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Summary

Akt/protein kinase B critically regulates the balance
between cell survival and apoptosis. Phosphorylation
of Akt at two key sites, the activation loop and the
hydrophobic motif, activates the kinase and promotes
cell survival. The mechanism of dephosphorylation
and signal termination is unknown. Here, we identify
a protein phosphatase, PH domain leucine-rich repeat
protein phosphatase (PHLPP), that specifically de-
phosphorylates the hydrophobic motif of Akt (Ser473
in Akt1), triggering apoptosis and suppressing tumor
growth. The effects of PHLPP on apoptosis are pre-
vented in cells expressing an S473D construct of Akt,
revealing that the hydrophobic motif is the primary
cellular target of PHLPP. PHLPP levels are markedly
reduced in several colon cancer and glioblastoma cell
lines that have elevated Akt phosphorylation. Reintro-
duction of PHLPP into a glioblastoma cell line causes
a dramatic suppression of tumor growth. These data
are consistent with PHLPP terminating Akt signaling
by directly dephosphorylating and inactivating Akt.

Introduction

The balance between cell survival and apoptosis criti-
cally controls normal cell growth. Akt/protein kinase B
regulates this balance through a phosphorylation cas-
cade that primarily alters the function of transcription
factors that regulate pro- and antiapoptotic genes
(Datta et al., 1999; Franke et al., 1997). Misregulation of
the Akt signaling pathway is a key cause of cancer
(Black, 2000; Lawlor and Alessi, 2001; Nicholson and
Anderson, 2002; Vivanco and Sawyers, 2002). Akt is ac-
tivated by growth factors and other stimuli that cause
generation of the lipid second messenger phosphati-
dylinositol-3,4,5-trisphosphate (PtdIns P3) through acti-
vation of phosphoinositide-3-kinase (PI3 kinase). This
lipid product recruits Akt to the membrane by engaging
its PH domain, an event that triggers phosphorylation
of Akt. After phosphorylation, Akt is locked in an active
conformation and is released into the cytosol and nu-
cleus where it phosphorylates substrates such as Fork-
head transcription factors, BAD, and GSK. The tumor
suppressor PTEN is a lipid phosphatase that controls
Akt function by dephosphorylating PtdIns P3, thus re-
moving the activating signal and ultimately preventing
Akt phosphorylation and activation (Maehama and
Dixon, 1998; Wishart and Dixon, 2002). How Akt signal-
*Correspondence: anewton@ucsd.edu
ing is terminated once it has been initiated is unknown.
Specifically, the dephosphorylation mechanism to di-
rectly inactivate Akt has yet to be elucidated.

Akt is activated by sequential phosphorylation steps
at two sites conserved within the AGC kinase family
(Newton, 2003). First, the upstream kinase PDK-1 phos-
phorylates a segment at the entrance to the active site
termed the activation loop (Alessi et al., 1998; Stephens
et al., 1998). In Akt1, the residue phosphorylated is
Thr308. The phosphorylation by PDK-1 triggers the
phosphorylation of a site at the carboxyl terminus re-
ferred to as the hydrophobic phosphorylation motif and
corresponds to Ser473 in Akt1. The mechanism of
phosphorylation at this carboxyl-terminal site has been
proposed to occur by autophosphorylation (Behn-
Krappa and Newton, 1999; Toker and Newton, 2000).
However, it has been debated whether a unique, and
as yet unidentified, kinase, tentatively referred to as
PDK-2, controls this site (Leslie et al., 2001). In the case
of Akt’s close cousin, protein kinase C, mechanistic
studies have revealed that the phosphorylation reac-
tions of the activation loop site and hydrophobic site
are tightly coupled (Gao et al., 2001). However, the ac-
tual phosphorylation state of the corresponding sites
on Akt is often uncoupled in cells. For example, in Akt,
Thr308 has been reported to be dephosphorylated
much more rapidly than Ser473 after decay of the insu-
lin signal (Yamada et al., 2001). Similarly, staurosporine
treatment results in accumulation of a species of Akt
that has phosphate on Ser473, but not on Thr308 (Hill
et al., 2001). Assuming tight coupling of the phosphory-
lation steps in Akt, we hypothesized that the dephos-
phorylation of the two sites is uncoupled. Thus, we set
out to determine if there exists a phosphatase (rather
than kinase) that regulates the phosphorylation state of
the hydrophobic motif. Based on the serum-sensitivity
of the phosphorylation state of Akt, we hypothesized
that such a phosphatase might contain a PH domain.

Here, we report on the discovery of a protein phos-
phatase, identified from a database search of the hu-
man genome for a phosphatase linked to a PH domain,
that specifically dephosphorylates the hydrophobic
motif of Akt. Biochemical and cellular studies are con-
sistent with PHLPP terminating Akt signaling by direct
dephosphorylation of the hydrophobic motif, providing
a distinct mechanism for signal termination from that
mediated by the lipid phosphatase PTEN.

Results

A search of the database for a sequence that contained
a PH domain coupled to a phosphatase domain re-
vealed a rat sequence that fulfilled these criteria. This
gene product had been named SCOP (suprachiasmatic
nucleus circadian oscillatory protein) to reflect the ob-
servation that mRNA levels in the suprachiasmatic nu-
cleus were found to oscillate in a circadian rhythm-
dependent manner (Shimizu et al., 1999). The protein
product of the message was not functionally charac-
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Figure 1. PHLPP, a Protein Phosphatase, Dephosphorylates Akt In Vitro and In Vivo

(A) Schematic representation and amino acid sequence of human PHLPP, a 1205 residue protein predicted by Pfam (http://pfam.wustl.edu)
to contain an amino-terminal PH domain (cyan), a leucine-rich repeat region (LRR, red), a PP2C-like catalytic core (yellow), and a PDZ binding
motif (fuchsia). The NCBI accession number for PHLPP is NM_194449. The amino acid residues corresponding to the PH domain, PP2C
domain, and PDZ binding motif are boxed in cyan, yellow, and fuchsia, respectively. The consensus residues dictating phosphoinositide
binding are indicated above the PH domain (Ferguson et al., 2000); of these, only Arg48 is conserved in PHLPP. The residues delineated for
the PP2C domain are based on the structure determined for PP2Cα (Das et al., 1996); key residues identified for phosphate binding (Arg33)
and metal binding (Asp60, Gly699, Asp239, and Asp282) in human PP2Cα are indicated in bold and correspond to Lys673, Asp698, Gly699,
Lys872, and Asp901 in PHLPP, respectively (Jackson et al., 2003).

http://pfam.wustl.edu
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min for dephosphorylation of Ser473, corresponding to insensitive to OA. Figure 1H shows that the insulin-

