading to 

dysregulation of the signaling pathways where PP2A normally functions [3]. Retroviruses such as HIV1 

VPR also interfere with PP2A to induce cell cycle arrest [53,54]. 

Polyoma small t (pyst), polyoma middle T (pyMT) and simian virus small t (ST) are viral proteins 

that can form complexes with the PP2A core dimer [55–58]. When pyMT displaces the B subunit of the 

PP2A holoenzyme, the MAP kinase pathway is activated and interaction of pyMT with PP2A is required 

for pyMT induced transformation [57]. A number of PP2A B subunits inhibit and activate proteins in 

the MAP kinase signaling pathway including RAF and ERK [3]. PP2A-B56y1 dephosphorylates ERK 

which inhibits ERK activity [59]. PP2A-B55 has been shown in a variety of capacities within this pathway. 

PP2A-B55α or PP2A-B56 positively regulate RAF1 MAP kinase signaling by dephosphorylating an 

inhibition site on RAF1. PP2A-B55α dephosphorylates key 14-3-3 binding sites on Kinase Suppressor of 

RAS (KSR1) which also positively regulates the MAP kinase pathway [32]. These specific holoenzymes 

can also negatively regulate MAP kinase signaling by dephosphorylating and deactivating ERK further 

downstream of RAF [60] (see Figure 2). The ability of pyMT to specifically activate the MAP kinase 

pathway suggests that deregulation of PP2A assembly and disruption of PP2A-B55α or PP2A-B56 binding 

to the holoenzyme promotes deregulated growth control [61]. 

Small t antigen (ST) is a simian virus 40 ER viral onco-protein which when co expressed with large 

T antigen, the telomerase catalytic subunit and the H-RAS oncogene, is able to transform human cells. 

ST requires interaction with PP2A in order for this transformation to occur [62–64]. ST binds to the Aα 

subunit to regulate the Akt pathway [3]. ST also displaces PP2A-B55α, PP2A-B56y and PP2A-B56y3 

regulatory subunits and when bound to the core subunit, ST will suppress PP2A activity [65]. Displacement 

of a subset of these PP2A complexes (PP2A-B56γ and PP2A-B56γ3) increases cell proliferation and 

confers an ability to grow in an anchorage independent manner leading to tumour development in animal 

hosts [65]. Induction of increased cell proliferation in cells where PP2A has been displaced by ST has 

previously been shown to be mediated by stimulation of the MAP kinase pathway [66,67]. ST, when 

interacting with PP2A, directly regulates the dephosphorylation of AKT. In cells where growth factors are 

absent, ST interaction with PP2A enhances the anti-apoptotic activity of Akt. Conversely, in the presence 

of growth factors, ST interaction with PP2A enhances the pro-apoptotic activity of Akt. [68]. 



Cancers 2015, 7 653 

 

 

Figure 2. PP2A as a tumour suppressor in signaling pathways. The PP2A holoenzyme containing 

B55γ, negatively regulates the MAP kinase pathway through inhibition of c-SRC [3,69,70]. PP2A 

holoenzymes containing B56β and B56γ directly dephosphorylate ERK to negatively regulate the 

MAP kinase pathway [59]. PP2A negatively regulates Akt activity through dephosphorylation of 

Akt at Thr 308 to regulate cell survival [71]. As well as functioning as a phosphatase, PP2A also 

controls cell migration by acting as a regulator of growth factor and adhesion receptor assembly 

through its interaction with RACK1 during cell migration [72]. 

Okadaic acid is a well-known PP2A inhibitor and a potent carcinogen [51,73,74]. There are several 

other mechanisms of PP2A inhibition that contribute to carcinogenesis. Cancerous Inhibitor of PP2A 

(CIP2A) is a PP2A inhibitor which when over expressed, is associated with poor outcome [75,76]. 

