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Abstract

Precise control of the balance between protein phosphorylation, catalyzed by protein kinases, and

protein dephosphorylation, catalyzed by protein phosphatases, is essential for cellular homeostasis.

Deregulation of this balance leads to pathophysiological states, driving diseases such as cancer,

heart disease, and diabetes, among many others. Aberrant phosphorylation of components of the

pathways that control cell growth cell survival are particularly prevalent in cancer. One of the

most studied tumor suppressors in these pathways is the lipid phosphatase, PTEN, which

dephosphorylates the lipid second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3), thus

preventing activation of the oncogenic kinase AKT. In 2005, the discovery of a family of protein

phosphatases whose members directly dephosphorylate and inactivate AKT introduced a new

negative regulator of the phosphatidylinositol-3-kinase (PI3K) oncogenic pathway. PH domain

Leucine-rich repeat Protein Phosphatase (PHLPP) isozymes comprise a novel tumor suppressor

family whose two members, PHLPP1 and PHLPP2, are deleted as frequently as PTEN in cancers

such as those of the prostate. PHLPP is thus a novel therapeutic target to suppress oncogenic

pathways and is a potential candidate biomarker to stratify patients for the appropriate targeted

therapeutics. This review discusses the role of PHLPP in terminating AKT signaling and how

pharmacological intervention would impact this pathway.
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1. INTRODUCTION

Poised as a central transducer of growth and proliferative signaling, the

phosphatidylinositol-3 kinase (PI3K) signaling pathway plays an essential role in

maintaining cellular homeostasis. Binding of growth factors to cell surface receptors triggers

the activation of this lipid kinase, a requisite event in turning on the protein kinase AKT;

activated AKT initiates a cascade of phosphorylation events that ultimately control survival

and proliferation. This pathway is opposed by both lipid and protein phosphatases and

dysregulation of the precise balance between phosphorylation, and dephosphorylation

results in pathogenic states. Thus, it is not surprising that this pathway is one of the most

commonly mutated pathways in human cancer. In prostate cancer, the PI3 kinase pathway
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has been reported to be aberrantly regulated in 42% of primary tumors and a staggering

100% of metastatic tumors (1). This high rate of dysregulation is a consistent theme in many

cancers, including uterine, brain, breast, colon and lung (2). Thus, targeting players in the

pathway that either propagate signaling (oncogenes) or terminate signaling (tumor

suppressors) constitutes a major therapeutic effort.

A. Propagating growth factor signaling

Binding of growth factors to receptor tyrosine kinases (RTKs) results in recruitment of the

lipid kinase PI3 kinase to the plasma membrane, where it phosphorylates

phosphatidylinositol-4,5-trisphosphate (PIP2) to generate the rare lipid second messenger

phosphatidylinositol-3,4,5-trisphosphate (PIP3) (3) (Figure 1). This recruitment can be

through direct interaction of the class I type PI3K with the RTK or via scaffold proteins such

as IRS-1. Generation of PIP3 recruits the Ser/Thr protein kinase AKT by engaging its

amino-terminal PH domain, a membrane-targeting module that, in the case of AKT,

specifically binds 3’-phosphorylated inositol lipids such as PIP3 (4; 5). Membrane binding

exposes the carboxy-terminal kinase domain of AKT for phosphorylation by the upstream

kinase, phosphoionsitol dependent kinase 1 (PDK-1), an event that triggers a second

phosphorylation at the C-terminus (see Side Bar for discussion of mechanisms of

phosphorylation of AKT). Once fully phosphorylated, AKT is locked in an active

conformation and diffuses through the cytosol to distinct subcellular compartments,

including the nucleus (6). The advent of genetically-encoded reporters to visualize the

spatio-temporal dynamics of AKT activation reveal that the kinase is activated rapidly at the

plasma membrane, with kinetics mirroring the rate of formation of PIP3, that the activity

then propagates through the cytosol with slightly slower kinetics, and is eventually detected

in the nucleus (7).

Many of AKT’s substrates promote cell growth, proliferation, and cell survival (8; 9). Cell

growth effects are mediated in part by phosphorylation of the tumor suppressor TSC2, a

GTPase-activating protein (GAP) that, upon phosphorylation by AKT, relieves its

suppression of the GTPase Rheb, in turn activating the Ser/Thr kinase mTOR in the

rapamycin-sensitive mTORC1 complex (10). mTORC1, in turn, phosphorylates a number of

proteins, including S6 kinase and 4EBP1 to promote protein translation and lipid biogenesis

(11). Cell proliferation is promoted by phosphorylation of cell cycle regulators such as p27

and the E3 ubiquitin ligase HDM2 (human homolog to murine double minute 2), and pro-

survival responses are regulated by phosphorylation of substrates such as GSK3β and

members of Forkhead Box O (FoxO) family of transcription factors (see (12)).

B. Terminating growth factor signaling

Whereas lipid and protein kinases promote PI3K signaling, lipid and protein phosphatases

suppress PI3K signaling. First, the lipid phosphatase PTEN dephosphorylates PIP3 to

remove the activating lipid second messenger (13–15). However, AKT continues to signal,

even in the absence of PIP3, until it itself becomes dephosphorylated by protein

phosphatases (Figure 1). Dephosphorylation at the activation loop (Thr308 in AKT1) is

sensitive to okadaic acid and is likely catalyzed by PP2A-type phosphatases (16). In

contrast, dephosphorylation of the hydrophobic motif (Ser473) is catalyzed by the okadaic
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acid-insensitive PP2C-type family of phosphatases, the recently discovered PH domain

Leucine-rich repeat Protein Phosphatases (16). Loss of both phosphates inactivates AKT. It

is noteworthy that loss of phosphate at only the hydrophobic motif impairs the intrinsic

catalytic activity of AKT by 90% based on biochemical studies (17). However, a subset of

AKT substrates (namely TSC2 and GSK3β, but not FOXO3) continues to be phosphorylated

in cells in which AKT is only phosphorylated on the activation loop in cells (18; 19). One

possibility is that localized AKT signaling on protein scaffolds increases the local

concentration of tethered substrates such as TSC2 sufficiently to allow effective

phosphorylation despite the 10-fold reduction in catalytic activity compared to fully-

phosphorylated AKT. It is also possible that AKT phosphorylated at Thr308 vs both Thr308

and Ser473 has altered substrate specificity. Alternatively, other kinases may compensate for

AKT in situations where hydrophobic motif phosphorylation is prevented (18).