(B) Detergent-solubilized lysates from 293T cells transfected with HA-PHLPP (lane 1) or vector alone (lanes 2 and 3) were analyzed by SDS-
PAGE and immunoblotting. Overexpressed HA-PHLPP or endogenous PHLPP was detected by an anti-PHLPP antibody (lanes 1 and 2,
respectively). No labeling was observed by using a preimmune anti-serum (lane 3).
(C) Dephosphorylation of Akt by purified PP2C domain of PHLPP in vitro. Pure His-Akt was incubated with GST-tagged PHLPP-PP2C in the
absence or presence of 5 mM MnCl2 (lanes 2 and 3, respectively). For a negative control, PHLPP-PP2C was omitted from the reaction mixture
(lane 1). The phosphorylation of Akt at Thr308 and Ser473 was detected by P308 and P473 antibodies, respectively.
(D) Western blots showing the time course of GST-tagged PHLPP-PP2C mediated dephosphorylation of Akt. Pure His-Akt was incubated
with GST-PP2C for 2, 5, 10, 15, 20, and 30 min (lanes 2–7, respectively). As a negative control, PHLPP-PP2C was omitted from the reaction
mixture (lane 1). The phosphorylation of Akt at Thr308 and Ser473 was detected by using P308 and P660 (a phosphospecific antibody for the
hydrophobic phosphorylation motif of PKC βII [Ser660] that recognizes phosphorylated S473 of Akt with greater phosphospecificity than
P473 [Toker and Newton, 2000]) antibodies, respectively.
(E) Quantitative analysis of Western blots presented in (D). ECL signals of P308 and P473 antibodies were quantified by a CCD camera using
a GeneGnome bioimaging system. The relative phosphorylation of Akt at Thr308 (open square) and Ser473 (open circle) was normalizing to
the zero time point. The curve represents a single exponential fit of the data points.
(F) Western blots showing dephosphorylation of overexpressed Akt in intact cells by PHLPP. 293T cells were cotransfected with HA-tagged
Akt and either vector (lane 1) or HA-PHLPP (lane 2). The phosphorylation of Akt was detected by using P308 and P473 antibodies. The total
HA-Akt was detected by an anti-Akt antibody. The expression of HA-PHLPP was detected by an anti-HA antibody.
(G) PHLPP interacts with Akt in vivo. The presence of Akt in the immunoprecipitate and lysate (10% of total input) was detected by using the
anti-Akt antibody (top and middle, respectively). The presence of HA-PHLPP in the immunoprecipitates was detected by using the anti-HA
antibody (bottom).
(H) PHLPP-mediated dephosphorylation of Akt at Ser473 is okadaic acid (OA) insensitive. 293T cells transfected with HA-PHLPP were serum
starved overnight. The cells were then left untreated (lane 1), treated with insulin (100 nM) for 30 min (lane 2), treated with insulin for 30 min
followed by OA (1 �M) for 15 min (lane 3), or treated with insulin for 30 min followed by OA for 15 min followed by LY294002 (LY, 30 �M) for
20 min (lane 4). Western blots showing phosphorylation of endogenous Akt as detected by P308 and P473 antibodies. Total Akt was detected
by using the anti-Akt antibody.
(I) Quantitative analysis of data from the Western blots shown in (F). Relative phosphorylation of Akt at Thr308 and Ser473 was determined
by normalizing ECL signals of P308 and P473 signal intensities to those of the anti-Akt antibody.
terized. We cloned the human homolog by combining
the cDNA fragments described in the Experimental Pro-
cedures. The nucleotide sequence of the cloned prod-
uct was predicted to encode a 1205 amino acid
protein with a PH domain, a leucine-rich repeat region,
a PP2C domain, and a PDZ binding motif (Figure 1A;
domains and conserved residues within these domains
are indicated). We named the protein to reflect its do-
main structure: PHLPP for PH domain leucine-rich re-
peat protein phosphatase (pronounced “flip”). Based
on the tissue distribution of available PHLPP ESTs and
microarray analysis results found at http://genome-
www.stanford.edu, the mRNA of PHLPP is ubiquitously
expressed, with highest levels in brain.

To identify the expression of endogenous PHLPP
protein, a specific antibody was raised against a C-ter-
minal fusion protein of PHLPP. This antibody detected
a w140 kDa protein in 293T cells transfected with the
cDNA for HA-tagged PHLPP. In untransfected cells, it
detected a doublet of apparent MW 135 (major band)
and 140 kDa (minor band) (Figure 1B, lanes 1 and 2).

We first addressed whether the PP2C domain of
PHLPP was catalytically active. The PP2C domain was
expressed in bacteria as a GST fusion protein, purified,
and incubated with pure baculovirus-expressed Akt,
which is phosphorylated on Thr308 and Ser473 (Toker
and Newton, 2000). The Western blot in Figure 1C
shows that the PHLPP PP2C domain dephosphorylated
Ser473 and, less effectively, Thr308 as probed with
phospho-specific antibodies to each site. This phos-
phatase activity depended on Mn2+, consistent with
previous reports that the activity of PP2C phospha-
tases is metal dependent (Fjeld and Denu, 1999). Under
the conditions of the dephosphorylation assays (5 mM
Mn2+, 0.3 �M Akt, and 5 nM PP2C), the time course in
Figures 1D and 1E revealed a half time of 0.53 ± 0.08
a catalytic rate of 1 dephosphorylation reaction per sec.
Thr308 was dephosphorylated at a third this rate. For
comparison, the kcat of recombinant PP2Cα toward sat-
urating synthetic substrate (20 mM pNPP) in the pres-
ence of saturating Mn2+ has been reported to be 1 s−1

(Fjeld and Denu, 1999). Thus, even at concentrations of
substrate that are likely well below the Km, PHLPP has
a catalytic rate equivalent to that reported for PP2Cα.

We next asked whether full-length PHLPP could de-
phosphorylate Akt in cells. 293T cells were cotrans-
fected with Akt and empty vector or HA-tagged, full-
length PHLPP and maintained in serum to activate Akt.
Western blot analysis of cell lysates revealed that the
phosphorylation state of Akt at Ser473 was markedly
reduced in cells transfected with HA-PHLPP (Figure 1F,
lane 2) compared with cells transfected with vector
alone (Figure 1F, lane 1). Given a transfection efficiency
of w70%–80%, Ser473 phosphorylation was essen-
tially abolished in cells overexpressing PHLPP. In strik-
ing contrast, coexpression of PHLPP had no significant
effect on the phosphorylation of Thr308. Total Akt levels
were similar in control cells and those expressing re-
combinant PHLPP. These data reveal that PHLPP se-
lectively regulates the hydrophobic motif, but not the
activation loop site, of Akt in cells.

To explore whether PHLPP interacts with Akt in cells,
we asked whether the proteins coimmunoprecipitate.
293T cells were transfected with HA-tagged, full-length
PHLPP and Flag-tagged Akt. Figure 1G shows that
Akt was present in immunoprecipitates of full-length
PHLPP (lane 2), consistent with the two proteins form-
ing a complex in cells.

The activity of PP2C family members is not sensitive
to okadaic acid (OA) (Cohen and Cohen, 1989). Thus, if
PHLPP controls the phosphorylation state of Ser473,
then phosphorylation of this site should be relatively

http://genome-www.stanford.edu
http://genome-www.stanford.edu
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FFigure 2. Overexpression of HA-PHLPP in Cancer Cells Induces
TDephosphorylation of Endogenous Akt at Ser473 and Triggers Apo-

ptosis P
o(A) Western blots showing phosphorylation of endogenous Akt and

Akt substrate GSK from H157 cells transfected with vector (lane 1) s
or HA-PHLPP (lane 2). The phosphorylation of endogenous Akt was o
detected by using P308 and P473 antibodies. The total Akt was A
detected by using the anti-Akt antibody. The phosphorylation of

(GSKα/β at the Akt site (Ser21 in GSKα and Ser9 in GSKβ) was
(detected by using a phospho-specific antibody (p-GSK), whereas
uthe total GSKα/β was detected by using an anti-GSK antibody

(GSK). The expression of HA-PHLPP was detected by using the S
anti-HA antibody. e
(B) Relative phosphorylation of Akt at Ser473 (P473/Akt) was deter- o
mined by normalizing ECL signals of P473 antibody to those of

Athe anti-Akt antibody, and the numbers for the vector-transfected
dcontrol (CON) cells were normalized to 1. Data represent mean ±
tSEM (n = 3).

(C) Graph showing Akt kinase activity was reduced in HA-PHLPP- C
expressing H157 cells. In vitro kinase assays were performed with t
endogenous Akt immunoprecipitated from the CON or HA-PHLPP 1
transfected cells. The Akt activity in the CON cells was set to 1.

cData represent mean ± SEM (n = 3).
y(D) Effect of overexpressing PHLPP on cellular apoptosis. H157
ecells were cotransfected with plasmids encoding GFP and either

vector (CON) or HA-PHLPP (PHLPP). Transfected apoptotic cells h
were sorted based on GFP expression and assayed to determine t
sub-2N DNA content. The bar graph presents the mean ± SEM
(n = 4).

r(E) Western blots showing phosphorylation of endogenous Akt
tfrom MDA-MB-231 cells transfected with vector (lane 1) or HA-

PHLPP (lane 2) as probed with P308 and P473 antibodies. The total
Akt was detected by using the anti-Akt antibody. The expression
of HA-PHLPP was detected by using the anti-PHLPP antibody.

