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Abstract

Tumor initiation is driven by oncogenes that activate signaling networks for cell proliferation and 

survival involving protein phosphorylation. Protein kinases in these pathways have proven to be 

effective targets for pharmaceutical inhibitors that have progressed to the clinic to treat various 

cancers. Here, we offer a narrative about the development of small molecule modulators of the 

protein Ser/Thr phosphatase 2A (PP2A) to reduce the activation of cell proliferation and survival 

pathways. These novel drugs promote the assembly of select heterotrimeric forms of PP2A that act 

to limit cell proliferation. We discuss the potential for the near-term translation of this approach to 

the clinic for cancer and other human diseases.

Introduction: protein phosphorylation and cancer

A watershed of scientific discoveries approximately 50 years ago opened a new era of 

clinical oncology that continues to grow today. Tumor viruses were revealed as causative 

agents of malignancies, which led to the definition of the mechanisms that induce 

cellular transformation and tumorigenesis. In the early 1900s, Peyton Rous discovered 

a transplantable infectious agent derived from tumors in chickens that was named Rous 

sarcoma virus [1]. Decades later, the simple RNA genome of this virus was mapped and 

a single gene, named src, was shown to be necessary and sufficient for the transformation 

of fibroblasts grown in culture and the formation of tumors in vivo [1]. Non-infected 

cells were found to have an endogenous gene called sarc that is related to this viral gene 

[2,3]. Both the src and sarc proteins (later called v-src and c-src) were the same size and 

precipitated by the same antibody found in the serum of rabbits with transplanted tumors 

[4-7]. This implied that this gene/protein functions to regulate cell growth and proliferation. 

But, how? The breakthrough came in the 1970s when addition of radioactive ATP to 

immunoprecipitates from transformed cells resulted in 32P-labeling of the immunoglobulin 

heavy chain, demonstrating that there was a protein kinase activity associated with v-src 
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[8,9]. Analysis revealed phosphorylated Tyr residues and the surprising realization was that 

v-src was a new and different type of kinase [9-11]. Up to this time protein phosphorylation 

was only known to occur on Ser/Thr residues and was thought to be primarily dedicated 

to control of metabolism, in particular the synthesis and degradation of glycogen for 

maintenance of blood sugar [12-14].

Around this same time, Cohen was pioneering work on the receptor for epidermal growth 

factor (EGF). Adding EGF and radioactive ATP to membrane preparations from A431 

cells increased 32P-labeling, including a prominent band of 150 kDa on SDS/PAGE that 

proved to be the EGF receptor [15]. Finding pTyr in EGF receptor [16] linked the receptor 

to oncogenes such as v-src with a common biochemical mechanism. Cementing this 

relationship was the example of the oncogene of avian erythroblastosis virus (v-erbB) being 

a doppelganger of the cytoplasmic domain of the EGF receptor [17,18]. Advances in protein 

sequencing during the 1980s enabled discovery of protein kinase domains in multiple 

growth factor receptors and other viral oncogenes [19]. Thus, cellular transformation and 

tumorigenesis became attributed to increases in pTyr [20]. The culprits were protein Tyr 

kinases amplified by viruses, activated by mutations, abnormally overexpressed or propelled 

via autocrine loops. This posed these novel enzymes as potential targets for development of 

new drugs for oncology [21,22] .

Coincident with finding a common mechanism for oncogenes and mitogens was the 

discovery of a signaling pathway featuring mitogen-activated protein kinase (MAPK, a.k.a. 