The AKT pathway is exquisitely sensitive to feedback regulation: the signaling output is

under strong control by a negative feedback loop wherein activated S6K phosphorylates

IRS-1, an event that leads to the degradation of IRS-1, thus reducing PI3K activation and

consequently AKT activation (20; 21). This loop is effectively suppressed by inhibition of

mTORC1 with rapamycin or by deletion of S6K (22). This feedback loop dampens AKT

signaling in the face of high agonist input. Targeting signaling molecules within this

feedback loop is particularly challenging, as discussed below (Section 4C).

2. PHLPP primer

The PHLPP family of Ser/Thr phosphatases is encoded by two genes: PHLPP1, which has

two predominant splice variants, PHLPP1α (1205 amino acids), and PHLPP1β (1717 amino

acids; also known as suprachiasmatic nucleus oscillatory protein, SCOP (23)), and PHLPP2

(1323 amino acids) (16; 24). The discovery of this family of phosphatases exemplifies

Pasteur’s aphorism that ‘chance favours the prepared mind’: reasoning that a phosphatase

involved in terminating AKT signalling may have a membrane-targeting module like many

of the players involved in lipid second messenger signalling (notably a PH domain such as

that of AKT and its upstream kinase PDK-1), a query of the NCBI database for genes

predicted to encode a PH domain and a phosphatase domain revealed the existence of

precisely one such gene family. The protein family was named after its domain composition:

PHLPP (pronounced ‘flip’) for PH domain Leucine-rich repeat Protein Phosphatase (Figure

2, inset) (16). A previous study had identified an mRNA that oscillated in a circadian

rhythm-dependent manner in the suprachiasmatic nucleus (SCN); the predicted protein was

named SCOP for SCN circadian oscillatory protein and corresponds to one of the splice

variants of PHLPP1, PHLPP1β (23) (see below).

Both PHLPP genes reside on chromosomal regions that are commonly lost in diverse

cancers, consistent with their tumor suppressive function. PHLPP1 is on chromosome

18q21.33, a region that undergoes loss of heterozygosity (LOH) in a high percentage of

colon cancers (25; 26). Similarly, LOH is common at the PHLPP2 locus, on chromosome

16q22.3, in breast and ovarian cancers, prostate cancer, and hepatocellular carcinomas (27–

31); in addition to PHLPP2, the 16q22.3-16q23.1 region also harbors potential tumor

suppressors such as Breast cancer anti-estrogen resistance 1 (BCAR1) (27).
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A. Domain Structure of PHLPP

The PHLPP family is conserved all the way to yeast; interestingly, the yeast homologue,

CYR1 (NCBI, HomoloGene database), is fused at the C-terminus to an additional enzyme,

adenylate cyclase (32) and contains a putative Ras Association (RA) domain, Leu Rich

Repeat (LRR) segment, and PP2C domain, but lacks the PH domain and PDZ ligand found

in human PHLPP. The C-terminal PDZ ligand first appeared in the Bilateria phylum

(animals having bilateral symmetry). Drosophila have a single PHLPP isozyme that contains

all domains except the PH domain. The PH domain was acquired late in evolution and is

present in all mammalian PHLPP isozymes. PHLPP1 and PHLPP2 diverged in the

Euteleostomi clade (which includes 90% of living vertebrates); human PHLPP1 and

PHLPP2 share 58% and 63% amino identity in the PP2C domain and PH domain,

respectively (16; 24).

The integration of regulatory/scaffolding modules in the same polypeptide as the

phosphatase domain set PHLPP aside from most Ser/Thr phosphatases, which typically

consist of a separate phosphatase domain and separate regulatory proteins that drive

localization and specificity (33). In this regard, PHLPP is more like the protein tyrosine

phosphatases, which usually have targeting domains (e.g. PDZ or SH2 domains) present in

the same polypeptide as the catalytic domain (34; 35). This built-in targeting likely plays a

determining role in restricting the substrate specificity of PHLPP in cells.

Amino Terminus—The amino terminus of PHLPP1β and PHLPP2 contain a predicted

Ras Association (RA) domain, an approximately 90 kDa globular domain that binds Ras

(36). It remains to be determined whether this region in PHLPP binds to Ras, but PHLPP1β

(SCOP) was reported to bind to Ras in lipid rafts via the LRR domain (37). Additionally, the

amino terminus of these isozymes contains a poly-Thr and poly-Ser low complexity region.

The function of these determinants remains to be examined.

PH domain—PH domains are β-strand rich globular structures of approximately 120

amino acids of which a small subset serve as membrane-targeting modules that specifically

recognize phosphoinositides with varying affinity (38–40). The PH domain of PHLPP has

been classified as a ‘weak’ binder of phosphoinositides based on an algorithm developed by

Teruel and coworkers for predicting phosphoinositide binding of these domains (41).

Consistent with this, only the middle Arg of an R-x-R-x-F consensus sequence for

phosphoinositide binding is present in the PH domains of PHLPP1 and PHLPP2 (42).

Although the isolated domain localizes to plasma membrane under some conditions (41), its

role in regulating the membrane localization of PHLPP remains to be determined.

LRR—PHLPP1 and PHLPP2 contain approximately 20 LRR segments, a structural motif

consisting of 20 – 30 residues enriched in Leu and other hydrophobic residues (43). These

repeating segments typically fold into a horseshoe structure, with a curved parallel β sheet

on the inner surface of the shoe and α helices splayed on the outer surface. These segments

play key roles in protein;protein interactions and are likely to be key regulators of PHLPP.
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Phosphatase domain—The phosphatase domain of PHLPP belongs to the PP2C

subclass of the PPM (Protein Phosphatase Mg2+-activated) family of Ser/Thr phosphatases.

This subclass contains 11 other known PP2C members: PP2C α, β, γ, δ, ε, ζ, and η, Wip1,

CaMKP (also referred to as hFEM2 or POPX2), CaMKP-N (POPX1), and NERPP-2C (33;

44; 45). The PP2C domain of PHLPP1 and 2 form a distinct subclass within the PP2C

family (46). PP2C members, including PHLPP, are notorious for their resistance to

phosphatase inhibitors such as okadaic acid and calyculin A.

