| MONOGRAPHS ]

PP2A Counterbalances Phosphorylation of
PRB and Mitotic Proteins by Multiple CDKs:

Genes & Cancer

3(11-12) 739-748

© The Author(s) 2013

Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1947601912473479
http://ganc.sagepub.com

©SAGE

Potential Implications for PP2A Disruption in

Cancer

Alison Kurimchak' and Xavier Grafa'?

Abstract

Protein Phosphatase 2A (PP2A) consists of a collection of heterotrimeric serine/threonine phosphatase holoenzymes that play multiple roles in cell
signaling via dephosphorylation of numerous substrates of a large family of serine/threonine kinases. PP2A substrate specificity is mediated by B
regulatory subunits of four different families, which selectively recognize diverse substrates by mechanisms that are not well understood. Among
the many signaling pathways with critical PP2A functions are several deregulated in cancer cells, and PP2A is a know tumor suppressor. However,
the precise composition of the heterotrimeric PP2A complexes with tumor supressor activity is not well understood. This review is centered on the
emerging role of the B regulatory subunit B55a. and related subfamilly members in the modulation of the phosphorylation state of pocket proteins and
mitotic CDK substrates, as well as the implications of PP2A function disruption in cancer in the context of these activities.
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Introduction

Protein Phosphatase 2A (PP2A) is an
abundant serine/threonine phosphatase,
which attains substrate specificity via the
assembly of a large pool of holoenzymes
consisting at the minimum of three sub-
units. A catalytic subunit (PP2A/C) and a
scaffold subunit (PP2A/A), each encoded
by two different genes, form core dimers,
which are assembled with a collection of
PP2A/B regulatory subunits forming tri-
meric holoenzymes (Figure 1). B sub-
units belong to four separate families,
designated B, B’, B” and B, each with
multiple members encoded by different
genes. The crystal structure of two sepa-
rate holoenzymes assembled with regula-
tory subunits of the B (B55a) or the B’
(B56y) families, has provided insight on
how the B subunit forms a pocket with
the catalytic subunit that may confer sub-
strate specificity'>. PP2A plays a major
role in signaling by counteracting the
action of Ser/Thr kinases in multiple
pathways and is implicated in a large
number of cellular processes including
those that are often defective in cancer.
Major targets of relevance to cancer
include the MAP kinase and AKT path-
ways, the tumor suppressors pRB and

p53, and CDK1 substrates among oth-
ers”>. This review is mainly focused on
the emerging role of B55a and perhaps
other members of the B family in the
modulation of the phosphorylation state
of pocket proteins and mitotic CDK sub-
strates, as well as the implications of
PP2A function disruption in cancer in the
context of these activities.  Recent
reviews focused on the role of serine/
threonine phosphatases in the regulation
of pocket protein function have been pub-
lished recently™>.

Evidence That PP2A Is a Tumor
Suppressor

Early evidence suggesting that PP2A
could function as a tumor suppressor
comes from studies showing that oka-
daic acid (OA) and other toxins in the
same family that inhibit PP2A promote
tumors in mice and the finding that
SV-40 small t antigen, which inhibits
PP2A, can transform human cells in
cooperation with other oncogenes and
facilitates transformation of rodent cells.

Toxins that inhibit PP2A are potent
tumor promoters. OA is a toxin extracted
from marine sponges and is one of the

causative agents of diarrheic shellfish
poisoning.® OA was shown to inhibit
PP2A, PP2B, and PPl in vitro, with
ID s in the nanomolar and micromolar
ranges for PP2A and PP1, respectively.’
OA was also found to induce skin irrita-
tion in mice in a screen for tumor pro-
moters® using a 2-stage carcinogenesis
protocol.” In this carcinogenesis experi-
mental system, in which mice were
treated with DMBA (a tumor initiator)
followed by OA (tumor promoter), 93%
of the mice displayed tumors by week
16 in a 30-week treatment. Of note,
this was not mediated via activation of
PKC, indicating that its mechanism
of action was different from that of
TPA-tumor promoters.” Calyculin A,
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another potent PP1/PP2A inhibitor iso-
lated from marine sponges, was found to
have tumor-promoting activity in mice
comparable to that of OA'; however,
Calyculin A appeared to inhibit PP1 and
PP2A with comparable potency.'' Other
inhibitors of PP1/PP2A, microcystin-LR
and tautomycin, were subsequently
identified that were equally potent
toward both types of serine/threonine
protein phosphatases.'