Specifically, CIP2A inhibits the activity of PP2A which promotes stabilisation of the known oncogenic 

transcription factor c-Myc through phosphorylation on Ser62. CIP2A also promotes anchorage 

independent growth and tumour formation [76]. Transcription of CIP2A is decreased when the checkpoint 

kinase and DNA damage response protein, CHK1 is inhibited. This induces PP2A activity allowing 

dephosphorylation of c-MYC on Ser62 which impairs cancer cell survival [77]. Overexpression of SET, 

which in many cases is known to be a potent PP2A inhibitor is associated with poor prognosis in Acute 

Myeloid Leukaemia (AML) [78]. Other PP2A inhibitors known to progress carcinogenesis include 

cytostatin [79] and rubratoxin A which inhibits PP2A and suppresses metastasis [80]. 
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5. PP2A: A Key Regulator of Growth Factor Signaling 

PP2A has also been shown to play a considerable role in the regulation of growth factor  

signaling [67,72,81–83]. Stimulation of cells with EGF, insulin and IGF-1 inhibits PP2A activity and 

promotes sustained activation of the MAP kinase pathway [67]. The growth factor stimulation causes 

disassociation of PP2A from the adaptor protein Shc. This leads to increased and sustained Shc 

phosphorylation and subsequent activation of the MAP kinase pathway to promote cell proliferation [67]. 

In gastric cancer cells, the EGFR positively regulates the expression of the PP2A inhibitor CIP2A [84] to 

drive metastasis. 

Downstream of the Insulin receptor, PP2A directly dephosphorylates Akt on Ser473 and Thr308 to 

negatively regulate metabolic signaling [81,83]. The PP2A-B56 regulatory subunit has been implicated 

in the negative regulation of insulin signaling through Akt dephosphorylation at Thr308 [85]. However, 

the PP2A holoenzyme containing PP2A-B55α has also been identified as a regulator of Akt phosphorylation 

at Thr308 acting to negatively regulate Akt mediated cell proliferation and survival [71]. In breast cancer 

cells, PP2A associates with the scaffolding protein RACK1 in an IGF-1 dependant manner and regulates 

cell migration and proliferation by controlling the formation of a complex between the IGF-IR, RACK1 

and β1 integrin [72,82]. In this context, it is not PP2A activity that is the key regulator; rather, it is the 

ability of PP2A to compete with β1 Integrin for binding to Tyr302 of RACK1. 

6. Therapeutic Strategies that Restore PP2A Activity 

Even subtle changes in expression or activity of phosphatases may lead to a diseased state. In cancer, 

phosphatases present as a major focus of therapeutic targets as they are deregulated in almost all cancer 

types [7], and strategies that restore activity of PP2A merit serious consideration as novel treatments for 

cancer [86]. There are a number of compounds available that, although not exclusively targeting PP2A 

alone, have been shown to reverse the action of PP2A inhibition, to restore PP2A activity levels. Forskolin, 

most well known as an activator of adenylyl cyclase activity, has also been used to reduce growth of AML 

cells and induce apoptosis through caspase dependant mechanisms resulting from activation of PP2A [87]. 

Ceramide is a bioactive lipid which activates PP2A through targeting of the interaction between PP2A 

and SET and has been shown to induce apoptosis in cancer cells [88]. 

FTY720 is a sphingosine analog drug and a potent immunosuppressant that has been approved by the 

FDA as a treatment for multiple sclerosis (MS) after a series of successful clinical trials [89–93].  

FTY720 is an activator of PP2A [94] and this mechanism of action has shown promise as an anti-cancer 

therapy in many pre-clinical studies. These studies have investigated the use of FTY720 as a potential 

therapy for a number of cancer cell types including but not limited to, neuroblastoma, bladder, renal, 

colorectal, breast, ovarian and lung cancers [58,95–100] and an in vivo study of renal cancer using mouse 

models [97]. In colorectal cancer, PP2A inactivation is a common occurrence and is accompanied by 

up-regulation of a number of well-known PP2A inhibitors including CIP2A [58]. Treatment of colorectal 

cancer cell lines with FTY720 shows reduced proliferation and an increase in the pro-apoptotic factors 

caspase-3 and caspase-7 and appears to be accompanied by an increase in PP2A expression [58]. As well 