((F) Graph showing the rescue of PHLPP-induced apoptosis by
Acoexpression of an Akt/S473D mutant construct. MDA-MB-231
bcells were transiently transfected with vector (CON), HA-PHLPP
m(PHLPP), HA-Akt/S473D (S473D), HA-PHLPP plus HA-Akt/S473D
hat cells transfected with the phospho-mimetic S473D

PHLPP+S473D), HA-Akt/S473A (S473A), or HA-PHLPP plus HA-
kt/S473A (PHLPP+S473A). The apoptotic cells were determined
ased on the sub-2N DNA content. The bar graph presents the
ean ± SEM (n = 3).
ependent phosphorylation of Thr308 displayed marked
ensitivity to OA. Specifically, Thr308 was phosphory-
ated to a 7-fold higher level in cells treated with OA
fter insulin treatment compared to cells not exposed
o the phosphatase inhibitor (Figure 1I). In marked con-
rast, the phosphorylation of Ser473 displayed only
odest sensitivity: less than a 2-fold effect of OA on
hosphorylation of this site was observed (Figure 1I).
he relative insensitivity of the phosphorylation state of
er473 to OA is consistent with PHLPP being the key
rotein phosphatase for this site.
We next explored the effect of PHLPP-catalyzed de-

hosphorylation of Akt on cellular apoptosis. Full acti-
ation of Akt requires phosphorylation of both Thr308
nd Ser473. Enzyme phosphorylated on both residues
as a 20-fold higher specific activity than enzyme
hosphorylated only on Thr308 (Alessi et al., 1996).
owever, phosphorylation of Ser473 may be the critical

egulator of activity. because selective dephosphoryla-
ion of Thr308 does not significantly affect the activity
f Akt (Yamada et al., 2001). This is similar to protein
inase C, where phosphate at the PDK-1 site becomes
ispensable after phosphorylation at the carboxyl-ter-
inal autophosphorylation sites (Keranen et al., 1995).

o address whether dephosphorylation of Ser473 could
erminate Akt signaling and affect cell survival, we
onitored cell apoptosis as a function of overexpress-

ng PHLPP (Figure 2). H157 cells are derived from non-
mall cell lung cancers and have elevated Akt phos-
horylation and low apoptosis (Brognard et al., 2001).
igure 2A shows that Akt is phosphorylated on both
hr308 and Ser473 in these cells (lane 1). Expression of
HLPP reduced phosphorylation of Ser473 to w50%
f the level observed in control cells; PHLPP expres-
ion had no detectable effect on the phosphorylation
f Thr308 (Figures 2A and 2B, lane 2). This decrease in
kt phosphorylation on Ser473 correlated directly with

1) decreased phosphorylation of an Akt substrate, GSK
Figure 2A), and (2) reduction of Akt activity in cells (Fig-
re 2C). These data reveal that phosphorylation of
er473 is essential for maintaining full Akt activity. The
ffect of overexpressing PHLPP on the apoptotic rate
f H157 cells was assayed by using flow cytometry.
poptotic cells were identified by sorting propidium io-
ide-stained cells based on DNA content with the frac-
ion of cells with sub-2N DNA considered apoptotic.
oexpression of PHLPP caused a 2.6-fold increase in

he number of apoptotic cells from 4.6% ± 0.5% to
2% ± 2% (Figure 2D). Transfection efficiency in these
ells was 50%–60%, suggesting that Ser473 phosphor-
lation and Akt activity were abolished in cells over-
xpressing PHLPP. Thus, dephosphorylation of the
ydrophobic site is accompanied by decreased Akt ac-
ivity and increased apoptosis.

If the ability of PHLPP to increase cellular apoptosis
esults from dephosphorylation of Ser473, we reasoned
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construct of Akt should be resistant to PHLPP. Thus,
we set out to explore the apoptotic level of cells trans-
fected with PHLPP alone or PHLPP and the S473D con-
struct of Akt. For these experiments, we focused on the
breast cancer cell line MDA-MB-231 because, unlike
the H157 cells, they tolerated well transfection of the
hyperactive Akt S473D construct; these cells have ele-
vated phosphorylation of Ser473, which is reduced af-
ter transfection of PHLPP (Figure 2E). Figure 2F shows
that expression of PHLPP in these cells increased the
number of apoptotic cells 2.3-fold, from 7% ± 1% to
16% ± 2%, as observed for H157 cells. Cotransfection
of the S473D construct of Akt with PHLPP inhibited this
increase in apoptotic cells by w80%: the number of
apoptotic cells was 9% ± 1% in the presence of S473D.
Expression of the S473D construct alone had no effect
on the number of apoptotic cells. Cotransfection of the
construct S473A and PHLPP also inhibited apoptosis,
but the effect was markedly reduced (30% reduction
in apoptosis) compared to the S473D construct. It is
possible that the S473A had a slight effect on apoptosis
by competitively inhibiting PHLPP; consistent with this,
the S473A construct alone reduced the number of
apoptotic cells by w20%. Importantly, the S473D con-
struct effectively rescued the PHLPP-dependent in-
crease in apoptosis, revealing that the major mecha-
nism by which PHLPP increases apoptosis is by
dephosphorylation of Ser473 on Akt. Comparable ef-
fects were observed in H157 cells (data not shown).

To explore the role of potential regulatory regions in
PHLPP, mutant constructs were generated in which the
PH domain (�PH) or carboxyl-terminal 3 residues, en-
coding a potential PDZ binding motif (�C), were deleted
(Figure 3A). The Western blot in Figure 3B and corre-
sponding graph quantifying the data (Figure 3C) show
that wild-type (wt) PHLPP reduced the steady-state
phosphorylation of Akt by w50% in H157 cells growing
in serum. Deletion of the PH domain resulted in slightly
increased phosphatase activity. In contrast, deletion of
the PDZ binding motif suppressed the ability of PHLPP
to dephosphorylate Akt in cells. All PHLPP constructs
were expressed to comparable levels in cells and had
no effect of the level of endogenous Akt. Analysis of
the number of apoptotic cells revealed that dephos-
phorylation of Ser473 correlated with apoptosis. Speci-
fically, PHLPP caused a 3-fold increase in apoptotic
cells, the PH domain-deleted construct caused a 3.5-
fold increase, and the construct deleted in the PDZ
binding motif suppressed the ability of PHLPP to
increase apoptosis (Figure 3D). Note that deletion of
the PDZ binding motif does not impair the intrinsic
phosphatase activity of PHLPP as assessed by in vitro
dephosphorylation assays using immunoprecipitated
construct (data not shown). This suggests that tar-
geting of PHLPP by its PDZ binding motif is required
for its biological function.

We next assessed the effects of depleting cells of
endogenous PHLPP by using siRNAs to knockdown
endogenous PHLPP in H157 cells. Figure 4A shows that
two siRNA sequences (Si-2 and Si-3) directed against
different regions of the PHLPP sequence effectively re-
duced endogenous PHLPP in 293T cells. (We used
293T cells to test for the best siRNA sequences, be-
cause endogenous PHLPP is readily detectable in
Figure 3. The Function of the PH Domain and the PDZ Binding
Motif in PHLPP

(A) Schematic representation of the wild-type (wt) and mutant
PHLPP constructs.
(B) Western blots of H157 cell lysates transfected with vector
(CON), HA-PHLPP, HA-�PH, or HA-�C (lanes 1–4, respectively).
Phosphorylation of endogenous Akt at Ser473 was detected by
using P473 antibody (top), whereas the total Akt was detected by
using the anti-Akt antibody (middle). The expression of PHLPP was
detected by using the anti-PHLPP antibody (bottom).
(C) Relative phosphorylation of Akt at Ser473 (P473/Akt) was deter-
mined by normalizing ECL signals of P473 antibody to those of the
anti-Akt antibody, and the numbers for the vector-transfected cells
(CON) were normalized to 1. Data represent mean ± SEM (n = 3).
(D) H157 cells transfected with the constructs described in (E) were
analyzed with flow cytometry to determine the number of apoptotic
cells. A GFP expression construct was cotransfected into the cells
to allow sorting for transfected cells. The number of apoptotic cells
in vector-transfected cells was normalized to 1 (CON). Data repre-
sent the mean ± SEM (n = 3).
these cells. This contrasts to all cancer cell lines we
tested in which PHLPP levels are greatly reduced and
difficult to quantify by Western blot analysis; for these
cells, quantitative RT-PCR was used to measure the abil-
ity of specific siRNA sequences to knockdown PHLPP
and comparable results were obtained). Si-2 and Si-3 were
used to reduce endogenous PHLPP expression in H157
cells. Figures 4B and 4C show that transfection of either
siRNA against PHLPP resulted in an increase in Akt
phosphorylation at Ser473, both in cells grown in low-
serum media (lanes 1–3) and also in cells treated with
LY294002 to inhibit PI3 kinase (lanes 4–6). Because
H157 cells do not express functional PTEN (Brognard et
al., 2001), Akt phosphorylation is elevated basally and
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Figure 4. Downregulation of Endogenous
PHLPP Prevents Apoptosis of H157 Cells

