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Abstract The complexity of the phosphatase, PP2A, is being
unravelled and current research is increasingly providing in-
formation on the association of deregulated PP2A function
with cancer initiation and progression. It has been reported
that decreased activity of PP2A is a recurrent observation in
many types of cancer, including colorectal and breast cancer
(Baldacchino et al. EPMA J. 5:3, 2014; Cristobal et al. Mol
Cancer Ther. 13:938–947, 2014). Since deregulation of PP2A
and its regulatory subunits is a common event in cancer, PP2A
is a potential target for therapy (Baldacchino et al. EPMA J.
5:3, 2014). In this review, the structural components of the
PP2A complex are described, giving an in depth overview
of the diversity of regulatory subunits. Regulation of the active
PP2A trimeric complex, through phosphorylation and meth-
ylation, can be targeted using known compounds, to reactivate
the complex. The endogenous inhibitors of the PP2A complex
are highly deregulated in cancer, representing cases that are

eligible to PP2A-activating drugs. Pharmacological opportu-
nities to target low PP2A activity are available and preclinical
data support the efficacy of these drugs, but clinical trials are
lacking. We highlight the importance of PP2A deregulation in
cancer and the current trends in targeting the phosphatase.
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Protein phosphatase 2 (PP2 or PP2A) is a member of the PPP
family which is involved in the feedback of diverse signalling
pathways, affecting cell growth and proliferation, cell cycle
progression, apoptosis, transcription, DNA replication and
translation [1–5]. PP2A is considered to be a tumour suppres-
sor that regulates pathways crucial for cellular transformation,
supported by malignant transformation of cells following in-
activation of PP2A, using a simian virus 40 small t (SV40ST)
mutant that specifically inactivates the phosphatase [6].

The PP2A complex is the main serine/threonine phospha-
tase, regulating multiple signals in mammalian cells. PP2A is
a negative regulator of several signalling pathways promoting
cell growth, proliferation and survival, including the
phosphoinositide-3-kinase (PI3K)/Akt/mTOR, Wnt/β-caten-
in, c-Myc and the Ras-Raf-mitogen-activated protein
(MAP)/extracellular signal-regulated kinase (ERK) family of
kinases [1, 4, 6, 7]. PP2A dephosphorylates Cdc25, control-
ling the major DNA-responsive G2/M checkpoint, restricting
entry of cells from G2 toM phase [8]. PP2A also dephosphor-
ylates and inactivates the forkhead transcription factor,
FoxM1, that controls expression of genes required for cell
cycle progression through G2 phase [9]. PP2A was also
shown to sustain p53-dependent apoptosis through enhanced
stability of the p53 protein [10]. The apoptotic genes Bcl-2
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and caspase-3 are also regulated by the PP2A complex [1, 4].
The tumour suppressor, PP2A, is important to attenuate pro-
liferative and survival pathways, regulates cell cycle check-
points and maintains the apoptotic capacity of the cell
(Table 1). Hence, decreased activity of PP2A promotes cellu-
lar transformation.

Decreased activity of PP2A is a recurrent observation in
many types of cancer, including colorectal cancer (CRC) and
breast cancer [16, 17]. In fact, recent research on patients with
CRC have shown that PP2A is frequently inactivated in such
patients. Interestingly, the activity of PP2A is restored using
FTY720, an activator of PP2A, resulting in suppressed prolif-
eration of CRC cells, suggesting that PP2A represents a po-
tential therapeutic target for this disease [17]. Understanding
the dynamics of the PP2A complex, regulation of the endog-
enous inhibitors and the post-translational modifications that
specifies binding of regulatory subunits will provide the
means to understand the mechanisms of deregulation and
targeting of the complex.