The transforming activities of the small t
antigens (st) of V40 and related polyomavi-
ruses are mediated via PP2A inhibition.
SV40 and related polyomaviruses encode
tumor antigens that target and inhibit
tumor suppressors in mammalian cells,
and this results in their immortalization
and/or transformation.”” The small t anti-
gen (st) of SV40 and the small and mid-
dle T antigens of polyomaviruses were
found to interact with 2 cellular proteins,
36 and 63 kD in size,'*'® which appeared
important for transformation, as a middle
T transformation-defective mutant was
unable to form a complex with the 63 kD
protein.'” Peptide microsequencing, co-
migration in 2D gels, limited proteolysis,
and Western blot analyses were used to
identify these proteins as the scaffold and
catalytic subunits of PP2A,'"™' hence
implicating PP2A in oncogenic transfor-
mation of mammalian cells. Importantly,
no B subunits were identified associated
with these tumor antigens. It was later
shown that st interacts directly with the
amino terminal HEAT domains present in
the PP2A/A scaffold subunit. This asso-
ciation does not interfere with binding of
PP2A/C, which interacts with the C-ter-
minal HEAT domains of PP2A/A, but
appears to compete with B regulatory
subunits, as these also interact with the
amino-terminal HEAT domains of
PP2A/A*° This competition was ele-
gantly observed in vitro, as purified ERK
and MEK treated with PP2A/B55a het-
erotrimers preincubated with an excess of
st were as potently inactivated as if the
PP2A/B55a treatment had been done in
the presence of OA.*' In contrast, st did
not affect the purified active free PP2A/C
catalytic subunit and affected PP2A A-C

dimers to a lower extent in the same
assay. Moreover, the ability of st to com-
pete with B subunits in cells for binding
to PP2A A-C dimers has been shown in
cells and may be specific to particular
heterotrimers,”' > suggesting a mecha-
nism by which st may inhibit dephos-
phorylation of a subset of PP2A
substrates. It has also been shown that the
binding of st to the core dimer inhibits
PP2A’s enzymatic activity toward multi-
ple substrates.”*** More recently, a crys-
tal structure of st in complex with the
PP2A core dimer showed that st has 2
C-terminal zinc binding motifs. One of
these motifs and the N-terminal J domain
of st overlap the site where the B56y sub-
unit binds the scaffold subunit. In con-
trast, the other zinc binding motif is
positioned in a manner that may inhibit
the catalytic activity of the C subunit,”
suggesting that both B subunit displace-
ment and direct inhibition of PP2A/C
may mediate the effects of st on PP2A. In
contrast, another study showed that in
vitro, st does not efficiently displace B
subunits from heterotrimeric complexes
unless st is in excess. However, as pointed
out by the authors of the study, the J
domain of st has been shown to interact
with HSC70 increasing its activity, which
hypothetically might help disassemble
heterotrimers in cells.”®

It is also important to underscore the
critical role of the pathways inactivated
by st in the transformation of human
cells. Human cells are more difficult to
both immortalize and transform than
rodent cells, which often spontaneously
immortalize and even transform as pas-
saged extensively in culture. Transfor-
mation of normal human fibroblasts,
mammary epithelial cells, and kidney
epithelial (HEK) cells can be accom-
plished via expression of the early region
of SV40, oncogenic H-RAS, and expres-
sion of catalytic subunit of human
telomerase (W\TERT).?” The early region
of SV40 encodes the large antigen (LT),
which disables both the pRB and p53
pathways, and st, which inhibits PP2A.**
In these cells, st promotes proliferation,
even with nutrient deprivation, and per-
mits anchorage independent growth and

tumor formation in immunocompro-
mised mice.”’ Subsequently, it was
shown that in HEK cells immortalized
with LT, hTERT, and H-RAS, knock-
down of B56y3, a regulatory subunit of
PP2A from the B’ family, substitutes for
st in the anchorage independent and
tumorigenicity assays described above.”
Reciprocally, ectopic expression of
B56y3 in HEK cells expressing LT,
hTERT, H-RAS, and st inhibited tumori-
genicity. Importantly, reintroduction of
B56y3 in lung cancer cell lines that
expressed no detectable levels of this B
subunit reduced cell proliferation and
anchorage independent growth. Thus,
this study identified PP2A/B56y3 holo-
enzymes as one of the key targets of st in
HEK cells, as HEK cells with reduced
B55a do not behave in the same manner.
A later study using a panel of shRNAs
targeting various B subunits demon-
strated that the loss of B56a, B56y,
PR72/PR130, and PTPA in immortal-
ized HEK cells results in increased
anchorage-independent colony forma-
tion as well as the activation of the PI3K/
AKT, ¢-MYC, and WNT pathways.*