(A) 293T cells were transfected with CON
siRNA (lane 1), or two siRNAs against dif-
ferent regions of the PHLPP gene (lanes 2
and 3, Si-2 and Si-3, respectively). Expres-
sion of endogenous PHLPP was detected by
using the anti-PHLPP antibody (top). Equal
total protein levels were verified by probing
the same blot with an anti-actin antibody
(bottom).
(B) Western blots from siRNA-transfected
H157 cells demonstrate increased phos-
phorylation of Akt at Ser473. H157 cells were
transfected with control (scrambled) siRNA
(lanes 1 and 4), Si-2 (lanes 2 and 5) and Si-3
(lanes 3 and 6). 24 hr posttransfection, the
cells were placed in 0.1% FBS for 48 hr in
the absence (lanes 1–3) or presence of
LY294002 (20 �M, lanes 4–6). The phosphor-
ylation of Akt at Ser473 was detected by
using P473 (top); total Akt was detected by
using the anti-Akt antibody (bottom).
(C) Graph showing quantified P473 phos-
phorylation data from three independent ex-
periments as shown in (B). Relative phos-
phorylation of Akt at Ser473 (P473/Akt) was
determined by normalizing ECL signals of
P473 antibody to those of the anti-Akt anti-
body, and the vector transfected cells under
control conditions (CON) were set to 1. Data
represent mean ± SEM (n = 3).
(D) Western blots showing the time course
of LY294002-induced dephosphorylation of
endogenous Akt. H157 cells expressing CON
siRNA (lanes 1–5) or Si-2 (lanes 6–10) were
treated with LY294002 (15 �M) for 0, 2, 5, 8,
and 15 min. The phosphorylation of Akt at
Thr308 and Ser473 was detected by using
P308 and P473 antibodies, respectively. The
total Akt protein was detected by using the
anti-Akt antibody.
(E) Quantitative analysis of Western blots
shown in (D). The relative phosphorylation of
Akt at Thr308 (open circle) and Ser473 (open

square) was quantified by normalizing ECL signals of P308 and P473 antibodies to those of the anti-Akt antibody; the amount of Akt phosphor-
ylation at the 0 time point was normalized to 100%. Data for cells transfected with CON or Si-2 are shown on the top or the bottom, respec-
tively.
(F) Quantified results of apoptosis analysis of siRNA-transfected H157 cells. H157 cells were transfected with CON, Si-2, and Si-3. Apoptosis
was quantified by using flow cytometry. The bar graph summarizes four independent experiments showing the mean ± SEM. Student’s t tests
were performed to compare PHLPP siRNA-treated cells with the control cells, and p values are <0.01 (**) and <0.05 (*) for cells treated with
LY and without LY, respectively.
(G) Western blots showing PHLPP siRNA-induced increase of Akt phosphorylation at Ser473 was blocked by coexpression of PHLPP con-
structs carrying silent mutations in the siRNA-targeting sequence (PHLPP-w2 and -w3). H157 cells were transfected with control siRNA,
Si-2, Si-3, Si-2+PHLPP-w2 (P-w2), and Si-3+PHLPP-w3 (P-w3) (lanes 1–5, respectively). The phosphorylation of Akt at Ser473 was detected
by using P473 (top) and P308 (middle); total Akt was detected by using the anti-Akt antibody (bottom).
reduced 2- to 3-fold by inhibition of PI3 kinase (com- F
hpare lanes 1 and 4). Analysis of the rate of LY294002-

induced dephosphorylation of Akt revealed that Ser473 K
land Thr308 were dephosphorylated with a half time of

w2 min under the conditions examined in control cells 3
T(Figures 4D and 4E). Knockdown of PHLPP by siRNA

had no significant effect on the rate of dephosphoryla- A
ption of Thr308, but reduced the rate of dephosphoryla-

tion of Ser473 w5-fold. These data reveal that PHLPP t
pspecifically controls the phosphorylation state of

Ser473. P
0Apoptosis assays were performed to examine the

functional effect of expressing siRNAs against PHLPP. S
igure 4F shows that control cells grown in low serum
ad low numbers of apoptotic cells (4.8% ± 0.7%).
nockdown of endogenous PHLPP resulted in an even

ower number of apoptotic cells (2.3% ± 0.3% and
.0% ± 0.4% for Si-2 and Si-3 siRNA, p value < 0.01).
his correlated with the increased phosphorylation of
kt presented in Figure 4B. Inhibition of PI3 kinase tri-
led the number of apoptotic cells in control samples

o w14% ± 3%, correlating with the decrease in Akt
hosphorylation presented in Figure 4B. Knockdown of
HLPP prevented this increase: 6% ± 1% and 5.5% ±
.8% of siRNA-treated cells were apoptotic for the
i-2 and Si-3 (p value < 0.05), respectively. In control
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experiments, expression constructs of the full-length
PHLPP were created to introduce silent mutations in
the siRNA-targeting sequences. Figure 4G shows that
coexpression of these constructs (lanes 4 and 5) abol-
ished the effects of both Si-2 and Si-3 siRNAs (lanes 2
and 3) to increase Ser473 phosphorylation relative to
untransfected cells (lane 1). Note that phosphorylation
of Thr308 was not affected by siRNA treatment. These
data reveal that endogenous PHLPP catalyzes the de-
phosphorylation of Akt at Ser473 in vivo and that this
dephosphorylation leads to apoptosis.

We asked the question whether PHLPP-mediated
downregulation of Akt signaling is also conserved in
lower organisms such as Drosophila, because this sur-
vival pathway is well conserved from fly to human. By
searching the Drosophila gene database, a PHLPP ho-
molog was identified that had a similar domain compo-
sition as mammalian PHLPP but lacked the N-terminal
PH domain. We named the Drosophila PHLPP homolog
dPHLPP. To test whether dPHLPP serves as the hy-
drophobic motif phosphatase for Drosophila Akt (dAkt)
as well, we used double-stranded RNA (dsRNA) to
knockdown endogenous dPHLPP in fly S2 cells. As a
control, dsRNA against Drosophila PTEN (dPTEN) was
used to knockdown endogenous dPTEN (Clemens et
al., 2000). Figure 5 shows that knocking down dPHLPP
resulted in a robust increase in Akt phosphorylation at
the hydrophobic motif (Ser505 in dAkt), similar to that
observed by knocking down dPTEN. Thus, the PHLPP-
mediated negative regulation of Akt signaling is con-
served in Drosophila, similar to the negative regulation
mediated by the lipid phosphatase PTEN.
Figure 5. Downregulation of a PHLPP Homolog, dPHLPP, in Dro-
sophila Cells Results in Elevated Phosphorylation of Akt at the Hy-
drophobic Motif

Drosophila S2 cells were treated with specific dsRNAs against
dPHLPP (lanes 5 and 6) or dPTEN (lanes 3 and 4). Untreated S2
cells were used as negative controls (lanes 1 and 2). The cells were
serum starved for 2 hr and then treated with insulin (300 nM) for 5
min. The cell lysates were analyzed for Akt phosphorylation at the
hydrophobic motif (Ser505 in dAkt) by using the P505 phospho-
specific antibody (top). The total Akt in the lysates was detected
by using the anti-Akt antibody (bottom).
PHLPP is located on chromosome 18q21.33, a locus
that represents one of the most highly lost regions in
colon cancer (Goel et al., 2003; Jen et al., 1994). Thus,
we screened five cell lines derived from colon tumors
for PHLPP expression and Akt phosphorylation. All cell
lines had wt PTEN. The Western blot in Figure 6A
shows that cell line HT29 (lane 2) had markedly reduced
levels of PHLPP compared to cell line DLD1 (lane 1).
Both cell lines had comparable amounts of total Akt;
however, the phosphorylation levels of Ser473 and
Thr308 were greatly elevated in HT29 cells relative to
DLD1 cells. PTEN levels were comparable for both cell
Figure 6. Reduced Expression Levels of PHLPP in Cancer Cell
Lines Correlate with Elevated Akt Phosphorylation