PP2A: a diversely heterogeneous complex

The predominant PP2A complex is a heterotrimer composed
of an active core dimer that can exist independently, consisting
of a catalytic subunit (C subunit—36 kDa), a scaffold A sub-
unit (65 kDa) and a variable regulatory B subunit. There are
two different transcripts of the A and C subunits, which are
coded by different genes. The structural subunit A has two
transcripts, PPP2R1A (Aα) and PPP2R1B (Aβ), that share
87 % homology and are also ubiquitously expressed and cod-
ed by genes on chromosome bands 19q13.41 and 11q23.2,
respectively. Their high homology suggests similar structure
and function. The α form is more abundant (90 %) than the β
form (10 %), although Xenopus studies have shown that there
are very high levels of PPP2R1B in oocytes up to fertilisation
and early stages of embryogenesis. The ratio of PPP2R1B to
PPP2R1A is then restored in late embryogenesis indicating a
possible role in early development [18, 19]. The A subunit is

composed of 15 tandem repeats of Huntington/elongation/A
subunit/TOR (HEAT) making it a stable protein with an elon-
gated architecture [20, 21].

Similarly, the α and β isoforms of the C subunit (PP2Ac)
share 97 % of their sequence, and although they are both
ubiquitously expressed, the α isoform is about ten times more
abundant than the β isoform. The α and β isoforms are coded
by the genes PPP2CA and PPP2CB on chromosome bands
5q23-q31 and 8p12-p11.2, respectively. Although the C sub-
unit transcripts are almost identical, knockout of the PPP2CA
gene leads to early embryonic death in mice, indicating that
PPP2CB does not rescue this loss [22]. The C-terminus of the
catalytic subunit spans residues 294–309 [18], containing two
main regulated residues in this motif: the tyrosine 307 (Y307)
and leucine 309 (L309), which when phosphorylated or
demethylated, respectively, results in inactivation of PP2A
[23–25]. Residue L309 of PP2Ac is demethylated by the
phosphatase methylesterase (PME-1) and methylated by leu-
cine carboxyl methyltransferase 1 (LCMT-1). Thus, post-
translational modification of this region on PP2Ac has a role
in determining the composition of the PP2A complex [26].

The B subunit is categorized into four unrelated families: B
(B55/PR55), B′ (B56/PR61), B″ (PR48/72/130) and B‴
(PR93/110) which are encoded by distinct genes that give rise
to various structurally related isoforms (α, β, γ, δ and ε)
(Table 2). The type of B subunit bound to the core dimer
determines both the substrate specificity and cellular
localisation of PP2A holoenzyme complexes [30]. The B sub-
units of PP2A share the same binding site or have overlapping
binding sites on the PP2A structural subunit A, hence
explaining why the binding of one B subunit is mutually ex-
clusive for the binding of other B subunits [20]. Substrate
specificity is determined by selective recruitment of B sub-
units to the core dimer (A/C) [7, 31]. The variety of B sub-
units, encoded from all over the human genome, can form a
myriad of different PP2A complexes. Different regulatory
subunits are often tissue-specific. As exemplified by the B55
family, the B55α and B55β have a widespread tissue expres-
sion, whereas the B55γ and B55δ are mainly restricted to the

Table 1 Targets of PP2A and
their role in carcinogenesis Targets of PP2A Cellular role Reference

p53, Cdc25 Cell cycle checkpoints and regulation [1]

PI3K/Akt Cell proliferation and survival [6, 11]

RAF, MAPK, ERK Cell proliferation and survival [4, 12, 13]

p70 S6K, mTOR Cell proliferation, survival and translation initiation [7, 14]

c-Myc Tumourigenesis [6, 15]

Wnt/β-catenin Tumourigenesis [1, 6]

FoxM1 Transcription factor that control expression of genes involved in the cell
cycle

[9]

Bcl-2, caspase-3 Apoptosis [4]
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brain environment. Moreover, each distinct subunit is local-
ised to specific areas of the brain, and furthermore shows
different subcellular localisation (nuclear versus cytoplasmic).

The PPP2R5A, PPP2R5B and PPP2R5E genes of the B′56
subunit family have a nuclear export signal in the C-terminus
that causes the PP2A complex to migrate to the cytoplasm. In
contrast, PPP2R5C and PPP2R5D are found mainly in the
nucleus as they lack the signal sequence on the C-terminus
[31]. This provides evidence that compartmental PP2A activ-
ity is determined by the B subunits [21]. There may be other B
subunits interacting with PP2A although some are still not
adequately characterised. The S/G2 nuclear autoantigen
(SG2NA) is one of these potential new members possibly in
the B‴ family and is suspected to interact with the PP2A active
core dimer [21].