Adenovirus  E4ORF4 modulates the
activity of B55a. trimeric PP2A holoen-
zymes. Another viral protein known to
target PP2A is the adenoviral protein
E40ORF4, which directly binds to the
B55 subunit,”’ and this interaction is
required for E4AORF4-mediated apopto-
sis, which is independent of p53.** As
opposed to SV40 st, EAORF4 forms
complexes with PP2A heterotrimers via
direct interaction with the B subunit and
may direct PP2A to substrates, a mecha-
nism that is significantly different than
that described above for st. Members of
the B’ regulatory subunit family also
bind E4ORF4, but E4ORF4-mediated
apoptosis is dependent on E4ORF4
binding to B55a.**° E4ORF4 also
downregulates MYC transcription by
targeting B550..° Moreover, E4ORF4
has been shown to induce G2/M arrest
and mitotic catastrophe, and this may
result from a decrease in the global
activity of B550. PP2A heterotrimers.®’
This is consistent with a critical role for
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B550 in mitotic exit (see below).
Although it appears counteractive that a
viral protein might be that toxic to cells,
it has been proposed that this facet of
E4orf4 may facilitate release of the viral
progeny.*®

PP2A activity can also be inhibited by
endogenous inhibitors that are deregulated
in cancer. PP2A activity can also be
deregulated in cancer via endogenous
inhibitors such as Cancerous Inhibitor of
PP2A (CIP2A) and I2PP2A/SET. CIP2A
was first identified as a 90 kD protein
(p90) recognized by auto-antibodies
detected in the sera of hepatocellular
carcinoma and gastric cancer patients
but not in normal human serum.”” The
cellular function of p90 and relation to
malignancy were unveiled when it was
identified as a PP2A-interacting protein
in a tandem mass spectrometric analysis
and renamed CIP2A. As MYC protein
stability had been previously linked to
PP2A destabilizing dephosphorylation
of serine 62 (S62) on MYC,"*' the
effect of CIP2A knockdown was investi-
gated. CIP2A siRNA reduced MYC-S62
phosphorylation and MYC expression
and increased PP2A association with
MYC, suggesting that CIP2A facilitates
MYC stability by inhibiting PP2A.*
Consistent with its MYC-stabilizing
function, CIP2A was found to be over-
expressed in head and neck squamous
cell carcinomas (HNSCC); to be able to
substitute for st in transformation of
HEK cells expressing hTERT, LT, and
oncogenic RAS; and to promote tumori-
genesis in HNSCC cells. Moreover,
expression of CIP2A was associated
with reduced survival in gastric cancer
patients and with breast cancer aggres-
sivity, suggesting a prognostic value for
CIP2A levels in these cancers.**

Another endogenous inhibitor of
PP2A, 12PP2A, was first purified from
bovine kidney along with I1PP2A, and
both were shown to inhibit PP2A activ-
ity in vitro.*® Subsequently, I2PP2A was
found to be a truncated form of a protein
designated SET.*” Importantly, in acute
myeloid leukemia (AML), the SET gene

is fused to the NUP214 gene resulting in
a chimeric SET-NUP214 protein,
implicating I2PP2A/SET in deregula-
tion of PP2A activity in leukemia. Next,
SET was found to be induced by BCR-
ABL in chronic myelogenous leukemia
(CML), which results in PP2A inhibi-
tion. This in turn results in stabilization
of BCR-ABL and stimulation of its
downstream signaling pathways. In
addition, BCR-ABL mediated upregula-
tion of SET may inhibit attenuation of
MAP kinase pathways by PP2A.**
Consequently, forced upregulation of
PP2A activity suppresses BCR-ABL
oncogenicity in vitro and impairs leuke-
mogenesis in SCID mice injected with
32D cells expressing BCR-ABL. Inter-
estingly, pharmacological activation of
PP2A with forskolin in these mice
increased survival significantly, sug-
gesting a potential new therapeutic ave-
nue (see below).

