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COMMENTARY
Protein Phosphatase 2A: Who Shall Regulate
the Regulator?
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ABSTRACT. Protein phosphatases are responsible for keeping the signaling output of stimulus-activated
protein kinases in check; but protein phosphatases are also themselves targets and conveyors of biological signals.
Among the major serine/threonine phosphatases, protein phosphatase 2A (PP2A) appears to play a privileged
role in the regulation of cell growth and division. How PP2A is regulated is an intriguing question. This review
will focus on the role of local protein—protein interactions in PP2A control. Work from a number of laboratories
has shown that the catalytic activity, substrate specificity, and subcellular targeting of PP2A are regulated by a
remarkably diverse range of regulatory subunits and enzyme inhibitors. On the pathological side, DNA tumor
viruses subvert PP2A function by producing proteins that compete with specific regulatory subunits. By
interfering with PP2A, these viral proteins can elicit changes in the activity of specific signal transduction
pathways, such as the mitogen-activated protein kinase cascade. Recent data indicate that besides classical
holoenzyme forms, a fraction of PP2ZA molecules are associated with novel partners implicated in signal
transduction. PP2A biochemically and genetically interacts with the Tap42/a4 protein, which is part of a
rapamycin-sensitive pathway that connects extracellular stimuli to the initiation of mRNA translation. PP2ZA
also binds to CK2a, the catalytic subunit of CK2 (formerly casein kinase 2), and binding is sensitive to mitogenic
signaling. The potent effect of quantitatively minor PP2A partners might be explained by a general requirement
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for docking interactions with substrates under intracellular conditions.
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PPZAt AND THE REGULATION PROBLEM

The binding of extracellular ligands to membrane receptors
invariably triggers changes in the phosphorylation of spe-
cific proteins. It is well established that variations (most
often increases) in the activity of specific protein kinases
play a fundamental role in this process. Theoretically,
however, changes in the action of phosphoprotein phos-
phatases could also play a part; such changes have indeed
been demonstrated in a number of cases, but much remains
to be learned about this potentially critical aspect of
intracellular signaling [1-3]. The issue of protein phospha-
tase regulation—does it occur? is it important? how is it
accomplished?—is especially intriguing in the case of
PP2A, the major soluble serine/threonine phosphatase of
animal cells [1, 4, 5]. PP2A is conserved from yeast to
humans. It is a primary target for a variety of natural toxins
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and tumor promoters [6, 7] and also viral proteins [8] (see
below). In witro dephosphorylation assays with growth-
regulatory phosphoproteins, experiments with cell-per-
meant phosphatase inhibitors such as okadaic acid, and
studies of mutants in genetically tractable organisms, all
indicate that PP2A activity regulates signaling pathways
that are critical to cell growth [3, 8, 9]. Often, PP2A is
required for down-regulating activated pathways [3, 5]. For
example, in at least some cell types PP2A is very likely
responsible for reversing the growth factor- or hormone-
induced stimulation of MAP kinase, thereby keeping the
extent and duration of MAP kinase activation under
control [10, 11]. Similarly, PP2ZA removes an activating
phosphate from the mitosis-triggering protein kinase
p34°4<2 [12], thus preventing premature entry into mitosis.
The very abundance of PP2A in cells (up to 0.25% of total
cell protein) has raised the idea that transient inhibition of
this phosphatase might be needed for MAP kinase or
p34°4<? signaling to proceed [5]. Yet, unlike other related
protein phosphatases such as PP1 or the calcium-responsive
calcineurin [2, 13], total cellular PP2A activity does not
display significant responses to physiological inputs such as
hormonal stimulation or cell-cycle progression [14]. More-
over, it is puzzling to confront the broad range of PP2A
substrates in vitro [1] with the exquisite time- and location-
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FIG. 1. Some of the proteins that bind to PP2A (shown as core
A-C dimer) and regulate its activity. See text for explanation.

specificity of many PP2A-dependent dephosphorylation
events in vivo. Possible solutions to these apparent para-
doxes are now emerging out of a novel, complex scheme, in
which control of PP2A by protein—protein interactions
plays a major role (Fig. 1).