ERK (extracellular signal-regulated kinase)), a Ser/Thr protein kinase [23,24]. This pathway 

was activated downstream of receptors for insulin or EGF, and a vexing question at the time 

was how pTyr signals were transduced into pSer/pThr [25-27]. Part of the answer was that 

the kinase activating MAPK (a.k.a. MEK (MAPK and ERK kinase kinase)) phosphorylated 

both Tyr and Thr residues [28]. Transduction involved docking of proteins to the pTyr 

residues in receptors via SRC homology domain 2 (SH2) domains first found in the src 
oncoprotein [29-31] and physical proximity enhanced stimulation of guanine nucleotide 

exchange factor (GEF) activity for activation of a prevalent oncogene, the GTPase ras. The 

MAPK pathway was activated by ras engaging its partner Raf (Ser/Thr kinase activated 

by Ras named as rapidly accelerated fibrosarcoma), yet another oncogene that encodes 

a Ser/Thr kinase [32,33]. MAPK was associated with activation of transcription factors 

leading to cell division, a proliferative response. But proliferation signals alone do not 

support tumorigenesis and especially metastasis. Tumor cells need to avoid apoptosis to 

survive and accumulate [34,35]. This function resides in yet another oncogene first found 

in murine leukemia virus named AKT-8, which encodes a protein with Ser/Thr kinase 

activity [36]. Even before many substrates for MAPK and Ser/Thr kinase encoded by 

murine leukemia virus (AKT) were known, the activation of these kinases (involving 

phosphorylation at multiple sites) served as biomarkers for cell transformation and tumor 

forming potential. Elevated protein phosphorylation in cells, in particular MAPK and AKT, 

was heralded as indicative of signaling for growth, proliferation and survival, making this 

a target for inhibitors [37-39]. The new age of therapeutics in oncology would be based on 

reduction in cellular protein phosphorylation, on Tyr as well as Ser/Thr residues.
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However, prevailing prejudices thwarted development of kinase inhibitors and delayed the 

dawning of this new age. First was the close sequence relationship among all the 500 protein 

kinases in the human genome [40], predicting the near-identical 3D structures that were later 

visualized [41]. A common 3D structure made it difficult to imagine how small molecules 

would distinguish one kinase from any other. Reinforcing this concern, all these enzymes 

used a common substrate, ATP, with active sites that conform to this ligand. Even worse, 

ATP is present in millimolar concentrations in cells, preventing effective competition by a 

small molecule inhibitor. Nonetheless, these prejudices were overcome by persistence and 

inventiveness that generated new knowledge to supplant conventional wisdom. Combination 

of high-throughput screening and medicinal chemistry created small molecules that showed 

specificity for individual kinases and selectivity among protein kinases. Highly effective 

compounds proved to be non-competitive inhibitors, sidestepping the challenge of high 

ATP concentrations [42,43]. Inhibitors of the EGF receptor kinase (Tarceva, Iressa) and the 

MAPK pathway (Trametinib) have made their way through clinical trials and into oncology 

practice.

Protein kinases have become so popular as targets for drug development, they are now only 

second to G protein-coupled receptors (GPCRs) [44,45]. An alternative way to reduce the 

levels of pathological protein phosphorylation would be to target the protein phosphatases 

that catalyze the dephosphorylation and inactivation of protein kinases. Rather than inhibit, 

the intent would need to be to increase activity, a foreign concept in terms of drug 

development. Nevertheless, an effective way to reduce activation of both the MAPK and 

AKT signaling pathways would be to increase the activity of protein phosphatase 2A 

(PP2A). What follows is an account of the path towards developing activators of PP2A.

How enzyme activation involves relief of constraints

Unbridled catalytic activity is the antithesis of homeostasis, which requires a nuanced 

modulation of enzymatic action in response to physiological or environmental perturbations. 

Modulation of enzyme activity is often achieved by suppressing the inherent catalytic 

activity by occlusion or conformational distortion. Most common is the blocking of active 

sites by distal segments of the same polypeptide, or by separate subunits, in what is called 

intrasteric regulation [45]. The intracellular second messengers cyclic AMP and calcium 

ions can be envisioned as agents that produce activation by relieving intrasteric inhibition. 