The binding of the B subunits to the PP2A active
dimer is post-translationally controlled through methyla-
tion or phosphorylation at the residues L309 and Y307,
respectively. The recruitment of the B and some mem-
bers of the B′ family to the active core dimer is
inhibited by phosphorylation of Y307, while B″ subunit
binding is unaffected. The effect of L309 methylation of
the catalytic subunit of PP2A on B (B55) subunit bind-
ing is still unclear although the recruitment of B′ or B″
subunits is unaffected [31, 32]. Of interest, methylated
C subunit promotes binding of the core dimer to
PR55α/B [33], determining substrate specificity
in vitro and the subcellular localisation of the complex
in vivo [3, 6]. Suppressed methylation of the C subunit
following overexpression of PME-1 or silencing of
LCMT-1 results in activation of the Akt/mTOR path-
way, promoting cellular transformation [34].

Aberrations of core PP2A subunits in malignancies

Scaffold subunit (PP2AA)

Genetic variations in the scaffold subunit may inhibit binding
of the C and B subunits, hindering PP2A activity. PPP2R1A
and PPP2R1B missense mutations or loss of heterozygosity
(through homozygous deletions) has been observed in breast,
lung, ovarian, colon, liver and melanoma malignancies. Loss
of heterozygosity is observed in a considerable percentage of
these patients and also in non-Hodgkin’s lymphomas and
chronic lymphocytic leukaemia although to a lesser extent
[21, 35–39]. Somatic missense mutations were also detected
in PPP2R1A in high-grade serous endometrial tumours [13].
A higher frequency of PPP2R1B mutations was identified in
lung and breast (13 %) cancers resulting in defective attach-
ment of the B and C subunits. In addition, low expression or
loss of PPP2R1B in breast cancer contributes to transforma-
tion events [21, 40].T
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Regulatory subunit (PP2AB)

PPP2R2A/B55α

PPP2R2A deletions were found in 67 % of prostate cancers
[41] and also reported in breast cancer and myeloma.
Haploinsufficiency results in perturbed binding of B55α to
the PP2A core dimer, decreasing the stability of p53, and in
reduced dephosphorylation of Akt at threonine 308. In addi-
tion, inhibition of the myelocytomatosis viral oncogene (v-
Myc) is suppressed, resulting in accumulation of the oncogene
[42].

PPP2R5A/B′56α

Decreased expression of PPP2R5A in melanoma cells sup-
presses v-Myc transcriptional factor activity leading to a re-
duction in cellular proliferation. Dephosphorylation of v-Myc
destabilizes it and leads to its rapid degradation [15].

PPP2R5C/B′56γ

Lack of adequate PP2A localisation due to the presence of a
truncated form of PPP2R5C leads to an aggressive phenotype
and increased metastatic potential in melanoma [15]. This is
probably mediated through dephosphorylation of p70 S6K by
PPP2R5C.

Catalytic subunit (PP2Ac)

Despite being very similar, the two isoforms of PP2Ac are
coded by different genes and have an apparently very distinct
function. Expression of the PPP2CA subunit is decreased in
prostate cell lines and cancers, when compared to
neighbouring normal or benign tissues [13]. Expression of a
mutated PP2Ac has also been described in breast tumours
positive for human epidermal growth factor 2 (HER2). This
mutation, associated with phosphorylated Y307, significantly
correlates with disease progression and loss of PP2A activity.
Apoptosis was induced upon reactivation of PP2A activity
[13].