(A) Western blot analysis of two colon cancer cell lines, DLD1 and
HT29, and two glioblastoma cell lines, LN319 and LN444. De-
tergent-soluble cell lysates were probed with antibodies to PHLPP
(top), phosphorylated Ser473 and Thr308 (P473 and P308, respec-
tively), or total Akt (bottom).
(B) Cancer cell lines HT29 (lanes 1 and 2) and LN444 (lanes 3 and
4) were transfected with vector (lanes 1 and 3) or HA- PHLPP (lanes
2 and 4). Detergent-soluble cell lysates were analyzed with anti-
bodies to phosphorylated Thr308 (P308), Ser473 (P473), or total
Akt (Akt).
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lines (data not shown). The low levels of PHLPP and
high level of Akt phosphorylation in the cell line HT29
were representative of four out of the five cell lines ex-
amined (data not shown). Given the abundance of
PHLPP in brain, we also screened six glioblastoma cell
lines for PHLPP levels, and results from two cell lines
are shown in Figure 6A. LN444 had barely detectable
PHLPP relative to LN319 (lanes 3 and 4). Both cell lines
have comparable levels of Akt, but the phosphoryla-
tion of Ser473 and Thr308 was dramatically increased
in LN444 cells. Both cell lines express nonfunctional
PTEN as reported previously (Furnari et al., 1997).
Transfection of wt PHLPP into HT29 and LN444 cells
resulted in a decrease of Akt phosphorylation at Ser473
compared to cells transfected with vector alone, with
no effect on phosphorylation of Thr308 (Figure 6B).
Given that the transfection efficiency was 30%–50%,
these data reveal that phosphorylation was essentially
abolished in the cells expressing recombinant PHLPP.
These data show that for cell lines from two different
cancers, colon and glioblastoma, reduced levels of
PHLPP correlate with high levels of phosphorylation on
Ser473 of Akt. Reintroduction of PHLPP into the cells
expressing low levels of the phosphatase leads to de-
phosphorylation of Akt.

We next addressed whether introduction of PHLPP
into tumor cells affects cell growth and tumor formation
in animals. The human glioblastoma cell line LN229 is
highly tumorigenic (Furnari et al., 1997; Ishii et al.,
1999). However, overexpression of PTEN in these cells
has been shown to have no inhibitory effect on cell
growth and tumorigenicity because wt PTEN is ex- F
pressed (Furnari et al., 1997). Endogenous PHLPP was H
not detected in LN229 cells by using our anti-PHLPP (
antibody (data not shown), suggesting a possible de- n

bfect in this protein in these cells. To assess this, we
ttested the effect of reintroducing the wt PHLPP on cell
ggrowth and tumorigenicity in these cells. Figure 7A
mshows that the growth rate of LN229 cells stably trans-
(

fected with HA-PHLPP (PHLPP) was reduced by w50% t
compared to that of vector-transfected control cells t
(CON). Phosphorylation of Akt at Ser473 and Thr308 u

(was markedly decreased in cells stably expressing HA-
iPHLPP (Figure 7B, lane 2). Note that the phosphoryla-
stion of hydrophobic site affects the stability of the acti-
evation loop site, so that chronic dephosphorylation of
T

Ser473 in the stable transfectants likely impacts the i
phosphorylation state of Thr308. m

To test whether PHLPP could inhibit the tumorigenic- (
iity of glioblastoma cells, LN229 cells stably expressing
eeither the empty vector or HA-PHLPP were injected into
fnude mice, and the size of resulting tumors was moni-
wtored for 7 weeks. Injection of control LN229 cells re-
o

sulted in formation of robust tumors, with a size of 940 (
mm3 after 7 weeks (Figure 7C, open circles). Overex- s
pression of PHLPP resulted in a striking 68% reduction g

(in tumor size (n = 4, p value < 0.05), with the tumor
Pin one mouse regressing completely (Figure 7C, open
tsquares). Western blot analysis of dissected tumors re-
ivealed a marked reduction in phosphorylation of
(

Ser473 in tumors from PHLPP-overexpressing cells
compared to those from vector control LN229 cells
(Figure 7D). Thus, reintroduction of PHLPP into tumor
cells results in specific dephosphorylation of Akt at
igure 7. Effect of PHLPP on Proliferation and Tumorigenicity of
uman Glioblastoma LN229 Cells

A) LN229 cells were transfected with vector or HA-PHLPP. The
umber of viable cells in media containing G418 was determined
y using a hemocytometer (Furnari et al., 1997). The growth rate of

he vector-transfected cells (CON) was normalized to 1. The bar
raph summarizes three independent experiments, showing the
ean ± SEM (n = 3).

B) Western blots showing phosphorylation of endogenous Akt in
he G418-resistant LN229 cells. The stable LN229 cells expressing
he empty vector (lane 1) or HA-PHLPP (lane 2) were analyzed by
sing P308, P473, and the anti-Akt antibody.

C) Expression of PHLPP decreases tumorigenicity of LN229 cells
n nude mice. Nude mice of BALB/c background were inoculated
ubcutaneously with stable LN229 cells (3 × 106) transfected with
ither the empty vector (open circle) or HA-PHLPP (open square).
he size of the tumors was measured every 7 days. Four mice were

noculated in each group, and data in the graph represent the
ean ± SEM (n = 4, *p < 0.05).

D) The phosphorylation status of Akt in tumors formed by LN229-
njected nude mice. The tumor samples from two different mice
ither injected with the vector (lanes 1 and 2) or HA-PHLPP-trans-
ected LN229 cells (lanes 3 and 4) were homogenized and analyzed
ith antibodies to phosphorylated Ser473 (top), total Akt (middle),
r PHLPP (bottom).

E) Deletion of the PDZ binding motif in PHLPP impairs its ability to
uppress tumor growth in nude mice. Nude mice of BALB/c back-
round were inoculated subcutaneously with stable LN229 cells

5 × 106) transfected with either the empty vector (open circle), HA-
HLPP (open square), or HA-�C (open triangle). The size of the

umors was measured every 7 days. Four mice were inoculated
n each group, and data in the graph represent the mean ± SEM
n = 4).
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Ser473, suppression of cell proliferation, and, most im-
portantly, suppression of tumor growth. Figure 7E shows
that deletion of the PDZ binding motif of PHLPP almost
completely abolishes the ability of PHLPP to reduce tu-
mor size. These data reveal that the correct targeting
of PHLPP is required for it to dephosphorylate Akt, pro-
mote apoptosis, and suppress tumors; its PP2C activity
is not sufficient for the biological effects observed.

Discussion

Misregulation of the PI3 kinase/Akt signaling pathway
plays a central role in disease, most notably tumorigen-
esis. Hyperactivation of Akt tips the balance of cells
into prosurvival pathways and is often correlated with
tumor progression, whereas reduced activity of Akt tips
the balance toward apoptosis and is often correlated
with heart disease and diabetes (Lawlor and Alessi,
2001; Matsui et al., 2003). Much progress has been
made in the past decade in elucidating the mechanisms
that lead to Akt phosphorylation and activation (Ha-
nada et al., 2004). In contrast, little is known about the
mechanisms that terminate Akt signaling. Here, we re-
port on the discovery of a phosphatase, PHLPP, that
terminates Akt signaling by directly dephosphorylating
the hydrophobic phosphorylation motif on Akt.

Specificity of PHLPP
PHLPP displays remarkable discrimination between
two phosphorylation sites within the same molecule:
siRNA knockdown and overexpression studies reveal
that it specifically dephosphorylates Ser473, but not
Thr308, on Akt. Consistent with PHLPP specifically reg-
ulating Ser473, the phosphorylation state of this site is
only modestly sensitive to OA, an inhibitor that does
not affect PP2C family members. In contrast, the phos-
phorylation state of Thr308 is markedly sensitive to OA.
Previous reports have shown that a PP2A-type activity
regulates Akt (Andjelkovic et al., 1996; Yoshizaki et al.,
2004); our data would suggest that the PP2A compo-
nent regulates the PDK-1 site Thr308. It is noteworthy
that in transient transfection (e.g., Figure 2A) or knock-
down experiments (e.g., Figure 4B), PHLPP specifically
modulates the phosphorylation state of Ser473 and not
Thr308. However, in stable transfections of PHLPP
(e.g., Figure 7B) and in cancer cell lines with chronically
reduced PHLPP (e.g., Figure 6A), the phosphorylation
state of both Thr308 and Ser473 is affected. This could
arise from chronic (rather than acute) changes in phos-
phate on the hydrophobic motif regulating the long-
term stability of phosphate on the activation loop. In
this regard, phosphorylation of the hydrophobic motif
stabilizes phosphorylation on the activation loop in pro-
tein kinase C (Bornancin and Parker, 1997; Edwards
and Newton, 1997).

