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14. ABSTRACT 
 
The major purpose of the proposed research was to determine if a novel phosphatase, entitled PHLPP2, negatively 
regulates the protoncogene Akt, by dephosphorylating this kinase at a key residue, Ser 473, where phosphorylation is 
required formaximal activity.  Furthermore, we sought to determine if this phosphatase played a role in regulating 
downstreamphysiological effects of Akt signaling including: cell proliferation, growth, and apoptosis.  Finally, since this 
phosphatase resides in a location of frequent loss of heterozygosity in breast cancer, we sought to determine if this 
phosphatase played a role in breast tumorigenesis.  Major findings, are consistent with originally proposed research, I was 
able to successfully clone the full length PHLPP2 protein and determine phosphatase activity in vitro and in vivo.  Full 
length PHLPP2 is a functional phosphatase that preferentially dephosphorylates Akt at Ser 473, thereby decreasing 
kinase activity, promoting apoptosis, and inhibiting cellular proliferation.  Consistent with these results, siRNA mediated 
knockdown of endogenous PHLPP2 increases phosphorylation of Akt at Ser 473, and promotes cellular proliferation and 
survival. Finally, we have distinguished functional roles for PHLPP1 and PHLPP2 by examining downstream signaling of 
the Akt kinase.  PHLPP2 preferentially regulates thecell cycle inhibitor p27, while PHLPP1 regulates GSK-3α, and HDM2.  
Both phosphatases regulate the phosphorylationstatus of GSK-3β, TSC-2 and FoxO1.  We have elucidated the molecular 
mechanism where PHLPP phosphatases regulateunique downstream substrates of Akt: by interacting with and 
dephosphorylating specific isoforms of Akt.  PHLPP2 regulatesAkt1 and Akt3 while PHLPP1 regulates Akt2 and Akt3.  
Finally, we have discovered that the PHLPP isoforms regulate the amplitude and duration of Akt phosphorylation following 
agonist treatment in a normal breast cell line (Hs578Bst), further implicating this phosphatase as a major regulator of Akt 
in breast cells. This work has now been published in the journal Molecular Cell. We have also found that the PHLPP 
phosphatases regulate phosphorylation of the hydrophobic motif of PKC,resulting in regulation of PKC protein levels. 
While screening breast cancer cell lines for mutations a common polymorphismwas identified that resulted in an amino 
acid change (Leu to Ser at amino acid 1016 (L1016S)) in the PP2C domain of thephosphatase, where the a copy of the 
Ser allele is present in 15% of the population. Four breast cancer cell lines with LOH at16q22.3 only possess the less 
common Ser allele.  When comparing a normal and cancer cell line from the same patient results show that the cancer 
cell line retains only the Ser allele.  This provided us with the impetus to genotype normal and tumor tissue from the same 
patient, and consistent with results in breast cancer cell lines, the Leu allele is preferentially lost from high-grade breast 
cancer patients that are heterozygous.  We then explored the role of PHLPP2 in breast cancer celllines, expression of wild 
type PHLPP2 in breast cancer cell lines decreases Akt phosphorylation at Ser 473 and induces apoptosis. Generation of 
this variant indicated that it was less functional in in vitro phosphatase assays and when expressed in cells.  Finally, 
depletion of PHLPP2 from breast cancer cell lines that only possess the Ser Allele indicates that this polymorphic variant 
is less functional, but only under basal, unstimulated conditions.  Surprisingly in a case control study the Ser/Ser genotype 
occurred at a similar frequency in breast cancer patients as age-matched controls.  These results suggest that loss of the 
more functional Leu variant may play a role in breast cancer progression, but that possessing only the Ser allele does not 
predispose women to the development of breast cancer. 
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Introduction
A prevalent underlying mechanism driving tumorigenesis is aberrant activation of signal

transduction pathways resulting in increased cell growth, proliferation and/or survival (1).   A well-
characterized signal transduction pathway that promotes cellular survival, growth, and proliferation in
breast cancer is the PI3K/Akt pathway.   This pathway can be activated via a number of mechanisms
including amplification or gain of function mutations in upstream receptor protein tyrosine kinases
(RPTKs), constitutive activation of hormone receptors, direct amplification of PI3K or Akt, mutations in
PI3K, and loss of expression of a regulatory phosphatase, such as PTEN (phosphatase and tensin
homolog on chromosome ten)(2).  PTEN mutations and deletions have been identified in a majority of
cancers, however mutations are not as common in breast cancer and occur in only 6% (4/65) of breast
cancer cell lines or xenografts, and are very infrequent in primary breast specimens (3-5).  Since PTEN
mutations are rare in breast cancer this suggests that another phosphatase that regulates Akt activity may
be mutated or have loss of expression in breast cancer.  My lab recently discovered a novel phosphatase
PHLPP, for PH domain Leucine-rich repeat Protein Phosphatase, which regulates Akt signaling by
directly dephosphorylating Akt at the hydrophobic motif, Ser 473 (6).  The focus of my thesis work was
to identify, clone, and characterize a second isoform of the PHLPP family of phosphatases entitled
PHLPP2.  Based on the function and location of PHLPP2 (at chromosome 16q22.3, a region of frequent
loss of heterozygosity in breast cancer) we seek to determine if this protein could be a potential tumor
suppressor in breast cancer.

Body
Functional Characterization of the PHLPP2 phosphatase

We were able to successfully clone the full length PHLPP2 and details of the exact procedures
used are included in the manuscript in the appendix of this annual report.  Results demonstrated that the
full length PHLPP2 preferentially dephosphorylates Akt at Ser 473, unique from the isolated PP2C
domain of PHLPP2, which dephosphorylates both Ser 473 and Thr 308 of Akt (7).  Consistent with
these results, expression of PHLPP2 in cells results in a decrease in Akt phosphorylation at Ser 473,
with no effects on phosphorylation at Thr 308 (7).  This decrease in phosphorylation of Akt at Ser 473
correlated with a decrease in kinase activity (7).  We observed the PHLPP2 phosphatase to be localized
in the cytosol and nucleus (7) and this was consistent with overexpression results (unpublished data).
Finally we observed that the PH domain of PHLPP1 and PHLPP2 has similar specificity for
phosphorylated phosphoinositides, which included PI3P, PI4P, PI3,5P and PI3,4,5P (unpublished
results).  This concluded the goals of task 1 in the SOW.  To verify the role of endogenous PHLPP2 we
specifically knocked down PHLPP2 and this resulted in increase in phosphorylation of Akt at Ser 473
(7).  We monitored depletion of PHLPP2 expression using isoform specific antibodies for the PHLPP2
phosphatase that do not cross-react with PHLPP1 (7).  Co-immunoprecipitation experiments indicated
that Akt and PHLPP2 associate in cells (7).  Finally, the PHLPP isoforms regulate both the amplitude
and duration of Akt phosphorylation.  Loss of either PHLPP1 or PHLPP2 in a normal breast cell line
(Hs578Bst) that was serum starved and treated with EGF results in dramatic 30-fold increase in the
amplitude of Ser 473 phosphorylation of Akt as well as prolonged phosphorylation.  This strongly
implicates the importance of the PHLPP phosphatases in regulating Akt in normal breast cells and how
loss of this phosphatase could result in constitutive activation of the Akt kinase, which could ultimately
lead to the tumorigenic phenotype.  We also observed a dramatic increase in T308 phosphorylation
suggesting the phosphatases may be regulating this site as well under agonist-stimulated conditions.  An
alternative explanation for the increase in T308 phosphorylation is that hyperphosphorylated Akt at Ser
473 may make the kinase more resistant to phosphatases or a better substrate for PDK-1.  Depletion of
PHLPP1 or PHLPP2 from sin1 null cells, which lack Ser 473 phosphorylation, did not result in a robust
increase in T308 phosphorylation, confirming our hypothesis (data not shown).  We did observe modest
increases in both S473 and T308 phosphorylation in sin1 null cells.  Many of the above findings were
crucial to our understanding of the PHLPP2 phosphatase, but were not included in the SOW.

Akt is a pivotal regulator of cell growth, proliferation and survival.  To assess whether negative
regulation of this kinase by PHLPP2 altered any of these cellular functions we monitored apoptosis and
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cell cycle progression.  To test whether PHLPP2 regulated apoptosis we selected a cell line that
expressed hyperphosphorylated Akt and had previously been to shown to be sensitive to Akt inhibition
(8).   PHLPP2 expression in these cells caused an increase in apoptosis, under conditions of serum
deprivation (7).  Similar results were observed in breast cancer cell lines, however we were unable to
identify any breast cancer cell lines that lacked expression of PHLPP2 (Figure 4).  Depletion of PHLPP2
from cells decreased apoptosis and protected cells from etoposide induced apoptosis, suggesting that
loss of the PHLPP phosphatases could play a role chemotherapeutic resistance (7).  Expression of
PHLPP2 under high serum conditions caused an increase in G1/S ratio suggesting PHLPP2 is inhibiting
cell cycle progression.  Consistent with these results, knockdown of PHLPP2 decreased the G1/S ratio
and increased BrdU incorporation in a normal breast cell line confirming the role of PHLPP2 as a
negative regulator of the cell cycle (7).  These results concluded all research aims included in Task 3 of
the SOW.  Surprisingly, reducing PHLPP1 levels did not decrease the G1/S ratio or increase
proliferation as dramatically as PHLPP2 knock down.  To address this discrepancy we examined the
effects of knocking down PHLPP1, PHLPP2, or both on specific downstream targets of Akt.
Knockdown studies reveal that PHLPP1 specifically controls the activity of Akt towards the substrates
HDM2 and GSK-3α, whereas PHLPP2 specifically controls the activity of Akt towards the cell cycle
inhibitor p27 (7).   To address the mechanism driving the differential downstream substrate regulation
we examined whether the PHLPP phosphatases were binding and regulating distinct Akt isoforms.  We
discovered that PHLPP2 is regulating Akt1 and Akt3 while PHLPP1 regulates Akt2 and Akt3 (7).  To
verify that these Akt isoforms are regulating the substrates that are differentially regulated by the
PHLPP isoforms we knocked down Akt isoforms singularly and examined the phosphorylation status of
downstream substrates.  These data revealed that PHLPP1 is regulating Akt2 to regulate the
phosphorylation of HDM2 and GSK-3α.  Surprisingly, PHLPP2 is regulating Akt3, which in turn
regulates p27 phosphorylation status suggesting a novel mechanism of cellular localization must be
involved in this regulation since both PHLPP isoforms regulate Akt3.  Both PHLPP isoforms regulate
FoxO1 and GSK-3β phosphorylation by regulating their specific Akt isoforms.  Finally PHLPP2
regulates Akt1 to regulate the phosphorylation status of TSC2 while PHLPP1 regulates Akt2, which
regulates the phosphorylation status of TSC2 (7).  As a test of this molecular circuitry we depleted a
normal breast cell line (Hs578Bst) of Akt3, PHLPP2 or both stimulated cells with EGF and determined
if loss of Akt3 would inhibit PHLPP2 regulation of p27.  Indeed, loss of both PHLPP2 and Akt3 blocked
the increase in p27 phosphorylation observed when only PHLPP2 is depleted (7).  This research fulfills
the aims of task 4 as we have elucidated the PHLPP2 phosphatase as a novel regulator of Akt
downstream substrate p27.  We did not examine cellular localization of p27 since phosphorylation
should result in cytosolic sequestration.  We did not observe changes in p21 phosphorylation (data not
shown).  Additionally, overexpression of PHLPP1 or PHLPP2 results in loss of specificity for unique
Akt isoforms, thus overexpression of PHLPP2 results in a global decrease in phosphorylation status of
Akt substrates (7).

During these studies we observed that loss of both PHLPP isoforms did not result in an additive
increase in Akt phosphorylation at Ser 473, inconsistent with the PHLPP isoforms regulating unique Akt
isoforms.  To address the molecular mechanism at the root of this discrepancy we tested whether the
PHLPP phosphatases may be activating the p70S6K, which controls a negative feedback loop resulting
in a decrease in Akt phosphorylation.  Consistent with this hypothesis we observed an increase in
p70S6K phosphorylation, which correlates with an increase in activity, when both PHLPP isoforms are
knocked down (7).  Treatment of cells with rapamycin, which inhibits p70S6K and shuts down this
negative feedback loop, results in an additive increase in Ser 473 phosphorylation when both PHLPP
isoforms are depleted from cells (7).  Thus the depletion of both PHLPP isoforms results in activation of
p70S6K, which in turn activates a negative feedback loop decreasing Akt phosphorylation and accounts
for the absence of an additive increase in Akt phosphorylation when both PHLPPs are depleted from
cells.  This research was not included in the SOW, but was important to further our understanding of
how PHLPPs regulate Akt phosphorylation at the hydrophobic motif.
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This data sets the stage for understanding how the PHLPP isoforms contribute to regulation of
Akt downstream substrates and was reviewed in the same issue of Molecular Cell that it was published
(9).

PHLPP2 Regulates PKC Protein Levels
Identification of novel substrates of the PHLPP phosphatases should help us to understand how

these phosphatases regulate proliferation and cellular survival.  We have identified the novel substrate
PKC, which is a member of the AGC family of kinases (10).  We observe that PHLPP dephosphorylates
PKC directly at the hydrophobic motif, and this leads to decreased stability and degradation of members
of PKC family of kinases (10).  Endogenous PHLPPs play important role in setting the level of PKC
kinases expressed in cells as depletion of these phosphatases results in an increase in PKC expression
(10).  This research was not included in the SOW, however it is extremely important to identify other
novel targets of the PHLPP phosphatases that could play a role in the process of tumorigenesis and this
grant was cited in the publication.