The cAMP-dependent protein kinase (PKA) regulatory subunits sit as a pseudosubstrate 

blocking the active site of the kinase. Binding of cAMP to regulatory subunits results in 

dissociation from catalytic subunits, freeing the kinase to express activity [46,47]. Likewise, 

binding of calcium ions to calmodulin (CaM) induces conformational changes allowing 

CaM to bind to and displace auto-inhibitory segments in its targets, such as calcineurin, 

CaM-dependent kinase (CaMK), myosin light chain (LC) kinase or phosphodiesterase [48]. 

Interestingly both PKA R subunits and CaM have tetrameric domains for binding their 

respective ligands arranged as α2/β2 resembling hemoglobin. This produces a cooperative 

allosteric response to second messengers. The src kinase is another example where 

intramolecular association of the SH2 domain with a pTyr in the C-terminus holds the 

enzyme in a closed and inactive conformation. Dephosphorylation of this inhibitory pTyr 

and engagement of the SH2 and SH3 domains with ligands opens up the protein, freeing it 
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for reaction with substrates [49]. Thus, enzyme activation arises from relief of inhibition and 

this perspective makes activation by pharmaceutical agents more plausible.

Negative control of PPP family Ser/Thr phosphatases

Negative control of enzyme activity applies to various protein Ser/Thr phosphatases of 

the major PPP family [50]. Both PP3 (calcineurin) and PP5 are restrained in inactive 

conformations, by an inhibitory segment or a TPR domain, respectively. Phosphatase 

activation involves ligand binding (CaM for PP3 and phospholipids for PP5) to the 

inhibitory segments, thereby opening the protein and exposing the active site for action 

[51,52]. For PP1 and PP2A biochemical assays with purified subunits showed association of 

the catalytic subunits with regulatory subunits did not fully extinguish catalytic activity but 

did restrain it. Regulatory subunits for PP1 have long been assayed for their ability to reduce 

phosphatase activity with phosphorylase as a primary substrate, relative to other proteins 

such as myosin light chain or eIF2 [50]. This is attributed to formation of a different surface 

topology surrounding the active site, affecting substrate binding.

Multiple sources of evidence point to PP2A as an enzyme under negative control, in a low 

activity state. Phosphorylase was the traditional substrate used in the 1970–1980s to monitor 

the activity of phosphatases during purification from tissue extracts [50]. The activity of 

phosphorylase phosphatase (PP2A) preparations was stimulated by adding a heat-stable 

protein [53] that turned out to be histone H1 [54]. Similar PP2A phosphatase preparations 

were activated as much as five-fold by histone H1, or by polylysine or protamine. This 

phosphatase was characterized as polycation-stimulated (PCS) phosphatase [55-58] and 

recognized from its subunit composition and properties as PP2A. Binding of PP2A-A 

subunit to isolated C subunit reduces the enzyme velocity by more than 20-fold with a 

peptide substrate [59], and on top of that B subunit binding to the AC core dimer affected 

the kinetics but not velocity. Association with recombinant A subunit inhibits PP2A catalytic 

subunit activity to different extents with peptide and protein substrates [60]. Binding of the 

A subunit made the enzyme sensitive to polycation stimulation [60] showing the constraint 

on PP2A phosphatase activity. Most PP2A exists in cells and tissues as ABC heterotrimers. 

The popular concept has been that the B subunits participate as ‘regulatory’ in terms of 

substrate specificity and recruitment (Figure 1). Indeed, the discovery of short linear motifs 

(SLIMs) docking to B56 has beautifully demonstrated this principle in action [61-64]. The 

picture that emerges is a robustly active PP2A catalytic subunit, held in a reduced activity 

state by association with the A subunit, with substrate access limited by or facilitated by the 

various B subunits.