Whether there are other targets of PHLPP remains to
be explored. However, the ability of a S473D construct
of Akt to suppress the effect of PHLPP overexpression
on apoptosis indicates that, in the studies presented,
the biological effects derive primarily from the ability of
PHLPP to dephosphorylate Ser473 of Akt. These ef-
fects are also specific for PHLPP; overexpression of an-
other PP2C, PP2Cα, has recently been shown to have
Figure 8. Model Showing Distinct Roles of a Lipid Phosphatase,
PTEN, and a Protein Phosphatase, PHLPP, in Terminating Signaling
by Akt

PTEN prevents Akt signaling by dephosphorylating the lipid second
messenger Ptd InsP3. Here, we show that PHLPP terminates Akt
signaling by dephosphorylating the hydrophobic motif, thus inacti-
vating Akt. Misregulation of either promotes tumor progression.
no effect on the hydrophobic motif of Akt (Yoshizaki et
al., 2004).

PDZ Binding Motif: Essential for Function
The PDZ binding motif is crucial for the biological func-
tion of PHLPP: deletion of the three carboxy-terminal
residues encoding this motif inhibits the ability of
PHLPP to dephosphorylate Akt, to promote apoptosis,
and to suppress tumors. These data reveal that the cor-
rect intracellular targeting of PHLPP is critical for its
function and suggest a scaffold that retains PHLPP in
proximity to Akt. The PDZ binding motif is conserved
in lower organisms such as C. elegans and Drosophila
unlike the PH domain, which was added later in evolu-
tion and is not required for function.

Potential Role of PHLPP in Cancer
PTEN has proven to be the archetypal tumor suppres-
sor by its effects on the Akt signaling pathway. None-
theless, there are abundant examples of Akt phosphor-
ylation being elevated in cancer cell lines having wt
PTEN (e.g., four out of five colon cancer cell lines
screened in this study had elevated Akt phosphoryla-
tion and wt PTEN). Thus, it is clear that other mecha-
nisms causing elevation of Akt phosphorylation con-
tribute to tumor progression. Here, we show that
PHLPP levels are markedly reduced in a number of co-
lon cancer and glioblastoma cell lines. Reintroduction
of PHLPP into a glioblastoma cell line that is wt in PTEN
decreases the growth rate of these cells by w50%. The
magnitude of this growth-suppressive effect is similar
to that observed after reintroduction of PTEN into glio-
blastoma cell lines defective in PTEN (Furnari et al.,
1997). In addition, subcutaneous injection of glioblas-
toma cells transfected with PHLPP dramatically re-
duces the ability of these cells to induce tumors.

The chromosomal location of PHLPP on 18q21.33
poises it as an attractive candidate for a tumor sup-
pressor, because this locus represents one of the most
highly lost regions in colon cancer (Goel et al., 2003;
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aJen et al., 1994). Indeed, assessment of 18q is a valu-
wable predictor of colon cancer (Kelker et al., 1996).
oOur data support a model in which the termination of
T

Akt signaling is under the control of two key proteins: b
PTEN, a lipid phosphatase, that prevents activation by a

Premoving the second messenger that activates Akt, and
PHLPP, a protein phosphatase, that inactivates Akt by

Cdirect dephosphorylation of the hydrophobic motif (Fig-
2ure 8). A prediction of this model is that certain tumors
mwill be insensitive to inhibitors of PI3 kinase or to over-
t

expression of PTEN. This is indeed the case: the LN229 H
cells above are not sensitive to overexpression of PTEN i

Tand Akt phosphorylation in BT-474 breast cancer cells
fis resistant to LY29004 (Nicholson et al., 2003).
u
bExperimental Procedures
N
2Materials and Antibodies
�Insulin, OA, and LY294002 were purchased from Calbiochem.
lPHLPP-specific siRNAs were obtained from Dharmacon. The tar-
cgeting sequences in PHLPP for Si-2 and Si-3 are 5#-GGAATCAA
sCTGGTCACATT-3# and 5#-ACTACTGGCAGGACACAAC-3#, respec-
wtively. Drosophila S2 cells and dsRNA against dPTEN were kindly
sprovided by Dr. Jack Dixon. The following antibodies were
fpurchased from Cell Signaling: phospho-antibodies for Thr308
t(P308) and Ser473 (P473) of Akt, a phosphospecific antibody for

the hydrophobic phosphorylation motif of PKC (P660), a phospho-
Iantibody for Ser21/9 of GSKα/β, a polyclonal Akt antibody, and a
Tmonoclonal Akt (5G3) antibody. A monoclonal antibody against
wGSKα/β was obtained from Biosource. An anti-HA monoclonal anti-
Abody was purchased from Covance. A PHLPP-specific antibody
Cwas raised against a His-tagged fusion protein of the C terminus
tof PHLPP (His-CT, amino acid residues 907–1205) (Strategic Bioso-
blutions), and the antibodies were affinity purified against His-CT.
TThe baculovirus encoding a 6His-tagged murine Akt1 was provided
Bby Dr. Alex Toker.
b

Molecular Cloning and Construction of Expression Plasmids
IThe full-length human PHLPP cDNA was cloned by combining the
Hfollowing cDNA fragments: KIAA0606 in Kazusa cDNA collection,
ban EST cDNA available from ATCC (GenBank accession number:
aBG110729), and a RT-PCR product using a mixture of human fetal
bbrain cDNAs (Marathon-Ready cDNA from BD Biosciences Clon-
btech) as the template. The 5# end of PHLPP mRNA was confirmed
aby using the 5#-RACE method with human brain Marathon-Ready
icDNA. The pcDNA3HA vector was created by inserting the cDNA
7coding sequence of an HA tag (MGYPYDVPDYA) into BamHI and
(EcoRI sites on the pcDNA3 vector. To express HA-tagged wt and a
fPH domain deletion mutant (�PH, deletion of amino acid residues
w1–125) of PHLPP in mammalian cells, the corresponding cDNA
ifragments were amplified by using PCR. The PCR products were
tsubcloned into EcoRI and XhoI sites on the pcDNA3HA vector to

yield HA-PHLPP and HA-�PH expression constructs. The HA-�C
APHLPP construct (deletion of the last three amino acid residues
A1203–1205) was generated by using a QuikChange Site-Directed
nMutagenesis Kit (Stratagene). To express the PP2C domain in bac-
Pteria, the coding region of PP2C (amino acid residues 653–906) was
tamplified by using PCR, and the PCR product was subcloned into
iEcoRI and XhoI sites on the pGEX-KG vector to yield in-frame fu-
lsion of the PP2C domain to GST.
f
wIn Vitro Phosphatase Assay
sA GST-fusion protein of PHLPP-PP2C was expressed in BL21 (DE3)
iand purified with glutathione-Sepharose. The GST-PP2C proteins
Dwere eluted from the beads in PBS containing 10 mM glutathione
uand 1 mM DTT and dialyzed against 50 mM Tris (pH 7.4) and 1 mM

DTT. His-tagged Akt was expressed and purified from baculovirus-
infected Sf21 cells. Briefly, Sf21 cells were maintained in SF-900 II d

dmedia (Invitrogen) and infected with baculovirus encoding His-Akt
for 3 days. To obtain maximally phosphorylated Akt as substrate, s

gthe infected cells were treated with 10% fetal bovine serum (FBS)
nd calyculin A (100 nM) for 15 min prior to lysis. The infected cells
ere lysed in PBS containing 1% Triton X-100 and 10 mM imidaz-
le, and His-Akt proteins were purified with Ni-NTA beads (Qiagen).
he dephosphorylation reactions were carried out in a reaction
uffer containing 50 mM Tris (pH 7.4), 1 mM DTT, and 5 mM MnCl2
t 30°C for 0–30 min. The final concentration of His-Akt and GST-
P2C in the reactions was 0.3 �M and 5 nM, respectively.

ell Transfection and Western Blotting
93T, H157, MDA-MB-231, LN229, LN319, and LN444 cells were
aintained in DMEM (Cellgro) containing 10% FBS (Omega Scien-

ific) and 1% penicillin/streptomycin at 37°C in 5% CO2. DLD1 and
T29 cells were maintained in Iscove’s MDM (Invitrogen) contain-

ng 10% FBS and 1% penicillin/streptomycin at 37°C in 5% CO2.
ransient transfection of all cell types was carried out by using Ef-
ectene reagents (Qiagen). Lipofectamine 2000 (Invitrogen) was
sed to transfect siRNAs into 293T and H157 cells. For Western
lotting, the transfected cells were lysed in buffer A (50 mM
a2HPO4, 1 mM sodium pyrophosphate, 20 mM NaF, 2 mM EDTA,
mM EGTA, 1% Triton X-100, 1 mM DTT, 200 �M benzamidine, 40
g ml−1 leupeptin, and 1 mM PMSF). The detergent-solublized cell

ysate was obtained by centrifuging the whole cell lysate in a micro-
entrifuge at 13,000 rpm for 2 min. The detergent-solublized ly-
ates were separated on SDS-PAGE gels. If multiple antibodies
ere used to probe the same set of lysates, equal amount of ly-
ates were run on separate gels, and Western blotting was per-
ormed independently with each phospho-specific and total pro-
ein antibodies.

