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The Ser/Thr-specific phosphatase PHLPP [pleckstrin
homology (PH) domain leucine-rich repeat protein phos-
phatase] provides ‘the brakes’ for Akt and protein kinase
C (PKC) signaling. The two isoforms of this recently
discovered family, PHLPP1 and PHLPP2, control the
amplitude and duration of signaling of Akt and PKC by
catalyzing the dephosphorylation of the hydrophobic
phosphorylation motif, a C-terminal phosphorylation
switch that controls these kinases. Aberrant regulation
of either kinase accompanies many diseases, notably
diabetes and cancer. By specifically dephosphorylating
the hydrophobic motif, PHLPP controls the degree of
agonist-evoked signaling by Akt and the cellular levels of
PKC. This review focuses on the function of PHLPP1 and
PHLPP2 in modulating signaling by Akt and PKC.

Introduction

Akt and protein kinase C (PKC) transduce the myriad of
cellular signals relayed by lipid second messengers [1-4].
Akt is activated by 3’-phosphoinositides generated after
mitogen-mediated activation of phosphatidylinositol 3-
kinase (PISK), and PKC is activated by the lipid second
messenger diacylglycerol (DAG) generated after agonist-
evoked activation of phospholipase C (see Boxes 1 and 2).
Both kinases require priming phosphorylation by the same
upstream kinase, phosphoinositide-dependent kinase-1
(PDK-1) [5]. In the case of Akt, this phosphorylation is
agonist evoked, and in the case of PKC, it is constitutive.
Phosphorylation by PDK-1 triggers a second phosphoryl-
ation on a conserved segment on the C-terminal tail of the
kinases, named the ‘hydrophobic motif’. Phosphorylation of
this site depends on mTORC2, a protein complex that
includes the kinase mTOR and rictor [6-8]. A third phos-
phorylation site, the ‘turn motif, is constitutively phos-
phorylated on both kinases. Thus, lipid second messengers
and phosphorylation play key roles in propagating signals
by Akt and PKC.

Signaling by Akt and PKC is terminated after removal
of the lipid second messengers and dephosphorylation of
the kinases. Akt signaling is acutely terminated by depho-
sphorylation (once phosphorylated, activity no longer
depends on lipid second messengers). In contrast, PKC
is active only when bound to DAG, thus, signaling of PKC is
acutely terminated by removal of this lipid second mes-
senger. For this kinase dephosphorylation serves as a
signal to promote the degradation of the kinase, ultimately
terminating the life cycle of PKC. Whereas the mechan-
isms of activation of both kinases are understood in
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considerable detail, the mechanisms of inactivation are
less clear. Identification of the phosphatases that directly
dephosphorylate Akt and PKC could serve as major thera-
peutic targets; inhibition of such phosphatases would
potentially promote Akt signaling and have ramifications
for heart disease and diabetes, whereas activation of such
phosphatases could prevent Akt activation and reduce
PKC levels, thereby having potential for cancer therapy.

Discovery of the PHLPP phosphatases

The discovery of the PHLPP [pleckstrin homology (PH)
domain leucine-rich repeat protein phosphatase] family of
phosphatases is an example of Pasteur’s aphorism that
‘chance favors the prepared mind’. Reasoning that the
phosphatase that terminates Akt signaling might have a
PH domain because many of the players in lipid second
messenger signaling have such a module (notably the
upstream kinase PDK-1 and Akt itself), a query of the
NCBI database for genes predicted to encode a PH domain
and a phosphatase domain revealed the existence of pre-
cisely one such gene family. [Ironically, the PH domain,
added late in evolution, is dispensible for Akt (but not PKC)
regulation]. The protein family was named after its domain
composition: PHLPP (see above; pronounced ‘flip’) [9]. A
differential display method had previously identified an
mRNA that oscillated in a circadian-rhythm-dependent
manner in the suprachiasmatic nucleus (SCN); the pre-
dicted protein was named SCOP (SCN circadian oscillatory
protein) and corresponds to one of the splice variants of
PHLPP1, PHLPP1p [10] (see below).