PP2A Is a Haploinsufficient
Tumor Suppressor

Mutations have also been found in the 2
genes (PPP2RIA and PPP2RIB)
encoding the scaffolding PP2A/A sub-
unit in several types of cancers (Table
1). In one study, the PPP2RIB locus
was analyzed in primary lung and colon
samples as well as lung cancer derived
cell lines. Various point and frameshift
mutations were identified, including a
mutant PP2A/AP scaffold subunit in a
small cell lung cancer line that was
unable to bind PP2A/C.* Another study
analyzed breast, lung, and melanoma
tumors and cell lines and found muta-
tions in both PPP2R14 and PPP2R1B.”!
The most frequent mutation found in
this study, the deletion of exon 9 in
PPP2RIB, results in the deletion of
helix 9, which is needed for the binding
of the B subunit.”> Recapitulation of
mutations of the Aa.> and Ap>* scaffold
subunits described by Calin ez al.”' via
site-directed mutagenesis and investi-
gation of their effects on the integrity of
various PP2A heterotrimers revealed
defects in the binding of various B

family member subunits as well as the
catalytic subunit. Interestingly, the
E64D and E64G mutations of the
PP2A/Aa subunit are unable to bind
members of the B’ family, whereas
binding to B and B members as well
as the C subunit is relatively unaffected.
Mutations in the C-terminal end are
deficient in binding both B and C sub-
units.” Subsequently, it was shown that
although PP2A/Aa mutants ectopically
expressed in HEK-TER cells exhibited
defects in binding other PP2A subunits,
they were not oncogenic in transforma-
tion assays in which inactivation of
PP2A by other means is transforming.™
In contrast, knockdown of the PP2A/
Ao subunit in these cells promotes sur-
vival via activation of the AKT path-
way and induced tumorigenesis in
immunocompromised mice.” This sug-
gests that mutations affecting PP2A/A
act by reducing the amount of func-
tional heterotrimers in the cells. More
recently, transgenic mice expressing
the E64D and E64G mutations and a
A5-A6 mutant with exons 5 and 6 of
PPP2RIA deleted have been gener-
ated.’® PP2A/Aa extracted from the tis-
sues of the E64D and E64G mice was
defective in binding the B’ subunit,
as previously reported.” These mice
were around 60% more susceptible
to lung tumors than their wild-type
counterparts when treated  with
benzopyrene.’®**” Together, these stud-
ies strongly suggest that the 2 genes
(PPP2RIA and PPP2RIB) encoding
PP2A/A scaffolding subunits are haplo-
insufficient tumor suppressors.

Alterations on PPP2R2A and
PPP2R2B in Cancer

Although mutations on the scaffold sub-
unit of PP2A are common in a variety of
cancers, mutations in the regulatory sub-
units of PP2A are rare. Only 4 point
mutations in PPP2R2A, which encodes
the B55a. B subunit of PP2A, have been
reported in the COSMIC database from
652 sequenced samples, and mutations
in other B subunits are uncommon. How-
ever, recent studies have shown that
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Table 1. Alterations in PP2A Subunits in Cancer

Mutation Cancer Type Ref. Effect on Binding Ref.
PP2A/Aa
E64D Lung 51 B’ binding deficient 54
E64G Breast 51 B’ binding deficient 54
R418W Melanoma 51 No B or C binding 54
A171-589 Breast 51 No B or C binding 54
P179L Endometrial 95 Unknown
R182W Endometrial 95 Unknown
S256Y Endometrial 95 Unknown
R183Q Endometrial 95 Unknown
R249H Endometrial 95 Unknown
R182W Endometrial 95 Unknown
E216K Endometrial 96 Unknown
R258Y Endometrial 96 Unknown
R258H Endometrial 96 Unknown
R258C Ovarian 95 Unknown
W257C Endometrial, ovarian 95, 96 Unknown
P179R Endometrial, ovarian 95 Unknown
R183W Endometrial, ovarian 95 Unknown
S256F Endometrial, ovarian 95 Unknown
W257G Endometrial, ovarian 95 Unknown
PP2A/AB
D504G Lung 50 Increased B"" and C binding 53
G8R Lung 50 Normal B"" and C binding 53
G90D Lung 50 Normal B"" and C binding 53
Breast 97 Reduced B’ binding 97
KB43E Lung 50 Normal B" and C binding 53
A344-388 Lung 50 Reduced B" binding 53
P65S Lung 50 Reduced B" binding 53
L101P Colon 50 Reduced B" binding 53
V545A Colon 50 Reduced B” and C binding 53
V448A Colon 50 Reduced B and C binding 53
L101P/V448A Colon 50 Reduced B and C binding 53
A230-518 Lung 50 Unknown
G15A Colorectal 98 Unknown
S365P Colorectal 98 Unknown
V498E Colorectal 98 Unknown
L499I Colorectal 98 Unknown
V500G Colorectal 98 Unknown
Deletions Liver 99 Unknown
PP2A/B55a.
Deletions Breast 64
Deletions Prostate 58
Deletions Ovarian 65
PP2A/B55p
Hypermethylation Colorectal 66
Hypermethylation Breast 67