The crystal structure of PP2Cα with bound phosphate identified a group of invariant

carboxylate-containing residues that coordinate two metal ions (47): these residues are

conserved in the PHLPP phosphatase domain, with Asp698, Gly699, Lys872, and Aps901 in

PHLPP1α corresponding to Asp60, Gly61, Asp239, and Asp282 in PP2Cα. Similarly, an

invariant basic residue that anchors the phosphate in the active site of PP2Cα (Arg33) is

present in both PHLPP isoforms (Lys673 in PHLPP1 and Arg795 in PHLPP2).

The PP2C domain of PHLPP has intrinsic catalytic activity towards protein substrates and

synthetic substrates such as p-nitrophenylphosphate (16; 24). This activity depends on

Mn2+. Recently, coupling of biochemical and virtual screens identified a number of first-

generation PHLPP inhibitors, which, if optimized for higher affinity binding, may hold

promise as pharmacological tools to assess PHLPP function in cells (48).

PDZ Ligand—The last 3 residues of both PHLPP1 and PHLPP2 conform to the consensus

sequence for a PDZ (post synaptic density protein (PSD95), Drosophila disc large tumor

suppressor (Dlg1), and zonula occludens-1 protein (zo-1)) ligand. Specifically, they encode

a Type 1 PDZ ligand, TPL for PHLPP1 and TAL for PHLPP2 (24). PDZ ligands tether their

parent protein to scaffolds that serve as platforms to coordinate signalling (49). As discussed

below, a number of scaffolds for the PDZ ligand of PHLPP have been identified.

Additionally, the integrity of the PDZ ligand is required for PHLPP1 to recognize AKT in

cells (16).

B. Substrates of PHLPP

PHLPP was originally discovered in a rational search for the phosphatase that

dephosphorylates the hydrophobic motif of AKT and PKC; it was subsequently also shown

to dephosphorylate the hydrophobic motif of S6K (Figure 2). This function, as the

hydrophobic motif phosphatase, remains the best characterized function of PHLPP to date.

However, given that there are over 100,000 phospho-Ser/Thr sequences in cells (50), and

fewer than 40 Ser/Thr phosphatases, it is likely that PHLPP has an abundance of other

substrates.

Hydrophobic motif phosphatase—PHLPP selectively dephosphorylates the

hydrophobic motif of AKT, PKC, and S6 kinase (16; 24; 51; 52). In the case of AKT,

dephosphorylation of this site (Ser473 of AKT1) reduces its intrinsic catalytic activity,

leading to increased apoptosis and decreased proliferation (16; 53). In the case of PKC,

dephosphorylation at this site (Ser660 of PKCβII) destabilizes PKC and shunts it to

degradation pathways. In the case of S6 kinase, dephosphorylation of the hydrophobic motif

(Thr389) reduces its activity, with the functional consequence of reducing overall protein
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translation (54). This selectivity for the hydrophobic motif may reflect unique interactions of

the motif with the substrate binding cavity of the phosphatase domain; molecular docking

reveals that the signature Phe at the P-1 position of the motif is accommodated in a

hydrophobic pocket (Figure 3B) (48). Thus, PHLPP terminates signaling of three AGC

kinases by selective dephosphorylation of their hydrophobic motif.

Mst1—Mst-1 (the human homologue of Hippo) is a pro-apoptotic kinase that is regulated

by an inhibitory phosphorylation on Thr387 catalyzed by AKT. Upon dephosphorylation of

this site, Mst1 becomes activated. Pardee and co-workers recently identified PHLPP as the

phosphatase of this inhibitory site (55). Specifically, they showed that PHLPP binds Mst1

and catalyzes the direct dephosphorylation of Thr387, activating the enzyme to

phosphorylate its downstream targets p38 and JNK to induce apoptosis and growth arrest.

This activation of Mst1 by PHLPP is further enhanced because PHLPP inactivates AKT,

thus impairing the phosphorylation of Thr387. Thus, this double regulation of Mst1 at its

inhibitory site by direct dephosphorylation of PHLPP and, indirectly, by inactivation of

AKT provides a highly-sensitive mechanism by which PHLPP promotes apoptosis,

consistent with its major role as a tumor suppressor (55).

C. Localization

Protein scaffolds play key roles in directing downstream signaling by poising kinases and

phosphatases near relevant substrates, thus coordinating efficient signal propagation and

signal termination (56). Nowhere is this better understood than in the signaling mediated by

the archetypal kinase, PKA; here, scaffolds known as A Kinase Anchoring Proteins

(AKAPs) position PKA, phosphatases, and substrates on signaling platforms to ensure high

specificity and fidelity in downstream signaling (57). Although much less is known about

the role of scaffolds in AKT signaling, compartmentalization is likely to be as critical for

specificity and fidelity in AKT signaling as it is for PKA signaling. Certainly examples of

compartmentalization exist, but they are few. Notably, β-arrestin has been shown to

coordinate AKT and PP2A on the same signaling platform (58). The scaffold CNK1, which

contains multiple protein interaction domains, including a PDZ domain, scaffolds AKT to

enhance FOXO phosphorylation (59). Interestingly, this scaffold also coordinates Mst-1,

another PHLPP substrate. No partner for the PDZ domain of CNK1 has been identified (60),

and it will be particularly interesting to determine whether PHLPP is scaffolded next to

these two substrates. Additionally, lipid rafts have been shown to concentrate AKT signaling

(61). Scaffold interactions likely play an essential role in driving spatial and temporal

specificity in the ability of PHLPP to suppress AKT signaling. As noted above, loss of the

PDZ ligand of PHLPP1 removes its ability to recognize AKT in cells.