as this, treatment of colorectal cancer cells with FTY720 enhances the effect of a number of well-established 

chemotherapeutic agents such as 5-fluorouracil and oxalipatin [58]. 
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One pre-clinical study showed that oestrogen receptor negative (ER−) breast cancer cell lines were 

more sensitive to FTY720 than cells that express the oestrogen receptor (ER+) [101]. This is attributed 

to ER− breast cancer cell lines having suppressed levels of PP2A activity in comparison to ER+ breast 

cancer cell lines thus having a higher sensitivity to a PP2A activator such as FTY720. This predictive 

study suggests a potential assessment and treatment strategy for patients, to identify and target a subset 

of patients with reduced PP2A with a PP2A activator such as FTY720. 

Many pre-clinical studies have focused on the effect of FTY720 on leukaemia cell lines. A number 

of myeloid leukaemia (AML) cell lines are sensitive to FTY720, particularly those with a specific 

D816V mutation in the tyrosine kinase domain of C-KIT [86,102]. Cell lines with this mutation show 

inhibition of PP2A activity with decreased expression of the A subunits of PP2A, PP2A-B55α and  

PP2A-B56α, γ and δ [102]. The toxic effect of FTY720 in these cells is mediated by reactivation of 

PP2A. This reactivation occurs via downregulation of the PP2A inhibitor SET, upregulation of the 

PP2A-A subunit and PP2A-B55α, and dephosphorylation of the PP2A C subunit [86]. Restoration of 

PP2A activity then promotes the induction of apoptosis and inhibition of proliferation [86,102].  

Over expression of PP2A Aα in cells harbouring the D816V mutation also induces apoptosis and inhibits 

proliferation [102]. 

7. The Anti-Apoptotic Role of PP2A 

The predominant perception of PP2A functioning solely as a tumour suppressor and a regulator of 

pathways that promote apoptosis is being challenged. A growing body of evidence suggests an  

anti-apoptotic role for PP2A. This was first noted in Drosophila [103] and in mammalian cell models 

where inactivation of PP2A induces apoptosis in a number of cancer cell types including cancers of the 

pancreas, testes, liver and in leukaemic cells [104–108]. PP2A plays a dual regulatory role in apoptosis, 

facilitating both pro and anti-apoptotic signaling depending on the holoenzyme assembled and pathways 

targeted [109–112]. Particularly well studied is the relationship between Bcl-2 and PP2A. PP2A 

dephosphorylates Bcl-2, however, depending on the cellular location, this can manifest as either a pro or 

anti-apoptotic signal [112–114]. For example, PP2A-B56α promotes apoptosis through dephosphorylation 

of Bcl-2 on Ser70 in the mitochondria [112,113]. However, PP2A inhibits apoptosis by dephosphorylating 

Bcl-2 on Ser87 in tumour cell lines and this inhibition is not seen in normal human blood cells [114]. 

The specific PP2A regulatory subunits involved in this process are yet to be identified. This presents a 

good example of the “molecular tightrope” that PP2A walks, and highlights the importance of holoenzyme 

assembly and the central role being played by the regulatory subunit which regulates the sub-cellular 

location of PP2A. 

p53 is a major and extensively studied tumour suppressor protein that is mutated or deleted in many 

cancers [115]. Under stress conditions such as DNA damage, p53 is stabilised and accumulated by 

phosphorylation events conferred by a number of stress activated kinases that induce cell cycle arrest or 

apoptosis [116]. Ser15 has been identified as an important phosphorylation site in the regulation of p53. 

A number of phosphatases are known to play a regulatory role by targeting p53 phosphorylation on Ser15. 