Regulation of PP2A through binding of endogenous
inhibitors

Since PP2A has an effect on a variety of cell processes, it
needs to be tightly regulated. This is achieved mainly by bind-
ing of endogenously expressed inhibitory proteins. Binding of
endogenous inhibitors to PP2A leads to decreased PP2A ac-
tivity. Overexpression of these inhibitors is recurrently found
to play a role in malignancy. The main inhibitory subunits are
immunoglobin (CD79A) binding protein 1 (IGBP1; also

known as α4), the nuclear oncogene SET, SET binding pro-
tein 1 (SETBP1) and cancerous inhibitor of protein phospha-
tase 2A (CIP2A).

IGBP1

IGBP1 is a regulatory subunit that binds and interacts with
PP2A altering its activity and substrate specificity [3]. It binds
to the catalytic subunit of PP2A causing its displacement from
the structural A and variable B PP2A subunits. The study of
Kong et al. in 2004 reported that IGBP1 deletion caused rapid
cellular apoptosis, implying that IGBP1 binding attenuates
PP2A activity. The interaction of IGBP1 with PP2Ac also
inhibits its methylation [43].

Studies using murine erythroblast cell model resulted in
identification of the key role of specific pathways to regulate
the balance between proliferation and differentiation of
haematopoietic progenitors. The results identified IGBP1 to
be a major contributor to block erythroid differentiation.
IGBP1 exerts the differentiation block by binding and sup-
pressing the phosphatase PP2A. Interestingly, mTOR activity
is maintained and, as a result, polysome recruitment of IGBP1
and hence its expression is induced [44].

SETand SETBP1

Nuclear oncogene, SET, was identified as inhibitor 2 of PP2A
(I2PP2A) and has been widely implicated in leukaemogene-
sis. In chronic myeloid leukaemia (CML) patients, the phos-
phatase activity of PP2A is inhibited by the expression of the
PP2A inhibitor SET. SET is overexpressed in a number of
solid tumours, in CML and potentially other leukaemias.
Induced suppression of SET has been reported to lead to the
restoration of PP2A activity [45].

It has been shown that the reactivation of PP2A activity in
these cells promoted dephosphorylation of key regulators in-
volved in cell survival and proliferation and induced a reduc-
tion in the activity and degradation of tyrosine kinase inhibitor
BCR-ABL. Hence, PP2A activation led to growth suppres-
sion, enhanced apoptosis, restored differentiation and de-
creased in vivo leukaemogenesis of BCR-ABL positive cells
[45]. The BCR-ABL fusion is characterised by the t(9;22)
translocation. BCR-ABL has been shown to enhance mTOR
in an Akt-independent manner [46] and drives other pathways
as MAPK and STAT5/JAK2 among other mechanisms [47]
potentially through PP2A deregulation. The BCR-ABL ex-
pression is also correlated with maintenance of phosphoryla-
tion at Y307 (Y307-P) of the PP2Ac, resulting in PP2A inhi-
bition [45]. The persistence of the PP2A Y307-P facilitates
and sustains the BCR-ABL kinase activity [48].

The SET-binding protein (SETBP1 or SEB) binds to SET
without hindering binding of SET to PP2A. SETBP1 protects
SET from protease cleavage leading to an increase in the
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availability of active full-length SET protein. SETBP1 is thus
implicated in the reduction of PP2A activity and confers
growth advantage in haematopoietic progenitors. It is
overexpressed in acute myeloid leukaemia (AML) cases due
to the t(12;18) translocation that involves the ETV6 gene [49].

SETBP1 has been found in mutated forms in colorectal
carcinomas or lost in the common chromosomal aberrations
at 18q21. More than 60 % of 18q21 aberrations are deletions
[50] and are associated with malignant lymphoma, acute leu-
kaemia, pancreatic carcinoma and colorectal cancer.

CIP2A

The PP2A inhibitor, CIP2A, is encoded by the KIAA1524
gene on chromosome 3q13.13. CIP2A overexpression corre-
lates with high-grade or advanced tumour stages in breast,
colon, prostate, ovarian cancers and head and neck squamous
cell carcinoma [29, 51–56]. The mechanism of PP2A inhibi-
tion by CIP2A is not well annotated although some suggest
that CIP2A binds to PP2Ac allosterically at its B subunit
binding interface, thus altering substrate specificity and/or
limiting activity [32, 36, 51, 56].

