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Links between PP2A and cancer
Over the last four decades, we have
become increasing familiar with the abil-
ity of growth factors, environmental car-
cinogens, genetic mutations, amplifica-
tions, and chromosomal translocations to
activate a plethora of protein kinases that
promote mitogenic signaling or inhibit
apoptosis and, thus, drive tumorigenesis.
Oncogenic viruses that encode activated
protein kinases have also drawn attention
to the pivotal role of kinases in cell trans-
formation and oncogenesis. Hence, kinase
inhibitors constitute a sizeable fraction of
current portfolios of many pharmaceutical
companies. This also means that hundreds
of kinase inhibitors are now available as
research tools; at least 28 kinase inhibi-
tors have been approved as treatments for
human cancers (1).

In contrast, both our understanding
of how phosphatases contribute to onco-
genesis and the developmental strategies
for pharmacological targeting of phospha-
tases that counteract or collaborate with
oncogenic kinases are still at a germinal
stage. The first indication that phospha-
tase inhibition could yield an outcome
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Observed deficits in protein phosphatase 2A (PP2A) function in a variety of
human cancers have stimulated drug discovery efforts aimed at restoring
PP2A function to inhibit tumor growth. Work published by Sangodkar et al.
in this issue of the JCI describes the characterization of orally available small
molecule activators of PP2A (SMAPs). These SMAPs attenuated mitogenic
signaling and triggered apoptosis in KRAS-mutant lung cancer cells and
inhibited tumor growth in murine models. Tumors with mutations in the
SMAP-binding site of the PP2A A subunit displayed resistance to SMAPs.
Future studies that identify the PP2A-regulated events targeted by SMAPs
should guide critical decisions about which cancers might be best treated
with these molecules. This study provides encouraging evidence in favor of
SMAPs as potential anticancer drugs.

similar to kinase activation in terms of
cancer development came from the dis-
covery of the tumor promoter okadaic
acid (OA) nearly 30 years ago (2). This
natural product isolated from a marine
sponge inhibits several protein serine/
threonine phosphatases, but most nota-
bly, displays nanomolar potency in vitro
against the phosphatases protein phos-
phatase 2A (PP2A), PP4, and PP6. Subse-
quently, other environmental toxins have
been identified that also inhibit these and
other related phosphatases (3). While
structurally these compounds are quite
diverse, they bind in a mutually exclu-
sive manner within the metal-containing
catalytic center to inhibit phosphatases.
Moreover, many of these compounds
have demonstrated
activity. In contrast, the Streptomyces pul-
veraceous-derived antibiotic fostreicin,

tumor-promoting

which has a remarkable selectivity for
PP2A, predominantly exhibits antitumor
activity (4). These differences illustrate
some of the challenges in deciphering
how these xenobiotics contribute to can-
cer development. More specifically, these
observations raise questions as to which
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phosphatases are inhibited by these com-
pounds and to what level phosphatase
activity must be reduced to promote cell
proliferation versus cell death.

Evidence pointing to a specific role
for PP2A in human tumorigenesis came
from the observation that small T anti-
gen of simian virus 40 (SV40) and mid-
dle T antigen of polyomavirus bind PP2A
heterodimers (composed of A and B
subunits), potentially displacing or pre-
cluding the recruitment of B subunits
that define the subcellular localization
and substrate specificity of cellular PP2A
heterotrimers (composed of A, B, and C
subunits). By perturbing these complex-
es, SV40 small T antigen inhibits PP2A
function, which is now recognized as a
key requirement for transforming human
cells (5). Other studies showed that the
loss of B56y function substitutes for the
expression of SV40 small T antigen in the
transformation assay (6). Together, these
data indicate that negating the function
of some but not all PP2A heterotrimers
facilitates cell transformation. Curiously,
polyomavirus and SV40 antigens target
distinct as well as common PP2A het-
erotrimers (7) and modulate different
PP2A-regulated pathways to enhance
cell growth (8), suggesting that there may
be multiple PP2A-regulated pathways
involved in oncogenesis.

Further evidence favoring PP2A as a
tumor suppressor came from the identi-
fication of numerous mutations in PP2A
subunits in human cancers, with the pre-
ponderance of these mutations being in
the A subunit. Two mammalian genes
encode PP2A A subunits, and cancer-as-
sociated mutations have been identified
in both the Ao and AP isoforms. Interest-
ingly, the abundance of Aa far exceeds
that of AB in most cells, and despite their
high homology, tumorigenesis elicited by a
reduction in A function is not suppressed
by increasing Aa levels. These and other
data (9) strongly suggest that these A sub-
units assemble functionally distinct PP2A
complexes, which in turn play unique roles
in tumor development.
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Strategies for activating PP2A
Given that various estimates point to more
than 250,000 potential phosphorylation
sites, the vast majority of which are on ser-
ine and threonine residues, in mammalian
cells and that PP2A accounts for more than
50% of cellular protein serine/threonine
phosphatase activity, it should come as no
surprise that PP2A is tightly controlled by
a number of different mechanisms. These
different modes of regulation include the
assembly of 80 or more PP2A complexes,
the presence of both PP2A inhibitors and
activators, and covalent modifications of
PP2A subunits. Some of these regulatory
mechanisms form the bases for drug design
strategies that are currently being pursued
to reactivate PP2A and restore tumor sup-
pressor activity in human tumors (10).