Compartmentalization in PHLPP signaling is supported by studies showing specificity in the

regulation of AKT isoforms by PHLPP isoforms (24; 62). Specifically, knockdown and co-

immunoprecipitation studies have revealed that PHLPP1 binds and dephosphorylates AKT2

and AKT3, but not AKT1 in cells, whereas PHLPP2 binds and dephosphorylates AKT1 and

AKT3, but not AKT2, in cells (24). Furthermore, knockdown of specific PHLPP isoforms

differentially regulates AKT substrates, suggesting that a scaffold may coordinate signaling

between specific PHLPP isoforms, AKT isoforms, and a select set of AKT substrates. Thus,
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knockdown in H157 cells of PHLPP1 or AKT2 affects the phosphorylation of HDM2 and

GSK3α, but not substrates such as p27, whose phosphorylation is affected upon knockdown

of either PHLPP2 or AKT3. This wiring in signaling has also been demonstrated in

pancreatic cells, where PHLPP1 regulates AKT2 and PHLPP2 regulates AKT1 (63). AKT2,

but not AKT1, is up regulated in human pancreatic ductal adenocarcinomas. Importantly,

high levels of PHLPP1 (but not PHLPP2) have been reported to correlate with longer

survival times of patients with human pancreatic ductal adenocarcinomas, presumably by

suppressing AKT2 activity (63). These data strongly support specific wiring in signaling to

and from AKT. Given that deletion of the last 3 amino acids of PHLPP1 no longer allows

PHLPP1 to recognize AKT in cells, PDZ scaffolds likely are critical determinants in this

wiring.

PDZ Domain Scaffolds—A number of PDZ domains have been identified as binding

partners for PHLPP. The PDZ domain protein NHERF1, previously shown to bind PTEN

via its PDZ ligand (64), has been recently shown to also bind PHLPP1 and PHLPP2 via their

PDZ ligands (65; 66). NHERF is a signaling platform for a variety of signaling molecules

(67). Relevant to AKT signaling, it binds the EGF and PDGF receptors through its PDZ

ligand (68; 69). PHLPP1 also binds the scaffold Scribble via a PDZ domain interaction (70).

Other scaffolds—Levels of the tumor suppressor scaffold FKBP5 (FK506 binding protein

5) have been shown to be a predictor of the response to chemotherapeutics, with higher

levels promoting greater sensitivity to chemotherapeutics (71). This scaffold was recently

shown to coordinate PHLPP and AKT in pancreatic cancer cells, thus facilitating the

PHLPP-mediated dephosphorylation of AKT (62). This led to the proposal that the scaffold

facilitates termination of AKT signaling by PHLPP, allowing greater sensitivity to

chemotherapeutics (62; 72). This hypothesis is strongly supported by studies using a

pancreatic mouse xenograft model that show that down-regulation of FKBP5 promotes

tumor growth and resistance to the chemotherapeutic gemcitabine (73). Thus, levels of

FKBP5 serve as a biomarker for the chemotherapeutic responsiveness in pancreatic cancer.

3. PHLPP regulation and how this is disrupted in disease

Protein:protein interactions critically regulate the access of PHLPP to its substrates. Whether

post-translational modifications alter these interactions, or whether these binding partners

alter the intrinsic catalytic activity of PHLPP, remains to be determined. An abundance of

putative phosphorylation, acetylation, and ubiquitination sites are predicted for PHLPP (74).

Additionally, several phosphorylated sequences have been reported, including Y1712

directly preceding the PDZ ligand in PHLPP1 (75). PHLPP activity and expression levels

are likely to be under exquisite control by multiple inputs. To date, two feedback pathways

have been identified that control the steady state levels of PHLPP: one that controls the rate

of degradation of PHLPP and one that controls the rate of biosynthesis.

A. Feedback loop from AKT controls PHLPP degradation

Curiously, high levels of AKT activity correlate with high levels of both PHLPP1 and

PHLPP2 in a variety of cancer cell lines (76; 77). One mechanism that accounts for this is a

feedback loop in which high AKT activity increases the activity of its negative regulator,
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PHLPP, by promoting the stability of the phosphatase (Figure 2). Specifically, Gao and

coworkers showed that GSK3β, which is inhibited upon phosphorylation by AKT,

phosphorylates a site on PHLPP1 to create a phosphodegron (76). This phosphodegron is

recognized by β-TrCP (β-transducin repeats-containing protein), an E3 ligase that serves as

the substrate recognition subunit in the SCF (Skp1-Cullin 1-F-box protein) protein complex,

causing the ubiquitination and subsequent degradation of PHLPP. Levels of PHLPP1 and β-

TrCP are inversely correlated in a number of colon cancer cell lines, suggesting that high

levels of this E3-ligase may be responsible, in part, for the low level of PHLPP1 often

associated with tumors.

A screen of the NCI60 panel of tumor cell lines identified a subset of tumors in which the

negative feedback loop between AKT and PHLPP1 is lost (77). Specifically, the cellular

levels of PHLPP1 were found to be insensitive to manipulation of AKT activity in high-

grade glioblastoma (GBM) cell lines. Cellular fractionation revealed that, in astrocytoma

cell lines and normal brain tissue, β-TrCP1 is predominantly cytoplasmic, whereas in GBM

cell lines and patient-derived tumor neurospheres, β-TrCP1 is confined to the nucleus and

thus spatially separated from PHLPP1, which is predominantly cytoplasmic. As a result, in

GBM, although PHLPP1 is properly phosphorylated by GSK3β, it can no longer interact

with β-TrCP1, and PHLPP1 levels are no longer sensitive to AKT activity. Consistent with

this, reintroduction of β-TrCP1 to the cytosol of GBM cells was sufficient to restore the

ability of AKT to control PHLPP1 levels. This novel mechanism for the dysregulation of

PHLPP1 levels by mislocalization of β-TrCP may be relevant to the many other SCF β-TrCP

substrates whose function is dysregulated in cancer. Interestingly, PHLPP1 mRNA levels

were consistently reduced in a majority of the GBM cell lines tested compared to low grade

astrocytomas, suggesting that dysregulation of PHLPP at the transcriptional level may be

responsible for promoting AKT signaling in this disease.

B. Feedback loop from mTOR and S6 kinase controls PHLPP biosynthesis

The rate of biosynthesis of PHLPP is also controlled by a feedback loop. Specifically, the

rate of translation of PHLPP is controlled by the kinase complex mTORC1 via its substrates

S6 kinase and 4EBP1 (Figure 2). Thus, treating cells with the mTORC1 inhibitor rapamycin

or genetically interfering with the mTORC1 complex decreases PHLPP1 and PHLPP2

protein levels without affecting protein degradation or mRNA expression; this rapamycin-

induced down regulation of PHLPP levels is blocked by expression of a constitutively-

active, mTORC1-independent, construct of S6K (T389E has a phosphomimetic at the

hydrophobic motif, the site phosphorylated by mTORC1) (78). Consistent with this,

PHLPP1 depletion in 3T3 fibroblasts, and the subsequent increase in AKT signalling, has

been shown to increase PHLPP2 protein levels by a rapaymcin-sensitive mechanism (79).