PHLPP2 as a Potential Tumor Suppressor in Breast Cancer
In an effort to determine if the PHLPP2 phosphatase may be mutated in breast cancer we

sequenced RNA from 18 breast cancer cell lines.  We discovered a T->C nucleotide change at position
3047 that results in a amino acid change from Leu to a Ser at codon 1016 in the PP2C phosphatase
domain.  We observed that four breast cancer cell lines possessed only the Ser allele, one breast cancer
cell line possessed both Ser and Leu allele, and a majority of breast cancer cell lines possessed only the
Leu allele.  The presence of both alleles in the MCF-7 cell line suggested this nucleotide change could
potentially be a polymorphism.  To determine if this was a polymorphism we genotyped 100 DNA
samples from a control population from the Coriell Institute (NA17201-17300).   We observed the
Leu/Leu genotype in 70 individuals and the Leu/Ser genotype in 30 individuals.  We never observed the
Ser/Ser genotype in the control population.  Additionally, we genotyped 33 breast tumor tissue samples
and observed the Leu/Leu genotype in 25 patients and the Leu/Ser genotype in 8 patients, again we did
not observe the Ser/Ser genotype.  This research concludes task 2 of the SOW since we identified this
nucleotide alteration that originally thought was a somatic mutation.  In addition we did not observe any
loss of expression of PHLPP2 protein or RNA levels (Figure 4 and data not shown).

The observation of only the Ser allele in breast cancer cells, but not in the control population
suggested this polymorphism may contribute to the breast cancer phenotype. Since one of the most
common genetic lesions in breast cancer is loss of heterozygosity on chromosome 16q22, in the
chromosomal location where PHLPP2 is present, we sought to determine if the presence of only the Ser
allele in breast cancer cell lines may be due to loss of heterozygosity.   To address this question we
genotyped the normal breast cell line (Hs578Bst) that is from the same patient as the breast cancer cell
line Hs578t.  We observed the genotype of the normal cell line to be Leu/Ser, therefore the breast cancer
cells from that patient lost the Leu allele and retained only the Ser allele (Figure 1).  We cannot
determine if loss of heterozygosity is the mechanism underlying the presence of the only Ser allele in the
remaining breast cancer cell lines since no normal breast cell lines from the same patient exist for these
cancer cell lines, however LOH at 16q has been reported for this chromosomal region in these cell lines
(11). To note, in the one breast cancer cell line that possessed both alleles, the MCF-7 cell line, the Leu
allele is consistently expressed at lower levels based on sequencing suggesting this allele could be
methylated.

We next sought to ascertain the phosphorylation status of the hydrophobic motif of Akt in the
Hs578t cell line compared to the normal Hs578Bst cell line since the PHLPP2 phosphatase regulates
phosphorylation at this site.  Comparison of the two cell lines showed that the tumor cell line had a
dramatic increase in Ser 473 phosphorylation compared to the normal cell line (Figure 1).  Given that
the Hs578t breast cancer cell line does not have mutations in the PTEN tumor suppressor or the PIK3CA
oncogene (10), we hypothesized that the PHLPP2 variant with a ser at position 1016 may be less
functional and contribute to the hyper-phosphorylation of Akt in these cells.
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Figure 1 Comparison of a breast cancer cell line and normal cell line from the same patient shows the
cancer cells have lost the Leu allele.  Constitutive activation of Akt in the cancer cell line compared to
the normal cell line despite WT PTEN and PIK3CA.

Characterization of the Leu1016Ser Substitution
To determine if Ser at codon 1016 alters phosphatase activity we substituted a Ser for a Leu in

the full length PHLPP2 and observed decreased phosphatase activity toward Akt at Ser 473 in an in vitro
dephosphorylation assay when comparing it to the Leu containing full-length PHLPP2, Figure 2.  These
data suggest that this genetic alteration correlates with decreased activity of the PHLPP2 phosphatase
and this could contribute to increased Akt phosphorylation and tumor progression.

Figure 2 Full length L1016S shows less activity towards fully phosphorylated Akt than PHLPP2 with
Leu at position 1016.

To further characterize the L1016S substitution we expressed both variants in cells and
monitored the phosphorylation status of Akt.  When full length PHLPP2 containing a Leu at position
1016 is expressed in the H157 cells we observed a decrease in phosphorylation of Akt at Ser 473
consistent with previous results, Figure 3, Lane 2.  Strikingly, we observed only modest effects on Ser
473 phosphorylation in cells expressing PHLPP2 with a Ser at position 1016, Figure 3.  These results are
consistent with phosphatase assay results, where substitution of a Leu for a Ser results in a dramatic
decrease in PHLPP2 catalytic activity.  To determine if this would alter cellular processes PHLPP2 has
been demonstrated to regulate, we expressed both variants in the H157 cells and monitored apoptosis.
Figure 3 shows that Ser containing PHLPP2 attenuates the apoptotic response: expression of PHLPP2
(Leu) increases apoptosis 5-fold while the L1016S only increases apoptosis 2-fold.  These results imply
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that the loss of catalytic activity of the L1016S decreases the regulation of phosphorylation of Akt and
suppresses the apoptotic phenotype.

Figure 3.  The L1016S PHLPP2 variant shows decreased phosphatase activity towards Akt and reduced
induction of apoptosis.

Evaluating the Functionality of Endogenously Expressed L1016S 
To determine if the Leu to Ser substitution would alter the function of the endogenously

expressed L1016S we depleted the PHLPP2 variants in breast cancer cell lines that possessed only the
Ser allele, both alleles or only the Leu allele and monitored the phosphorylation status of Akt and
protein levels of PKC.  To note the Leu to Ser change did not alter expression levels of the PHLPP2
phosphatase.  Consistent with overexpression studies depletion of endogenous Ser variant did not alter
phosphorylation status of Akt at Ser 473 in breast cancer cell lines, Figure 4.  When comparing the
normal breast cancer cell line, Hs578Bst, to the pair-matched breast cancer cell line, Hs578t, data
indicate that only one functional Leu allele of PHLPP2 is required to regulate Akt phosphorylation at
Ser 473.  For comparison depletion of PHLPP2 from cell lines, which possesses only the Leu allele
results in an increase in Ser 473 phosphorylation and an increase in PKC protein levels, suggesting these
cell lines still possesses a functional PHLPP2.  Interestingly, depletion of PHLPP1 in the Hs578t cell
line does not result in an increase in Ser 473 phosphorylation, suggesting this cell line may possess a
mutated and non-functional PHLPP1 phosphatase.  Somatic mutations in the PHLPP1 phosphatase will
be the focus of a future study.
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Figure 4 Depletion of endogenous PHLPP2 from breast cancer cells that only possess the Ser allele
shows that this polymorphic variant is less functional than Leu containing PHLPP2.

We previously reported that the PHLPP family of phosphatases regulate both the amplitude and
duration of agonist-induced Akt activation.  Thus, we next asked whether the Ser variant is less
functional at regulating agonist-induced phosphorylation of Akt. We tested the effect of PHLPP2
knockdown on agonist-induced activation of Akt in breast cancer cell lines expressing only the Ser1016
variant.  The Western blots in Figure 5 reveal that depletion of PHLPP2 in the Hs578t, T47D, MB231,
or ZR-75-1 cells resulted in a dramatic increase in both the amplitude and duration of Akt
phosphorylation.  In fact, the magnitude of the knockdown effects were on the same order of magnitude
as that observed in the normal breast cell line Hs578Bst or Bt474 breast cancer cell line expressing only
the Leu allele when compared to the T47D, MB231 or ZR-75-1 cell lines.  These data reveal that the
Ser1016 variant is less functional at controlling Akt under basal or serum starvation conditions in all
breast cancer cells, but it effectively suppresses agonist-evoked phosphorylation of Akt.
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Figure 5 Ser variant of PHLPP2 remains functional under agonist-stimulated conditions.

Loss of the Leu Allele from High-Grade Breast Cancers
To determine if the Leu allele is lost in breast cancer tumor tissue compared to normal tissue

from the same patient, similar to that observed in the Hs578Bst-Hs578t cell lines, we genotyped pair-
matched normal and tumor tissue samples.  Of the 33 samples we genotyped 8 possessed the
polymorphism, of these eight 5 were grade 2 ductal breast carcinomas and 3 were grade 3 ductal breast
carcinomas.  Surprisingly all 3 grade 3 tumor tissue samples exhibited loss of the Leu allele, however
loss of either allele was not observed in the 5 grade 2 breast tumor tissue samples (Figure 6).  These data
suggest that preferential loss of the Leu allele in high-grade breast cancer may contribute to the
aggressive phenotype of these cancers.

Figure 6 Loss of the Leu allele in high-grade breast cancers, but not low-grade breast cancers.
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Examination of PHLPP2 variant allele frequencies in breast cancer patients
To determine if women with the PHLPP2 polymorphism are predisposed to the development of

breast cancer, we genotyped 618 invasive breast cancers, 96 in situ breast cancers, and 583 population

controls (representative chromatograms displayed in Figure 5D). Approximately 15% of controls carried

the variant Ser allele. Carriers were at no greater risk of breast cancer when compared to noncarriers

(age- and study site-adjusted odds ratio (OR): 1.01; 95% confidence interval (CI): 0.79-1.30; p=0.93).

However, carriers of two variant alleles had a nonsignificantly reduced breast cancer risk (age- and site-

adjusted OR: 0.56; 95% CI: 0.25, 1.26; p=0.16) (Table 1).  This genotype was rare in the population

(2.7% among controls).

Key Research Accomplishments

• Demonstrated that the PHLPP phosphatases regulate both amplitude and duration of agonist
induced activation of Akt.

• Provided evidence that both PHLPP isoforms inhibit apoptosis and protect cells against
etoposide-induced apoptosis suggesting a novel role for the phosphatases in chemotherapeutic
resistance.  This was determined using PHLPP isoform specific siRNA.

• Discovered that the PHLPP phosphatases interact with and regulate distinct Akt isoforms.

• We have discovered by use of siRNA that PHLPP2 regulates Akt1 activity towards the
downstream substrate TSC-2 and Akt3 activity towards the downstream substrate p27.  We have
observed that PHLPP1 regulates Akt2 activity towards downstream substrates HDM2, GSK-3α,
and TSC-2.  Finally, we have observed that both PHLPP1 and PHLPP2 regulate phosphorylation
status of GSK-3β and FoxO1 by regulating activities of Akt2 and Akt3 or Akt1 and Akt3,
respectively.

• We observed that this distinct Akt isoform regulation also occurs under growth factor conditions,
where PHLPP2 loss results in an increase in p27 phosphorylation when cells are stimulated with
EGF, and this increase in phosphorylation is lost when Akt3 is depleted from cells.

• We uncovered a novel mechanism of how loss of both PHLPP phosphatases does not result in an
additive increase in Akt phosphorylation at Ser473.  Loss of both PHLPP isoforms increases
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p70S6K phosphorylation resulting in activation of a negative feedback loop that decreases Ser
473 phosphorylation.  Inhibition of p70S6K activation with the drug rapamycin shuts down this
feedback loop and results in an additive increase in Ser 473 phosphoryltion when the PHLPP
phosphatases are depleted from cells.

• We have Identified a novel polymorphism in PHLPP2.  This polymorphism results in an amino
acid change from a Leucine to a Serine in the PP2C domain.  Frequency of the polymorphism in
the population is 30%.  Only the Ser allele was detected in four breast cancer cell lines.  One of
the four breast cancer cell lines, had a normal cell line generated from normal tissue of the same
patient.  Loss of the more prevalent Leu allele was observed.  Finally, high-grade breast cancer
tissues have decreased expression of Leu allele when compared to normal tissues from the same
patient.  This suggests loss of the more functional Leu allele may promote tumor progression.

• Generated the variant PHLPP2, which has a serine at amino acid 1016 and is referred to as
L1016S.  The L1016S has less catalytic activity compared to Leu containing PHLPP2 in in vitro
phosphatase assays and when expressed in cells.  Consistent with this expression of the L1016S
attenuates the apoptotic response compared to the Leu containing PHLPP2.

• We have observed that loss of endogenous PHLPP2 from cells that only possess the Ser allele for
PHLPP2 does not increase Akt phosphorylation at Ser473 or PKC protein levels under high
serum conditions, consistent with this variant being less functional than the more prevalent Leu
containing PHLPP2.

• Interestingly the Ser variant seems to retain function, or overcome inhibtion under agonist-
induced conditions, and thus is quite functional at regulating Akt under these conditions.

• Women that are homozygous for the Ser allele are not at an increased risk for the development of
breast cancer, likely due to compensatory mechanisms, since these women developed with the
less functional allele.

Reportable Outcomes

- Manuscript published in Molecular Cell (appendix), and a review was also written
regarding this manuscript in the same issue of Molecular Cell (3/07).