Yet another layer of negative control on PP1 and PP2A comes from multiple inhibitor 

proteins specific for each phosphatase [50]. These are separate genes encoding mostly 

low molecular weight proteins dominated by inherently unstructured regions that are 

phosphorylated, in most cases at multiple sites that modulate function [65]. Phosphorylation 

can boost inhibitory potency 1000-fold, and these inhibitors act as especially poor substrates 

with low turnover, preoccupying the phosphatase, described as ‘inhibition by unfair 

competition’ [66,67]. Once one appreciates how many ways phosphatases are controlled 

by inhibitory mechanisms then it becomes more plausible to embark on discovery and 
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development of small molecule therapeutics to increase phosphatase activity and restore 

homeostasis. Indeed, there are efforts underway to develop drugs that prevent inhibition of 

PP2A by its endogenous inhibitor proteins [68,69].

PP2A as the target for novel drugs in cancer cells and tumors

Limiting proliferative signaling with antipsychotic tricyclic drugs

Early in their use, it appeared that the phenothiazine class of antipsychotics (also known as 

tricyclics, based on their chemical structures) may have anticancer actions. Phenothiazines 

were observed to antagonize CaM [70-72], that was recognized for its role in DNA synthesis 

and cellular proliferation. Phenothiazines emerged as a potential therapeutic approach to 

treat cancer cells, based on this mechanism [70,73-76]. Studies have since then identified 

that phenothiazines do indeed have an antiproliferative effect in cancer cells. These studies 

led to the identification of a number of processes and mechanisms that phenothiazines 

modulate as a basis for their anticancer effects [77-79]. In addition to anti-CaM activity, 

negative regulation of AKT, mammalian target of rapamycin (mTOR) and glycogen 

synthase kinase-3β (GSK3β) have been implicated, along with regulation of the cell cycle 

through cyclin-dependent kinases (CDKs). Inhibition of these pathways among others 

have suggested potential targets for phenothiazines in regulation of cell cycle, apoptosis, 

autophagy, epithelial–mesenchymal transition (EMT), metastasis and angiogenesis [80-84]. 

Lastly, phenothiazines have been found to reduce multidrug resistance (MDR) through direct 

inhibition of the efflux pump and by reducing its transcription [85-88]. In light of these 

findings, phenothiazines have been studied in cancer patients. Because these drugs are FDA 

approved they are ideal candidates for repurposing. On their own, the phenothiazines have 

been associated with dose-wlimiting toxicities, attributable to their D2 dopamine receptor 

antagonism. However, in addition to their use as single agents rational drug combination 

studies also have been proposed [77]. Because of their modulation of MDR, use of tricyclics 

has been proposed in combination with cytotoxic chemotherapies. In other instances, their 

modulation of AKT signaling has led to the hypothesis that they may be synergistic with 

RTK inhibitors. Notably, one pathway that emerged as a critical modulator of sensitivity to 

RTKi in non-small cell lung cancer is the transcription factor, forkhead box transcription 

factor O1 (FOXO1). Addition of the tricyclic trifluoperazine (TFP) causes FOXO1 to be 

mislocalized in cells, leading to aberrant regulation of proteins in the EGFR–AKT signaling 

axis. This TFP-dependent relocalization was shown to be synergistic in combination 

with EGFR inhibitor, Erlotinib [89]. However, in combination studies, particularly with 

chemotherapies, dose-limiting toxicities have been observed. Clinical trials with RTKs have 

been initiated, but are not yet completed.

Identification of PP2A as a putative target of tricyclics in reducing cell 

proliferation

While some of the anticancer activity of tricyclic phenothiazines has been mapped back to 

direct interaction with the D2 dopamine receptor, it has long been hypothesized that the 

majority of anticancer activity may be due to other actions in the cell. Efforts have focused 

on the identification of a therapeutic target of this drug class (in addition to MDR) that 
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may be mediating their anticancer activity. Only recently identified was PP2A identified 

as a target. Notably, this observation accounts for much of the research and biological 

consequences that have been linked to antipsychotics over the years. Through its action as 

a serine/threonine phosphatase, PP2A is a well-described tumor suppressor that negatively 

regulates (inactivates) kinases such as AKT and ERK downstream of major oncogenes like 

KRAS. PP2A also regulates many biological processes that align with what is known about 

the biological effects of phenothiazines in cellular and in vivo model systems [69].