An important ramification of the ability of PHLPP to directly dephosphorylate and thus

inactivate S6K pertains to the well-established negative feedback loop from S6K to IRS-1

(Figure 2). High PHLPP activity results in decreased S6K activity and, in turn reduced

phosphorylation and degradation of IRS-1, thus activating PI3K signalling. Indeed, PHLPP

knockdown decreases IRS-1 protein levels and consequent insulin-dependent activation of
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AKT, in addition to promoting phosphorylation of the direct down-stream target of S6K,

ribosomal protein S6 and protein translation (52).

C. Proteolysis

Agonist-regulated proteolysis may be yet another mechanism to regulate the cellular levels

of PHLPP. In this regard, Shimizu et al. have reported that treatment of hippocampal

neurons with brain derived neurotrophic factor (BDNF) results in a decrease in the cellular

levels of PHLPP1β (referred to as SCOP (23)) (80). This agonist-triggered decrease in

PHLPP1β levels was prevented by calpain inhibitors, suggesting proteolysis by the Ca2+-

regulated calpains. Consistent with calpain-dependent proteolysis, purified calpains promote

the proteolysis of PHLPP1β in vitro (80). These findings suggest a role for calpain-mediated

proteolysis in regulating the steady state levels of PHLPP1β in neurons (81).

D. Transcriptional regulation

The regulation of PHLPP expression by epigenetic mechanisms presents an attractive target

for cancer therapy. However, very little is currently known about how PHLPP transcription

is regulated. A recent study reported that PHLPP levels are controlled by histone

deacetylases (HDACs), likely via a transcriptional mechanism. Specifically, HDAC3-

deficient chondrocytes were shown to have elevated levels of PHLPP1 protein and mRNA;

furthermore, treatment of cells with HDAC inhibitors increased the steady state levels of

PHLPP1 (82). Histone acetylation is a major mechanism for epigenetic regulation of protein

expression levels, and, as such, histone deacetylases (HDACs) are of significant interest as

chemotherapeutic targets (83; 84). Whether this will be an attractive way to up regulate

PHLPP levels remains to be determined.

E. Polymorphic variant of PHLPP2

PHLPP2 activity is sensitive to a polymorphism that affects 30% of the human population: a

single amino acid change (Leu 1016 Ser; see Figure 3A) within the phosphatase domain of

PHLPP2 reduces its rate of dephosphorylation of AKT and PKC approximately 5-fold in

vitro, thus rendering it ineffective towards AKT and PKC in cells and reducing PHLPP2-

dependent apoptosis (85). Whether this polymorphism predisposes to cancer is unclear,

however it is noteworthy that in 3 out of 3 heterozygous patients with high-grade breast

cancers, the Leu variant (active towards AKT and PKC) was shown to be lost in the tumor.

This residue is situated in the predicted substrate-binding cleft of PHLPP2 (see Figure 3B),

suggesting that the less abundant Ser variant has a lower affinity for substrates such as AKT

and PKC.

4. PHLPP in prostate cancer & therapy

Human analysis and mouse models of prostate cancer have firmly established the pivotal

role of the PI 3-Kinase pathway in prostate cancer (86). Classic genetic analysis revealed

that PTEN-loss is more often driving the disease than activating mutations in pathway

oncogenes. Below, we review how our understanding of PHLPP function and regulation

offers potential strategies to fighting the disease.
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A. The prostate cancer classification problem

Prostate cancers are unique in that they usually cannot be seen, felt or imaged before

invasive diagnosis. The lack of reliable tools to separate the many patients with indolent

prostate cancer from the few with potentially aggressive disease presents an enormous

health problem: every year one million biopsies lead to over 200,000 newly diagnosed

prostate cancers in the US alone. Landmark studies have now shown that this approach

results in over-treatment of many men whose tumors would never become life threatening

(87); and at the same time men with life-threatening disease can still be missed, due to the

random nature of biopsy sampling. Uncertainty in patient stratification mostly stems from

inherent problems in today’s standard of care: histopathology based Gleason scoring. Even

though it represents the best parameter for patient risk, its problems are three-fold. First,

there is well-documented inter-observer as well as intra-observer variability when scoring

the same tissue slide. Second, there are large discrepancies in disease outcome that have

been observed for men in spite of similar Gleason scores. This represents an acute problem

as the majority of men are diagnosed with the intermediate Gleason score of 7. Statistical

tools for outcome prediction based on basic tumor and patient information help to ameliorate

this problem by making full use of the wealth of available outcome data (88). Thirdly, there

are clear limitations in tissue sampling, as biopsies are taken randomly from prostate with an

effort to cover most regions but usually without certainty of hitting the most advanced tumor

region. Therefore, there is a need to identify sensitive molecular events that help better

define the disease. As discussed below, the combination of human genome analysis and

basic research into PHLPP function has revealed a major player in this disease.

B. PHLPP genes are critical for prostate tumor suppression

The recent large scale coordinated effort by the Memorial Sloan Kettering Prostate

Oncogenomics Group succeeded in generating the most comprehensive genomic analysis of

prostate cancer to date (1). Their approach combined genome wide copy number and gene

expression analysis with candidate cancer gene re-sequencing for detection of mutations.

This analysis revealed that both PHLPP1 and PHLPP2 genes are deleted at surprisingly

high frequency, even rivaling that of PTEN-deletion. In contrast to PTEN however, the

PHLPP1 and PHLPP2 deletions on chromosome 18q21 and 16q22, respectively, are

typically not focal in nature and encompass hundreds of other genes (79). However, the

generation and analysis of Phlpp1 knockout mice revealed highly penetrant neoplasia and

cancer in prostate, thus firmly establishing the PHLPP1 protein as a tumor suppressor

phosphatase in the pathway (79). Importantly, disease onset was accelerated and outcome

exacerbated when Phlpp1-null mice also lost a single copy of Pten, demonstrating strong

cooperation between the two tumor suppressors. Of note, both PTEN and PHLPP1 loss in

human cells and mouse prostate trigger a feedback surge by PHLPP2 protein, which likely

delays but does not prevent the disease phenotype. As a result PHLPP1 and PHLPP2 genes

are often co-deleted in metastatic disease (79). Intriguingly, patient prostate genomic

analysis revealed that PHLPP2 is even more frequently deleted in primary prostate cancer

(15%) than PTEN or PHLPP1 (11% and 7%, respectively, (1)), and furthermore, it is also

more frequently deleted in metastatic samples (62%, compared to 51% and 43%, for PTEN
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and PHLPP1, respectively). Thus, the PHLPP loci on Chromosomes 16q and 18q are

emerging as hotspots for molecular prostate cancer classification.