- Manuscript published in JBC (appendix), I am second author.
- Polymorphism manuscript to be submitted to Cancer Research
- Review of PHLPP Phosphatase, submitted, Trends in Endocrinology and Metabolism
- Poster Presentation, Keystone Symposia - Molecular Targets for Cancer
- Poster Presentation, AACR Forefront of Basic and Translational Cancer Research

meeting (1/07)
- Oral Presentation, Salk Institute 12th Meeting on Protein Phosphorylation and Cell

Signaling (8/06)
- Oral Presentation, PTEN Pathways Meeting, Cold Spring Harbor Meeting (3/06)

Conclusions
           In conclusion we have successfully cloned a novel phosphatase, PHLPP2, and demonstrated that
this is a functional phosphatase targeting Akt in vitro and in vivo.  We have shown that PHLPP2 directly
dephosphorylates Akt at the hydrophobic motif, Ser 473, and this results in a decrease Akt kinase
activity.  This decrease in kinase activity correlates with an increase in apoptosis, under conditions of
serum deprivation, and inhibition of cell cycle progression, under high serum conditions.  Consistent
with these results depletion of endogenous PHLPP2 increases phosphorylation of Akt at Ser 473, and
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increases cellular proliferation and survival.  Further characterizing agonist induced activation of Akt,
we discovered that the PHLPP isoforms regulate the amplitude and duration of Akt activation.  When
comparing PHLPP1 and PHLPP2 knockdown studies reveal that PHLPP1 specifically controls the
activity of Akt towards the substrates HDM2 and GSK-3α, whereas PHLPP2 specifically controls the
activity of Akt towards the cell cycle inhibitor p27.  This is through direct regulation of distinct Akt
isoforms, where PHLPP2 regulates signaling through Akt1 and Akt3, while PHLPP1 regulates signaling
by Akt2 and Akt3.  This unique isoform regulation is the molecular mechanism responsible for the
PHLPP isoforms regulating distinct downstream substrates of Akt and this was verified by depleting
cells singularly of each Akt isoform.

We have identified a nonsynonymous polymorphism in the PHLPP2 phosphatase that results in
substitution of a Ser for a Leu at position 1016 in the PP2C domain.   Biochemical analysis reveals that
the less common variant, Ser1016, has impaired phosphatase activity towards the substrate Akt in vitro.
Similarly, overexpression studies reveal that the Ser1016 variant is less effective at dephosphorylating
Akt in cells, and thus less effective at inducing apoptosis compared to the Leu1016 variant.  Consistent
with impaired biological function, genetic depletion of PHLPP2 in unstimulated (but not EGF-
stimulated) cells expressing only the Ser1016 allele does not significantly affect either basal Akt
phosphorylation or total PKC levels, whereas depletion of PHLPP2 in cells expressing the Leu1016
allele results in an increase in Akt phosphorylation and total PKC levels.  We observe specific loss of
the Leu1016 variant from a breast cancer cell line and high-grade breast cancer tumor tissue samples
when compared to controls suggesting loss of the more functional variant may contribute to tumor
progression.  However, there is not an increased risk for the development of breast cancer in carriers of
the Ser allele.  These data highlight the complexity of the role of these PHLPP2 variants in breast
cancer.
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SUMMARY

Akt/protein kinase B controls cell growth, prolif-
eration, and survival. We recently discovered
a novel phosphatase PHLPP, for PH domain
leucine-rich repeat protein phosphatase, which
terminates Akt signaling by directly dephos-
phorylating and inactivating Akt. Here we de-
scribe a second family member, PHLPP2, which
also inactivates Akt, inhibits cell-cycle progres-
sion, and promotes apoptosis. These phospha-
tases control the amplitude of Akt signaling:
depletion of either isoform increases the magni-
tude of agonist-evoked Akt phosphorylation by
almost two orders of magnitude. Although
PHLPP1 and PHLPP2 both dephosphorylate
the same residue (hydrophobic phosphoryla-
tion motif) on Akt, they differentially terminate
Akt signaling by regulating distinct Akt iso-
forms. Knockdown studies reveal that PHLPP1
specifically modulates the phosphorylation of
HDM2 and GSK-3a through Akt2, whereas
PHLPP2 specifically modulates the phosphory-
lation of p27 through Akt3. Our data unveil
a mechanism to selectively terminate Akt-
signaling pathways through the differential
inactivation of specific Akt isoforms by specific
PHLPP isoforms.

INTRODUCTION

Akt controls the exquisite balance between cell survival

and apoptosis, as well as proliferation and quiescence.

Signaling molecules that tip the balance toward survival,

growth, and proliferation typically bind receptors that

activate the lipid kinase phosphatidylinositol 3-kinase

(PI3K), resulting in production of 30-phosphoinositide lipid

second messengers, most notably phosphatidylinositol-

3,4,5-trisphosphate (PtdIns P3) (Altomare and Testa,
Molecu
2005; Datta et al., 1999; Vivanco and Sawyers, 2002).

This lipid recruits Akt to the plasma membrane, where

Akt is activated by two sequential phosphorylations: first

by PDK1 on the activation loop (Thr308 in Akt1) followed

by phosphorylation on the hydrophobic motif (Ser473 in

Akt1) (Brazil and Hemmings, 2001). Phosphorylation of

this second site is regulated by the TORC-2 protein com-

plex (SIN1-mLST8-rictor-mTOR) (Jacinto et al., 2006;

Sarbassov et al., 2005), although whether via direct

phosphorylation or indirectly, for example by modulating

the stability of the phosphate at this site, remains to be

established.

Following phosphorylation on Thr308 and Ser473, Akt is

locked in an active conformation and phosphorylates sub-

strates to promote cell growth, proliferation, and cell

survival. Cell-cycle effects are controlled through mecha-

nisms that modulate the localization of cell-cycle regula-

tors such as p27 and the E3 ubiquitin ligase HDM2

(human homolog to murine double minute 2). Akt directly

phosphorylates p27, resulting in cytosolic sequestration

of p27, promoting progression through the cell cycle (Vig-

lietto et al., 2002; Zhou et al., 2001). Phosphorylation of

HDM2 by Akt causes the ligase to translocate from the cy-

tosol to the nucleus where it binds and inhibits the function

of p53, subsequently promoting its translocation to the

cytosol and subsequent ubiquitin-mediated degradation

(Mayo and Donner, 2001). Cell-growth effects are medi-

ated in part by TSC2 (tuberin), a tumor suppressor that

forms a heterodimeric complex with TSC1 (hamartin) and

is a GTPase-activating protein (GAP) for the small G pro-

tein Rheb. When GTP is bound to Rheb it activates the

TORC-1 complex (mTOR-raptor). Multisite phosphoryla-

tion of TSC2 by Akt inhibits the GAP activity of TSC2

toward Rheb and thereby activates the TORC-1 complex,

resulting in increased activity of p70S6K and increased

cell growth. (Kwiatkowski and Manning, 2005; Marygold

and Leevers, 2002). Akt mediates cell survival through

phosphorylation of substrates such as GSK-3b (Jope and

Johnson, 2004; Pap and Cooper, 1998; Pap and Cooper,

2002) and members of the Forkhead Box O (FoxO) family

of transcription factors (Biggs et al., 1999; Datta et al.,

1997). Increasing evidence supports distinct functions
lar Cell 25, 917–931, March 23, 2007 ª2007 Elsevier Inc. 917
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Figure 1. Domain Composition and Characterization of PHLPP2

(A) Domain structure and sequence alignment of PHLPP1 and PHLPP2 showing PH domain (cyan), leucine-rich repeat (red), phosphatase domain

(yellow), and PDZ-binding motif (pink). Asterisks indicate conserved key residues within PH and PP2C domains described in Gao et al. (2005).

(B) Western blot of lysates from 293T (lane 1) or H157 NSCLC (lane 2) cells probed with isoform-specific antibodies for PHLPP1 or PHLPP2; two ex-

posures shown for PHLPP1 blot. Asterisk denotes PHLPP1a and double asterisk denotes PHLPP1b. For migration controls, H157 lysates transfected

with HA-PHLPP2 (lane 6) or HA-PHLPP1 (lane 7) were analyzed with HA antibody. H157 cells were treated with nontargeting siRNA controls (si-Con;

lane 3), SMARTpool siRNA for PHLPP1 (si-P1 lane 4), or SMARTpool siRNA for PHLPP2 (si-P2; lane 5).

(C) Hs578Bst cells treated with control siRNA or isoform-specific PHLPP siRNA were stained using PHLPP1-specific (upper panel) or PHLPP2-

specific (lower panel) antibodies and analyzed by immunofluorescence.

(D) Bacterially expressed GST-PP2C domain of PHLPP2 (100 nM) was incubated with the indicated concentrations of p-nitrophenylphosphate (pNPP)

and the dephosphorylation continuously monitored by detecting the change in absorbance at 405 nm, as described in the Experimental Procedures.

Dephosphorylation was linear with time under the conditions of this assay up to 10 hr.

(E) Initial rates of pNPP dephosphorylation were plotted as a function of substrate concentration. Data represent the mean ± SEM of at least three

independent experiments.
918 Molecular Cell 25, 917–931, March 23, 2007 ª2007 Elsevier Inc.
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for each Akt isoform. For example, studies with knockout

mice have implicated Akt2 in glucose homeostasis and

Akt1 in growth regulation (Cho et al., 2001a, 2001b). Fur-

thermore, recent reports reveal that Akt1 activation sup-

presses cell migration and invasion whereas Akt2 pro-

motes invasion, particularly relevant in metastasis (Irie

et al., 2005; Yoeli-Lerner et al., 2005). Thus, propagation of

signaling by Akt involves complex networks with multiple

endpoints.

Akt signaling is terminated by two mechanisms: re-

moval of the activating lipid second messenger, catalyzed

by the lipid phosphatase PTEN (Maehama and Dixon,

1998), and dephosphorylation of activated Akt. Direct

dephosphorylation of Akt is mediated by PP2A-type phos-

phatases (Andjelkovic et al., 1996) and a novel phos-

phatase our lab recently discovered named PHLPP (Gao

et al., 2005). PHLPP directly dephosphorylates the hydro-

phobic motif of Akt (Ser473 on Akt1), resulting in inhibition

of kinase activity and promotion of apoptosis (Gao et al.,

2005). Failure to terminate signaling via the PI3K/Akt path-

way results in increased cell growth, proliferation, and

inhibition of apoptosis. Loss of acute regulation of these

cellular processes is a hallmark of tumorigenesis, and

many proteins in this pathway, including PI3K and

PTEN, are somatically mutated in cancer (Li et al., 1997;

Samuels et al., 2004).

Here we identify and characterize a second isoform of

the PHLPP family, PHLPP2, and show that the PHLPP iso-

forms differentially terminate Akt signaling. Knockdown

studies reveal that termination of defined Akt-signaling

pathways is mediated through the specific interactions

of PHLPP1 and PHLPP2 with Akt1, 2, or 3. Thus, signaling

complexes of specific PHLPP isoforms, Akt isoforms, and

Akt downstream substrates drives specificity in propagat-

ing and terminating signaling in the PI3K/Akt pathway.

RESULTS

A search of the NCBI database for novel isoforms of the

phosphatase PHLPP revealed a gene predicted to encode

a 1323 residue protein that we name PHLPP2. The gene is

located at chromosome 16q22.3 and is comprised of 18

exons. This gene is the only other gene predicted to en-

code a protein with the same domain composition as

the originally described PHLPP: a PH domain, leucine-

rich repeats, a PP2C phosphatase domain, and a PDZ-

binding motif (Figure 1A). This new isoform shares 50%

overall amino acid identity with the original PHLPP, which

we hereafter refer to as PHLPP1. Identity in the PH do-

mains and PP2C domains of PHLPP1 and PHLPP2 are

63% and 58%, respectively. Key residues identified for
Molecu
phosphate and metal binding in PP2Ca are conserved in

both PHLPP isoforms (asterisks in PP2C domain [yellow],

Figure 1A) (Jackson et al., 2003). It is also noteworthy that,

similar to PHLPP1, only the second Arg of the signature

motif RXRXF of phosphoinositide-binding PH domain is

present in PHLPP2 (asterisk in PH domain [cyan],

Figure 1A) (Ferguson et al., 2000). The most striking differ-

ences are an amino-terminal extension of �14 kDa pres-

ent in PHLPP2 and divergence in C-terminal sequences,

including the PDZ-binding motifs.

Human PHLPP2 was cloned as described in the Exper-

imental Procedures and HA-tagged PHLPP2 was ex-

pressed in H157 cells (Figure 1B, lane 6). Transiently

expressed HA-tagged PHLPP2 migrated with a molecular

mass of �150 kDa, consistent with the additional 129

amino acids compared to HA-PHLPP1, which migrates

with an apparent molecular mass of 140 kDa (Figure 1B,

lane 7). To probe for expression of endogenous PHLPP1

and PHLPP2, we used isoform-specific antibodies (Fig-

ure 1B, lanes 1–5). PHLPP2-specific antibodies detected

a band comigrating with expressed PHLPP2 in 293T and

H157 cells (Figure 1B, lanes 1 and 2) that was absent fol-

lowing knockdown of PHLPP2 (lane 5), but not PHLPP1

(lane 4), by isoform-specific siRNA. PHLPP1 was originally

described as a 140 kDa protein; however, the PHLPP1-

specific antibody detected a major band with an apparent

molecular mass of 190 kDa (Figure 1B, PHLPP1 panel,

long exposure, double asterisk) and a minor band at 140

kDa (visible in long exposure, PHLPP1 panel, asterisk)

consistent with the originally described PHLPP protein.