The PHLPP family of phosphatases comprises three
members: PHLPPla (1205 amino acids), PHLPP13
(1717 amino acids) and PHLPP2 (1323 amino acids)
[9,11] (Figure l1a). PHLPPla and PHLPPI1B are splice
variants from the same gene, located at chromosome
18q21.33 [11]. These two isoforms are generated from
two unique transcripts rather than from alternative
initiation of translation start sites on the same transcript.
PHLPP1B differs from PHLPPla by an approximately
56 kDa N-terminal extension (Figure 1a). The gene encod-
ing PHLPP2 resides at the chromosomal location 16q22.3
[11]. PHLPP1 and PHLPP2 possess an identical domain
structure with a PH domain followed by region of leucine-
rich repeats (LRR), a PP2C phosphatase domain and a C-
terminal PDZ ligand (Figure 1). In addition, PHLPP1B and
PHLPP2 contain a Ras-association domain (RA domain)
preceding the PH domain. PHLPP1 and PHLPP2 share
58% and 63% amino identity in the PP2C domain and PH
domain, respectively [9,11]. SCOP, cloned by Shimizu and
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Box 1. Akt activation and signaling
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Box 2. Mechanisms of PKC activation

Activation of Akt is dependent upon PI3K generating the lipid
second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3)
which provides a docking site for proteins that contain PH domains,
such as Akt [4]. Growth factor stimulation of tyrosine kinase
receptors results in activation of PI3K and production of the lipid
second messenger PIP3 [49]. PIP; binds to the PH domain of Akt
resulting in a ‘PH-out’ conformation so that constitutively bound
PDK-1 can phosphorylate Akt at the activation loop (Thr308 in Akt1)
[50]. This is accompanied by phosphorylation of Akt at the
hydrophobic motif (Ser473 in Akt1), an event that requires
functional mMTORC2, a complex composed of rictor, mLST8, mSin1
variants and the mTOR kinase [6-8,51].

Akt is a crucial orchestrator of proliferation, cell survival and cell
growth, and aberrant activation of Akt results in unregulated cell
growth, proliferation and inhibition of apoptosis, hallmarks of the
tumorigenic process (for a detailed review see Manning and Cantley
[3]). Akt phosphorylates the cell-cycle inhibitors p21 and p27 on a
Thr residue located in the nuclear localization signal to promote
cytosolic sequestration of these cell-cycle inhibitors and progres-
sion through the cell cycle [52-55]. Another Akt substrate involved in
cell-cycle regulation is the E3 ubiquitin ligase HDM2 [56]. Akt
phosphorylates HDM2 to promote its nuclear import and, once
present in the nucleus, HDM2 binds to p53 and inhibits p53-
mediated transcription. HDM2 bound to p53 also promotes the
nuclear export of p53 and promotes its proteasome-mediated
degradation, ultimately leading to progression through the cell
cycle and inhibition of apoptosis [56]. Akt regulates cell survival
through phosphorylation of members of the FoxO family of
transcription factors (including FoxO1, FoxO3A and FoxO4) [3,57].
Another mediator of cell survival regulated by Akt is glycogen
synthase kinase-3; phosphorylation of this substrate results in
inhibition of kinase activity, leading to inhibition of apoptosis. Akt
regulates cell growth through activation of the mTORC1 pathway
[58]. Specifically, Akt phosphorylates two proteins that suppress
mTORC1 kinase activity, thereby activating mTORC1: TSC2 and
proline-rich Akt substrate 40 kDa (PRAS40) [59,60].

colleagues from both the rat and human [10], corresponds
to PHLPP1.

The genes encoding PHLPP1 and PHLPP2 reside at
chromosomal locations frequently lost in various cancers.
The region that includes the gene encoding PHLPP1
undergoes loss of heterozygosity (LOH) in a high percen-
tage of colon cancers [12]. This region, 18q21.33, has
several candidate tumor suppressors such as Maspin
and BCL2 [13]. LOH also has been observed at the
PHLPP2 locus in breast and ovarian cancers, Wilms
tumors, prostate cancer and hepatocellular carcinomas
[14-18]; in addition to PHLPP2 the 16q22.3-16q23.1 region
harbors potential tumor suppressors such as BCAR1 [14].
Additionally, the gene encoding PHLPP2 spans a chromo-
somal region that includes a fragile site (FRA16B); such
sites are specific chromosomal regions that display breaks
or gaps. These observations suggest that both PHLPP1
(PHLPP1a and PHLPP1B) and PHLPP2 could be encoded
by candidate suppressor genes, as discussed below. Con-
sistent with this, Pardee and coworkers recently have
shown that metastatic breast cancer cells have decreased
levels of PHLPP1 and increased levels of Ser473 phos-
phorylation [19].