C. Compensatory feedback loops in prostate cancer

Therapeutic progress and understanding of the PI 3-Kinase pathway have been mired by

unexpected feedback loops, and it has been realized that mechanistic pathway signaling

studies are paramount to make sense of basic results obtained with pathway inhibitors such

as the rapalogs (1). As discussed above (see Section 3B), drugs like rapamycin, which block

mTORC1 downstream of AKT, can lead to upstream PI 3-kinase and AKT activation

through decreased S6 kinase function (89). The PHLPP2 protein was also identified as part

of a negative feedback system, which can sense excessive cancer signaling: in prostate,

primary mouse cells, and human cell lines, PHLPP2 levels rise upon PI 3-Kinase pathway

activation such as PTEN- and/ or PHLPP1- inactivation (see Figure 4). By analogy to S6-

kinase activation, the surge in PHLPP2 after PTEN/ PHLPP1 loss is mediated by an

mTORC1-dependent mechanism, thus introducing a second major negative pathway

feedback (78; 79; 85). This feedback however is not aimed at the RTK but it reverses AKT

activation. On top of these two feedback mechanisms, two more have been shown to be

critical for tumor suppression: PTEN or PHLPP1 loss activates p53, leading to cellular

senescence ((90), see SIDE BAR 2), and similarly, PTEN-loss activates SMAD4 to prevent

tumor progression (91). The importance of these feedback controls is revealed by genetic

ablation of the fail-safes: while mice with Pten-deficient prostate live a normal life span in

spite of prostate lesions, double mutant Pten/Trp53 or Pten/Smad4- null mice die of growths

in their prostates, which give rise to masses of several centimeters in diameter. As

summarized in Figure 4, these feedbacks are mediated by mTORC1 driven translation,

strongly suggesting that rapalogs should only be used after these tumor suppressive fail-

safes have been abolished by the cancer. Thus to summarize, multiple lines of evidence have

confirmed that a hierarchical organization for compensation among PTEN, PHLPP1, and

PHLPP2 exists with PHLPP2 strongly responding to pathway activation including TSC-loss

(79). It remains to be seen how efficiently this response delays tumor progression, which can

be tested with Phlpp2 knockout mice. The emerging picture of mTORC1 controlling several

major tumor suppressors that limit the PI 3-kinase pathway signaling clearly calls for highly

refined therapeutic approaches. These must achieve a magic bullet trick and circumvent

blocking tumor suppressor activation that depends on mTORC1 while still limiting growth

supporting translational functions of the TOR complex. Beyond that, molecular patient

tumor analysis will become essential for drawing conclusions on the status of feedback

responses to ensure that these will not suffer collateral damage.

D. PHLPP and PTEN Phosphatases in metastasis

The pathway limiting feedbacks responses pose a progression problem that metastatic

cancers must successfully surmount. Indeed, this is exactly what can been observed when

metastatic cancer genomes are analyzed. Most of these samples that carry a PTEN alteration

also show deletion of all the above-mentioned feedback genes, TP53, PHLPP2, and

SMAD4. In addition, most PTEN-deleted metastases lose a copy of the PHLPP1 gene,

suggesting that the PI 3-kinase pathway is activated and unchallenged at this stage (1; 79).

Note that SMAD4 and PHLPP1 are located close to each other on chromosome 18q and are
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typically found co-deleted. Intriguingly, genetic dissection of the role of feedback genes in

mouse prostate has revealed that loss of Trp53 and Smad4 will not give rise to a phenotype

in this tissue (90; 91). This finding is in contrast to the role of the phosphatases, which

clearly initiate disease when lost on their own. These findings further emphasize the concept

of the feedback genes as being called upon to prevent metastatic disease progression only

after the breaks of the PI 3-kinase pathway, PHLPP1/2 and PTEN, have failed. This concept

explains why the status of feedback tumor suppressors is critically affecting future disease

course. This notion is supported by analysis of the predictive power of loss of the tumor

suppressors that are known to trigger a feedback response. Loss or low PTEN and PHLPP1

mRNA expression combined can predict a fast Biochemical Recurrence (BCR, defined by

PSA above 0.2ng/ml on two consecutive measurements (79)). At the same time low

PHLPP2 mRNA expression is also significantly associated with biochemical relapse of

patients after surgery. This finding is consistent with a critical role for PHLPP2 in

antagonizing disease progression of PTEN/ PHLPP1 mutant cancers, as discussed in detail

above. Furthermore, a PTEN/ SMAD4 based signature for disease progression has also been

developed (91). Collectively, these results show that understanding the molecular events and

appreciating the natural feedbacks that they cause will greatly enhance our ability to

correctly predict a tumor’s future course. This remains an ultimate aim for prostate cancer

research, where molecular signatures for the many men without life threatening disease are

still not known.

E. PHLPP and hormone therapy

Patients with low or absent PTEN/ PHLPP phosphatase RNA tend to relapse years earlier

than those with normal or high RNA levels (79). Thus, it follows that maintaining strong

PHLPP/ PTEN protein expression is critical to achieve extended life expectancy in patients

who based on their cumulative risk factors have decided to get their prostates removed – at

this time roughly 1 million men in the U.S. alone. The standard of care after recurrence is

hormone withdrawal therapy (92). Yet strikingly, a recent study has revealed a disturbing

connection (93): androgen receptor (AR) inhibitors can lower PHLPP1 protein levels, thus

hampering the benefit of this routine approach, at least in patients that have retained

PHLPP1 protein in their prostates. Mechanistically, it was shown that the AR target gene,

FKBP5, acts as a PHLPP1 chaperone (62). Hence, in addition to cell survival and identity,

AR seems to be actively involved in limiting AKT signaling in the prostatic epithelium.