Both bands were effectively depleted in cells treated

with siRNA for PHLPP1, but not PHLPP2, suggesting the

upper band is a splice variant of PHLPP1. In support of

this, the most recent update of gene annotation available

through the NCBI database predicts a longer PHLPP1

gene (accession number O60346) containing extra 50 se-

quence upstream of the original PHLPP1 start codon

(Gao et al., 2005) and thus encoding a larger protein

(1717 residues). Consistent with two splice variants of

PHLPP1, northern blot analysis revealed expression of

two transcripts of �5 kb and 7 kb (data not shown).

Thus, the PHLPP family comprises two gene products,

PHLPP1 and PHLPP2, with PHLPP1 having two splice

variants, which we name PHLPP1a (the originally de-

scribed PHLPP [Gao et al., 2005]) and PHLPP1b. Immuno-

histochemistry revealed that PHLPP1 and PHLPP2 are

distributed throughout the cell in the Hs578Bst normal

breast cell line (Figure 1C) and H157 cell line (data not

shown) with fractionation studies supporting cytosolic,

membrane, and nuclear distribution for both isoforms

(data not shown).
(F) Dephosphorylation of pure His-tagged Akt1 was detected following incubation with purified PHLPP2-PP2C domain for 5 (lane 2) or 10 (lane 3) min;

PHLPP2-PP2C domain was omitted in lane 1. Quantification of three independent experiments showing relative phosphorylation of Akt at P308 and

P473 at the 5 min time point; error bars indicate standard deviation.

(G) 293T cells were transfected with vector (lane 1) or HA-PHLPP2 (lane 2) under high serum conditions (10% FBS DMEM); thereafter HA-PHLPP2 was

immunoprecipitated and incubated with pure phosphorylated Akt1 for 10 min. Akt phosphorylation was detected using phospho-specific antibodies.

Bar graph summarizes data from three independent experiments; error bars indicate standard deviation.
lar Cell 25, 917–931, March 23, 2007 ª2007 Elsevier Inc. 919
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Figure 2. In Vivo Characterization of PHLPP2

(A and B) 293T and H157 cells were transfected with vector (lane 1) or HA-PHLPP2 (lane 2) for 48 hr under high serum conditions prior to lysis. The

phosphorylation of Akt in lysates was detected by western blot analysis. Data from three independent experiments are summarized in bar graph (rel-

ative phosphorylation of Akt at P473 or P308 was normalized to total Akt). Error bars indicate standard deviation.

(C) Cell lysates from 293T or H157 cells transfected with control (Con) or PHLPP2-specific siRNA (Si-1, Si-2, and Si-3) for 48 hr under high serum

conditions. The phosphorylation of Akt and relative protein levels of Akt and PHLPP2 were detected by western blot analysis using PHLPP2, phos-

pho-specific Akt, and total Akt antibodies. Relative S473 phosphorylation, normalized to total Akt, is indicated below the blot. Blots are representative

of three independent experiments.

(D) Akt was immunoprecipitated from 293T cells transfected with vector (lane 1) or HA-PHLPP2 (lane 2) for 48 hr under high serum conditions and

incubated with a GSK-3-fusion protein in an in vitro kinase assay. GSK-3 phosphorylation was assessed by western blot analysis with phospho-

specific GSK-3 antibodies. The relative phosphorylation was normalized to total Akt and quantified below the blots.

(E) HA-PHLPP2 was immunoprecipitated from 293T cells transfected with vector (lane 1) or HA-PHLPP2 (lane 2). Immunoprecipitates were subse-

quently analyzed by western blot analysis for the presence of Akt or PHLPP2.

(F) 293T and H157 cells were transfected with vector (lane 1) or HA-PHLPP2 (lane 2) for 48 hr under high serum conditions. The phosphorylation of Akt,

ERK 1/2, MEK 1/2, PKC, p70S6K, and p90RSK in lysates was detected by western blot analysis; blot is representative of three independent exper-

iments.
We first tested whether the PP2C domain of PHLPP2 is

catalytically competent. Figure 1D shows that the PHLPP2

PP2C domain catalyzed the dephosphorylation of the syn-

thetic phosphatase substrate para-nitrophenylphosphate

(pNPP) in a concentration- and time-dependent manner.

Kinetic analysis revealed a Km of 4.13 ± 0.05 mM and

kcat of 0.015 ± 0.001 s�1 (Figure 1E). This Km is similar to

that reported for PP2Ca toward pNPP, but the catalytic

rate toward this synthetic substrate is �100-fold lower

than that of PP2Ca. We next asked whether the PP2C do-

main of PHLPP2, like that of PHLPP1, dephosphorylates

Akt. Incubation of purified bacterially expressed PHLPP2

PP2C domain with pure, phosphorylated Akt resulted in

dephosphorylation of Ser473 and Thr308 as assessed

with phospho-specific antibodies (Figure 1F; 82% ± 6%

phospho-Ser473 [P473] and 70% ± 2% of phospho-

Thr308 [P308] dephosphorylated in 5 min under the condi-
920 Molecular Cell 25, 917–931, March 23, 2007 ª2007 Elsevie
tions of the assay). Thus, the isolated PP2C domain of

PHLPP2 encodes a functional phosphatase domain capa-

ble of dephosphorylating synthetic substrates as well as

Akt in vitro.

We next examined the phosphatase activity of full-

length PHLPP2. In contrast to the isolated PP2C domain,

immunoprecipitated full-length PHLPP2 specifically de-

phosphorylated Ser473 and not Thr308: incubation of im-

munoprecipitated HA-PHLPP2 with pure phosphorylated

Akt resulted in 60% ± 4% dephosphorylation of Ser473

under the conditions of the assay with no significant effect

on Thr308 phosphorylation (Figure 1G). These data reveal

that inhibitory constraints imposed by the regulatory

regions of PHLPP2 constrain its phosphatase activity so

that it is specific for the hydrophobic motif of Akt.

PHLPP2 was also an effective Ser473 phosphatase in

cells: overexpression of HA-PHLPP2 in 293T (Figure 2A)
r Inc.
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and H157 cells (Figure 2B) resulted in a 76% ± 3% and

72% ± 8% reduction in phosphorylation at Ser473, re-

spectively, with minimal effects on the phosphorylation

of Thr308. Given transfection efficiencies of 70%–90%

for 293T and H157 cells, these data are consistent with

the overexpressed PHLPP2 catalyzing the quantitative

dephosphorylation of Akt in transfected cells, resulting in

significantly decreased activity. Thus, PHLPP2 directly

and selectively dephosphorylates the hydrophobic motif

of Akt. (Note we chose to use the H157 cells [a non-

small-cell lung cancer cell line, NSCLC] because under

conditions of serum deprivation, Akt inhibition has been

shown to induce apoptosis [Brognard et al., 2001], thus

providing a useful cell system to examine the effects of

PHLPP2 on Akt-mediated apoptosis.)

To test whether endogenous PHLPP2 regulates the

phosphorylation of Akt in cells, we knocked down endog-

enous PHLPP2 by siRNA. We generated three unique

siRNAs and all resulted in greater than a 3.5-fold reduction

in PHLPP2 protein in the 293T cells (Figure 2C, lanes 2–4);

smartpool siRNA (combining all three siRNAs) was used

for all subsequent experiments. Knockdown of PHLPP2

protein resulted in a 2-fold increase in Akt phosphorylation

at Ser473 but did not significantly alter phosphorylation at

Thr308 in 293T cells (Figure 2C lanes 2–4). Knockdown of

PHLPP2 resulted in a 4-fold increase in Ser473 phosphor-

ylation and no change in Thr308 phosphorylation in H157

cells (Figure 2C, lane 6). Similar results were obtained fol-

lowing knockdown of PHLPP2 in SKBR-3 and MCF-7 cells

(Figure S1 in the Supplemental Data available with this

article online).

Maximal Akt activity requires phosphorylation on both

Ser473 and Thr308, leading us to address the effect of

dephosphorylation by PHLPP2 on cellular Akt activity.

Akt immunoprecipitated from 293T cells overexpressing

PHLPP2 had markedly reduced levels of Ser473 phos-

phorylation compared to Akt from vector-transfected cells

(Figure 2D; 70% reduction in Ser473 phosphorylation);

this reduced phosphorylation correlated with reduced ac-

tivity toward phosphorylation of a GSK-3 fusion protein

substrate in an in vitro kinase assay (Figure 2D; 80% re-

duction in substrate phosphorylation). Thus, the selective

dephosphorylation of Ser473 on Akt by PHLPP2 results in

a dramatic decrease in kinase activity.

To determine if Akt and PHLPP2 associate in cells, we

immunoprecipitated HA-PHLPP2 from 293T cells and

probed for association with endogenous Akt. Figure 2E

shows that endogenous Akt was present in immune com-

plexes of HA-tagged PHLPP2, revealing that the two

proteins associate in cells.

We next addressed the specificity of PHLPP2 for the hy-

drophobic phosphorylation motif (Ser473) of Akt relative to

that of other AGC kinase family members: 70 kDa ribo-

somal S6 kinase (p70S6K), 90 kDa ribosomal S6 kinase

(p90RSK), and protein kinase C (PKC). Expression of

PHLPP2 caused a marked decrease in the phosphoryla-

tion of Akt on Ser473 but, in the same cells, had no signif-

icant effect on the phosphorylation of the hydrophobic
Molecu
motif of PKC, p90RSK, or p70S6K (Figure 2F). These

data are consistent with PHLPP2 specifically dephos-

phorylating the hydrophobic motif of Akt under the condi-

tions of our experiments. It was previously reported that

a protein corresponding to PHLPP1 negatively regulates

the MAPK-signaling pathway (Shimizu et al., 2003). To

determine whether PHLPP2 also negatively regulates the

MAPK-signaling pathway, we examined activation of this

pathway in untreated cells expressing empty vector or

HA-PHLPP2. PHLPP2 overexpression did not alter the

phosphorylation of MEK 1/2 or ERK 1/2 under the condi-

tions of the experiment (Figure 2F), suggesting PHLPP2

does not regulate this pathway.

The foregoing results reveal that PHLPP isoforms sup-

press the phosphorylation of Akt under basal conditions

by selectively dephosphorylating Ser473. We next asked

whether the PHLPP isoforms control the amplitude or du-

ration of agonist-stimulated Akt phosphorylation. Treat-

ment of Hs578Bst cells, a normal breast cell line, with

EGF resulted in a rapid and transient rise in the phosphor-

ylation state of Akt on Ser473 and Thr308. Figure 3A

shows that the phosphorylation at both sites increased

significantly following 15 min of EGF treatment (lane 2)

but returned to baseline following 30 min treatment (lane

3). Depletion of both PHLPP1 and PHLPP2 resulted in a

remarkable 30-fold increase in the EGF-stimulated phos-

phorylation of Akt on Ser473 and, unexpectedly, Thr308

(Figure 3A, lane 8). (Because siRNA depletes both

PHLPP1a and PHLPP1b, we use PHLPP1 to denote both

PHLPP1a and PHLPP1b.) This increase was sustained lon-

ger relative to control cells, with decay to PHLPP-depleted

baseline levels requiring at least 24 hr for Ser473 (lane 12).

Curiously, PHLPP isoforms selectively control the phos-

phorylation state of Ser473 under basal conditions (10%

FBS DMEM) but control the phosphorylation state of

Ser473 and Thr308 following acute agonist stimulation.

These data establish that PHLPP isoforms play a major

role in controlling the amplitude of agonist-dependent

phosphorylation of Akt. Qualitatively similar results were

observed in H157 cells (data not shown).

We next compared the effects of depletion of PHLPP1

or PHLPP2 individually on the agonist-dependent phos-

phorylation of Akt. Consistent with the results in Figure 2C

for 293T and H157 cells, depletion of either PHLPP1 (lane

2), PHLPP2 (lane 3), or both (lane 4) in Hs578Bst cells

caused an increase in the basal phosphorylation state of

Ser473, but not Thr308 (Figure 3B). Stimulation with EGF

for 15 min caused an increase in the phosphorylation of

Ser473 and Thr308 (lane 5) that was highly dependent

on PHLPP1 and PHLPP2: depletion of either isoform

caused a striking increase in the phosphorylation of

Ser473 and Thr308. Knockdown of both isoforms resulted

in a comparable increase to that observed following single

knockdown. Thus, both PHLPP1 and PHLPP2 set the am-

plitude and duration of the Akt signal.

The finding that dephosphorylation by PHLPP2 inacti-

vates Akt led us to hypothesize that the cellular processes

controlled by Akt are regulated by PHLPP2. To address
lar Cell 25, 917–931, March 23, 2007 ª2007 Elsevier Inc. 921
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Figure 3. PHLPP Isoforms Control the

Amplitude of Agonist-Stimulated Akt

Phosphorylation

(A) Hs578Bst cells, a normal breast cell line,

were transfected with SMARTpool siRNA to

both PHLPP1 and PHLPP2 under high serum

conditions and incubated for 48 hr. Media

were then changed to low serum (0.1% FBS

DMEM) and cells incubated 2 hr prior to addi-

tion of EGF (10 ng/ml) for 24 hr time point or

incubated overnight in low serum media for all

other EGF time points. The phosphorylation

of Akt and protein levels of Akt, PHLPP1, and

PHLPP2 in lysates were detected by western

blot analysis; exposure times indicated for

phosphoblots.