CIP2A acts by preventing PP2A-mediated dephosphoryla-
tion of the c-Myc oncoprotein leading to an increase in pro-
genitor cell proliferation and cell renewal. PP2A dephosphor-
ylates Myc at serine 62 which results in its ubiquitination and
proteolytic degradation. CIP2A-mediated PP2A inhibition re-
sults in the stabilization of the Myc protein, resulting in in-
creased availability of this oncoprotein [42, 51, 55, 57].
Knockdown of CIP2A led to increased PP2A activity which
in turn reduces c-Myc levels.

Phosphatases as therapeutic targets in cancer

The therapeutic targeting of phosphatases exploits the cell’s
own mechanisms of growth suppression and promotes nega-
tive feedback mechanisms to attenuate sustained signalling.
The PP2A negative feedback regulates a number of major
molecules in central pathways involved in carcinogenesis
(Table 1). Phosphatases are abundantly expressed in normal
cells, and hence the activity of phosphatases is relatively high
when compared to malignant cells with suppressed PP2A ac-
tivity. Targeting malignant cells with the low PP2A activity
phenotype is attractive, since the drugs have minimal effect on
cells with normal phosphatase activity, providing selective
tumour targeting.

Therefore, targeting a phosphatase is expected to have an
effect on cellular growth and survival. This led to the devel-
opment of phosphatase targets, several of which have under-
gone clinical trials [58–60]. However, the only FDA-approved
drugs are the immunosuppressants cyclosporin A (CsA) and
tacrolimus (FK506). CsA, a fungal metabolite from the fungus

Tolypocladium inflatum, and FK506 are commonly used as
immunosuppressants to prevent the rejection of organ trans-
plants. Similar to CsA, FK506 blocks the activation of cal-
cineurin through the formation of complexes with
immunophilins [61].

The PP2A complex as a target for drug development

Suppression of PP2A activity promotes malignant transforma-
tion through various mechanisms of deregulation. Molecules
that result in a decrease in the endogenous inhibitors of PP2A,
inhibition of the phosphorylation and demethylation of the C-
terminus of the catalytic subunit or resulting in activation of
the PP2A complex in any other way are candidates for
targeting tumours that are characterised with a decreased ac-
tivity of PP2A (Fig. 1).

Targeting chemical modification of catalytic subunit

Inhibition of protein methylesterase 1 (PME-1) maintains
methylation of the C-terminus of the catalytic subunit and
hence an active PP2A heterotrimer. The aza-β-lactam,
ABL127, and the sulfonyl acrylonitrile, AMZ-30, are com-
mercially available covalent inhibitors of PME-1 [62, 63] that
result in decreased cell proliferation and invasion in in vitro
models of endometrial cancer [64].

The alkylating agent chloroethylnitrosourea (CENU) used
as chemotherapy in various types of cancers induces PP2A
methylation. CENU is a mustard gas-related β-chloro-
nitrosourea compound. The compound eventually leads to
Akt dephosphorylation, consequently reducing cell prolifera-
tion in melanoma [65].

Targeting endogenous inhibitors

SET

Apolipoprotein E (ApoE) is a major protein involved in lipid,
vitamin and cholesterol transport. It also has anti-
inflammatory effects and suppresses T-cell proliferation [66].
Recent studies on mitogen-treated lymphocytes and mono-
cytes have shown that an ApoE mimetic peptide has an effect
on PP2A activity [67]. This occurs via inhibitory binding to
SET, thereby enhancing endogenous PP2A activity. This in
turn reduces levels of phosphorylated kinases, signalling and
inflammatory responses.