deletions of PPP2R2A, which maps to
chromosome 8p21.2, are extremely com-
mon in prostate cancer (PCa) and are
also frequent in breast cancer (Table 1).
Using Affymetrix 500k/6.0 SNP array
analysis of 141 paired normal/cancer
prostate samples, investigators found
that 84 tumors (59.6%) presented hemi-
zygous deletion of the PPP2R24
gene and that 3 tumors (2.1%) had a

homozygous deletion. However, there
was no apparent correlation between
PPP2R24 deletion and PCa-specific
death, Gleason score, prostate specific
antigen levels, or stage. These deletions
were all somatic, and no germline dele-
tions were found in 500 nonaggressive
and 448 aggressive prostate tumors.”® An
independent study conducted to identify
recurrent breakpoints in prostate cancer

also using the Affymetrix array 6.0 and
500K SNP identified 5 genomic break-
points in the PPP2R2A gene in 78 pros-
tate tumor samples, ranking PPP2R2A as
the fourth most common genomic break-
point, ahead of PTEN, BRCAI, and
BRCA2. In addition, qRT-PCR analysis
revealed that 8 of 9 paired normal/tumor
samples exhibited decreased PPP2R2A
mRNA expression in the tumors.”
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Finally, analysis of the gene copy num-
ber alteration (CNA) data from another
recent study shows that PPP2R2A was
homozygously deleted in 7 of 128 (5.5%)
and hemizygously deleted in 47 of 128
(36.7%) prostate tumors (Taylor et al.,*
supplementary data). Matched mRNA
expression Z-scores versus controls
showed a correlation with CNA, where
median expression values decreased
with copy number. Of note, in all these
studies the homozygous deletions affect-
ing PPP2R2A also eliminate BNIP3L,
another potential tumor suppressor
gen658’60’61; therefore, the contribution of
disruption of each of these 2 genes in
tumorigenesis remains to be elucidated.
Moreover, hemizygous deletions are
larger and variable and may affect the
expression of other genes. NKX3./, a
gene that has been previously implicated
in prostate gland development and as
a potential haploinsufficient PCa
tumor suppressor,”* was found to be
homozygously deleted in 4 of 81 prostate
tumors  (4.9%); however, no co-
correlation between mRNA expression
and CNA was found, suggesting the
alternative presence of other tumor sup-
pressors in this region.”’ Importantly,
deletion of PPP2R2A is not restricted to
PCa, as a recently published study of the
genomic and transcriptomic architecture
of'about 2,000 breast tumors has revealed
that PPP2R2A4 is 1 of 3 novel deletions
that is associated with outlier underex-
pression of its product. Loss of PPP2R2A
expression in breast cancer is enriched in
mitotic ER-positive cancers (luminal B),
allowing for new molecular stratification
of breast cancers.”* Moreover, homozy-
gous deletions of PPP2R2A are also
detected in serous ovarian cancer (4.5%),
all indicating that alterations of this gene
are not restricted to PCa.*

Promoter silencing via methylation
of PPP2R2B, which encodes B553, a
regulatory subunit in the same family as
B55a, has been found in colorectal can-
cer (CRC) (Table 1). Downregulation of
PPP2R2B in CRC-derived patient sam-
ples was observed when compared with
matched normal colon-derived mucosa
in gene expression array analysis, as

PP2A/B regulatory subunits
GENE  PROTEIN
> PPP2R2A  B55a
PP2A/A scaffold subunits: [ | ’ PPP2R2B  BS5(
PPP2R2C  B55y
PPP2R1A
PPP2R1B PPP2R2D  B55d
PPP2R5A  B56a
PPP2R5B  B56f
PPP2R5C  B56y
PPP2R5D  BS56d
PPP2RSE  BS6¢
PPP2R3A  PR130/PR72
PPP2R3B  PR70 (PR48)
PPP2R3C  GSPR
PP2A/A catalytic subunits: STRN STRIATIN
Phize —> “ STRN3  SG2NA
PPP2CB

Figure 1. Heterotrimeric PP2A holoenzymes consist of a catalytic, a scaffold, and a regulatory
subunit. The B regulatory subunit is responsible for substrate specificity and/or subcellular
localization and can be any member from 4 unrelated families (B, B’, B, and B'"). Scaffold and
catalytic subunits are encoded each by 2 separate genes. Gene symbols and common protein
names are listed.