(B) Hs578Bst cells were transfected with

SMARTpool siRNA to PHLPP1, PHLPP2, or

both under high serum conditions and incubated for 48 hr. Media were then changed to low serum and cells cultured overnight prior to addition

of EGF (10 ng/ml) for 15 min. The phosphorylation of Akt and protein levels of Akt, PHLPP1, and PHLPP2 in lysates were detected by western

blot analysis.
this possibility, we examined the effects of expressing

PHLPP2 on Akt-mediated apoptosis. Expression of

PHLPP2 resulted in an increase in apoptosis in H157 cells

under conditions of serum deprivation: The relative sub-

2N DNA increased an order of magnitude from 3.1% ±

0.1% in vector-transfected cells to 28% ± 5% in PHLPP2-

transfected cells (Figure 4A). To examine if PHLPP2 regu-

lated Akt-mediated apoptosis in other cancer cell lines, we

expressed HA-PHLPP2 in the Bt-474 and MDA-MB-231

breast cancer cell lines: expression of PHLPP2 resulted

in an �80% and 70% decrease in phosphorylation at

Ser473 (Figure 4B). Comparable results were observed

in the ZR-75-1 and MCF-7 breast cancer cell lines (data

not shown). Furthermore, expression of PHLPP2 in breast

cancer cells resulted in an increase in apoptosis (from

2.0 ± 0.2 to 15.8 ± 0.6 relative units in Bt-474 cells and

from 2.9 ± 0.9 to 12 ± 4 relative units in MDA-MB-231

cells), as assessed by quantifying sub-2N-DNA content

(Figure 4B). These data reveal that, as noted previously

for PHLPP1, PHLPP2 also promotes apoptosis.

To more rigorously explore the role of the PHLPP iso-

forms in mediating apoptosis, we examined the effect of

depletion of PHLPP1, PHLPP2, or both isoforms on apo-

ptosis triggered by the DNA-damaging agent Etoposide.

Treatment of H157 cells with Etoposide resulted in a

5-fold increase in apoptosis (Figure 4C). Depletion of

PHLPP1, PHLPP2, or both isoforms caused a 2-fold re-

duction in Etoposide-mediated apoptosis. These results

reveal that PHLPP isoforms promote apoptosis both un-

der basal conditions and following exposure to cytotoxic

agents.

We next tested whether the increased apoptosis ob-

served in cells overexpressing PHLPP2 resulted from

PHLPP2-mediated dephosphorylation of Ser473 on Akt.

To this end, we coexpressed PHLPP2 with a phosphomi-

metic, and thus constitutively active, Akt construct

(S473D) in MDA-MB-231 cells. Importantly, we found

that the PHLPP2-resistant Akt rescued two-thirds of the
922 Molecular Cell 25, 917–931, March 23, 2007 ª2007 Elsevie
apoptosis induced by PHLPP2 (Figure 4D). Thus, PHLPP2

negatively regulates Akt, resulting in the induction of apo-

ptosis, and this effect can be rescued by a phosphomi-

metic Akt construct resistant to dephosphorylation by

PHLPP2.

Akt has been reported to regulate both proliferation and

cell-cycle entry, leading us to ask whether PHLPP2 affects

cell-cycle progression. Expression of PHLPP2 resulted in

a �3-fold and 2-fold increase in the G1/S ratio (as as-

sessed by flow cytometry) in both 293T and H157 cells, re-

spectively (Figure 4E), suggesting cells were entering the

cell cycle at a decreased rate. Consistent with this result,

knockdown of endogenous PHLPP2 in H157 cells caused

a 2-fold decrease in the G1/S ratio indicating that the cells

in which PHLPP2 was depleted were proliferating at an in-

creased rate (Figure 4F). Interestingly, despite knockdown

of either PHLPP1 or PHLPP2 causing a comparable in-

crease in Ser473 phosphorylation (see Figures 4G and

5A–5C), PHLPP1 depletion resulted in a smaller decrease

(�25%) in the G1/S ratio compared to the�50% decrease

resulting from PHLPP2 depletion. Consistent with de-

creased levels of PHLPP2 causing a selective increase

in cell proliferation in the H157 cells, BrdU incorporation

increased 1.7-fold in cells in which PHLPP2 was knocked

down and only 1.3-fold in cells in which PHLPP1 was

knocked down (Figure 4G). The combined knockdown of

both PHLPP1 and PHLPP2 did not cause BrdU incorpora-

tion to differ significantly from the increase resulting from

PHLPP2 knockdown alone. Importantly, similar increases

in BrdU incorporation were observed in the normal breast

cell line Hs578Bst (Figure 4G). Western blot analysis of

the cells used for the BrdU analysis verified that PHLPP1

and PHLPP2 had been selectively knocked down and

revealed that Ser473 phosphorylation increased for both

knockdowns (Figure 4G). These data reveal that both

PHLPP1 and PHLPP2 control cell proliferation by regulat-

ing the activation state of Akt, with PHLPP2 having a more

pronounced effect.
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Figure 4. PHLPP2 Regulates Apoptosis and the Cell Cycle

(A) H157 NSCLC cells were transfected with HA-PHLPP2 or vector under low serum conditions (0.1% FBS DMEM) for 48 hr, and apoptosis (sub-2N

DNA content) was assessed using propidium iodide incorporation assays and flow cytometry.

(B) HA-PHLPP2 or vector alone was expressed in breast cancer cell lines for 48 hr under low serum conditions and the phosphorylation of Akt in

lysates was detected by western blot analysis. Relative phosphorylation is normalized to total Akt. Apoptosis was assessed using propidium iodide

incorporation assays and flow cytometry in cells expressing HA-PHLPP2 or vector alone.

(C) H157 cells were transfected with SMARTpool siRNA to PHLPP1, PHLPP2, or both under high serum conditions and incubated for 48 hr. Media was

then changed to low serum conditions, etoposide (50 mM) was added for 24 hr, and apoptosis was measured by flow cytometry.

(D) Expression of Akt S473D rescues PHLPP2-induced apoptosis. MDA-MB-231 cells were transfected with indicated constructs for 48 hr under low

serum conditions. Histograms show sub-2N DNA; quantitation of sub-2N DNA is indicated in bar graph. One-way ANOVA with posthoc Student’s

t test was performed on data from S473D and PHLPP2 transfections and compared to empty vector control; asterisks indicate p < 0.01.

(E) An increase was observed in the G1/S ratio in cells transfected with HA-PHLPP2 compared to cells transfected with vector alone. Cells were trans-

fected for 48 hr under high serum conditions, and the G1/S ratios were determined by propidium iodide incorporation assays and flow cytometry.

(F) Knockdown of PHLPP1 (Si-P1) or PHLPP2 (Si-P2) for 48 hr under high serum conditions decreased G1/S ratio in H157 cells as assessed by flow

cytometry.

(G) Knockdown of PHLPP1, PHLPP2, or both for 48 hr under high serum conditions increased BrdU incorporation in H157 and Hs578Bst cells. West-

ern blots were performed in parallel to ensure the PHLPP phosphatases were being sufficiently knocked down.

For all panels, data in bar graphs are representative of assays performed in triplicate, with error bars indicating standard deviation, and are represen-

tative of three independent experiments.
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To address the mechanism driving the more pro-

nounced effects on the cell cycle by PHLPP2 compared

with PHLPP1, we examined the effect of knocking down

each PHLPP isoform alone or in combination on the phos-

phorylation state of downstream substrates of Akt. Fig-

ure 5A shows that PHLPP1 (lane 2) and PHLPP2 (lane 3)

were effectively and specifically knocked down with iso-

Figure 5. PHLPP1 and PHLPP2 Differentially Regulate Akt

Downstream Substrates
(A) H157 cells were transfected with nontargeting siRNA control

(si-Con), PHLPP1 SMARTpool siRNA (si-P1), PHLPP2 SMARTpool

siRNA (si-P2), or SMARTpool siRNA for both PHLPP1 and PHLPP2

(both) for 48 hr under high serum conditions, and lysates were analyzed

by western blot. The phosphorylation state of Akt, HDM2, GSK-3a/b,

FoxO1, and p27 and relative protein levels of Akt, PHLPP1, and

PHLPP2 were detected using the indicated phospho-specific and total

endogenous protein antibodies. Western blots are representative of

three independent experiments.

(B) As in (A), H157 cells were transfected with SMARTpool siRNA to

PHLPP1, PHLPP2, or both, incubated 48 hr under high serum condi-

tions, and lysates were analyzed by western blot. The phosphorylation

state of FoxO1, Akt, and TSC2 and relative protein levels of Akt,

PHLPP1, and PHLPP2 were detected using indicated antibodies.

Western blots are representative of three independent experiments.

(C) Quantification of phosphorylation of immunoreactivity of three in-

dependent experiments as in (A) and (B). One-way ANOVA with post-

hoc Student’s t test was performed on all data from siRNA treatments

compared to control; asterisks indicate p < 0.05. Error bars indicate

standard error of the mean from three independent experiments.
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form-specific siRNA treatment in H157 cells, resulting in

a 5-fold increase in the phosphorylation of Ser473 (lanes

2 and 3, P473 panel; data from three independent exper-

iments quantified in Figure 5C). Knockdown of both iso-

forms did not further increase Ser473 phosphorylation

relative to selective knockdown of each isoform individu-

ally (lane 4, P473 panel). Knockdown of PHLPP1, but not

PHLPP2, specifically increased the phosphorylation of

two Akt substrates: HDM2 (P-HDM2 panel; phosphoryla-

tion of Ser166) and GSK-3a (P-GSK-3a; phosphorylation

of Ser21). Knockdown of PHLPP2, but not PHLPP1, spe-

cifically increased the phosphorylation of p27 on Thr157

(P-p27 panel). Knockdown of either PHLPP1 or PHLPP2

increased the phosphorylation of GSK-3b (P-GSK-3b;

phosphorylation of Ser9) and TSC2 (P-TSC2; phosphory-

lation on Ser 939 and Thr 1462) (Figures 5A and 5B, re-

spectively). Interestingly, knockdown of either PHLPP1

or PHLPP2, or both isoforms, did not significantly alter

the phosphorylation of FoxO1 on Ser256 (Figure 5A;

P-FoxO1). However, knockdown of either isoform caused

an increase in the phosphorylation of Thr24 on FoxO1

(Figure 5B, P-FoxO1 Thr24 panel) that was more sig-

nificant for the PHLPP2 knockdown compared to the

PHLPP1 knockdown (Figure 5C). The results of three

independent experiments are quantified in Figure 5C.

These data reveal that although PHLPP1 and PHLPP2

both dephosphorylate the same residue on Akt, a subset

of downstream targets of Akt are differentially modulated

depending on which phosphatase is depleted.

We next tested the hypothesis that the PHLPP isoforms

differentially regulate distinct Akt isoforms, providing

a possible mechanism underlying differences in substrate

regulation. In this regard, Akt isoforms have been reported

to regulate unique downstream substrates (Cho et al.,

2001a, 2001b; Jiang et al., 2003). To address this, we

depleted cells of PHLPP1, PHLPP2, or both isoforms, im-

munoprecipitated each Akt isoform, and examined the

phosphorylation of Ser473. Western blot analysis of Akt

immunoprecipitates (Figure 6A) revealed that knockdown

of PHLPP1 caused an increase in the phosphorylation of

the hydrophobic motif of Akt2 (lane 6, P473 panel), but

not Akt1 (lane 2, P473 panel). Conversely, knockdown of

PHLPP2 caused an increase in the phosphorylation of

the hydrophobic motif of Akt1 (lane 3, P473 panel) but

not Akt2 (lane 7, P473 panel). Knockdown of either PHLPP

isoform increased the phosphorylation of the hydrophobic

motif of Akt3 (lanes 10 and 11, P473 panel). Note that un-

der these conditions activation loop phosphorylation was

not affected by knockdown of individual PHLPP isoforms

(P308 panel). These data reveal that PHLPP2 controls the

phosphorylation of the hydrophobic motif on Akt1 and

Akt3 and PHLPP1 controls the phosphorylation of the

hydrophobic motif on Akt2 and Akt3.

We also examined whether PHLPP isoforms selectively

interacted with Akt isoforms in cells by immunoprecipitat-

ing endogenous Akt isoforms and probing for endogenous

PHLPP isoforms. Supporting the results of effects of

PHLPP isoforms on hydrophobic motif phosphorylation
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of Akt isoforms, PHLPP1 immunoprecipitated with Akt2

and Akt3 (Figure 6A, PHLPP1 panel; lanes 5/7 and 9/11),

whereas PHLPP2 immunoprecipitated with Akt1 and

Akt3 (Figure 6A, PHLPP2 panel; lanes 1/2 and 9/10).

Note that this selectivity was lost in overexpression stud-

ies: Overexpressed PHLPP1 and PHLPP2 bound all three

Akt isoforms (Figure S2). Thus, the data presented in

Figure 6A establish that: (1) Akt1 binds to and is specifi-

cally dephosphorylated at the hydrophobic motif by

PHLPP2, (2) Akt2 binds to and is specifically dephos-

phorylated at this motif by PHLPP1, and (3) both PHLPP

isoforms bind and regulate the dephosphorylation

of Akt3.