mmunoprecipitation
o examine the interaction between PHLPP and Akt, 293T cells
ere transiently cotransfected with HA-PHLPP and a Flag-tagged
kt. w30 hr posttransfection, the cells were lysed in buffer A.
oimmunoprecipitation was carried out by incubating the de-

ergent-solublized cell lysates with an anti-HA monoclonal anti-
ody and Ultra-link protein A/G beads (Pierce) at 4°C overnight.
he immunoprecipitates were washed three times in buffer A.
ound proteins were separated on a SDS-PAGE gel and analyzed
y using Western blotting.

n Vitro Kinase Assay
157 cells transfected with vector or HA-PHLPP were lysed in
uffer A. The detergent-solublized cell lysates were incubated with
n anti-Akt monoclonal antibody (5G3) and Ultra-link protein A/G
eads (Pierce) at 4°C overnight. Beads were washed three times in
uffer A and twice in buffer B (25 mM Tris, [pH 7.4], 10 mM MgCl2
nd 1 mM DTT). In vitro kinase assays were carried out by incubat-

ng immunoprecipitated Akt in buffer containing 25 mM Tris, (pH
.4), 10 mM MgCl2 and 1 mM DTT, 200 �M ATP, 6 �M Crosstide

Upstate Biotechnology) (Alessi et al., 1996), and 32Pγ-ATP at 30°C
or 30 min. Each reaction was performed in duplicate. The reactions
ere spotted onto P81 filter paper (Whatman), and radioactivity

ncorporated into the peptide was measured by using a scintilla-
ion counter.

poptosis Assay
poptosis assays were performed as described previously (Brog-
ard et al., 2001). Briefly, cells were transfected with different
HLPP expression constructs or siRNAs. In the case of gating for

ransfected cells, a GFP expression construct was cotransfected
nto the cells. w24 hr posttransfection, the cells were switched to
ow-serum medium (DMEM plus 0.1% FBS) and allowed to grow
or an additional 48 hr. For LY294002 (25 �M) treatment, the drug
as added at the time when the cells were switched into the low-
erum medium. The cells were collected and stained with propid-

um iodide (25 �g/ml). Apoptotic cells were defined as sub-2N
NA-containing cells. Quantification of apoptosis was obtained by
sing flow cytometry analysis with a Becton Dickinson FACSort.

sRNA Interference in Drosophila Cells
sRNA interfernce in fly cells was performed essentially as de-
cribed (Clemens et al., 2000). dPHLPP was identified in the fly
ene database, and the predicted gene product resides on chro-
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mosome 2L (gene CG10493, http://www.flybase.org). A fragment of
dPHLPP cDNA was obtained by RT-PCR using total RNA from S2
cells as template, and the RT-PCR product was cloned into the
pGEM-T vector (Promega). This construct was then used as a tem-
plate for the subsequent PCR amplification. A 530 bp targeting se-
quence within dPHLPP was used to generate a PCR product con-
taining a 5# T7 RNA polymerase binding site, and the primers used
are: 5#-TTAATACGACTCACTATAGGGAGACAGTTCAAGGTTTGTCA
GAGC-3# and 5#-TTAATACGACTCACTATAGGGAGATCCAGTGCT
TGCCATGCG-3#. This PCR product was used as a template to pro-
duce dsRNA eoyj a MEGAscript T7 Transcription Kit (Ambion). S2
cells were maintained in Schneider’s Drosophila medium (Invitro-
gen). To knockdown dPHLPP or dPTEN, 15 �g of dsRNAs were
added to 2 × 106 cells in a 6-well cell culture dish. 2 days after
addition of dsRNAs, the cells were serum starved for 2 hr then
treated with 300 nM insulin for 5 min. Detergent-solublized cell ly-
sates were prepared and subjected to SDS-PAGE and Western
blotting analysis.

Tumorigenicity
LN229 cells were transfected with vector, HA-PHLPP, or HA-�C.
w30 hr posttransfection, the cells were switched to selection me-
dia (DMEM, 10% FBS, 1% penicillin/streptomycin, and 800 �g/ml
G418). The viable cells were counted after 7 days in selection me-
dia. The number of viable cells reflects the effect of PHLPP on cell
proliferation (Furnari et al., 1997). The G418-resistant stable cells
were propagated and expanded for an additional 2–3 passages to
obtain the number of cells needed for mice injection. For subcuta-
neous inoculation, 3 × 106 or 5 × 106 cells were injected into 4- to
5-week-old female nude mice of BALB/c background. The size of
tumors was measured once a week with a caliper, and tumor vol-
umes were defined as (longest diameter) × (shortest diameter)2 ×
0.5 (Nishikawa et al., 1994). Tumors were excised from individual
mice and flash frozen in liquid N2. The tumor samples were homog-
enized in buffer A, and detergent-solublized lysates were subjected
to SDS-PAGE and Western blotting analysis.

Acknowledgments

We thank John Brognard for assistance with the flow cytometry,
Dr. Phillip A. Dennis at the National Cancer Institute for the gift of
H157 cells, Drs. Carolyn Worby and Jack Dixon for providing the
dsRNA against dPTEN and help with Drosophila cell culture, and
Dr John Carethers for the colon cancer cell lines. This work was
supported by National Institutes of Health (NIH) K01 CA10209-01
(T.G.), NIH NCI PO1 CA95616 (F.F.), and NIH GM 43154 (A.C.N.).

Received: November 1, 2004
Revised: January 26, 2005
Accepted: March 11, 2005
Published: March 31, 2005

References

Alessi, D.R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N.,
Cohen, P., and Hemmings, B.A. (1996). Mechanism of activation of
protein kinase B by insulin and IGF-1. EMBO J. 15, 6541–6551.

Alessi, D.R., Kozlowski, M.T., Weng, Q.P., Morrice, N., and Avruch,
J. (1998). 3-Phosphoinositide-dependent protein kinase 1 (PDK1)
phosphorylates and activates the p70 S6 kinase in vivo and in vitro.
Curr. Biol. 8, 69–81.

Andjelkovic, M., Jakubowicz, T., Cron, P., Ming, X.F., Han, J.W., and
Hemmings, B.A. (1996). Activation and phosphorylation of a pleck-
strin homology domain containing protein kinase (RAC-PK/PKB)
promoted by serum and protein phosphatase inhibitors. Proc. Natl.
Acad. Sci. USA 93, 5699–5704.

Behn-Krappa, A., and Newton, A.C. (1999). The hydrophobic phos-
phorylation motif of conventional protein kinase C is regulated by
autophosphorylation. Curr. Biol. 9, 728–737.

Black, J.D. (2000). Protein kinase C-mediated regulation of the cell
cycle. Front. Biosci. 5, D406–D423.
Bornancin, F., and Parker, P.J. (1997). Phosphorylation of protein
kinase C-alpha on serine 657 controls the accumulation of active
enzyme and contributes to its phosphatase- resistant state. J. Biol.
Chem. 272, 3544–3549.

Brognard, J., Clark, A.S., Ni, Y., and Dennis, P.A. (2001). Akt/protein
kinase B is constitutively active in non-small cell lung cancer cells
and promotes cellular survival and resistance to chemotherapy and
radiation. Cancer Res. 61, 3986–3997.

Clemens, J.C., Worby, C.A., Simonson-Leff, N., Muda, M., Mae-
hama, T., Hemmings, B.A., and Dixon, J.E. (2000). Use of double-
stranded RNA interference in Drosophila cell lines to dissect signal
transduction pathways. Proc. Natl. Acad. Sci. USA 97, 6499–6503.

Cohen, P., and Cohen, P.T. (1989). Protein phosphatases come of
age. J. Biol. Chem. 264, 21435–21438.

Das, A.K., Helps, N.R., Cohen, P.T., and Barford, D. (1996). Crystal
structure of the protein serine/threonine phosphatase 2C at 2.0 A
resolution. EMBO J. 15, 6798–6809.