Kim et al. [90] first proposed that antipsychotics may exert their anticancer activity 

through PP2A. Specifically, they demonstrated that Haloperidol (an antipsychotic but not 

tricyclic) inhibits MAPK signaling through PP2A, based on kinetics of phosphorylation 

and binding studies among PP2A, MEK and ERK. Subsequently, in 2014, Gutierrez et 

al. published research implicating the tricyclic perphenazine as a PP2A agonist based 

upon small molecule screening to identify inhibitors of MYC [91]. In addition to showing 

perphenazine-induced apoptosis in MYC overexpression models, they proposed PP2A as the 

drug target-based on data from fluorous ligand-affinity chromatography coupled with mass 

spectrometry. In addition to inhibition of MYC, one well-characterized substrate of PP2A, a 

number of other PP2A substrates were dephosphorylated upon treatment with Perphenazine 

[91]. With these observations in mind, there was a drive to design PP2A agonists that do not 

carry the dose-limiting toxicities associated with the phenothiazine class of molecules. As 

a result in recent years new classes of molecules that activate PP2A have been described. 

Different classes of these molecules are referred to as small molecule activators of PP2A 

(SMAPs), as well as improved heterocyclic activators of PP2A (iHAPs) [92-96]. As a whole 

these may also be grouped in with what has been referred to as PADs or PP2A activating 

drugs [97], though this term does not necessarily refer to molecules that directly bind and 

activate PP2A but rather act via inhibition of another protein or target such as a PP2A 

inhibitor.

Medicinal chemistry transformation of tricyclics into SMAPs

The evolution to both SMAPs and iHAPs was built on the observation that the tricyclic 

phenothiazine backbone of antipsychotics was associated with the anticancer activity of 

these molecules. Thus, even before PP2A was confirmed as the target, iterative versions of 

the molecules were made to focus on improving the anticancer activity while at the same 

time abrogating the neuroleptic affects associated with their interactions with the dopamine 

receptor [98]. This led to the generation of whole classes of novel tricyclic molecules that 

had robust anticancer activity in vitro and in vivo. In addition, when added to living cells 

these molecules induced net dephosphorylation of well-credentialed PP2A substrates such 

as ERK and MYC [92,94,99-101], supporting the idea that PP2A is the target of these 

molecules and they promoted an increase in PP2A activity. Moreover, the use of chemical 

inhibitors of PP2A (such as okadaic acid) abrogated the biological activity of these SMAPs 

[93,94,102] .
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Effects of SMAPs on PP2A in biochemical assays

Despite multiple studies that demonstrated the addition of SMAP compounds to living cells 

reduced the phosphorylation of multiple PP2A substrates in parallel it proved elusive to 

demonstrate in biochemical assays direct activation of purified PP2A by SMAPs. Routine 

phosphatase assays utilize small molecule chromogenic substrates p-nitrophenyl phosphate 

(pNPP) and 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP) at millimolar and 

micromolar concentrations, respectively. Hydrolysis of these substrates releases phosphate 

plus either a yellow colored or fluorescent product, readily quantified by spectroscopy. 

Surprisingly there was no activation of PP2A by different SMAPs over a concentration range 

from 30 nM to 20 μM (unpublished data). This was true for both pNPP and DiFMUP. 