To test whether the isoform-specific effects of PHLPP

knockdown on Akt substrates resulted from differential

dephosphorylation of Akt isoforms, we depleted each

Akt isoform by specific siRNA and examined the phos-

phorylation status of downstream substrates. The western

blot in Figure 6B shows that knockdown of Akt2 (lane 3),

but not Akt1 (lane 2) or Akt3 (lane 4), resulted in a decrease

in phosphorylation of HDM2 (Ser166) and GSK-3a (Ser21),

in agreement with the increases observed following

knockdown of PHLPP1 (Figure 5A). Depletion of Akt3

(lane 4), but not Akt1 or Akt2, resulted in a dramatic de-

crease in p27 phosphorylation (Thr157), in agreement

with the robust increase in phosphorylation following

knockdown of PHLPP2. Interestingly, although PHLPP1

also regulates Akt3, PHLPP1 knockdown did not affect

p27 phosphorylation (Figure 5A). Perhaps unique spatial

regulation within the cell controls specificity in the

PHLPP2-Akt3-p27 pathway. Depletion of each Akt iso-

form resulted in a decrease in GSK-3b phosphorylation,

consistent with PHLPP knockdown studies showing that

both isoforms of the phosphatase increase the phosphor-

ylation of this substrate (Figures 5A and 6B). The phos-

phorylation of Thr24 on FoxO1 was decreased following

knockdown of either of the three Akt isoforms, whereas

the phosphorylation of Ser256 was unaffected. These re-

sults are consistent with the PHLPP knockdown results:

phosphorylation of Thr24, but not Ser256, was increased

following PHLPP knockdown (Figure 5C). Lastly, knock-

down of Akt1 or Akt2, but not Akt3, caused a decrease

in the phosphorylation of both Ser939 and Thr1462 on

TSC2, again in agreement with the effects of PHLPP

knockdown. Note that depletion of Akt1 did not decrease

total Ser473 phosphorylation significantly (lane 2, Ser473

panel), likely due to upregulation of Akt2 (compare lanes

1 and 2; Akt2 panel). Data from three independent exper-

iments are quantified in Figure 6C.

As a test of the model that PHLPP isoforms differentially

inactivate Akt isoforms thus differentially terminating sig-

naling pathways, we asked whether the effects of a spe-

cific PHLPP isoform would be abolished if its partner-Akt

was also depleted. We chose to test the model with the

PHLPP2-Akt3-p27 signaling complex because of the

specificity of this particular interaction (only PHLPP2 [not

PHLPP1] and only Akt3 [not Akt1 or Akt2] controls p27

phosphorylation). Figure 6D shows that knockdown of
Molec
PHLPP2 caused an increase in the phosphorylation of

p27 on Thr157 (lane 3) relative to control (lane 1) or cells

depleted in Akt3 (lane 2) in the Hs578Bst primary breast

cell line following EGF stimulation. This increase was abol-

ished upon knockdown of both PHLPP2 and Akt3 (lane 4).

Note that knockdown of Akt3 alone did not decrease p27

phosphorylation; this experiment differed from the ones in

Figure 5A in that phosphorylation was monitored after

acute ligand-driven stimulation under conditions of serum

deprivation, a condition that could activate Akt isoforms to

compensate for the lack of Akt3. Consistent with this,

P473 staining was the same in the si-Con and si-Akt3

lanes, contrasting with results from cells grown under

basal conditions (10% FBS) where knockdown of Akt3

results in a noticeable reduction in the P473 signal (e.g.,

Figure 6B). These data reveal that the ability of PHLPP2

to modulate the phosphorylation of p27 depends on

Akt3, supporting the model that specific PHLPP isoforms

control the activity of specific Akt isozymes, in turn con-

trolling the phosphorylation of specific downstream

substrates.

An intriguing finding from the foregoing experiments

was that simultaneous knockdown of both PHLPP

isoforms did not result in an additive increase in Ser473

phosphorylation or the phosphorylation of downstream

substrates of Akt (see quantification in Figure 5C: knock-

down of either PHLPP1, PHLPP2, or both PHLPP isoforms

caused a 5-fold increase in Ser473 phosphorylation and,

for example, a 4-fold increase in GSK-3b phosphoryla-

tion). One possibility is that depletion of both PHLPP iso-

forms activates an inhibitory feedback signal. A candidate

for such feedback regulation is p70S6K, whose activation

has been established to result in decreased phosphoryla-

tion and activation of Akt (Harrington et al., 2004; O’Reilly

et al., 2006; Um et al., 2004). To test this possibility, we

asked whether inhibition of p70S6K activation by rapamy-

cin (TORC-1 inhibitor) unmasked any potential additivity in

the knockdown of PHLPP1 and PHLPP2. Figure 6E shows

that, as presented in earlier experiments, knockdown

of PHLPP1 (lane 2), PHLPP2 (lane 3), or both PHLPP iso-

forms (lane 4) resulted in a comparable increase in Ser473

phosphorylation. Knockdown of either PHLPP1 or

PHLPP2 had no significant effect on the phosphorylation

of Thr308. However, a modest decrease in Thr308 phos-

phorylation was observed when both PHLPP isoforms

were depleted (P308 blot, lane 4). Treatment of cells

with rapamycin for 24 hr (Figure 6E) or 4 hr (data not

shown) resulted in decreased overall Ser473 phosphoryla-

tion. However, depletion of either PHLPP1 or PHLPP2

increased Ser473 phosphorylation in rapamycin-treated

cells (lanes 6 and 7). In marked contrast to untreated cells,

rapamycin treatment doubled the level of Ser473 phos-

phorylation in cells in which both PHLPP isoforms had

been knocked down (lane 8) compared to cells in which

the PHLPP isoforms had been knocked down individually

(lanes 6 and 7). Additionally, the phosphorylation of

Thr308 was no longer reduced in the double-knockdown

cells compared to the single-knockdown cells (compare
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Figure 6. PHLPP1 and PHLPP2 Regulate Specific Akt Isoforms

(A) Akt isoforms were immunoprecipitated from H157 cells transfected with nontargeting control siRNA (si-Con), PHLPP1 SMARTpool siRNA (si-P1),

PHLPP2 SMARTpool siRNA (si-P2), or siRNA for both PHLPP1 and PHLPP2 (both) for 48 hr under high serum conditions. Immunoprecipitates were

analyzed by western blot analysis for the presence of Akt, Akt phosphorylation on Ser473 (P473), or Thr308 (P308), PHLPP1, or PHLPP2.

(B) Akt isoforms were knocked down with Akt isoform-specific siRNA for 48 hr under high serum conditions and cell lysates were analyzed by western

blot with the following antibodies: Akt isoform-specific antibodies, Akt pan antibody (Akt total), Ser473 antibody (P473), and phospho-specific anti-

bodies to indicated downstream substrates. a-tubulin was used as a loading control. Western blots are representative of three independent exper-

iments.

(C) Quantification of immunoreactivity of indicated bands from three independent experiments as described in (B). One-way ANOVA with posthoc

Student’s t test was performed on data from all siRNA treatments compared to control; asterisks indicate p < 0.05. Error bars indicate standard error

of the mean.

(D) Hs578Bst cells were transfected with siRNA to Akt3, PHLPP2 or both, incubated 48 hr under high serum conditions. Media were changed to low

serum overnight and EGF (10 ng/ml) was added for 15 min prior to cell lysis. Lysates were assessed by western blot analysis for phospho-Akt, phos-

pho-p27, Akt, Akt3, and PHLPP2.
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lane 8 to lanes 6 and 7). Note that the degree of Ser473

phosphorylation (but not Thr308) was generally reduced

in rapamycin-treated cells (compare lanes 1–4 to lanes

5–8). This result could be explained by newly synthesized

mTOR-binding rapamycin, thus decreasing the levels of

the TORC-2 complex, which would result in a decrease

in Ser473 phosphorylation (Sarbassov et al., 2006). Con-

sistent with activation of a p70S6K feedback loop

when both PHLPP isoforms are depleted, knockdown of

PHLPP1 or PHLPP2 alone did not dramatically increase

p70S6K phosphorylation, but knockdown of both iso-

forms resulted in a robust increase in phosphorylation of

this kinase (Figure 6E). In summary, these data reveal

that depletion of both PHLPP isoforms activates a negative

feedback loop mediated by p70S6K that counteracts

the direct effects of PHLPP depletion on Ser473 phosphor-

ylation.

DISCUSSION

Here we identify a second isoform of the protein phospha-

tase PHLPP, which we name PHLPP2. We show that both

PHLPP1 and PHLPP2 selectively dephosphorylate the

same site on Akt, the hydrophobic phosphorylation motif,

yet the two phosphatases control different downstream

substrates of Akt. We identify the mechanism for the dif-

ferential signal termination as deriving from specificity in

the binding and regulation of specific PHLPP isoforms

with specific Akt isoforms.

PHLPP2 Dephosphorylates and Inactivates Akt

PHLPP2, like PHLPP1, selectively dephosphorylates the

hydrophobic motif of Akt, resulting in decreased kinase

activity, increased apoptosis, and inhibition of cell-cycle

progression. Although the isolated PP2C domain is

capable of dephosphorylating Thr308 and Ser473, the

full-length protein has specificity for Ser473. These data

reveal that the regulatory domains of PHLPP constrain

substrate phosphorylation, resulting in the full-length pro-

tein discriminating between phosphorylation sites within

the kinase core of Akt. The primary mechanism for the

cellular effects of PHLPP2 presented are consistent with

direct dephosphorylation of Ser473 of Akt because the

phosphomimetic Akt S473D is able to rescue the effects

of PHLPP2 overexpression (see Figure 4D). Although

a number of AGC kinases share the hydrophobic phos-

phorylation motif, under the conditions of our ex-

periments, we show that overexpressed PHLPP2 does

not dephosphorylate the hydrophobic motif of PKC,

p70S6K, or p90RSK. Nor does it regulate the MEK/ERK

pathway. Thus, PHLPP2 directly and specifically regulates

Akt under the conditions described.
Molec
PHLPP Isoforms Control the Amplitude

of Agonist-Dependent Signaling by Akt

PHLPP isoforms directly set the amplitude of the Akt sig-

nal: depletion of either PHLPP1 or PHLPP2 causes a dra-

matic increase in the agonist-stimulated phosphorylation

of Akt. Interestingly, although the dephosphorylation of

Akt following agonist stimulation was slowed in cells lack-

ing PHLPP, the phosphorylation of Akt returned to basal

levels. These data suggest that an additional phosphatase

controls the duration of agonist-evoked activation of Akt in

the absence of the PHLPP phosphatases. One possibility

is that a phosphatase directed at the PDK-1 site drives this

deactivation, with dephosphorylation at this site destabi-

lizing the phosphate at the hydrophobic motif. A likely

candidate is a PP2A-type phosphatase, which has been

shown to regulate Akt phosphorylation (Andjelkovic

et al., 1996). Note that the phosphorylation of the PDK-1

site has marked sensitivity to okadaic acid; the hydropho-

bic site (Ser473) is only modestly affected by okadaic acid,

consistent with a PP2C family member controlling this site

(Gao et al., 2005). Live cell imaging studies of Akt activity

have previously established that phosphatases are pow-

erful ‘‘brakes’’ to Akt signaling (Kunkel et al., 2005). Here

we show that PHLPP isoforms exert enormous suppres-

sion on the acute agonist-mediated phosphorylation of

Akt, thus setting the amplitude of the signal.

Curiously, the phosphorylation states of both Thr308

and Ser473 were coordinately elevated following acute

agonist stimulation in cells lacking PHLPP1 or PHLPP2.

In contrast, only the phosphorylation state of Ser473

was affected in cells lacking PHLPP isoforms under basal

conditions (10% FBS). One possibility is that the phos-

phorylation state of the hydrophobic motif regulates the

stability of the phosphate on the activation loop. This is

indeed the case with Akt’s close cousin, protein kinase

C: negative charge at the hydrophobic site renders the

phosphate on the activation loop relatively resistant to de-

phosphorylation (Bornancin and Parker, 1997; Edwards

and Newton, 1997). Evidence suggests this could be the

case for Akt: mutation of Ser473 to Asp results in a con-

struct of Akt that is more heavily phosphorylated on

Thr308 compared to wild-type Akt (Biondi et al., 2001).

Thus, it may be that the enormous increase in Ser473

phosphorylation resulting from depletion of PHLPP stabi-

lizes the activation loop site, rendering it less sensitive to

cellular phosphatases. This stabilization may not be

apparent under basal conditions because the elevation

in Ser473 phosphorylation is one order of magnitude

lower than the agonist-stimulated elevation in Ser473

phosphorylation. Another possibility is that increased

phosphorylation at Ser473 confers a more favorable con-

formation for PDK-1 phosphorylation; in support of this

hypothesis, mutation of Ser473 to Asp increases PDK-1
(E) Rapamycin treatment unmasks additivity in PHLPP1 and PHLPP2 knockdown experiments. H157 cells were transfected with SMARTpool siRNA

to PHLPP1, PHLPP2, or both, incubated for 48 hr under high serum conditions and then treated with rapamycin (100 nM) for 24 hr. Lysates were

analyzed by western blotting using phospho-Akt, phospho-p70S6K, Akt, PHLPP1, and PHLPP2. Western blot is representative of three independent

experiments.
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Figure 7. Model Illustrating How Speci-

ficity in Signal Termination by PHLPP

Isoforms Is Achieved by Specific

PHLPP-Akt-Substrate Complexes

Akt is activated following receptor-mediated

activation of PI3K to generate PtdIns 3P

(PIP3). This second messenger recruits Akt to

the plasma membrane, where it is phosphory-

lated by PDK-1 at the activation loop

(Thr308), an event that triggers phosphoryla-

tion at the hydrophobic motif (Ser473). Akt

then redistributes to specific intracellular loca-

tions, presumably in complex with specific

substrates. Signal termination is achieved at

the initial step by the lipid phosphatase PTEN,

which removes the activating lipid, or, once

signaling has been initiated, by the protein

phosphatase PHLPP, which dephosphorylates

Ser473 on Akt. Specific complexes (blue

shaded ovals) of PHLPP1 or PHLPP2 with

Akt1, Akt2, or Akt3 allow PHLPP isoforms

to differentially terminate Akt signaling. For

example, compartmentalization of PHLPP2-Akt3-p27 (blue shaded oval on left) and PHLPP1-Akt2-HDM2/GSK-3a (blue shaded oval on right) define

unique pathways in the Akt signaling network. Some substrates, such as FoxO1, GSK-3b, and TSC2 are inactivated by both PHLPP isoforms via

regulation of all three Akt isoforms.
phosphorylation at Thr308 in in vitro kinase assays (Biondi

et al., 2001). This interplay between the two phosphoryla-

tion sites is consistent with X-ray structures of Akt, which

suggest that phosphorylation of the hydrophobic motif or-

ders the activation loop (Huang et al., 2003; Yang et al.,

2002).