Fingolimod (FTY720) is a small molecule immunosup-
pressant which is being implemented for organ transplantation
and multiple sclerosis [68]. It is an analogue of the natural
compound myriocin, an amino fatty acid antibiotic derived
from the thermophylic fungusMycelia sterilia. FTY720 binds
the sphingosine-1-phosphate receptors (S1PR) resulting in
internalisation and potently decrease the movement of T-
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lymphocytes into the freshly transplanted organs, thus
preventing rejection [69]. FTY720 directly binds and disrupts
repressive SET/PP2A complexes, resulting in the reactivation
of the PP2A activity [70]. Studies on colorectal cancer (CRC)
cell lines show that the activity of PP2A is restored using
FTY720, resulting in suppressed proliferation of CRC cells
[17]. Other sensitive cell lines include leukemic cell lines
[71], human bladder cancer cells [72], ovarian cancer cells
[73], gastric cancer cells [74] and breast cancer cells [16].
Sensitivity to FTY720 was also observed in cancer cells that
are resistant to conventional chemotherapy, exemplified by
sensitivity of imatinib-resitant gastrointestinal stromal tumour
and myeloid cells positive for cKit mutants [75]. Of interest,
OSU-2S, a non-immunosuppressive analogue of FTY720,
was developed, lacking the capacity to bind to S1PR,
exhibiting higher potency as an antitumour drug in hepatocel-
lular carcinoma [76].

The phosphorylation of FTY720, a process which occurs
in vivo, allows it to inhibit vascular endothelial growth factor
(VEGF), consequently reducing tumour-associated angiogen-
esis as well as tumour cell proliferation. Of interest, FTY720
does not induce apoptosis in non-transformed cells and nor-
mal bone marrow cells. FTY720-treated leukaemia cells ex-
hibit increased PP2A activity, leading to the dephosphoryla-
tion of various compounds, including Akt, eventually causing
cell death [68].

Ceramide is known to interact with SET [77], resulting in
increased PP2A activity. It is also worth considering using
ceramide as a pharmacological agent, although this molecule
is very quickly metabolised. However, agents that stimulate

ceramide biosynthesis, such as vitamin D3, should theoreti-
cally enhance PP2A activation [78].

CIP2A

Bortezomib, a proteasome inhibitor, induced apoptosis in tri-
ple negative breast cancer (TNBC) cells and in in vivo xeno-
graft models of TNBC, mediated by downregulation of
CIP2A mRNA levels [79]. The compound celastrol directly
binds and sequestrates CIP2A into a complex targeted to the
ubiquitin proteasome degradation pathway, in non-small cell
lung cancer cells [80]. Decreased expression of CIP2A fol-
lowing celastrol addition/administration induced apoptosis in
cells and suppressed tumour growth in murine models.
Similarly, the natural compound, ethoxysanguinarine (ESG),
inhibits proliferation in lung cancer cells through the down-
regulation of CIP2A [81].

Molecules that upregulate expression of the catalytic
and regulatory subunits

The glucocorticoid methylprednisolone has pharmacological
similarity to the natural hormone produced by mammalian
adrenal glands and may be used as replacement therapy in
adrenal insufficiency. Its potent anti-inflammatory activity
makes it useful for the management of certain forms of arthri-
tis; skin, blood, kidney, eye, thyroid and intestinal
disorders including colitis; severe allergies and asthma.
Methylprednisolone is also used to treat certain types of

Fig. 1 Physiological inhibitory subunits suppress the activity of PP2A
resulting in enhanced cellular proliferation and VEGF-induced
angiogenesis. Various therapeutic options reactivate the PP2A
phosphatase by acting on different subunits of the complex. CN
chloroethylnitrosourea, CA carnosic acid, eNOS endothelial nitric oxide

synthase, ATP adenosine triphosphate, cAMP cyclic adenosine
monophosphate, Akt protein kinase B, SET Set nuclear oncogene,
CIP2A cancerous inhibitor of protein phosphatase 2A, α4 immunoglobin
(CD79A) binding protein 1, VEGF vascular endothelial growth factor
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cancer, namely myeloid leukaemia, since it upregulates PP2A
B subunits, causing cell differentiation [82].

The adenoviral E1A mediates sensitization to a variety of
anticancer drug, inducing apoptosis in different cancer cell
models. The mechanisms by which this takes place occur
via multiple pathways. However, studies in human breast can-
cer cell lines have shown that E1A upregulates PP2A C sub-
units, eventually leading to apoptosis [83].