This might be a result of the use of these artificial chemical substrates rather than proteins 

that exhibit lower KM values. Therefore histone H1 32P-phosphorylated at different single 

sites by either PKA or protein kinase C (PKC) [99,103-105] were used as substrates with 

purified PP2A, assaying for release of acid-soluble inorganic 32P-phosphate. However, once 

again there was no activation, and if anything some slight reduction in PP2A activity when 

SMAPs were added up to micromolar concentrations (unpublished). Different preparations 

of PP2A, native AC dimer purified from human red cells as well as AB56γC trimer 

assembled from recombinant subunits were used for these biochemical studies. No activation 

was seen in response to SMAPs. Finally, assay with a conjugated peptide substrate, ProFluor 

Ser/Thr R110 Substrate System (Promega) produced an SMAP concentration-dependent 

increase in approximately 20% in PP2A activity [94]. It is not understood how this one 

particular substrate exposes an SMAP-induced activation of purified PP2A. The PP2A 

catalytic subunit is restrained into a relatively low activity state by its binding to the A 

subunit, leaving an opportunity for allosteric effects to increase activity. However, the SMAP 

effect in enzyme assays is subtle and does not seem to satisfactorily account for the robust 

reduction in phosphorylation of PP2A substrates seen in cells. This apparent disparity 

stimulated a search for other effects of SMAPs on PP2A.

SMAPs alter PP2A actions by promoting B56 subunit association

Until recently, convincing biochemical and structural data confirming interaction of this 

SMAPs and PP2A heterotrimeric enzyme were lacking and the mechanism by which 

SMAPs directed tumor suppressive activity of PP2A was unknown. Additionally, it was 

unclear whether SMAPs broadly activated PP2A heterotrimers or whether activation was 

restricted to subset of distinct heterotrimers with particular regulatory B subunits. Critical 

experiments published by Leonard et al. honed in especially on this urgent question 

[106]. In cancer cell lines, a split luciferase system (NanoBret) enabled the study of 

dynamic conformational changes in the PP2A A-α scaffolding subunit with the luciferase 

protein split between the C-terminal and N-terminal ends. The addition of SMAPs to 

cells confirmed dynamic reduction in the intramolecular N-C terminus distance of the A 

scaffolding subunit, consistent with specific heterotrimer assembly. It was next observed 

that upon treatment with SMAPs, binding of the B56α subunit was enhanced in cells and 

in vivo, while the binding of other regulatory subunits was either decreased or unchanged. 

Furthermore, when the NanoBret system was used with a luciferase component placed 

on the carboxy tail of the B56α subunit, enhanced binding of this subunit to PP2A 
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was observed. Overall, this suggested a mechanism for SMAPs involves their capacity 

to stabilize select PP2A holoenzymes over others. In the instance of stabilizing the 

B56α holoenzyme, this is particularly encouraging because B56α reportedly directs tumor 

suppressive activity of PP2A, primarily through targeting the oncogene MYC [106].

Additional structural and biophysical studies further demonstrated SMAPs preferentially 

stabilized the PP2A AB56αC holoenzyme producing an apparent increase in PP2A activity 

by accumulation of this specific PP2A heterotrimer in cells. Size exclusion chromatography 

(SEC) was used to profile holoenzyme stability in the absence and presence of SMAPs. 

Surface plasmon resonance (SPR) analysis confirmed that the calculated Kd for B56α to the 

AC core dimer was enhanced in the presence of SMAP. Notably, when SPR analysis was 

done with the B56γ subunit, the binding kinetics were unchanged [106]. Thus, the SMAP 

distinguished between different isoforms of B56.

Critically, perhaps the most conclusive evidence for binding of SMAPs to a specific PP2A 

heterotrimer came from the first ever high resolution 3D structure of the B56α holoenzyme 

bound to the SMAP DT-061 (Figure 2A,B). This work confirmed how SMAPs interacted 

with PP2A, provided structural insight into PP2A holoenzyme stability and identified a 

unique interfacial drug binding pocket. This structure confirmed previous results from X-ray 

crystallography that the C subunit binds to the C-terminal portion of the A subunit while 

the B subunit binds near the N-terminal end of the scaffolding subunit. Additionally, this 

structure provided new high resolution data placing the C-terminal tail of the C subunit 

at the site of contact between the A and B subunits resulting in an unique three-way 

intersubunit interaction. It is within a pocket at this subunit–subunit junction that SMAP 