S
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Figure 2. The phosphorylation state of pocket proteins is regulated by an equilibrium
between inducible cyclin/CDK complexes and 2 major types of Ser/Thr phosphatases.
The active, hypophosphorylated form of pocket proteins is shown in green, and the inactive,
hyperphosphorylated pocket protein is shown in red. Although PP1 has been implicated in
dephosphorylation of pRB from late mitosis to G1, when CDK activity is low, PP2A appears to
restrict pocket protein phosphorylation throughout the cell cycle and in quiescent cells (not shown
in this figure). Two heterotrimeric complexes have been directly implicated in dephosphorylation
of pocket proteins, PP2A/B55a and PP2A/PR70. PP2A/B55a. was shown to preferentially target
p107 and p130, but our unpublished observations indicate that pRB is also a target. PP2A/PR70
has been implicated in pRB dephosphorylation upon oxidative stress. However, its contribution
to the phosphorylation state of pocket proteins in the absence of inducible signals has not been
investigated. The approximate portion of the cell cycle in which each participating CDK and Ser/
Thr phosphatase is active toward pocket proteins is indicated by dashed lines. Of note, the
expression of D-type cyclins during the cell cycle, which is stimulated by mitogens, varies in
different cell types. In some cell types, D-type cyclins are only expressed from mid-G1 through the
G1/S transition (this is denoted by dashes changing to dots).
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Figure 3. The pocket protein regulatory network is disrupted by multiple mechanisms in cancer.
Tumor suppressors in the network are inactivated via point mutations or deletions (X) or via
epigenetic silencing or increased proteolytic degradation (¥). Mutations and or deletions affecting
PRB, p130, and p16 have been described (reviewed in Malumbres & Barbacid®). Ampilification of
cyclins or defects in their degradation pathways is also common (1). The pathway can be disrupted
by a mutation on CDK4 that makes it resistant to CDK inhibitors (X). Deletions affecting expression
of B55a have been described in a variety of cancers (see text) and may affect this equilibrium.

was hypermethylation of the PPP2R2B
promoter. Reintroduction of BS55f3
reduced the ability of DLDI1 and
HCT116 cells to form anchorage-inde-
pendent colonies in soft agar, and the
ability of DLDI cells to form tumors in
nude mice was reduced when B55(3 was
expressed. In this study, it was shown
that B55B targets PDK1 to regulate
MYC signaling, and in CRC, loss of
B550 results in a PDK1-dependent, but
PI3K-independent induction of MYC
phosphorylation in response to rapamy-
cin, which is reversed upon readdition
of B55B.° Aberrant methylation of
PPP2R2B has also been detected in
ductal carcinoma in situ when compared
with normal breast tissue.®’

Taken together, the observation that
PP2A inactivation occurs by different
mechanisms affecting distinct trimeric
PP2A holoenzymes in different types of
cancer strongly suggests that the targets
of PP2A inactivation are likely to
be specific in subsets of tumors. In
other words, the tumor relevant path-
ways deregulated as result of loss of par-
ticular PP2A activities are likely tumor
specific.

Alterations on B550 May Be
Linked to Inactivation of the
Pocket Protein Pathway

The 3 members of the pocket protein
family—pRB, pl07, and pl30—are
inactivated by phosphorylation in a cell
cycle dependent manner.>**%° Pocket
proteins are hypophosphorylated in qui-
escent cells or in the G1 phase of the cell
cycle preceding the restriction point.
Mitogenic stimulation of D-type cyclins’
expression and downregulation and/or
sequestration of p27 result in the sequen-
tial activation of D-type cyclin/CDK4/6
and cyclin E/CDK2 complexes. These
G1/S cyclin/CDK complexes cooperate
to hyperphosphorylate and inactivate
pocket proteins in mid- to late GI,
resulting in disruption of E2F/pocket
protein transcriptional repressor com-
plexes and the initiation of a wave of
E2F dependent gene transcription
required for progression through S phase
and mitosis.”’® Pocket proteins remain
hyperphosphorylated through S, G2, and
most M phase, as other cyclin/
CDK complexes are active through
these phases. Coinciding with CDK