Activators of PP2Awith unknown mechanism

The recent research on oestrogen receptor (ER) negative
breast cancer has shown that nitric oxide (NO) promotes can-
cer progression by activating various signalling pathways, in-
cluding the PI3K/Akt pathway [84] and VEGF-induced an-
giogenesis [85]. Of interest, endostatin activates PP2A, which
is known to directly dephosphorylate endothelial NO synthase
(eNOS) at Ser1177, a phosphorylation event promoted by
VEGF. Hence, endostatin suppresses endothelial cell (EC)
migration, acting as an anti-angiogenic factor. Such findings
shed light on the possibility of targeting PP2Awith therapeutic
agents. Various agents are being described and illustrated in
Fig. 1.

A plausible therapeutic agent for PP2A activation is
forskolin, a labdane diterpene produced by the Indian coleus
plant Coleus forskohlii. Forskolin resensitizes cell receptors
by increasing the intracellular levels of cAMP. The latter is
an important signal carrier necessary for the proper biological
response of cells to hormones and other extracellular signals.
Forskolin also has an effect on PP2A. It leads to PP2A acti-
vation, effectively antagonizing leukaemogenesis in both
in vitro and in vivo models of these cancers [86].

Dithiolethiones are a well-known class of cancer chemo-
preventive agents, found commonly in vegetables, including
broccoli. Although the clinical application of oltipraz, a typi-
cal dithiolethione, in smokers, revealed adverse side effects,
anethole dithiolethione (ADT) proved to be a safer compound
and is now clinically used for xerostomia [87]. A
dithiolethione compound, closely related in structure to
ADT, is ACS-1. The latter was found to inhibit Akt signalling
in human breast and lung cancer cells by increasing PP2A
activity and consequently inhibiting cell proliferation, sug-
gesting the use of this molecule as a therapeutic agent for
cancer therapy.

Carnosic acid is a natural polyphenolic diterpene found in
rosemary (Rosmarinus officinalis) and common sage (Salvia
officinalis). Dried leaves of rosemary or sage contain 1.5 to
2.5 % carnosic acid, which is recognised to be a potent anti-
oxidant and exerts a protective effect on skin cells against UV-
A radiation. Studies carried out in prostate cancer in vitro
showed that carnosic acid also activates PP2A and conse-
quently downregulates Akt [88].

Of interest, a novel class of small molecule activators of
PP2A (SMAPs) developed by reverse engineering of tricyclic
neuroleptic drugs, directly bind and activate PP2A and
showed favourable antitumour properties in preclinical
models of prostate cancer and lung cancer [89].

Conclusion

Inhibition of kinases has been utilised extensively as therapeu-
tic agents in the oncology field. The occurrence of acquired
resistance of tyrosine kinase inhibitors prompts for alternative
drug development strategies. This review provides the knowl-
edge base for considering the use of phosphatase activators in
a subset of cancer patients classified on the basis of a sup-
pressed activity of the PP2A phosphatase. This review fo-
cused on potential therapeutic agents that reactivate sup-
pressed PP2A activity. Potentially therapeutic groups include
a subset of tumours with haploinsufficiency due to mutations
in the PP2A core complex, deactivation of the PP2A complex
due to phosphorylation and demethylation of the catalytic
subunit or increased expression of endogenous inhibitors of
the PP2A complex. Considering the knowledge gained in
modulating the activity of PP2A, the lack of clinical trials
utilising PP2A activators in cancer is disappointing. Of inter-
est, inhibition of PP2A as a potential therapeutic option is
currently being investigated and a clinical trial is recruiting
patients resistant to conventional treatments. The rationale to-
wards using PP2A inhibitors stems from the function of PP2A
to attenuate RAS signalling during G2 phase, promoting sta-
ble quiescence [90]. Hence, inhibition of PP2A using a small
molecular inhibitor, LB-100, overcomes quiescence and sen-
sitizes mitotic cells to combinatory treatment [91].

The future challenges include the definition of biomarker
panels required to classify potential therapeutic groups,
followed by well-structured clinical trials.
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