DT-061 interacts with the holoenzyme. The trifluoromethoxy end of the molecule interacts 

with two residues on the A subunit (E100 and E101) and one side chain on the B subunit 

(K316) while the hydrophobic benzene ring of the molecule is buried within a pocket of 

B subunit residues (I237, Y238 and F317) and a residue in the C-terminal tail of the C 

subunit. Lastly, phenoxazine moiety contacts were observed between Y307 and P305 of the 

C subunit and T102 and V103 of the A subunit. The C-terminal tail of the C subunit has 

been shown to be inherently flexible but this interaction with DT-061 at Y307 effectively 

pins the tail of the C subunit in space between the A and B subunits. It is thought that this 

stabilization of the C-terminal of the catalytic subunit contributes to the overall stability of 

the holoenzyme in the presence of DT-061. The minimal effects of SMAPs on canonical 

phosphatase activity originally employed (vide infra) compared with the stabilizing effects 

on subunit interactions highlights the complexity of drug development for a multisubunit 

holoenzyme. The activity assays originally employed focused primarily on the AC dimer. 

Only upon inclusion of the appropriate B subunit in additional biochemical assays could 

the binding and mechanism of action of SMAPs be elucidated, further emphasizing the 

importance of B subunits in modulating and directing the activity of the enzyme [106].

Lastly, in the structure with SMAP DT-061, it was observed that the C-terminal Leu of the 

C subunit is methylated(methyl esterified). Methylation of the C-terminal of the catalytic 

subunit is critical for holoenzyme biogenesis and this post-translational modification directs 

the selection of certain B subunits over others [107-109]. Critically, it was observed in 
vitro and in vivo that methylation occurs upon treatment of cells with DT-061. Specifically, 
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methylation increases in the first 3 h after DT-061 treatment, and by 12 h post-treatment it 

returns to basal levels. The observation of the post-translational modification can support 

future research as a biomarker for stabilization of the holoenzyme and also inform 

development of future generations of SMAPs as a marker for holoenzyme engagement 

[106].

At the same time, the structural and mechanistic basis for SMAP binding to PP2A 

was identified, the concept of biased subunit availability was reinforced independently 

with emerging research about the iHAP class of PP2A activators as well. In the case 

of iHAPs, the molecules are proposed to selectively stabilize holoenzymes containing 

the B56ε regulatory subunit. Morita et al. identified the subunit responsible with a 

combination of binding studies and CRISPR-Cas 9 deletion of different subunits to 

disrupt holoenzyme formation. Additionally, through their work they identified MYBL2 

as a substrate of the PP2A B56ε holoenzyme. They further demonstrated that the PP2A-

mediated dephosphorylation of MYBL2 at S241 is critical for mediating the anticancer 

activity of iHAPs in T-ALL [96].

Research from both SMAPs and iHAPs demonstrates an emerging and exciting new chapter 

in small molecule design towards the stabilization of select PP2A holoenzymes (Figure 3). 

These molecules can first be used as tools to help us better understand the environmental 

factors and mechanisms guiding PP2A holoenzyme formation. Further, these discoveries can 

help influence the evolution of the small molecules such that they are increasingly refined 

and optimized as they make their way through preclinical development and into clinical 

translation.

Perspectives of PP2A targeting by anticancer drugs

It is now well appreciated that PP2A is not a single entity but exists as a collection of 

trimeric holoenzymes with different B subunits, and in this way separate PP2A affect a 

variety of intracellular processes. The assembly of holoenzymes is a dynamic equilibrium 

involving a pool of AC dimers and individual B subunits of different structural types. The 

capacity to selectively stabilize individual PP2A holoenzymes with small molecule ligands 

holds much potential within the field of cancer. PP2A is dysregulated in different cancers 

and a number of other human diseases, including Alzheimer’s and cardiovascular diseases. 