Cellular localization studies reveal that both PHLPP1
and PHLPP2 are present in the cytosolic, nuclear and
membrane fraction of cells [11]. Both isoforms are
expressed in numerous cell lines examined, including
brain, breast, lung, prostate and ovarian cancer cell lines
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PKC, like Akt, is a member of the AGC family of kinases. There are 10
PKC family members in mammals and they are grouped into three
distinct subfamilies based on their domain structure, which in turn
dictates their regulation by second messengers. Conventional PKC
isozymes (a, B1, Bll, y) are activated by DAG and Ca?* through their
C1 and C2 domains, respectively [1]; these two domains serve as
membrane-targeting modules. Specifically, binding of Ca?* to the C2
domain causes the domain to bind membranes, thus, pre-targeting
PKC to the membrane where it can bind its membrane-embedded
activating ligand DAG via the C1 domain. Novel PKC isoforms are
activated by DAG alone (their C1 domain binds this lipid second
messenger two orders of magnitude more tightly than that of the
conventional PKCs). Atypical PKCs do not have a DAG-sensitive C1
domain or C2 domain and are, thus, not activated by DAG or Ca®*.

All PKC family members are processed by a series of ordered
phosphorylations before they are catalytically competent [5]. This
processing has been best described for the conventional PKC, PKC
Bl where it is proposed that the first phosphorylation on this
isozyme is catalyzed by PDK-1 and occurs on the activation loop
(Thr500); this triggers two intramolecular autophosphorylations on
two conserved residues in the C-terminal tail: one in the turn motif
(Thr 450) and the other in the hydrophobic motif (Ser660). Note that
the atypical PKCs have a Glu at the phospho-acceptor position of the
hydrophobic motif and, thus, are processed by two, not three,
phosphorylations. This mature (i.e. phosphorylated at the activation
loop, turn motif and hydrophobic motif) species of PKC is
maintained in an inactive conformation by an autoinhibitory
pseudosubstrate sequence that blocks the active site. This auto-
inhibition is relieved when the membrane-binding modules are
engaged on the membrane. Thus, unlike Akt, PKC (under most
conditions) must be bound to its lipid second messenger to be
active in the cell. Thus, PKC activity is acutely terminated by
metabolism of DAG.

Phosphorylation does play a key role, however, in terminating the
life cycle of PKC. The active conformation of PKC is highly sensitive
to dephosphorylation. Once dephosphorylated, PKC is shunted to
degradation pathways. Thus, phosphorylation protects PKC from
degradation.

A key role played by members of the PKC family is regulation of
cell proliferation and cell survival. Isozymes such as PKCe are
prosurvival, whereas others, such as PKC3, are typically considered
proapoptotic (although PKC3 is antiapoptotic is some systems)
[61,62]. Thus, PKC is emerging as a major drug target for cancer
therapy [63,64]. It also is a major target in diabetes; for example,
atypical PKC isozymes play key roles in glucose homeostasis and
insulin signaling [65].

[9,11]. Consistent with this, both isoforms are expressed in
the majority of human tissues (NCBI Unigene and GNF
online tissue databases).