For example, PP1 dephosphorylates p53 at this site as a negative regulator to promote cell survival [117] and 

Wip1 is involved in cell cycle arrest in tumour cells [118]. PP2A is also a regulator of p53 and 

dephosphorylates p53 on Ser15. In glioblastoma models, pharmacological inhibition of PP2A decreases 
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p53 abundance and activates AKT-1 and Plk-1 [107]. This inhibition of PP2A blocks the cell cycle arrest 

and can enhance the efficacy of chemotherapy drugs that work by damaging DNA or disrupting components 

of cell replication. Conversely, in cervical cancer cells, inhibition of PP2A stabilizes and activates 

overexpressed p53 [116], resulting in cell cycle arrest and the promotion of apoptosis through up-regulation 

of Bax and p21. In this case, inhibition of PP2A maintains p53 phosphorylation and therefore promotes its 

“activity” as a tumour suppressor suggesting an anti-apoptotic role for PP2A [116]. In osteosarcoma cells, 

PP2A-B56γ3 interacts with p53 through an Ataxia Telangectasia Mutated (ATM) dependant mechanism. 

Phosphorylation of p53 by ATM at Ser15 promotes PP2A mediated dephosphorylation of p53 on Thr55 to 

inhibit cell proliferation. This, conversely, is strong evidence in support of a tumour suppressor role for the 

PP2A holoenzyme containing B56γ [119,120]. Mutations that disrupt the binding of B56y to the A and C 

subunits in their own right have been shown to disrupt the p53 dependent tumour suppressor functions [121]. 

8. Are There Benefits to Inhibiting PP2A? 

Overexpression of the catalytic subunit of PP2A in hepatocellular cancer models and virus infected 

cells disrupts p53 phosphorylation and inhibits p53 mediated apoptosis [106]. Mouse models that have 

the catalytic subunit of PP2A overexpressed, have larger and a greater number of hepatocellular tumours 

suggesting that PP2A has a role to play in tumour progression [106,122]. Studies like these suggest that 

PP2A should be considered as a therapeutic target in some cancer types.  

Lenalidomide is a therapeutic agent, approved by the FDA in 2002 for the treatment of a specific subset 

of myelodysplastic syndrome (MDS) patients who have an isolated deletion of chromosome 5q (reviewed 

extensively in [123]). The mechanism of action of lenalidomide is mediated through inhibition of the PP2A 

Cα subunit resulting in cell cycle arrest and apoptosis in MDS cells with the 5q deletion [124]. Clinical 

trials have shown treatment with lenolidomide to confer a significant increase in median overall  

survival [125]. Development of lenolidomide resistance in patients has been attributed to over-expression 

of the PP2A Cα subunit [123]. 

Cantharidin is a toxin isolated from Mylabris phalerata or Mylabris cichorii. It is a known anti-cancer 

agent [104] and a potent but non-specific PP2A inhibitor [126]. Its anti-cancer effect, as seen in 

pancreatic cell models, is mediated through induction of pro apoptotic proteins including caspase-8 and 

caspase-9 as well as tumour necrosis factor-alpha leading to a subsequent, dose dependant increase in 

apoptosis. This is accompanied by a simultaneous decrease in the expression of the anti- apoptotic factor 

Bcl-2 [104]. Inhibition of malignant testicular germ cell tumours using okadaic acid and cantharidin 

induces an anti-apoptotic effect through phosphorylation and subsequent activation of both MEK and 

Erk which, in turn, activate one of the most prominent inducers of apoptosis, caspase-3 [105]. In 

leukaemia cells, PP2A inhibition again leads to activation of caspase-3 as well as activation of caspases-8 

and caspase-9 leading to caspase dependant apoptosis, DNA fragmentation and mitochondrial 

permeabilization [108,127]. However, cantharidin has very toxic side effects at concentrations > 10 µmoL/L 

and has been associated with severe poisoning and death. This suggests that although it effectively induces 

apoptosis at lower concentrations (2–5 µM), the associated side effects will more than likely prevent it 

from ever becoming a mainstream treatment for cancer [128]. A less toxic demethylated analog of 

cantharidin, norcatharidin, shows a promising ability to induce apoptosis in a number of cancer cell types 

including melanoma, breast, oral and gallbladder cancers with some effectiveness [129–132]. Modified 
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components of cantharidin (such as demethylcantharidin) have shown tumour growth suppression 

(through PP2A inhibition) in both HCC cell lines and xenograft models in nude mice [133]. In cisplatin 

resistant mouse models, the modified compounds were tested and were found to demonstrate similar levels 

of tumour growth suppression compared to cisplatin sensitive mouse models. The combination of minimal 

toxicity and promising potency of these PP2A inhibitors suggest strong potential for these platinum 

based drugs to be used in the treatment of HCC [134]. 