While in some cases there is a genetic underpinning to the observed dysregulation of 

PP2A, such as point mutations in the A subunit in cancers, the majority of other instances 

can be traced back to dysregulation of specific heterotrimers or overexpression of PP2A 

endogenous inhibitors. The studies outlined in this review describe some steps along the 

way in the development of a series of small molecules directed at PP2A holoenzymes. 

To this end, we are now able to imagine pharmaceutical interventions that one day may 

selectively target individual PP2A holoenzymes in a rational, context-dependent manner. 

This is dramatically illustrated in the work described above by the isoform differences 

in B56 regulatory heterotrimerization directed by SMAPs and iHAPs. In work recently 

published online [110], there was potentiation of CDK9 inhibition by SMAP DBK-1154, 

attributed to activation of PP2A in the Integrator complex, which was present as a trimer 

with INTS6 as a subunit instead of a canonical B subunit. The action of this SMAP 
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might involve stabilization of INTS6 binding to PP2A core dimer because DBK-1154 did 

enhance recruitment of PP2A to chromatin sites of active transcription. Our conclusion is 

that SMAPs have a common mode of action, albeit involving different PP2A regulatory 

subunits.

The structural work identifying how one specific SMAP DT-061 stabilizes the B56α 
holoenzyme does more than shed light on this specific holoenzyme. It provides insight 

into the stabilization of one PP2A holoenzyme that can potentially be applied to other 

B56 holoenzymes, extended to trimers with different B regulatory subunits and even to 

non-canonical PP2A heterotrimers. Compounds that shift the PP2A equilibrium among 

different heterotrimers should facilitate deciphering substrates and pathways under control 

of different PP2A heterotrimers. This should lead to a better understanding of the actions 

of these compounds and their possible side effects as they are developed as therapeutics. 

Collectively, we expect the latest findings about PP2A will spur future drug development for 

the treatment of cancer as well as other human diseases.

Abbreviations

AKT Ser/Thr kinase encoded by murine leukemia virus

CaM calmodulin

CDK cyclin-dependent kinase
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eIF2 eucaryotic initiation factor 2

ERK extracellular signal-regulated kinase, a.k.a. MAPK

FOXO1 forkhead box transcription factor O1
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MAPK, mitogen-activated protein kinase, a.k.a. ERK

MDR multidrug resistance

MEK MAPK and ERK kinase kinase

pNPP p-nitrophenyl phosphate

PAD phosphatase activating drug

PP2A protein phosphatase 2A

PPP phospho protein phosphatase family

RTK receptor tyrosine kinase

RTKi receptor tyrosine kinase inhibitor
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Figure 1. PP2A refers to a set of distinctive serine/threonine phosphatases
The PP2A A and C subunits each have an alpha and beta isoform, while B subunits are in 

four protein families, each containing multiple isoforms. In a cell, this results in assembly of 

a heterogeneous pool of PP2A heterotrimeric holoenzymes that collectively regulate critical 

biological processes often associated with disease progression.
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Figure 2. The 3D molecular structure of PP2A bound to the SMAP DT-061
(A) Binding of DT-061 to the PP2A AB56αC holoenzyme determined at 2.2 Å resolution 

by cryo-E-M. Color code for PP2A subunits and DT-061 shown. (B) Close-up of DT-061 at 

interface of A, B56α and C subunits.
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Figure 3. Novel Therapeutics Shift Populations of PP2A Holoenzymes
(A) Schematic representation of how SMAPs and iHAPs act to stabilize a particular PP2A 

holoenzyme in disease settings where PP2A is inactivated. (B) Illustration of biased subunit 

assembly. DT-061 acts to shift the overall population of PP2A by selectively stabilizing the 

B56α containing holoenzyme with methylated C subunit.
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