PHLPP: a novel PP2C-type phosphatase family

There are three main families of Ser/Thr phosphatases:
protein phosphatase Mg?*-activated (PPM), protein phos-
phatase P (PPP) and TFIF-associating component of CTD
phosphatase (FCP) [20]. PHLPP is a member of the PPM
subfamily of phosphatases: it requires Mg®* or Mn?* for its
catalytic activity and is not inhibited by traditional phos-
phatase inhibitors such as okadaic acid [9,11]; these
characteristics are hallmarks of PPM-type phosphatases
[20]. The PPM family of phosphatases includes the PP2C
phosphatases (e.g. PP2Ca and PP2CB) and pyruvate
dehydrogenase phosphatase [21]. Phylogenetic analysis
of the phosphatase domains of PPM family members
reveals that PHLPP isoforms constitute a discreet sub-
family within the PP2C phosphatase family (Figure 1b).
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Figure 1. Domain composition and phylogeny of PHLPP isoforms. (a) Domain composition of PHLPP family members showing the Ras association domain (RA; dark blue),
pleckstrin homology domain (PH; cyan), leucine rich repeat region (LRR; orange), PP2C domain (yellow) and PDZ binding motif (pink). Gray arrow head denotes the splice
site for PHLPP1. (b) Phylogenetic tree of PPM phosphatase domains (human) showing PHLPP as a discrete subfamily (highlighted in yellow) of the PP2C class. Sequences

were aligned using ClustalW (Gonnet matrix).

The catalytic activity of PPM-type phosphatases requires
binding of two Mg®* or Mn?* ions, which allows an associ-
ated water molecule to act as a nucleophile that can
hydrolyze the phosphomonoester bond of a substrate phos-
phorylated on Ser or Thr residues [20]. The PHLPP PP2C
domain contains two of the four invariant aspartic acid
residues required for binding to these divalent cations
(Table 1, invariant aspartic acid residues are boxed in
yellow) as well as an invariant basic residue that coordi-
nates the phosphate (Table 1, boxed in cyan) [21]. Cur-
iously, two of the metal-coordinating Asp appear to be
absent in the PHLPP family; indeed one is replaced by a
Lys. Perhaps the activity of this phosphatase has been
tuned to a lower level because it is scaffolded with its
substrates. Most PP2C family members comprise a phos-

phatase domain alone, although some do possess other
functional domains, notably PP2Cy, which has a col-
lagen-binding domain, and pyruvate dehydrogenase phos-
phatase, which contains a Ca?" binding domain [20].

Domain structure of the regulatory moieties

PHLPP is unique among PP2C family members in having
multiple domains (RA, PH, LRR and PDZ binding motif)
associated with signaling. The N-terminal RA domain in
PHLPP13 and PHLPP2 is conserved from yeast to
humans. It remains to be determined whether this domain
in PHLPP binds to Ras, but PHLPP1g (SCOP) was
reported to bind to Ras in lipid rafts via the LRR [22].
The LRR region is found between the PH domain and the
PP2C domain. The PH domain is present in all PHLPP

Table 1. Alignment of invariant metal-coordinating aspartic acid residues in motifs 1, 2, 8 and 11 of PP2C family members

PP2C Phosphatase 1 2 8 11

PP2Ca (PPM1A) R-VEMED FFAVYDGHAG DGIWD DNMSVILICF
PP2Cg (PPM1B) R-VEMED FFAVYDGHAG DGIWD DNMSVVLVCF
PP2Cy (FIN13, PPM1G) R-VSMED MFSVYDGHGG DGIWN DNMTCIIICF
PP2Cd (ILKAP) R-EEMQD YFAVFDGHGG DGLFK DNVTVMVVRI
PP2Ce (PPM1L) R-DHMED IFGIFDGHGG DGLWD DNITVMVVEF
PP2CZ (PPM1J) KSRHNED YWGLFDGHAG DGLWD DDISVFVIPL
WIP1 R-KYMED FFAVCDGHGG DGLWN DNTSAIVICI
CaMKP (PPM1H) R-RKMED YFAVFDGHGG DGFFD DNITVMVVFL
NERPP-2C (PPM1H) KSTHNED YWSLFDGHAG DGLWD DDISVYVIPL
POPX1 (PPM1E) R-RKMED YFAVFDGHGG DGFYD DNITVIVVFL
PHLPP1 PP2C {SCOP) K-NKLCV LYGVFDGDRN KGLWD DSISAVVVQL
PHLPP2 PP2C R-NKLCV VYGMFDGDRN KALWE DNVGAMVVYL