Adding to the crosstalk between the PI 3-Kinase pathway and AR signaling, it was found

that blocking RTKs could activate AR signaling (see Feedback Figure 4). These data thus

suggested that therapeutic intervention in prostate would benefit from a two-pronged

approach, which was validated in genetically engineered mice: while the PI 3-kinase

pathway inhibitor NVP-BEZ235 effectively reduced disease progression in mice with Pten-

deficient prostates, it showed no effect in cancers driven by the c-Myc oncogene. In contrast,

combined androgen and PI3K inhibition was highly effective in both models, as well as in

mice carrying human prostate cancer xenografts. Collectively, these data demonstrate that

standard of care therapy can be mired by unexpected oncogenic survival feedbacks, which

must be taken into account to optimize individualized cancer care.
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5. PHLPP modulation to fight disease

The central role of PHLPP in AKT-inactivation immediately suggests an entry point for both

positive and negative regulation of PI 3-Kinase signaling in disease. Two opposite scenarios

can be envisioned: (1) enhancing PHLPP function to block proliferation, and (2) inhibiting

PHLPP to support cell survival.

A. Supporting PHLPP function in cancer and its therapy

As discussed in Section 3, basic research has afforded us with a wealth of mechanistic

insights into the control of PHLPP levels. Since the vast majority of cancer genome studies

report only single copy deletion of the PHLPP genes (source: cBioPortal for Cancer

Genomics: http://www.cbioportal.org/public-portal/cross_cancer.do), the approach of

boosting the output of the remaining allele has great potential in several tumor types.

Moreover, the restoration of PHLPP function may benefit cancer therapy even in tumors that

are not driven by PHLPP-loss. It has been shown, that the successful response to several

RTK target therapies correlates well with intact PTEN gene status and function ((94; 95).

These studies reveal that small molecule RTK inhibitors cooperate with the PI 3-Kinase

pathway tumor suppressor PTEN. Thus, there is a strong rationale for supporting PHLPP

function to enhance the outcome of target therapy with, for example, Herceptin/

Trastuzumab in breast cancer.

Enhancing PHLPP function may also be helpful in boosting immune function. PHLPP

suppresses AKT signaling in T regulatory cells, a suppression that is important for the

development and function of these cells (96). The circadian clock also benefits from

regulation by PHLPP: deletion of PHLPP1 has been shown to interfere with light-induced

resetting of the circadian clock (97). Thus mechanisms to enhance PHLPP activity are likely

to have multiple therapeutic benefits.

B. Inhibiting PHLPP function in disease

Impaired AKT signaling underlies a number of diseases in which cell survival pathways are

inhibited, such as heart disease and diabetes. Thus, inhibition of PHLPP provides an

attractive mechanism to enhance AKT signaling in such diseases. In this regard, first-

generation inhibitors of PHLPP have been identified by chemical and virtual screening of

the NCI Diversity Set, suggesting that PHLPP is a druggable target with potential as a

therapeutic target (48; 98).

PHLPP is a potential target for treating metabolic disorders such as diabetes, where AKT

signaling is severely dampened and insulin resistance occurs. By inhibiting PHLPP, AKT

signaling would be enhanced, potentially overcoming insulin resistance. Consistent with

this, the levels of PHLPP1 protein are highly elevated in skeletal muscle of obese humans,

with a striking correlation between increased body mass index, insulin resistance, and

increasing levels of PHLPP1 (99). Additionally, PHLPP1 mRNA levels are elevated in

muscle cells from diabetic patients (100).

Neurons are very sensitive to changes in the PI 3-Kinase pathway. In contrast to the

situation in cancer however, these cells often depend on AKT signaling for survival and
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recovery from insults: genetic experiments in mouse have demonstrated that AKT signaling

is critical for neuronal branching and synaptic contact formation during development (101;

102). In the adult brain, AKT signaling is needed for survival after transient insults or in

chronic conditions such as epilepsy and autism (103; 104). Transient pathway inhibition

using small molecule antagonists such as rapamycin blocks regrowth and recovery of

severed neurons, while deletion of Pten has the opposite effect (105; 106). Furthermore,

recovery from stroke also requires transient AKT signaling for neuron survival and

reduction of infarct size (107; 108). There is a wealth of literature on the benefits for both

naturally occurring or pharmacologically induced PTEN-inhibition in restoring brain

function (recently reviewed in (103)). Importantly, loss or knockdown of Phlpp1 has been

shown to similarly protect neurons from death in a mouse model of stroke (109), strongly

suggesting that PHLPP-inhibitors could reduce infarct size. These findings highlight the

potential of PHLPP1/2 inhibition in chronic or acute brain disorders. Intriguingly, Phlpp1-

inhibition might even be preferable over the use of PTEN-inhibitors: Phlpp1-deficient mice

only show a slight change in brain size, and to date no overt brain cancers have been

reported. In contrast, the various mouse models with Pten-deficient neurons suffer from

macrocephaly, seizures, autism related disorders and are highly cancer prone (110; 111).

Thus, PHLPP-inhibitors may be much safer and better tolerated than inhibitors of PTEN.

Similar to the findings in brain, PHLPP1 has been shown to block cell survival in the heart

after ischaemia (112). Thus, transient administration of PHLPP1 inhibitors could also be

used to limit the consequences of a heart attack.

6. Summary

By suppressing AKT signaling, PHLPP is poised as a major therapeutic target. However,

given the central role of this novel phosphatase family in terminating cell signaling

pathways, mechanistic insight into its precise cellular roles is essential before it is targeted in

therapies. The ability to precisely control specific pathways suppressed by PHLPP will be

essential to developing therapies to specific diseases. Perhaps the most promising avenues

will be those involving altering the function of PHLPP on specific protein scaffolds. For

example, one could envision AKT2 function being selectively enhanced by perturbing the

binding of PHLPP1 to the scaffold coordinating AKT2-PHLPP1 signaling, providing a

promising target for insulin resistance. As more mechanistic studies shed light on the

substrates and signaling pathways involving PHLPP, strategies to specifically modulate

specific functions will be designed.
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SIDE BAR 1

Regulation of AKT by Phosphorylation

AKT comprises a family of three structurally-related kinases that have an N-terminal

PIP3-sensing PH domain and a C-terminal kinase domain (Figure 1). In its inactive state,

AKT is constitutively phosphorylated at a C-terminal residue termed the turn motif

(Thr450 in AKT1); this phosphorylation is dependent on mTORC2, a kinase complex

that colocalizes on the ER with ribosomal protein S6 (113), and occurs co-translationally