One such example is L PP2A, also
known as SET, an endogenous protein
inhibitor of PP2A. SET is overexpressed in
human cancers, including chronic myeloid
leukemia as well as colorectal, breast, and
lung cancers (11). Translocation of the
human gene encoding SET has also been
linked to leukemia. SET function can be
counteracted by the sphingolipid cera-
mide, which activates PP2A, at least in part
by disrupting the association of SET with
PP2A to trigger apoptosis. FTY720, a drug
currently approved for the treatment of
multiple sclerosis, also impairs the PP2A-
SET interaction to activate PP2A. More-
over, FTY720 shows antitumor activity
in several human cancer models and may
be particularly effective in eradicating
myeloid leukemia (12). Unlike ceramide,
which also activates PP1, FTY720 does not
appear to target phosphatases other than
PP2A and thus represents a good starting
point for the future development of anti-
cancer therapies.

Another strategy exploits the methyla-
tion of PP2A catalytic subunit (C subunit)
near the C terminus (at Leucine-309). This
modification is catalyzed by the methyl-
transferase LCMT-1 and reversed by the
methyl esterase PME-1, the latter being
remarkably selective for the PP2A C sub-
unit. As structural and functional data have
argued that C subunit methylation plays an
important role in the assembly of the PP2A
heterotrimer, small molecule inhibiters of
PME-1 have been developed with the antic-
ipation that these molecules will increase
cellular PP2A content or activity. However,

methylation at Leucine-309 appears to be
critical for assembly of some PP2A het-
erotrimers and not others. In this regard,
PP2A heterotrimers containing the B55a
subunit, which is predominantly expressed
in brain, appear to be particularly reliant
on C subunit methylation. As increased
PME-1 activity has been implicated in the
resistance of gliomas to a variety of kinase
inhibitors (13), one could speculate that
PME-1inhibitors might be particularly use-
ful in the treatment of gliomas and other
brain disorders, such as Alzheimer’s and
Parkinson’s disease, that have been linked
to reduced PP2A function.

SMAPs: new kids in town

In a screen of FDA-approved drugs, Guti-
errez and colleagues (14) first noted that a
subset of phenothiazines induced apopto-
sis in lymphoblastic leukemia cells. Ligand
affinity chromatography identified PP2A
as a potential perphenazine target, and
the drug-induced changes in phosphopro-
teins, in vitro and in vivo, pointed to
PP2A activation as the likely mechanism
underlying the anticancer activity of these
drugs. Subsequent reengineering of these
compounds eliminated their CNS effects
while retaining and/or even enhancing
their anticancer activity. In this issue,
Sangodkar et al. (15) now show that these
reengineered compounds, termed small
molecule activators of PP2A (SMAPs),
share the ability to activate PP2A. Bio-
chemical studies identified the PP2A A
subunit as the primary target of SMAPs,
specifically the centrally located HEAT
repeats five to eight. In tumors, mutation
of the proposed SMAP-binding sequence
in the A subunit conferred resistance to
SMAPs, establishing PP2A as the primary
cellular target of SMAPs responsible for
tumor suppression. Despite the overlap in
the SMAP-binding site with that of B sub-
units in the A subunit, SMAPs were shown
to differ from other PP2A activators in that
they activated the PP2A (AC) heterodimer
and the PP2A (AB56C) heterotrimer in a
nearly identical manner, suggesting that
the presence of the B subunit (at least B56)
does not hinder drug binding. Moreover,
mutations in the A subunit that attenuated
SMAP binding did not influence assembly
of the PP2A ABC heterotrimer. While not
conclusive, these data may point to SMAPs
as a new class of PP2A activators that dif-
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fer from other PP2A activators in targeting
a broader array of PP2A complexes. The
ability to target multiple PP2A complexes
in turn should raise some concerns as to
whether SMAPs might, while treating can-
cer, trigger some other disease. However,
comparison of the SMAP dose-response
curves for PP2A activation and tumor sup-
pression highlights that only modest PP2A
activation was needed for effective inhibi-
tion of tumor growth. This property may
narrow the PP2A populations affected and
thereby curtail any potential for SMAPs to
cause serious harm.

The road ahead...

Cancer places an enormous burden on
society, driving the recent efforts by aca-
demic and industry scientists to identify
novel anticancer drugs. The recognition
that PP2A function is reduced in many can-
cers has prompted a multipronged search
for PP2A activators that display antitumor
activity. SMAPs represent the latest in this
rapidly growing line of PP2A-directed
therapeutics that show promise in imped-
ing tumor growth. The above discussion
also highlights the gaps in knowledge of
the biochemistry and cell biology of PP2A
in cancer cells. Thus, our inability to pre-
dict whether expression levels or subcellu-
lar localization of PP2A complexes might
influence drug efficacy and the unknown
identity of the PP2A substrates in cancer
and noncancer cells that can function as
biomarkers for drug administration and
efficacy or inform on potential side effects
may become serious hurdles in taking
SMAPs and other PP2A activators into the
clinic. The lack of knowledge about the sig-
naling pathways modulated by SMAPs will
also hinder the identification of cancers
that would be most effectively treated with
SMAPs. These hurdles must be addressed,
sooner rather than later, if SMAPs and oth-
er PP2A-targeted therapies are to become
areality as treatments for human cancers.
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