DIVERSITY OF PPZA SUBUNITS

The molecular structure of PP2A has been summarized in a
number of reviews (see, for example, Refs. 9 and 15).
Phosphatase activity is carried by a 36-kDa catalytic sub-
unit (C subunit or PP2Ac). In cells, C is never free, but
usually bound to a 65-kDa “scaffolding” subunit (A subunit
or PR65), a rod-shaped molecule made of 15 imperfect
sequence repeats [16]. In witro, the resulting “core” (A-C)
dimer is less active toward phosphoprotein substrates than
is the isolated C subunit [17]. A fraction (up to 30-50%) of
the PP2A isolated from cells or tissues exists as the core
dimer, which according to recent experiments [18] reflects
the in vivo situation rather than a purification artifact.
However, a majority of PP2ZA molecules are trimers that
contain a variable regulatory “B” subunit bound to the A-C
dimer [1, 18]. Two striking features of the B-type subunits
are their diversity, stemming from the existence of entire
subunit families, and the total lack of sequence similarity
between distinct families, even though they recognize
similar repeated segments of the A subunit. Basic types of
regulatory subunits include: B or PR55; B" or PR56; B” or
PR72/130; and PR61 [19, 20]. Each type defines a family
(e.g. B, and Bg) encoded by several homologous genes,
some of which may generate splice variants [21]. This
diversity is thought to have important functional conse-
quences: experiments with recombinant trimers demon-
strate that distinct regulatory species have quantitatively
different effects on enzymological properties, such as sub-
strate preference or sensitivity to in vitro stimulatory agents
[22]. In vivo, the A-C dimer is found in both the cytoplasm
and the nucleus [23], but immunofluorescence studies show
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that certain regulatory subunit types are preferentially
localized to either of these compartments [24]. Therefore, at
least some regulatory subunits appear to have a targeting
function, akin to that of PP1 regulatory subunits [2, 25].
Furthermore, the abundance of certain regulatory subunits
varies in a tissue-specific fashion [22, 26, 27] and during in
vitro differentiation processes [28]. Thus, the set of regula-
tory subunits in a cell is determined by the differentiation
state, and, in turn, effectively controls the substrate- and
location-specific rate of PP2A-mediated dephosphoryla-
tion. One prediction of this model is that the lack of a
specific regulatory subunit in vivo will result in a defect in a
specific range of dephosphorylation reactions, while retain-
ing the ability to perform another set of reactions. This
conclusion is supported by both genetic and biochemical
data. In Saccharomyces cerevisiae, deficiencies in B and B’
generate qualitatively different (nonlethal) phenotypes;
whereas expression of rabbit B’ isoforms can complement
the yeast B” deficiency, yeast B cannot, demonstrating that
the specific functions of B and B’ are evolutionarily
conserved [29]. In Drosophila, the aar’ mutants are deficient
in B, and their early development is compromised due to
deficient anaphase in the dividing embryo [30]. Compared
with wild-type, the in vitro activity of PP2A from aar! flies
is strongly reduced when p34°““>-phosphorylated caldes-
mon or histone H1 is used as a substrate, but it stays normal
when assayed with phosphorylase a (a canonical model
substrate for PP2A) [31]. Therefore, it is believed that the
55-kDa B is necessary in vivo for allowing PP2A to dephos-
phorylate substrates (probably phosphorylated by p34°ic?
[32]) that control progression through mitosis.

PP2A AS A TARGET FOR VIRUS ACTION

The idea that subunit composition dictates the in wivo
substrate specificity of PP2A is strongly supported by the
subversive effect of certain viral proteins on the enzyme.
PP2A is a privileged target for viral small t antigens,
proteins that are required by DNA tumor viruses of the
SV40 and polyoma types for fully expressing their trans-
forming potential [8, 9, 33]. The best-studied case is that of
SV40 small t, a protein that competes with the 55-kDa B
subunit for binding to the AC complex. Compared to the
normal ABC trimer, small t changes the substrate specific-
ity of the phosphatase in such a way that it inhibits the in
vitro dephosphorylation of many (but not all) substrates
[34], including growth-controlling proteins such as MAP
kinase and its upstream activator MAPKK [10]. Expression
of small t in cultured cells results in mitogen-independent
activation of MAPKK and MAP kinase, and stimulation of
cell proliferation; studies with various small t mutants
indicate that these effects require the binding of small t to
PP2A [10]. Thus, in vivo small t appears to redirect PP2A
activity away from phosphoproteins that are critical to the
activation of the MAPK pathway. The identity of these
putative PP2A substrates is not clear, however. Based on
the in vitro data, small t likely blocks the dephosphorylation
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of MAPKK and MAP kinase, but as these kinases are not
spontaneously active, it would seem that, in addition, small
t still needs to stimulate some upstream kinase to initiate
the process. Of note, the classical MAPKK activator Raf is
not affected by small t expression [10]. Recent experiments
identified PKC{, a nonclassical PKC, as the small t-
stimulated activator of MAPKK; stimulation of PKC{, in
turn, depends on PI 3-kinase function, and again requires
small t~-PP2A interaction [35]. It is not known how small t
causes PI 3-kinase to activate PKCL.