The highlighted Asp in motifs 1, 2, 8 and 11 correspond to amino acids 38, 60, 239 and 282, respectively, in PP2Cq; the highlighted Arg in motif 1 corresponds to amino acid 33.
Alignment of PP2C sequences of the indicated phosphatases was performed by using the PP2C model in Pfam 22.0 (http:/pfam.janelia.org).
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isoforms. It is dispensable for the cellular regulation of Akt
but required for the cellular regulation of PKC. A
PHLPP1a construct lacking the PH domain fails to depho-
sphorylate PKC at the hydrophobic motif [23] but does not
alter PHLPP1a’s ability to regulate Akt phosphorylation or
induce apoptosis [9]. The PH domain of both PHLPP1 and
PHLPP2 contains only the middle Arg in the Arg-Xaa-Arg-
Xaa-Phe motif required to bind phosphoinositides, and it
remains to be established whether the module binds phos-
phoinositides.

The PHLPP phosphatases contain type I PDZ-binding
motifs at their C-termini [24]. The motifs for PHLPP1 and
PHLPP2 are DTPL and DTAL, respectively. The PDZ-
binding motif in PHLPP1a is crucial to the regulation of
Akt hydrophobic motif dephosphorylation, regulation of
apoptosis and tumor suppressor function [9]. Expression
of a PHLPPla construct lacking the PDZ-binding motif
impairs its ability to dephosphorylate Akt but not PKC
[9,23]. The observation that deletion of the PDZ-binding
motif impairs PHLPP’s ability to regulate apoptosis and
suppress tumor growth suggests that Akt is a crucial
substrate for these functions [9]. The requirement for
the PDZ-binding motif suggests that scaffolding of PHLPP
to specific signaling complexes within the cell controls its
function. Indeed, this is the case for the lipid phosphatase
PTEN that terminates PI3-kinase signaling: the PDZ-
binding motif of PTEN is required to fully suppress the
activation of Akt [25].

Evolutionary conservation of PHLPP

PHLPP is an evolutionarily conserved phosphatase with a
homologue in yeast termed ‘CYR1’ (NCBI, homologene
database). The yeast homologue has a RA domain, leu-
cine-rich repeats and a PP2C phosphatase domain. Inter-
estingly, the C-terminus of CYR1 has a second signaling
enzyme: an adenylate cyclase domain that is present only
in the Ascomycota phylum (which includes Saccharomyces
cerevisiae, Schizosaccharomyces pombe and Neurospora
crassa). The link between PHLPP and cAMP (cyclic ade-
nosine monophosphate) in yeast provides a tantalizing
suggestion that PHLPP could control cAMP signaling in
mammals. The PH domain of PHLPP was an addition that
occurred later in evolution and is present in amniotes,
members of a class of tetrapod vertebrates that includes
mammals. The PDZ-binding motif is present in the Bila-
teria phylum (animals having a bilateral symmetry).
PHLPP1 and PHLPP2 branched off in the Euteleostomi
clade that includes 90% of living vertebrates.

Targets of PHLPP

Akt

PHLPP was discovered in a rational search for a phospha-
tase that dephosphorylates Akt and, thus, Akt holds the
honor of being the first identified substrate of PHLPP [9].
There are three isoforms of Akt in mammals: Aktl (PKB«),
Akt2 (PKBB) and Akt3 (PKBvy). All three isoforms require
phosphorylation at the activation loop (Thr308 in Aktl)
and hydrophobic motif (Ser473 in Aktl) to attain full
catalytic activity [4] (see Box 1). Akt phosphorylated at
Thr308 only regulates a subset of Akt substrates, and
additional phosphorylation at Ser473 fully activates Akt
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to regulate all characterized downstream substrates of Akt
[6,8]. In vitro studies have established that Akt phosphory-
lated only at Thr308 is 10% as catalytically active as Akt
phosphorylated at both Ser473 and Thr308 [8,26]. Thus,
phosphorylation of the hydrophobic motif controls both the
activity and substrate specificity of Akt.

PHLPP1 and PHLPP2 specifically dephosphorylate the
hydrophobic motif of Akt in cells, resulting in decreased
activity of Akt, increased apoptosis and inhibition of cell
proliferation. As stated above, the biological effects of
PHLPP on Akt require the PDZ-binding motif [9]. Most
strikingly, expression of wild-type PHLPP1 in glioblas-
toma cell lines was shown to dramatically reduce tumor
size in a nude mouse model, an effect that was lost upon
deletion of the PDZ-binding motif. These results under-
score the importance of localization modules (in this case
the PDZ motif) in cellular-signaling networks.