Datta, S.R., Brunet, A., and Greenberg, M.E. (1999). Cellular sur-
vival: a play in three Akts. Genes Dev. 13, 2905–2927.

Edwards, A.S., and Newton, A.C. (1997). Phosphorylation at con-
served carboxyl-terminal hydrophobic motif regulates the catalytic
and regulatory domains of protein kinase C. J. Biol. Chem. 272,
18382–18390.

Ferguson, K.M., Kavran, J.M., Sankaran, V.G., Fournier, E., Isakoff,
S.J., Skolnik, E.Y., and Lemmon, M.A. (2000). Structural basis for
discrimination of 3-phosphoinositides by pleckstrin homology do-
mains. Mol. Cell 6, 373–384.

Fjeld, C.C., and Denu, J.M. (1999). Kinetic analysis of human serine/
threonine protein phosphatase 2C alpha. J. Biol. Chem. 274,
20336–20343.

Franke, T.F., Kaplan, D.R., and Cantley, L.C. (1997). PI3K: down-
stream AKTion blocks apoptosis. Cell 88, 435–437.

Furnari, F.B., Lin, H., Huang, H.S., and Cavenee, W.K. (1997).
Growth suppression of glioma cells by PTEN requires a functional
phosphatase catalytic domain. Proc. Natl. Acad. Sci. USA 94,
12479–12484.

Gao, T., Toker, A., and Newton, A.C. (2001). The carboxyl terminus
of protein kinase c provides a switch to regulate its interaction with
the phosphoinositide-dependent kinase, pdk-1. J. Biol. Chem. 276,
19588–19596.

Goel, A., Arnold, C.N., Niedzwiecki, D., Chang, D.K., Ricciardiello,
L., Carethers, J.M., Dowell, J.M., Wasserman, L., Compton, C.,
Mayer, R.J., et al. (2003). Characterization of sporadic colon cancer
by patterns of genomic instability. Cancer Res. 63, 1608–1614.

Hanada, M., Feng, J., and Hemmings, B.A. (2004). Structure, regu-
lation and function of PKB/AKT—a major therapeutic target. Bio-
chim. Biophys. Acta 1697, 3–16.

Hill, M.M., Andjelkovic, M., Brazil, D.P., Ferrari, S., Fabbro, D., and
Hemmings, B.A. (2001). Insulin-stimulated protein kinase B phos-
phorylation on Ser-473 is independent of its activity and occurs
through a staurosporine-insensitive kinase. J. Biol. Chem. 276,
25643–25646.

Ishii, N., Maier, D., Merlo, A., Tada, M., Sawamura, Y., Diserens,
A.C., and Van Meir, E.G. (1999). Frequent co-alterations of TP53,
p16/CDKN2A, p14ARF, PTEN tumor suppressor genes in human
glioma cell lines. Brain Pathol. 9, 469–479.

Jackson, M.D., Fjeld, C.C., and Denu, J.M. (2003). Probing the func-
tion of conserved residues in the serine/threonine phosphatase
PP2Calpha. Biochemistry 42, 8513–8521.

Jen, J., Kim, H., Piantadosi, S., Liu, Z.F., Levitt, R.C., Sistonen, P.,
Kinzler, K.W., Vogelstein, B., and Hamilton, S.R. (1994). Allelic loss
of chromosome 18q and prognosis in colorectal cancer. N. Engl. J.
Med. 331, 213–221.

Kelker, W., Van Dyke, D.L., Worsham, M.J., Christopherson, P.L.,
James, C.D., Conlon, M.R., and Carey, T.E. (1996). Loss of 18q and
homozygosity for the DCC locus: possible markers for clinically ag-
gressive squamous cell carcinoma. Anticancer Res. 16, 2365–2372.

Keranen, L.M., Dutil, E.M., and Newton, A.C. (1995). Protein kinase

http://www.flybase.org


Molecular Cell
24
C is regulated in vivo by three functionally distinct phosphoryla-
tions. Curr. Biol. 5, 1394–1403.

Lawlor, M.A., and Alessi, D.R. (2001). PKB/Akt: a key mediator of
cell proliferation, survival and insulin responses? J. Cell Sci. 114,
2903–2910.

Leslie, N.R., Biondi, R.M., and Alessi, D.R. (2001). Phosphoinosi-
tide-regulated kinases and phosphoinositide phosphatases. Chem.
Rev. 101, 2365–2380.

Maehama, T., and Dixon, J.E. (1998). The tumor suppressor, PTEN/
MMAC1, dephosphorylates the lipid second messenger, phospha-
tidylinositol 3,4,5-trisphosphate. J. Biol. Chem. 273, 13375–13378.

Matsui, T., Nagoshi, T., and Rosenzweig, A. (2003). Akt and PI
3-kinase signaling in cardiomyocyte hypertrophy and survival. Cell
Cycle 2, 220–223.

Newton, A.C. (2003). Regulation of the ABC kinases by phosphory-
lation: protein kinase C as a paradigm. Biochem. J. 370, 361–371.

Nicholson, K.M., and Anderson, N.G. (2002). The protein kinase
B/Akt signalling pathway in human malignancy. Cell. Signal. 14,
381–395.

Nicholson, K.M., Streuli, C.H., and Anderson, N.G. (2003). Autocrine
signalling through erbB receptors promotes constitutive activation
of protein kinase B/Akt in breast cancer cell lines. Breast Cancer
Res. Treat. 81, 117–128.

Nishikawa, R., Ji, X.D., Harmon, R.C., Lazar, C.S., Gill, G.N., Ca-
venee, W.K., and Huang, H.J. (1994). A mutant epidermal growth
factor receptor common in human glioma confers enhanced tumor-
igenicity. Proc. Natl. Acad. Sci. USA 91, 7727–7731.

Shimizu, K., Okada, M., Takano, A., and Nagai, K. (1999). SCOP, a
novel gene product expressed in a circadian manner in rat su-
prachiasmatic nucleus. FEBS Lett. 458, 363–369.

Stephens, L., Anderson, K., Stokoe, D., Erdjument-Bromage, H.,
Painter, G.F., Holmes, A.B., Gaffney, P.R.J., Reese, C.B., McCor-
mick, F., Tempst, P., et al. (1998). Protein kinase B kinases that me-
diate phosphatidylinositol 3,4,5-trisphosphate-dependent activa-
tion of protein kinase B. Science 279, 710–714.

Toker, A., and Newton, A.C. (2000). Akt/protein kinase B is regu-
lated by autophosphorylation at the hypothetical PDK-2 site. J.
Biol. Chem. 275, 8271–8274.

Vivanco, I., and Sawyers, C.L. (2002). The phosphatidylinositol
3-Kinase AKT pathway in human cancer. Nat. Rev. Cancer 2, 489–
501.

Wishart, M.J., and Dixon, J.E. (2002). PTEN and myotubularin phos-
phatases: from 3-phosphoinositide dephosphorylation to disease.
Trends Cell Biol. 12, 579–585.

Yamada, T., Katagiri, H., Asano, T., Inukai, K., Tsuru, M., Kodama,
T., Kikuchi, M., and Oka, Y. (2001). 3-phosphoinositide-dependent
protein kinase 1, an Akt1 kinase, is involved in dephosphorylation
of Thr-308 of Akt1 in Chinese hamster ovary cells. J. Biol. Chem.
276, 5339–5345.

Yoshizaki, T., Maegawa, H., Egawa, K., Ugi, S., Nishio, Y., Imamura,
T., Kobayashi, T., Tamura, S., Olefsky, J.M., and Kashiwagi, A.
(2004). Protein phosphatase-2C alpha as a positive regulator of in-
sulin sensitivity through direct activation of phosphatidylinositol
3-kinase in 3T3–L1 adipocytes. J. Biol. Chem. 279, 22715–22726.


	PHLPP: A Phosphatase that Directly Dephosphorylates Akt, Promotes Apoptosis, and Suppresses Tumor Growth
	Introduction
	Results
	Discussion
	Specificity of PHLPP
	PDZ Binding Motif: Essential for Function
	Potential Role of PHLPP in Cancer

	Experimental Procedures
	Materials and Antibodies
	Molecular Cloning and Construction of Expression Plasmids
	In Vitro Phosphatase Assay
	Cell Transfection and Western Blotting
	Immunoprecipitation
	In Vitro Kinase Assay
	Apoptosis Assay
	dsRNA Interference in Drosophila Cells
	Tumorigenicity

	Acknowledgments
	References