Like SV40 and polyoma, adenoviruses transform cells by
expressing polypeptides that bind to cellular growth-regu-
latory proteins, perturbing their function. Interestingly, an
adenoviral protein known as E4Orf4 binds to trimeric
PP2A and targets the phosphatase to specific transcription
factor complexes. The outcome is inhibition of the JunB
and viral E4 promoters, which apparently plays a role in
preventing apoptosis of adenovirus-infected cells [36].

Another example of PP2A perturbation by viral proteins
may come from the human immunodeficiency virus (HIV-
1). In HIV-infected T cells, the viral protein Vpr has been
shown to inhibit the G,-M transition of the cell cycle,
thereby favoring expression of the retroviral long terminal
repeat (LTR) [37]. When associated with another viral
protein (NCp7), Vpr has been found to bind to one of the
PP2A trimer species in witro, and to cause enhanced
phosphatase activity toward a model substrate [38]. In view
of the role of PP2ZA in preventing premature entry into
mitosis, it is tempting to draw a connection between these
two observations. It is not yet known, however, if the
PP2A—Vpr interaction also occurs in vivo, and to what
extent the interaction correlates with the cell-cycle block-
ing activity of Vpr.

LOCAL REGULATION OF PP2A

The effects of viral proteins provide a demonstration that
changes in PP2A subunits can affect cellular signaling
pathways in a highly specific fashion, without necessarily
affecting the entire PP2A complement. In vivo, viral ligands
of PP2A seem to affect very specific dephosphorylation
reactions. This makes sense, as massive, nonspecific in-
creases or decreases in PP2A activity would likely be lethal
to the cell. Could physiological stimuli modulate PP2A in
just as specific a fashion? Binding of PP2A to B-type
regulatory subunits has not been reported to undergo
modifications similar to the hormone- or cell-cycle-induced
changes seen, for example, in the PP1 oligomeric state [2,
39]. However, signals may modulate specific subpopulations
of PP2A molecules. While most of PP2A is soluble, distinct
pools of enzyme associate with specific subcellular struc-
tures, e.g. microtubules [40], neurofilaments [41], or mem-
branes [42]. Remarkably, the microtubule-associated pool
undergoes cell-cycle dependent activity changes, with a
20-fold drop in specific activity in G,/M [40]. Also, the
nuclear and cytoplasmic fractions of soluble PP2A undergo
differential changes in carboxymethylation during the cell
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cycle [23]. PP2A can also be targeted to particular mole-
cules or molecular complexes, as exemplified above in the
case of E4Orf4. These molecular targets may influence local
PP2A activity. For example, a leukemogenic mutant of the
HRX homeobox transcription factor has been shown to
recruit a complex made of PP2A and the nuclear protein
SET [43]. SET is a potent and specific PP2A inhibitor and
can, itself, give rise to a fusion protein implicated in acute
myeloid leukemia [44]. One may speculate that the leuke-
mogenic fusion proteins deregulate the phosphorylation
level of transcription factors critical to hematopoietic cell
growth.

All of these data support the idea that PP2A could be
regulated locally, but they do not provide the enzyme with
an explicit molecular connection to stimulus-dependent
signaling pathways. Such a connection clearly emerges
from the work described below.