inactivation in mitosis, pocket proteins
are abruptly dephosphorylated and reset
to their active state, as cells exit mitosis
and enter the next G1 phase. The finding
that protein phosphatase 1 (PP1) associ-
ates with pRB in late mitosis and early
Gl and subsequent studies led to a
model in which pocket proteins were
switched off by inducible CDKs from
mid- to late G1 though the point in mito-
sis where CDKs were inactivated, which
in turn was associated with activation of
PP1 and the reactivation of pocket pro-
teins.”"”® However, our laboratory found
that treatment of exponentially growing
cells with small pharmacological com-
pounds that rapidly inhibit expression of
D-type cyclin or CDK activity resulted
in immediate dephosphorylation of
pocket proteins.” This dephosphoryla-
tion could be mediated by a phosphatase
that is constitutively active throughout
the cell cycle or, alternatively, the
recruitment of a phosphatase to pocket
proteins following CDK inhibition. This
dephosphorylation could be prevented
pharmacologically with concentrations
of OA that inhibit PP2A but not PP1 and
via expression of SV40 st, implicating
PP2A as the phosphatase responsible. In
agreement with these results, PP2A/C
was found to co-immunoprecipitate with
pl07 and p130 in both quiescent and
exponentially growing cells. Altogether
this suggested that a heterotrimeric
PP2A holoenzyme(s) acts in a dynamic
equilibrium with inducible CDKs to
maintain the phosphorylation state of
pocket proteins through the cell cycle
and in quiescent cells™ (Figure 2). The
data also showed that reduction of par-
ticular cyclin/CDK activities had an
intermediate effect, which could be
explained by a shift in the PP2A/CDK
equilibrium or by dephosphorylation of
sites specific to the cyclin/CDK com-
plexes being downregulated.” The
notion that the phosphorylation state of
pRB could be determined by the ratio of
pRB kinases and phosphatases has also
been proposed.”

More recently, it has been shown that
PP2A/PR70 holoenzymes target pRB for
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dephosphorylation ~ upon  oxidative
stress,’® and our laboratory identified
PP2A/B55a  holoenzymes as being
responsible for the dephosphorylation of
p107 and, likely, p130.* Of note, expres-
sion of SV40 st in cells dissociated the
PP2A/A-C core dimer from B55a, but
p107 remained bound to BS5a.. In agree-
ment with this result, we also found that a
B550 point mutant (D197K), which
lacks a residue in a surface predicted to
interact with substrates,”” was unable to
interact with pl07 yet retained, albeit
reduced, an interaction with the PP2A/
A-C core dimer.” Strikingly, both loss
and gain of function assays suggested
that the steady state phosphorylation of
pl107 is highly sensitive to variations in
B55a expression in a variety of cells
tested thus far, suggesting that regulation
of BS5a activity in cells is likely to have
an impact on the activation state of pocket
proteins. Obviously, this has implications
in cancer, as genetic/epigenetic alterations
leading to downregulation of pocket pro-
tein phosphatases could function as an
alternative mechanism to inactivate the
pRB pathway (Figure 3). One conceivable
example is downregulation of B55a as a
result of deletions on chromosome 8p21
that eliminated PPP2R2A in a variety of
cancers, but most prominently in PCa.”*®
More work is needed to test this idea.

Alterations on PPP2R2A May Be
Linked to Mitotic Defects

PP2A/B55 complexes play a critical role
in promoting mitotic exit in higher
eukaryotes by dephosphorylating many
substrates phosphorylated by CDK1 in
mitosis.”® Of note, as opposed to the uni-
versal involvement of CDK1 in trigger-
ing mitotic events in all eukaryotes,
dephosphorylation of CDK1 substrates
seems to be accomplished by different
phosphatases in yeast and animal cells.
An RNAi-based live-cell imaging screen
identified B550 and the nuclear trans-
port factor importin-3 as key regulators
in postmitotic spindle breakdown,
nuclear envelop reassembly, chromatin
decondensation, and Golgi assembly.”
In this study, mass spectrometry was

used to identify regulated phosphoryla-
tion sites of the subunits of the heterotri-
meric complex. Phosphorylation on Ser
167 of the B55a subunit was by far the
most abundant and was enriched more
than 5-fold in mitotic cells.” Consis-
tently, a B55a phosphorylation mimic
mutant bound the PP2AC A-C dimer
less efficiently than wild-type B55a in
in vitro pulldown assays. Although these
results suggested that the heterotrimeric
PP2A/B55a complex may be negatively
regulated via phosphorylation, further
work is needed to clarify the kinetics of
phosphorylation, its effects on the holo-
enzyme activity, and the upstream
regulators.