Knock-down studies in mammalian cells have revealed
that both PHLPP1 and PHLPP2 exert a dramatic suppres-
sion of the amplitude and duration of agonist-evoked acti-
vation of Akt [11]. Loss of either PHLPP1 or PHLPP2
results in a striking 30-fold increase in the amplitude of
Akt phosphorylation after agonist stimulation in a normal
breast cell line, Hs578 Bst. There also is a striking increase
in the duration of Akt phosphorylation after agonist-
induced activation of Akt [11], highlighting the importance
of both of these phosphatases in regulating this pivotal
kinase that controls both cellular survival and prolifer-
ation among other biological functions.

Depletion of endogenous Akt and PHLPP isoforms has
identified unique signaling axes, whereby specific PHLPP
isoforms regulate the phosphorylation state of specific
Akt isoforms; these Akt isoforms in turn regulate the
phosphorylation state of specific downstream substrates
[11]. Depletion of endogenous PHLPP2 results in an
increase in phosphorylation of the following Akt sub-
strates: glycogen synthase kinase-3 (GSK-38), tuberin
(TSC2), forkhead box O (FoxO) and p27 [11]. Depletion of
endogenous PHLPP1 not only results in an increase in
the phosphorylation state of many of the same Akt sub-
strates (e.g. GSK-33, TSC2 and FoxO) but also increases
the phosphorylation state of a unique set of Akt sub-
strates including the E3 ligase, HDM2 (human homol-
ogue to murine double minute 2) and GSK-3«a [11]. This
differential control of specific Akt substrates arises from
specificity in the regulation of the three Akt isoforms
by PHLPP1 and PHLPP2. Knock-down studies have
revealed that PHLPP1 influences the phosphorylation
state of Akt2 and Akt3, whereas PHLPP2 affects the
phosphorylation state of Aktl and Akt3. Coimmunopre-
cipitation studies support an interaction of PHLPP1 with
Akt2 and Akt3 (but not Aktl) and PHLPP2 with Akt1 and
Akt3 (but not Akt2). Thus, there is specific wiring within
the cell of PHLPP-Akt-substrate pathways. The most
specific ones are: PHLPP1-Akt2-HDM2 and PHLPP2-
Akt3-p27. Other substrates such as GSK-33 are con-
trolled by all PHLPP isoforms and all Akt isoforms.
Consistent with specific wiring of Akt pathways, a num-
ber of reports demonstrate that Akt isoforms can regulate
the phosphorylation of specific downstream substrates
of Akt. For example, Akt2 was reported to specifically
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Figure 2. Wiring of PHLPP/Akt pathways. PHLPP1 and PHLPP2 selectively control the phosphorylation state of specific Akt isozymes, which in turn control the
phosphorylation of specific substrates. After mitogen stimulation, Akt is phosphorylated on the activation loop (pink; Thr308 in Akt1) by PDK-1, an event that triggers
phosphorylation of the hydrophobic motif by a mechanism that depends on mTORC2 (green; Serd73 in Akt1). Akt1, Akt2 and Akt3 phosphorylate both isoform-specific
(HDM2, p27) and shared (GSK-3p) substrates. Specific interactions (light blue ovals) of PHLPP1 or PHLPP2 with Akt1, Akt2 or Akt3 allow PHLPP isoforms to differentially
control the amplitude of Akt signaling towards downstream substrates. Adapted from Ref. [11] with permission.

regulate the phosphorylation of GSK-3a [27]. Figure 2
summarizes the ‘wiring’ of PHLPP-Akt—substrates based
on SiRNA knock-down experiments in H157 (human non-
small-cell lung cancer cell line) and Hs578Bst (human
breast cell line) cells [11].

PKC

The hydrophobic motif is present on PKC isoforms;
indeed this phosphorylation motif was simultaneously
identified on PKCRII and p70S6kinase in 1995 [28,29].
Studies with conventional isozymes have revealed that
phosphorylation of this site does not significantly affect
PKC activity; rather, it controls the stability of the
kinase. Dephosphorylation at this position shunts PKC
to the detergent-insoluble fraction where it is degraded.
Thus, phosphorylation at the hydrophobic motif controls
the amplitude of PKC signaling by controlling the amount
of PKC in the cell.