A ROLE FOR PPZ2A IN RAPAMYCIN-
SENSITIVE PATHWAYS

New insights into the question of PP2A regulation have
come recently from yeast genetics. Budding yeast has two
homologues of the PP2A C subunit, known as Pph21 and
Pph22 [45], whose function is absolutely required, mostly
during G,, for reorganization of the actin cytoskeleton, bud
morphogenesis, and G,-M transition [46]; in addition, S.
cerevisiae contains a PP2A-related serine/threonine phos-
phatase called Sit4, required during G, for S phase entry
and spindle pole body duplication [47]. Just like mamma-
lian C, both Pph21/2 and Sit4 are bound to regulatory
subunits, and, in particular, Pph21/2 exists in a complex
with yeast homologues of A and B. The TAP42 (for two A
phosphatase associated protein) gene of budding yeast was
isolated as a multicopy suppressor of the SIT4 deficiency,
and encodes a novel dimerization partner of both Sit4 and
Pph21/2 [48]. Interestingly, Pph21 can bind Tap42 directly,
i.e. independently of A and B subunits; this is unusual in
view of the previously universal requirement for A as an
anchor for PP2A partners. Tap42-associated Pph21 ac-
counts for only about 2% of the total cellular PP2A. The
Tap42-Sit4 complex is a similarly minor form of the Sit4
phosphatase. As is often the case, however, quantitatively
minor does not mean unimportant, since contrary to B [29]
and even A [49] subunits, Tap42 is indispensable for
viability [48]. In genetic experiments, Tap42 overexpres-
sion activates a latent growth-suppressive function of both
Sit4 and Pph21 [48]. It is thus possible that Tap42 stimu-
lates the in wivo activities of the phosphatases against
specific phosphoprotein substrates, in a fashion similar to
B-type regulatory subunits.

A revealing finding is that the Tap42-PP2A and Tap42-
Sit4 complexes are disrupted upon nutrient deprivation or
treatment of the cells with the immunosuppressive macro-
lide rapamycin [48]. Both of these conditions lead to
inhibition of the Tor pathway, a newly described signaling
pathway that appears to play a major role in the control of
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cell growth [50]. In S. cerewisiae, Tor (target of rapamycin),
a protein kinase related to PI 3-kinase and DNA-dependent
protein kinase, functions in a pathway that connects
nutrient stimulation to the initiation of protein synthesis.
In the presence of nutrients, Tor function is required for
initiating translation of a group of mRNAs, including G,
cyclin mRNAs [51]. Rapamycin binds to the cyclophilin
FKBP, and the resulting complex specifically inhibits Tor
function; the outcome is growth arrest in a Gy-like state,
probably due to a lack of G, cyclins. The identity of the
effectors that connect Tor to initiation of translation is
unclear. The effect of rapamycin and starvation on the
Tap42-phosphatase complexes strongly suggests that for-
mation of these complexes necessitates Tor activity. That
the complexes are disrupted in Tor-defective mutants
demonstrates this point. Gain of TAP42 function in a
temperature-sensitive mutant renders cells resistant to rapa-
mycin, confirming that Tap42 and, hence, presumably the
Tap42-Sit4 and Tap42-Pph21/2 complexes are down-
stream effectors of Tor [48]. Thus, when associated with
Tap42, PP2A effectively conveys messages issued by a
stimulus-sensitive signaling pathway. Identification of tar-
gets for the Tap42-Pph21/2 and Tap42-Sit4 complexes is
eagerly awaited.