PHLPP Isoforms Differentially Regulate

Signaling by Akt Isoforms

Akt regulates proliferation and apoptosis through multiple

mechanisms. Here we define signaling networks regu-

lated by unique Akt isoforms whose amplitude is con-

trolled by specific PHLPP isoforms (Figure 7). Knockdown

studies reveal that PHLPP2 is the dominant phosphatase

in controlling the cell cycle. Furthermore, it specifically op-

poses the action of Akt3 on the phosphorylation state of

p27: knockdown of Akt3 (but not Akt1 or 2) decreased

p27 phosphorylation, whereas knockdown of PHLPP2

(but not PHLPP1) increased p27 phosphorylation. Specific

signaling scaffolds are implicated by our finding that

PHLPP1 binds and dephosphorylates Akt3, yet p27 phos-

phorylation is not sensitive to PHLPP1 depletion. Thus,

a PHLPP2-Akt3-p27 pathway is suggested by our data.

PHLPP1, on the other hand, regulates the phosphorylation

of HDM2 and GSK3-a, and our data suggest that the

mechanism is by dephosphorylation of Akt2. Specific reg-

ulation of GSK3-a by Akt2 has been previously reported

(Jiang et al., 2003). We also identify a group of substrates

whose phosphorylation is controlled by all three Akt iso-

forms and both PHLPP isoforms. For example, the phos-

phorylation state of GSK-3b and FoxO1 increases follow-

ing knockdown of either PHLPP isoform and decreases

following knockdown of any of the Akt isoforms. The over-

lapping regulation of these proteins by both PHLPP iso-
928 Molecular Cell 25, 917–931, March 23, 2007 ª2007 Elsevie
forms is consistent with the apoptotic effects induced by

both phosphatases. Curiously, our data reveal that PHLPP

and Akt selectively regulate specific residues within the

same substrate: under conditions where the phosphoryla-

tion state of FoxO1 at Thr24 was impacted by PHLPP

knockdown, no effects on the phosphorylation of Ser256

were observed. These data are consistent with a recent

report showing that the phosphorylation of some Akt sub-

strates is independent of the phosphorylation state of

Ser473 (Jacinto et al., 2006). In particular, the phosphory-

lation state of FoxO1 on Ser256 was reported to be the

same in normal cells and in SIN1 knockdown cells (where

Ser473 phosphorylation is abolished) (Jacinto et al., 2006).

The possibility that the species of Akt phosphorylated at

Thr308, but not Ser473, has activity toward some sub-

strates adds a new level of fine-tuning to signal control

by the PHLPP isoforms. Lastly, we found some substrates

that displayed intermediate specificity. The phosphoryla-

tion state of TSC2 was affected by a PHLPP2/Akt1 and

by PHLPP1/Akt2 signaling complexes but was relatively

insensitive to Akt3. These data underscore the role of iso-

form specificity in driving downstream signaling of the

PI3K/Akt pathway.

Feedback Regulation of Akt Signaling Activated

by Depletion of Both PHLPP Isoforms

Our data also reveal that the simultaneous knockdown of

both PHLPP1 and PHLPP2 activates feedback regulation

of Akt mediated by p70S6K (Harrington et al., 2004;

O’Reilly et al., 2006; Um et al., 2004). Thus, although

PHLPP1 and PHLPP2 control different Akt isozymes,

depletion of both isoforms does not enhance Akt phos-

phorylation relative to single knockdown because, in cells

lacking both PHLPP isoforms, Akt phosphorylation is
r Inc.
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inhibited by activation of the p70S6K-mediated feedback

loop. This feedback inhibition is suppressed by rapamy-

cin, allowing additivity in the effects of knockdown of

PHLPP1 and PHLPP2. These results underscore the im-

portance of compensatory mechanisms that constrain

perturbations to signaling pathways.

Summary

Our data reveal that PHLPP1 and PHLPP2 selectively de-

phosphorylate specific Akt isoforms, thus differentially

controlling the amplitude of Akt signaling. Taken together

with results from Akt knockout mice, it is intriguing to sug-

gest that PHLPP1 plays a role in glucose homeostasis

(where Akt2 is critical) whereas PHLPP2 plays a role in

cell survival (where Akt1 is critical) (Chen et al., 2001).

Our data also underscore the role of spatial segregation

(i.e., via specific signaling complexes such as PHLPP1:

Akt2 and PHLPP2:Akt1) in driving specificity in both signal

propagation and signal termination in the PI3K/Akt

pathway.

EXPERIMENTAL PROCEDURES

PHLPP2-specific siRNA was purchased from Dharmacon and tar-

geted the following sequences: 50-CCTAAGTGGCAACAAGCTT-30

(si-1); 50-CCATTCAAGATGAGTTGCT-30 (si-2); and 50-GGACAGCCT

GAACCTCATTG-30 (si-3) in PHLPP2. SMARTpool siRNA (combining

all three siRNAs) was used for all experiments except Figure 1C, which

used si-1.) SMARTpool siRNA against PHLPP1 and PHLPP2 was

also purchased from Dharmacon. Akt isoform-specific siRNA was

purchased from Santa Cruz.

Cloning and Expression

Full-length PHLPP2 cDNA was cloned by combining the bf979574

cDNA (I.M.A.G.E. Consortium; sequencing revealed the C terminus

of construct was same as BC035267 cDNA) and AB023148 cDNA (Ka-

zusa cDNA collection). Five nucleotides were not present in bf979574

cDNA based on the predicted PubMed sequence, NM_015020, and

these nucleotides were added using the QuikChange Site-Directed

Mutagenesis Kit (Stratagene). The nucleotide sequence of the resulting

two constructs (bf979574 and AB023148) corresponded to the pre-

dicted sequence NM_015020, resulting in the amino acid sequence

in Figure 1A. Because of a discrepancy in the amino acid at position

542 in the predicted sequence of NM_015020 (Val) with that of Se-

quence ID Q6ZVD8 (Leu), we sequenced seven cell lines (H157,

293T, MDA-MB-231, ZR-75-1, MCF-7, SK-BR-3, and T47D) and con-

firmed that Leu is the correct residue. To express HA-tagged full-

length PHLPP2, sequence was amplified by PCR and subcloned into

NotI and XbaI sites in the pcDNA3HA vector (Gao et al., 2005). A

GST-tagged construct of the PP2C domain for bacterial expression

was generated by amplifying the coding region of the PP2C domain

(corresponding to residues 780–1030) by PCR and subcloning the se-

quence into EcoRI and XhoI sites of pGEX-KG vector (Hakes and

Dixon, 1992).

Cell Transfections and Immunoblotting

ZR-75-1 and SKBR3 cell lines were maintained in RPMI 1640 (Cellgro),

and all other cell lines were maintained in DMEM (Cellgro); both media

were supplemented with 10% FBS and 1% penicillin/streptomycin.

Cells were maintained at 37�C in 5% CO2. Transient transfections

and siRNA experiments were performed as previously described

(Gao et al., 2005), except for ZR-75-1 cells, which were transfected

using FuGENE6 reagent (Roche). Transfection efficiencies (deter-
Molecu
mined by gating cells transfected with GFP using flow cytometry) for

293T and H157 cell lines averaged between 70% and 90% for each ex-

periment; efficiencies for breast cancer cell lines averaged between

50% and 85%. For immunoblotting, transfected cells were lysed in

buffer 1 (50 mM Na2HPO4 [pH 7.5], 1 mM sodium pyrophosphate,

20 mM NaF, 2 mM EDTA, 2 mM EGTA, 1% SDS, 1 mM DTT, 200 mM

benzamidine, 40 mg ml�1 leupeptin, and 1 mM PMSF) and sonicated

for 5 s. Lysates containing equal protein were analyzed on SDS-

PAGE gels, and individual blots were probed using the indicated anti-

body. Densitometric analysis was performed with the NIH Image anal-

ysis software (version 1.63).

Phosphatase Assays and Coimmunoprecipitations

GST-PP2C was expressed in BL21 bacterial cells; phosphatase as-

says using pNPP as substrate were performed using the purified

GST-PP2C construct in buffer containing 0.05 M Tris, 0.05 M Bis-

Tris, and 0.1 M sodium acetate (pH 7.5) at 28�C. Dephosphorylation

of pNPP was measured by continuously monitoring the change in

absorbance at 405 nM using a Thermo Electron Corp. Genesys 10

UV-visible spectrophotometer. Initial rates were determined using

the molar extinction coefficient of 12.8 mM�1cm�1 for the product

para-nitrophenol (pNP) at pH 7.5. To determine the kinetic parameters

kcat and kcat/Km, the initial velocities were measured at various sub-

strate concentrations and the data were fit to the Michaelis-Menten

equation by nonlinear regression analysis. Phosphatase assays were

also performed using the GST-PP2C construct conjugated to glutathi-

one-Sepharose and pure Akt1 as a substrate as previously described

(Gao et al., 2005). The activity of full-length HA-PHLPP2 was assessed

by expressing and immunoprecipitating PHLPP2 from 293T or H157

cell lysates. Cells were lysed in buffer 2 (20 mM HEPES [pH 7.4], 1%

Triton X-100, 1 mM DTT, 200 mM benzamidine, 40 mg ml�1 leupeptin,

and 1 mM PMSF). Detergent-soluble lysates were incubated overnight

at 4�C with HA antibody and ultra-link protein A/G beads (Pierce).

Beads were then washed three times with buffer 1 and incubated in

phosphatase buffer with purified phosphorylated Akt as previously de-

scribed (Gao et al., 2005). HA-PHLPP2 was immunoprecipitated from

293T cells as described above and the cells were lysed in buffer 3

(50 mM Na2HPO4 [pH 7.5], 1 mM sodium pyrophosphate, 20 mM

NaF, 2 mM EDTA, 2 mM EGTA, 1% Triton X-100, 1 mM DTT,

200 mM benzamidine, 40 mg ml�1 leupeptin, and 1 mM PMSF) and

washed in buffer 3 four times. Akt agarose was used to immunoprecip-

itate endogenous Akt (Upstate Biotechnologies). Akt isoforms were

immunoprecipitated from H157 cells as described above using iso-

form-specific antibodies (Cell Signaling), washed four times in buffer

3, and probed with pan- or phospho-specific antibodies as well as

PHLPP1- or PHLPP2-specific antibodies from Bethyl Laboratories.

In Vitro Kinase Assay

Akt was immunoprecipitated from cell lysates using Akt agarose, and

kinase reactions were performed using an Akt kinase assay kit (Cell

Signaling) as described previously (Brognard et al., 2001).

Immunofluorescence Staining

Hs578Bst and H157 cells were seeded onto glass coverslips and al-

lowed to attach for �24 hr. Cells were treated with control or iso-

form-specific PHLPP siRNA for 48 hr under high serum conditions.

Cells were washed with PBS and fixed in 3% paraformaldehyde and

2% sucrose for 15 min at room temperature. Fixed cells were washed

in PBS and quenched in 0.1% glycine for 5 min at room temperature.

Cells were then permeabilized in 0.1% Triton X-100 for 15 min at room

temperature, washed in PBS, and exposed to blocking buffer (50%

FBS in PBS) for 15 min at room temperature. Cells were incubated in

primary antibody (1:1000) in 10% FBS PBS overnight at 4�C. Cells

were then washed three times in PBS and incubated in secondary an-

tibody (Alexa Fluor 488 goat antirabbit IgG [1:500 in 10% FBS in PBS]),

washed an additional three times, and coverslips were mounted onto
lar Cell 25, 917–931, March 23, 2007 ª2007 Elsevier Inc. 929
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slides with VectorShield and viewed using a Zeiss Axiovert 200 micro-

scope.

Proliferation and Apoptosis Assays

Apoptotic assays were performed as previously described (Gao et al.,

2005). For breast cancer cell lines, apoptotic assays were performed

on whole cell population and not gated cells. To determine G1/S ratios,

cells were cotransfected with GFP and HA-PHLPP2 and incubated

with high serum (10% FBS) for 48 hr; cells were gated based on GFP

expression as described previously (Gao et al., 2005). For BrdU incor-

poration assays, cells were maintained in high serum growth media

(10% FBS) and transfected with 100nM SMARTpool siRNA and incu-

bated for 48 hr prior to performing assays following manufacturer’s

protocol (Oncogene Research Products).