(114). Upon PIP3-dependent recruitment to the membrane, all three AKT isoforms are

phosphorylated by PDK-1 at a site near the entrance to the active site termed the

activation loop (115; 116); this is Thr308 on AKT1. This triggers a tightly-coupled

phosphorylation at a second C-terminal site termed the hydrophobic motif; this is Ser473

on AKT1. The mechanism of phosphorylation at this second C-terminal site has been

highly contested. Autophosphorylation, as occurs for protein kinase C at the analogous

site (117), as well as phosphorylation by a parade of upstream kinases, including DNA-

PK and mTORC2, has been proposed (118–120).
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SIDE BAR 2

p53 and senescence

Fully activated oncogenes can trigger cellular senescence, an irreversible form of growth

arrest that can protect cells from cancer (121). Similarly, it has been realized that rampant

activation of the PI 3-Kinase pathway via loss of tumor suppressors results in senescence

arrest (79; 90) that may arguably be exploited therapeutically (122). This response is,

however, critically dependent on activation of (non-mutant) p53, achieved by increased

translation through mTOR after loss of PHLPP1 (79) or PTEN (123). Thus, mTOR-

inhibiting drugs, such as the rapalogs, efficiently block p53 activation after PHLPP-loss.

Note, that in contrast mutant Ras activates p53 and senescence through DNA damage

response, which is not seen in PHLPP/PTEN-loss induced senescence.
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Figure 1. AKT is a central mediator of PI3K signaling
Cartoon showing details of the regulation of AKT: AKT is co-translationally phosphorylated

on the turn motif (orange circle, Thr450 in AKT1) by ribosome and ER-localized mTORC2

(orange oval). This phosphorylation stabilizes AKT and protects it from proteosome-

mediated degradation. Signals that generate PIP3 engage AKT’s PH domain and thus recruit

it to the plasma membrane (middle panel; membrane-engaged species). Membrane-binding

unmasks the activation loop, resulting in phosphorylation by PDK-1 (pink circle, Thr308 in

AKT1) and a subsequent tightly-coupled phosphorylation on the hydrophobic motif (green

circle, Ser473 in AKT1). Although mTORC2 has been proposed to phosphorylate this site

too, mechanisms that displace the PH domain (e.g. tethering AKT to the membrane via

myristoylation) bypass the requirement for mTORC2. This latter phosphorylation depends

on the intrinsic catalytic activity of AKT, suggesting that, similar to PKC, this site is

autophosphorylated following structuring of the active site by the PDK-1 phosphorylation of

Thr308. The fully-phosphorylated species of AKT is locked in an active conformation and

diffuses throughout the cell to mediate down stream signaling (bottom right species).

Signaling is suppressed by dephosphorylation of PIP3 by the tumor suppressor PTEN and

acutely terminated by direct dephosphorylation of AKT to regenerate the mono-

phosphorylated (phospho-Thr 450), auto-inhibited species. Dephosphorylation is catalyzed

in part by the recently discovered PHLPP phosphatases, which directly dephosphorylate the

hydrophobic motif, and by okadaic acid-sensitive phosphatases, such as PP2A, which

dephosphorylate the activation loop.
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Figure 2. PHLPP suppresses lipid second messenger signaling
PHLPP (center) directly dephosphorylates and inactivates AKT, PKC, and S6K, at their

hydrophobic phosphorylation motif (green circle) thus opposing cell survival and growth

signals, and directly dephosphorylates and activates Mst1 at an inhibitory site (red circle),

thus promoting pro-apoptotic signals. Indicated are two negative feedback loops which

control the steady-state levels of PHLPP: high AKT activity up regulates PHLPP levels by

suppressing GSK-3-dependent degradation, and high S6K activity up regulates PHLPP

expression. Note that targeting the PI3 kinase pathway within these feedback loops will have

the consequence of decreasing PHLPP levels, thus promoting pro-survival pathways

mediated by PKC and inhibiting pro-apoptotic pathways mediated by Mst1. The lipid

phosphatase PTEN opposes the lipid kinase phosphatidylinositol 3 kinase (PI3K) by

dephosphorylating PIP3 and the lipid kinase DG kinase opposes phospholipase C by

phosphorylating DG. Scaffolds play an essential role in controlling substrate specificity of

PHLPP and are indicated in grey. Also shown is the negative feedback loop from S6K to the

scaffold IRS-1, which dampens PI3K activation and hence AKT activation (see Figure 4

also). Inset shows conserved domain structure of mammalian PHLPP family members

showing PH domain (cyan), Leucine-rich repeats (LRR; orange), PP2C domain (green), and

C-terminal PDZ-binding motif (pink); PHLPP1β and PHLPP2 also have a predicted RA

domain preceding the PH domain (not shown).
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Figure 3. PHLPP phosphatase domain structure and model with hydrophobic motif peptide
substrate bound
A. Homology model of PP2C domain of PHLPP2, based on crystal structure of PP2Cα (47),

showing two of the active site acidic residues (Asp 806, Asp 1024; pink) that coordinate two

Mn2+ (yellow spheres) (48); Leu 1016 which is present as Ser in 30% of the population is

highlighted in orange. B. Surface rendition of the active site of PHLPP2 docked with a

phosphorylated hydrophobic motif peptide from AKT (HFPQFpSYSAS; phosphorylated Ser

(Ser473) in magenta; active site residues and Mn2+ colored as in A.
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Figure 4. Feedback loops and therapy
mTORC1 activation in cancer results in increased protein translation needed for cell growth

and proliferation (black arrows). When mTORC1 signaling is strong, mTORC1 activates

three tumor suppressive responses (red arrows) that attenuate the pathway via 1] increasing

PHLPP or 2] irreversibly arrest the cell by increasing p53. In prostate, androgen receptor

(AR) is activated by RTK signaling and limits AKT signaling through FKBP5-mediated

increase in PHLPP activity towards AKT. The pathway’s tumor suppressive feedbacks can

be inadvertently blocked by therapeutics (green arrows). First, AR blockade by hormone

therapy inhibits PHLPP suppression of AKT, thus activating AKT. Second, mTORC1-

targeting kinase inhibitors such as rapalogs block three known negative feedbacks: S6

kinase-dependent negative feedback loop to PI3K signaling via RTKs, mTORC1-dependent

increase in PHLPP levels, and mTORC1-dependent increases in p53 levels.
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