The discovery of Tap42 has shed light on PP2A function
in lymphocyte signaling. Tap42 has a homologue in the
mouse, called the a4 protein, which is known to associate
with the B cell IgM receptor [48, 52]. Upon cross-linking of
the receptor with anti-IgM, a4 becomes phosphorylated on
both serine and tyrosine, suggesting that o4 may be
implicated in receptor-initiated signaling [52]. The discov-
ery of the Tap42-Sit4 and Tap42-Pph21 complexes
prompted a search for an a4-associated type 2A phospha-
tase in B cells. This was fruitful, since a4 was found to bind
to the C subunit, independently of the usual A- and B-type
partners [53]. In witro, addition of purified a4 markedly
stimulated the activity of C against MAP kinase-phospho-
rylated myelin basic protein, relative to activity against
phosphorylase a. The A subunit did not confer similar
substrate preference. Thus, a4 potently favors PP2A activ-
ity against specific substrates, consistent with what was
predicted in the case of Tap42 [53]. Remarkably, treating B
cells with rapamycin led to disruption of the a4-PP2A
complex [53], suggesting that formation of the a4—-PP2A
complex may depend upon the activity of mTor, the mouse
homologue of S. cerevisiae Tor [54]. mTor is thought to
function in a mitogen-inducible pathway that connects PI
3-kinase to the translation inhibitor 4E-BP1 and the
serine/threonine kinase p705% [50]. By phosphorylating
4E-BP1 and p70%°%, mTor may contribute to the stimula-
tion of protein synthesis brought about by mitogens [55—
58]. In the case of B cells, antigen signaling may stimulate
a4-associated PP2A and enhance the dephosphorylation of
specific targets implicated in the Tor pathway. It is still
unknown whether the a4-PP2A complex plays a part in
the control of 4E-BP1 or p705¢K,
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Intriguingly, a possible direct relationship between PP2A
and translation control has emerged from another side, with
the observation that the C subunit binds to the eRFl
translation termination factor [59]. Just as with the o4
protein, the eRF1-C association can occur independently of
A and B subunits. The role of PP2A in translation
initiation and translation termination clearly warrants fur-
ther investigation.

INTERACTION OF PP2ZA WITH
PROTEIN KINASES

It has long been proposed that PP2A activity could be
regulated by phosphorylation; this topic has been reviewed
recently [4, 5]. Tyrosine kinases such as v-Src or the
epidermal growth factor (EGF) receptor can phosphorylate
the carboxy-terminal region of the C subunit in vitro; this
results in inhibition of the enzyme [60]. Extensive phos-
phorylation of the relevant tyrosine residue occurs in
mitogen-stimulated or v-Src-transformed cells [61]. Inhibi-
tory phosphorylation of C by a novel serine/threonine
kinase (“autophosphorylation-activated protein kinase”)
has also been reported [62]. The down-regulatory effect of
mitogen-induced phosphorylation on PP2A activity may,
in fact, be highly underestimated, due to the propensity of
the enzyme to dephosphorylate itself during in vitro assays
[5, 60]. In vivo, this self-dephosphorylation reaction is likely
responsible for making down-regulation transient. The
ability of mitogenic tyrosine kinases to inhibit PP2A
activity is reminiscent of small t antigen-mediated inhibi-
tion, and makes sense in the light of a need to help
activation of MAP kinase (and perhaps other pathways)
against the powerful “dragging force” due to PP2A activity.

More recently, binding of PP2A to protein kinase sub-
units has been described, which opens up novel possibilities
for signal-dependent regulation of PP2A. The core dimer
binds to CK2a, the catalytic subunit of the ubiquitous
serine/threonine kinase CK2 (formerly casein kinase 2)
[63]; and one type of B subunit binds to cyclin G, the
regulatory subunit of the cyclin-dependent kinase cdk5
[64]. Both of these associations seem to be modulated by
signaling events, i.e. mitogenic stimulation and DNA
damage, respectively.

The CK2a—PP2A complex was observed in in vitro assays
with purified proteins, and in immunoprecipitates from
serum-starved cells. The C subunit was the major copre-
cipitating substrate phosphorylated by CK2a in immune
kinase assays performed with epitope-tagged CK2a, but
whether it is a substrate for endogenous CK2a in vivo still
needs to be established. Mitogenic stimulation or expres-
sion of v-Raf resulted in significant dissociation of the
CK2a-PP2A complex. Mitogen treatment and v-Raf ex-
pression both induce phosphorylation of CK2a (unpub-
lished data); possibly these modifications are related to the
disruption of the complex. CK2a belongs to the so-called
CMCG group of protein kinases, which also includes
GSK-3, MAP kinases, and cyclin-dependent kinases, in
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decreasing order of relatedness to CK2a [65]. However,
unlike the former kinases, CK2a has not been known to be
responsive to identified physiological inputs, and its signal-
ing function is quite mysterious [66]. The sequence of
CK2a contains a unique, phylogenetically conserved 6-res-
idue motif (HEN/HRKL) [65] that is also found in the
PP2A-binding region of the SV40 small t antigen, and a
CK2a mutant carrying alanine substitutions in this motif
failed to bind PP2A in witro. Thus, some of the contacts
between CK2a and PP2A may be homologous to those
established by small t, though to our knowledge the motif
has not been mutated in small t itself. CK2a might act as
a signal-sensitive targeting subunit for PP2A, perhaps
favoring PP2A interaction with some of the very substrates
whose dephosphorylation is prevented by small t [63].
Genetic studies in both S. cerevisiae and Schizosaccharomy-
ces pombe indicate that CK2« functions in a cell polarizing
pathway [67, 68]. As PP2A is also required for yeast cell
polarization [69], it may be worthwhile to look for genetic
interactions between PP2A and CK2a«a in this system.