Previous studies showed that Dro-
sophila BS5 mutants with reduced activ-
ity exhibited mitotic defects and reduced
ability to dephosphorylate CDK1 sub-
strates in vitro.*® In Xenopus extracts,
PP2A/B556 holoenzymes also appear to
be responsible for dephosphorylation of
many CDK substrates in interphase, and
their activity is negatively regulated by
the Greatwall (GW) kinase in mitosis,
which is activated by CDKI. In the
absence of GW, Xenopus extracts cannot
enter M phase, but this is corrected by
depletion of B558,*" and GW depletion
promotes mitotic exit even with high
CDKI1 activity.”* Conversely, depletion
of B558 accelerates entry into mitosis.*
Two substrates of GW, ENSA and
ARPP19, have been identified as novel
inhibitors of PP2A during mitosis. In
one study, ENSA and ARPP19 were
both shown to bind PP2A; however,
only ARPP19 was required to promote
mitotic entry in Xenopus egg extracts.*
In another study, it was shown that phos-
phorylated ENSA specifically targets
and inhibits PP2A/B558 holoenzymes in
Xenopus, ultimately leading to CDKI1
activation.”> Moreover, in mammals
GW is designated MASTL (MASTL/
GW), and at least 2 B55 subunits, B55a
(mentioned above) and B559, appear to
work downstream. In MEFs, targeted
inactivation of CDC20, the activating
subunit of the anaphase promoting com-
plex (APC), results in metaphase arrest.
In these cells, mitotic exit can be induced

by pharmacological inhibition of both
CDKI1 (with Roscovitine) and MASTL/
GW (siRNA). Under these conditions,
depletion of B55a and/or B553 with
specific siRNAs blocks mitotic exit.®
Thus, the requirement of members of the
BS55 family of heterotrimeric complexes
for mitotic exit and their negative regu-
lation by MASTL/GW is conserved in
vertebrates. Of note, BS5P3 and B55y are
not expressed at high levels in MEFs, as
their expression is tissue specific, so it is
conceivable that they would play a simi-
lar role in those cell types were they are
expressed at significant levels.

In closing, the critical importance of
B55a in mitotic exit, so far analyzed in
HeLa cells and MEFs, also has implica-
tions in cancer given the high frequency
of deletions affecting PPP2R24, at least
in prostate, ovarian and breast cancer.
Hemizygous deletions on PPP2R2A4 may
result in limiting levels of B55a for
effective mitotic exit, which may facili-
tate mitotic defects and potentially
genetic instability. However, the role of
B55a in modulating the activation state
of p107/p130 and perhaps also pRB sug-
gests that elimination of PPP2R24 may
be pleiotropic, especially if one also con-
siders that BS5a has been implicated in
the negative regulation of mitogenic and
survival pathways. The consequences of
B55a deregulation will most likely vary
in a cell type specific manner, reflecting
the relative importance of this B regula-
tory subunit in each cell type.

In contrast, the high frequency of
hemizygous deletions affecting the
PPP2R2A locus, without alteration in
the other allele, provides a potential
strategy for therapeutics using small
pharmacologic molecules with the abil-
ity to boost the activity of the product of
the remaining intact allele. This idea has
been tested in preclinical studies in leu-
kemia where PP2A activity is reduced
by deregulated endogenous inhibitors of
PP2A (see sections above). FTY720 is a
pharmacological activator of PP2A,
which the FDA approved for use in the
treatment of multiple sclerosis in
humans, and is well tolerated.””**
FTY720 has been shown to have
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antitumoral activity in mouse xenografts
of human tumors with no toxicity to
mice. In addition to the established
effect of FTY720 on leukemias, it has
been shown that prostate cancer cell
lines are more sensitive to FTY720 than
prostate stromal cells.”” FTY720 also
induced cytoskeletal changes in murine
breast cancer cells and decreased
their ability to adhere and migrate to
extracellular matrix  components,’’
and it inhibited metastasis of hepatocel-
lular carcinoma cells in nude mice via
inhibition of Rac-mediated cell motility
and VEGF-mediated angiogenesis.”
Because FTY720 is known to activate
PP2A enzymatic activity independently
of trimeric holoenzyme composition,” it
is conceivable that it might also alleviate
the effects of reduction on B55a holoen-
zymes in mitosis and/or the activation of
pocket proteins. Future studies should
address these issues.
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