Work is continuing in order to develop small molecules that will inhibit PP2A with reduced side 

effects. LB-102 inhibits PP2A to increase the efficacy of some well-known chemotherapy drugs 

including doxorubicin in xenograft animal models of glioblastoma. In this situation, inhibition of PP2A 

blocks the DNA damage defense mechanisms in the cell that is being targeted by the chemotherapeutic 

agent [107]. LB-100 is currently the subject of a phase 1 clinical trial examining the safety and efficacy 

of the small molecule in treatment of patients with advanced solid tumours as a result of PP2A inhibition 

(NCT01837667) [135]. LB-100 has already shown successful anti-proliferative effects in the treatment 

of both in vitro and in vivo models of glioblastoma [136]. Inactivation of PP2A, in particular the 

holoenzymes involving regulatory subunits B56γ and B56δ, induces phosphorylation of the apoptosis 

inducing protein Apoptin. Apoptin is a protein derived from an avian virus which, when phosphorylated, 

can induce apoptosis specifically in transformed human cells and not in normal cells [137]. Apoptin has 

been shown to work in a broad spectrum of transformed cells and is considered to be a potentially safe 

and effective anti-cancer treatment. 

Increased PP2A activity has recently been shown to contribute to the mechanism of drug resistance 

in the HER2 positive subtype of breast cancer [138]. Lapatinib is a drug that is approved to treat patients 

with HER2 positive, metastatic, trastuzumab refractory breast cancer when used in combination with 

capecitabine as it has been shown to prolong median survival time [139]. In one study, increased PP2A 

activity has been identified as a contributory factor in the development of resistance to lapatinib [138]. 

PP2A activity was found elevated in two lapatinib resistant breast cancer cell lines. Both cell lines, as 

expected, demonstrated increased sensitivity to OA and OA induced inhibition of PP2A in these cells 

resulted in increased sensitivity to lapatinib (Figure 3). It was also demonstrated in this study that treatment 

of a lapatinib sensitive breast cancer cell line with the PP2A activator FTY720, decreased its sensitivity to 

the drug. Many other mechanisms of laptatinib resistance have been investigated [134,140–144], however 

the authors of this study suggest that PP2A has potential as a novel biomarker of lapatinib resistance and 

PP2A inhibition in combination with HER2 inhibition merits further investigation as a potential therapy 

for this type of breast cancer [138]. 

9. Summary 

PP2A is an indispensable enzyme in cells which transverses cellular signaling pathways to regulate a 

diverse array of proteins. In this review, our objective was to highlight that although best known as a 

tumour suppressor, PP2A also has a dark side that is slowly emerging. Accumulating evidence points to 

inactivation of PP2A being an appropriate course of treatment in particular sets of cancer and PP2A has 

emerged as an attractive therapeutic target in malignancy. 
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Figure 3. PP2A as a promoter of carcinogenesis. The PP2A holoenzymes containing B55α and 

B55δ play a positive regulatory role in the MAP kinase pathway through direct 

dephosphorylation of RAF1 on Ser259. The PP2A holoenzyme containing B55α also 

dephophorylates KSR1 on Ser392 and RAF on Ser295 to activate ERK [31,32]. Inhibition of 

PP2A by Cantharidin promotes apoptosis in cancer cells by mediating the prolonged 

phosphorylation of I κ B kinase α (IKK) and activation of NFκB [145]. Cantharidin also induces 

apoptosis by blocking PP2A mediated activation of the MAP kinase pathway [81,145]. 

Inhibition of PP2A using okadaic acid increases the sensitivity of breast cancer cells to the drug 

lapatinib which has an anti-proliferative effect on cells [138]. 
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