Two-hybrid assays have indicated that the B’ type of
PP2A regulatory subunit could associate with cyclin G, a
novel member of the cyclin family [64, 70]. Cyclin G is a
p53-responsive gene product, induced upon activation of
p53 by DNA-damaging agents [71]. Cyclin G has been
shown to complex with GAK, a novel serine/threonine
kinase, and cdk5, a neuron-specific member of the CDK
family [72]. The cyclin G-B’ interaction suggests a number
of possibilities, prominent among which is the idea that p53
may modulate PP2ZA composition and hence its function,
perhaps by adding a targeting subunit to the PP2A oli-
gomer. However, it is not known whether cyclin G and B’
still associate when either or both of these proteins are
bound to their normal catalytic partners.
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FIG. 2. Role of protein—protein interactions in

™ intracellular substrate specificity of PP2A. (A)

. A regulatory subunit (B) allows transient dock-
ing and/or correct presentation of PP2A to a
protein complex that includes a phosphatase
substrate. Efficient dephosphorylation ensues.
(B) A nonadequate subunit (t) does not allow a
high frequency of productive interaction.

CONCLUDING REMARKS: STICKING WITH
THE PURPOSE OF DEPHOSPHORYLATION

The currently accepted model of PP2A regulation calls for
a diversity of regulatory subunits in order to target the
enzyme to various substrates in the cell. Lending added
credence to this idea is the finding that certain PP2A-
dependent reactions are potently modulated by quantita-
tively minor oligomerization partners, such as Tap42/a4.
One assumption behind the model, however, is that despite
its soluble character and striking abundance, the major
PP2A holoenzyme (A-B-C) is unable to dephosphorylate in
vivo a number of substrates that it sometimes readily
handles in the test tube. How is this specificity increase
achieved? Several factors may be invoked. First, PP2A
activity in the cell is, of course, being opposed by protein
kinases [3] and also by PP2A-inhibitory molecules [44, 73,
74]; this may conceivably expand relatively modest kinetic
differences between PP2A isoforms into large gaps in the
stoichiometry of phosphorylation of the final substrates,
especially when substrates are abundant [75]. A second,
perhaps more fundamental explanation, may lie with the
recent observation that many (all?) signal-transducing
phosphorylation events take place in anchored supramo-
lecular complexes [76]. Examples include the recruitment
of transducing proteins to activated receptor tyrosine ki-
nases [76], the requirement of a “catch-all” scaffolding
protein for activation of the MAP kinase pathway in yeast
[77], or the role of various anchoring molecules (“AKAPs,”
A-kinase anchoring proteins) in PKA function [78]. One
may speculate that, perhaps due to steric hindrance, cyto-
solic PP2A does not easily reach its substrates within such
complexes. Only by acquiring specific, high-affinity binding
subunits could PP2A remain adsorbed long enough to
increase its probability of productive interaction with its
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targets (Fig. 2). The availability of some critical subunits
may then, in turn, depend upon signaling events, as is seen
in the case of Tap42/a4. Hence, the specificity of dephos-
phorylation reactions may rely on the same “proof-reading
by supramolecular assembly” principle as that proposed for
phosphorylation events.

I thank J. Baudier for critically reviewing this manuscript, and E. M.
Chambag for hospitality and funding. The author is supported by CEA
and INSERM.

Note added in proof: complex formation between PP2A and
protein kinases has just been demonstrated in novel cases,
and may in fact be widespread (Westphal RS, Anderson
KA, Means AR and Wadzinski BE, A signaling complex of
Ca’"-calmodulin-dependent protein kinase IV and protein
phosphatase 2A. Science 280: 12581261, 1998).
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