Both PHLPP1 and PHLPP2 dephosphorylate the hydro-
phobic motif of conventional and novel PKC isoforms, but
not atypical PKC isoforms, because they have a Glu at this
position [23]. This dephosphorylation triggers the degra-
dation of PKC. Thus, depletion of PHLPP1 or PHLPP2
results in a robust increase in levels of PKC (the fully
phosphorylated mature species, Box 2) owing to increased
stability from phosphorylation on the hydrophobic motif
(Ser657 PKCa) [23].

Interestingly, cells deficient in the mTORC2 complex
have decreased PKC phosphorylation at the hydrophobic
motif, suggesting this complex contributes to phosphoryl-
ation of PKC at this site [8]. Although the mechanism has
not been elucidated, this poises PHLPP to oppose the
mTORC2 complex. Further studies should elaborate on
the interplay between these signaling molecules.

Other substrates of PHLPP

Rat PHLPP1B (SCOP) has been reported to negatively
regulate the Ras—Raf-MEK-ERK pathway by interacting
directly with Ras [22]. Whether PHLPP directly depho-
sphorylates components of this pathway remains to be
explored. Other potential substrates of PHLPP include
AGC kinase family members such as p70S6K, SGK or
p90RSK, all of which also have hydrophobic phosphoryl-
ation motifs. Overexpression studies suggest that PHLPP2
does not regulate either p70S6K or p90RSK [11]; however,
under these conditions the phosphatase might be misloca-
lized and unable to regulate potential downstream sub-
strates. Depletion of either PHLPP1 or PHLPP2 results in
an increase in p70S6K phosphorylation at the hydrophobic
motif Thr389 [11], an event that activates a feedback
pathway to inhibit Akt phosphorylation [11].

Potential role of PHLPP in disease

Cancer

The PISK-Akt pathway is a central node in determining
cellular fate. Hyperactivation of this pathway tips the
balance towards cell survival, growth and proliferation,
hallmarks of the tumorigenic process [30]. Somatic
mutations resulting in constitutive activation of this path-
way are well documented and defined as a causal mech-
anism driving tumorigenesis. This pathway is activated in
cancer by a number of mechanisms, including amplifica-
tion or gain-of-function mutations in upstream receptor
protein tyrosine kinases (RPTKs) [31-33], activating
mutations in PISK and Akt [34,35] and loss-of-function
mutations in the regulatory phosphatase PTEN [36]. Given
the importance of this pathway in tumorigenesis, the
PHLPP phosphatases are poised to play key roles in this
process.
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In addition PKC is the receptor for tumor-promoting
phorbol esters, strongly implicating this kinase in tumor-
igenesis [1]. PKC is also somatically mutated in many
cancers; however, the functional consequences of these
mutations have not been determined [37]. Furthermore,
PKC levels are grossly altered in many cancers. Providing
further rationale that PHLPP phosphatases could be
involved in tumorigenesis, both genes encoding these phos-
phatases are located at chromosomal loci frequently lost in
cancer, as highlighted earlier.

Given the specific regulation of Akt isoforms by PHLPP
isoforms, it will be important to determine if there is a
unique contribution of each PHLPP isoform to the process
of tumorigenesis. The role of each Akt isoform in cancer
initiation and progression is complex and somewhat con-
tradictory. For example, Aktl inhibits both invasion and
cellular migration in breast cancer cell lines and immor-
talized MCF-10A cells [38,39], but Aktl also has been
reported to promote tumorigenesis and metastasis in mice
expressing the tyrosine kinase receptor ErbB2 as well as
promoting migration in mouse endothelial tumor cells [40].
Consistent with the latter result, Ak¢1 knockout mice have
delayed tumor onset when crossed with mice expressing
the oncogenes ErbB2 or polyoma middle T antigen [41].
These studies highlight the complexity of Aktl’s role in
cancer and provide evidence that Akt1 can be both a tumor
suppressor and an oncogene. Similarly, Akt2 has a complex
role in tumorigenesis. Activation of Akt2 leads to increased
migration, invasion and metastasis in cell-culture systems
[39]. Surprisingly Akt2 knockout mice crossed with mice
expressing ErbB2 or polyoma middle T antigen have an
increased rate of tumor development, suggesting Akt2
could inhibit tumor progression [41]. Given the specific
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regulation of Akt isoforms by PHLPP1 and PHLPP2, these
phosphatases may act as both tumor suppressors and
oncogenes.

Unlike PTEN, which is somatically mutated in many
cancers, the PHLPP phosphatases are functional in the
majority of cancer cell lines examined thus far. This pre-
sents a unique opportunity where the PHLPP phospha-
tases could serve as universal targets for the treatment of
cancer. The discovery of small molecule compounds that
stabilize these phosphatases would allow inhibition of both
PKC and Akt, which ultimately could lead to tumor
regression. To this end it recently has been reported that
PHLPP2 levels increase 23-fold in rats treated with
lanthanum nitrate [42]. Lanthanum-based compounds
are known to cause apoptosis and inhibit proliferation in
cancer cells [43,44]; whether these effects are mediated in
part by increases in PHLPP2 expression remain to be
determined. Given the paradigm shift in drug discovery
from specific inhibitors to pan inhibitors that shut down
multiple signaling pathways implicated in cancer [45],
discovery of a small molecule that activates or increases
expression of PHLPP should result in the inactivation of
multiple cancer-related signaling pathways.

Metabolic disorders

One of the primary functions of Akt signaling is to stimu-
late glucose uptake in response to insulin [3]. Akt2 is the
main isoform responsible for glucose uptake, evidenced by
the Akt2 knockout mouse that displays a type II diabetic
phenotype. Additionally, Akt2 is the main Akt isoform
detected in insulin-responsive tissues [46]. Loss of Akt2
results in insulin resistance and hyperglycemia owing to
loss of glucose uptake [46]. Consistent with these results,
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Figure 3. Activation of PKC and Akt pathways by lipid second messengers. Model showing activation of PKC and Akt signaling pathways by lipid second messengers (DAG
for PKC and PIP; for Akt) and phosphorylation catalyzed by PDK-1. Phosphorylation by PDK-1 on the activation loop (pink phosphate) triggers phosphorylation on the
hydrophobic motif (green phosphate), an event that depends on functional mTORC2 in the cell. Once phosphorylated, Akt moves throughout the cell phosphorylating
substrates. PKC, in contrast, must be bound to DAG to signal. Signaling is terminated by removal of the second messengers (catalyzed by PTEN and DAG kinase) and
removal of the activating phosphates. PHLPP catalyzes the dephosphorylation of the hydrophobic motif, suppressing the amplitude and duration of signaling by Akt and
PKC. For Akt, dephosphorylation of the hydrophobic motif acutely inactivates the kinase. For PKC, this chronically controls the levels of the kinase because the
dephosphorylated form is rapidly degraded.
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overexpression of an inhibitor of Akt, tribbles, promotes
hyperglycemia in mice [47]. Akt stimulates glucose uptake
by promoting translocation of the glucose transporter
Glut4 to the plasma membrane. Direct inhibtion of
PHLPP1 might stimulate Akt2 activity and could be a
potential therapeutic target for the treatment of type II
diabetes. In this regard, elevated levels of PHLPP1 have
been found in the skeletal muscle of Type 2 diabetic
patients compared with control patients, corresponding
specifically to decreased levels of Akt2 phosphorylation
[48].

Conclusion

The dephosphorylation catalyzed by the PHLPP isozymes
opposes the phosphorylation cascade of PKC and Akt that
is triggered by PDK-1 (Figure 3). These isozymes, thus,
serve as ‘the brakes’ for signaling by these two AGC family
members. But PHLPP is likely to have many more targets.
Given that there are more than 400 Ser/Thr kinases but
fewer than 40 Ser/Thr phosphatases, it is likely that an
abundance of additional substrates will be unmasked in
the coming years [20]. Exciting challenges lie ahead in
deciphering the full spectrum of signaling pathways
regulated by PHLPP and its role in disease.
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