Statistical Analysis

Statistical analysis was performed using JMP 5.1 statistical software

(SAS Institute Inc). The significance of differences between siRNA con-

trol and siPHLPP1, siPHLPP2, or both was determined using one-way

ANOVA statistical analysis followed by posthoc Student’s t tests.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures

and two figures and can be found with this article online at http://

www.molecule.org/cgi/content/full/25/6/917/DC1/.
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The life cycle of protein kinase C (PKC)
is controlled by multiple phosphorylation and
dephosphorylation steps.  The maturation of
PKC requires three ordered phosphorylations,
one at the activation loop and two at C-terminal
sites, the turn motif and the hydrophobic motif,
to yield a stable and signaling-competent
enzyme.  Dephosphorylation of the enzyme
leads to protein degradation. We have recently
discovered a novel family of protein
phosphatases named PH domain Leucine-rich
repeat Protein Phosphatase (PHLPP) whose
members terminate Akt signaling by
dephosphorylating the hydrophobic motif on
Akt.  Here we show that the two PHLPP
isoforms, PHLPP1 and PHLPP2, also
dephosphorylate the hydrophobic motif on
PKC II, an event that shunts PKC to the
detergent-insoluble fraction,  effectively
terminating its life cycle. Deletion mutagenesis
reveals that the PH domain is necessary for the
effective dephosphorylation of PKC II by
PHLPP in cells, whereas the PDZ-binding
motif, required for Akt regulation, is
dispensable.  The phorbol ester-mediated
dephosphorylation of the hydrophobic site, but
not the turn motif or activation loop, is
insensitive to okadaic acid, consistent with
PHLPP, a PP2C family member, controlling
the hydrophobic site.  In addition, knockdown
of PHLPP expression reduces the rate of
phorbol ester-triggered dephosphorylation of
the hydrophobic motif, but not turn motif, of
PKC .  Lastly, we show that depletion  of
PHLPP in  colon cancer and normal breast
epithelial cells results in an increase in
conventional and novel PKC levels. These data

reveal that PHLPP controls the cellular levels
of PKC by specifically dephosphorylating the
hydrophobic motif, thus destabilizing the
enzyme and promoting its degradation.  

Protein phosphorylation defines one of the
most important and pervasive regulatory
mechanisms in cell signaling. Crucial cellular
decisions such as those between death or survival
and proliferation or differentiation are made
depending on the phosphorylation state of
signaling molecules.  Thus, precise control of the
ba lance  be tween phosphorylation and
dephosphorylation is critical for living organisms
to maintain normal physiological functions.
Dysregulation of signaling pathways that results in
disturbing this balance leads to the development of
diseases such as cancer and diabetes. Loss of
control of either phosphorylation or
dephosphorylation mechanisms leads to
pathogenic states, and both kinases and
phosphatases have been identified as oncogenes or
tumor suppressors (1).

We have recently identified a novel family
of Ser/Thr phosphatases which we named PHLPP
(PH domain Leucine-rich repeat Protein
Phosphatase) based on domain composition (2,3).
PHLPP comprises three isozymes: the
alternatively spliced PHLPP1  and PHLPP1
which differ in an amino-terminal extension on
PHLPP1 , and PHLPP2. PHLPP1 and PHLPP2
share 50% overall identity at the amino acid level.
PHLPP1 and PHLPP2 contain a PP2C-like
phosphatase domain and they dephosphorylate Akt
in vitro in a Mn2+-dependent manner (2,3).
Although both PHLPP isoforms specifically
dephosphorylate the hydrophobic motif of Akt
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(S473 in Akt1) and inactivate the enzyme in cells,
they differentially terminate Akt signaling by
regulating distinct Akt isoforms (3). Moreover, the
PHLPP-mediated termination of Akt signaling
depends on the presence of a targeting module, the
PDZ-binding motif, at the extreme C-terminus of
PHLPP. Given the high conservation in the
phosphorylation mechanisms of Akt and PKC (4),
including conservation of the hydrophobic
phosphorylation motif, PHLPP is a likely
candidate to regulate PKC family members.

Akt and PKC are activated by sequential
phosphorylation steps at two sites conserved
within the AGC kinase family (4).  First, PDK-1
phosphorylates a segment at the entrance to the
active site termed the activation loop (5,6). The
phosphorylation by PDK-1 triggers the
phosphorylation of a site at the C-terminus
referred to as the hydrophobic phosphorylation
motif and corresponds to Ser 473 in Akt1 and Ser
660 in PKC II.  For conventional PKCs (e.g.
PKC II), the mechanism of phosphorylation of
the hydrophobic site is by intramolecular
autophosphorylation (7,8). The carboxyl terminus
of Akt and PKC contains a second site, the turn
motif, whose phosphorylation is required for
subsequent phosphorylation on the hydrophobic
motif of PKCs (4,9,10).  The two phosphorylation
switches (activation loop and C-terminus) are
conserved amongst AGC kinases.

Phosphorylation of the hydrophobic site
regulates both Akt and PKC, but phosphate at this
site has different roles in the function of these two
kinases.  For Akt, phosphorylation regulates the
acute activity of the enzyme.  Specifically, Akt
phosphorylated at only the PDK-1 site has 10% of
the activity of enzyme phosphorylated at both the
PDK-1 site and the hydrophobic site, Ser 473 (11).
Thus, selective dephosphorylation of Ser 473
results in effective signal termination.  For PKC,
phosphorylation at the hydrophobic site controls
the stability of the enzyme (9,12). Conditions that
promote the dephosphorylation of this site
promote the degradation of PKC.

The phosphorylation of conventional
PKCs is constitutive, serving to ‘prime’ PKC into
a catalytically-competent state. The enzyme is
activated following generation of second
messengers, which recruit PKC to the membrane,
thus releasing an autoinhibitory pseudosubstrate

sequence from the substrate-binding cavity.
Activated PKC adopts an open conformation in
which the enzyme is  sensi t ive to
dephosphorylation, triggering one pathway of
down-regulation. Specifically, prolonged
activation of PKC, notably following treatment of
cells with tumor promoting phorbol esters, triggers
dephosphorylation and subsequent association of
the dephosphorylated species with the detergent-
insoluble fraction of cells, leading to eventual
degradation (13,14).  Note that dephosphorylation
is not required for degradation; a second pathway
has recently been described in which
phosphorylated PKC is ubiquitinated and degraded
(15).  

Because dephosphorylated PKC is
removed from the pool of functional PKC, the
duration and amplitude of PKC signaling is
critically controlled by the dephosphorylation
process (14,16). However, little is known about
t h e  phospha tases  respons ib le  for
dephosphorylating PKC. It has been shown that
PP2A and PP1 dephosphorylate PKC  and II in
vitro (16,17). Co-localization of PP2A with PKC

 was observed in the membrane fraction of
phorbol ester treated cells (18).  In addition,
pretreatment of cells with okadaic acid, an
inhibitor of PP2A and PP1 phosphatases, inhibits
phorbol ester-induced dephosphorylation of PKC

 (18).
This study addresses the role of PHLPP in

dephosphorylating conventional PKC.  We show
that overexpression of either PHLPP1 or PHLPP2
in cells results in accumulation of
dephosphorylated PKC II in the detergent-
insoluble fraction of cells.  Conversely, depletion
of PHLPP1 or PHLPP2 using RNAi inhibits the
phorbol ester-induced dephosphorylation of
endogenous PKC  specifically at the
hydrophobic motif site. Furthermore, knockdown
of both PHLPP isoforms in cancer and normal
cells results in an increase in PKC expression.
Thus, PHLPP specifically dephosphorylates the
hydrophobic motif of PKCs, effectively
terminating the lifetime of PKC.

EXPERIMENTAL PROCEDURES

Materials and Antibodies
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Okadaic acid, PDBu, PMA, and MG-132 were
purchased from EMD/CalBiochem. PHLPP1 and 2
specific SmartPool siRNAs were obtained from
Dharmacon. The following antibodies were
purchased from commercial sources: polyclonal
antibodies against PKC  and PKC II from Santa
Cruz Biotechnology; a monoclonal against PKC 
from BD Biosciences; phospho-antibodies for
T641 (P641) and Ser660 (P660) of PKC II from
Cell Signaling; an anti-HA mAb from Covance; an
anti-  Tubulin mAb from Sigma; and polyclonal
antibodies against PHLPP1 and PHLPP2 from
Bethyl Laboratory. A phospho-specific antibody
for T500  (P500) of PKC II that specifically
recognizes the phosphorylated activation loop of
all PKC isozymes was previously generated and
characterized (19).  Note that the P641 and P660
antibodies are specific for the phosphorylated turn
motif and hydrophobic motif, respectively, of PKC
and do not recognize constructs with Ala at the
phospho-acceptor positions.

Construction of expression plasmids
The cloning of human PHLPP1 and PHLPP2 has
been described previously (2,3). There are two
splice variants of the PHLPP1 gene, which we
named PHLPP1  and PHLPP1  (3). The wild-
type PHLPP1 used in this study is PHLPP1 . The
expression constructs of HA-tagged full-length
wild-type PHLPP1 (HA-PHLPP1), a PH domain
deletion mutant of PHLPP1 (HA- PH), a PDZ
domain binding mutant of PHLPP1 (HA- C), and
full-length wild-type PHLPP2 were generated as
described previously (2,3). The following domains
of PHLPP1 were expressed as HA- or GST-tagged
fusion proteins in mammalian cells: the PH
domain (amino acid residues 1-146), LRR region
(amino acid residues 126-652), PP2C domain
(amino acid residues 653-906), and the C-terminus
(CT, amino acid residues 907-1205).  Relevant
regions were amplified using PCR and the PCR
products were subcloned into EcoR I and Xho I
sites on pcDNA3HA vector (2) or Kpn I and Not I
sites on pEBG vector (20). Since expression of
HA-tagged PH domain of PHLPP1 was not
detected in cells, the PH domain was expressed as
a GST-fusion protein for the pull-down
experiments. The expression plasmids of various
GST-tagged domains of PKC II including N/
(N-terminus plus pseudosubstrate), C1A (C1A

domain), C1B (C1B domain), C1AB (C1A plus
C1B domains), NC1 (N-terminus plus the entire
C1 domain), C2 (C2 domain), KD (kinase
domain), and CT (C-terminus) were constructed as
described previously (20,21). The full-length
human PP2C  cDNA was cloned by one-step RT-
PCR using human brain total RNA as template.
The coding region of PP2C  was amplified using
PCR and subcloned into Xho I and Xba I sites on
pcDNA3HA vector.

In vitro phosphatase assay
A GST-tagged fusion protein of PHLPP1-PP2C
was expressed and purified as described
previously (2).  His-tagged PKC II was expressed
and purified from baculovirus-infected Sf21 cells.
Briefly, Sf21 cells were maintained in SF-900 II
media (Invitrogen) and infected with baculovirus
encoding His-PKC II for 3 days. The infected
cells were lysed in PBS containing 1% Triton X-
100 and 10 mM imidazole, and His-PKC II
proteins were purified using Ni-NTA beads
(Qiagen).  The dephosphorylation reactions were
carried out in a reaction buffer containing 50 mM
Tris (pH 7.4), 1 mM DTT and 5 mM MnCl2 at 30°
C for 30 minutes. The final concentration of His-
PKC II and GST-PP2C in the reactions were 50
nM and 10 nM, respectively.

Cell transfection and siRNA targeting sequences
COS7, 293T, and H157 cells were maintained in
DMEM (Cellgro) containing 10% fetal bovine
s e r u m  ( F B S ,  H y c l o n e )  a n d  1 %
penicillin/streptomycin at 37 oC in 5% CO2.
Transient transfection of all cell types was carried
out using Effectene transfection reagents (Qiagen).
Lipofectamine 2000 (Invitrogen) was used for
transfection of siRNAs. The SmartPool siRNA for
each PHLPP isoform is comprised of four
individual RNA oligos, and the targeting
sequences are as the following: for PHLPP1, 1)
G A T C T A A G G T T G A A C G T A A ;  2 )
T G A T C T A G A T G C T A T G A T T ;  3 )
GATATTGGCCATAATCAAA; and 4)
GAACGCCTCTGCGAACAAA; for PHLPP2, 1)
G G A A A G A C C C A G C T G C A T A ;  2 )
G A A C T T G T C C C A T A A T A A A ;  3 )
GCTATAATCTTCTCACAGA; and 4)
GTACAGCAGTCAACTAATG. The f inal
concentration of the SmartPool siRNAs used in
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transfections was between 50-100 nM. Note that
the PHLPP1 siRNAs are targeted against the
common regions in both PHLPP1  and PHLPP1 ,
thus are effective at knocking down all PHLPP1
proteins.

Cell fractionation
To examine the subcellular localization of PKC,
transfected cells were harvested in Buffer A (50
mM Na2HPO4, 1 mM sodium pyrophosphate, 20
mM NaF, 2 mM EDTA, 2 mM EGTA, 1% Triton
X-100, 1 mM DTT, 200 µM benzamidine, 40 µg
ml-1 leupeptin, 200 µM PMSF).  The cells were
lysed by brief sonication, and the cell lysates were
subjected to centrifugation at 16,000 x g  for 5
minutes at 4 oC. The resulting supernatant is
referred to as the ‘detergent-soluble supernatant’.
The pellet resulting from the centrifugation is
referred to as the ‘detergent-insoluble pellet’.

Immunoprecipitation
Immunoprecipitation of PKC II or HA-PHLPP
isoforms was performed as described previously
(2). Briefly, the transfected cells were lysed in
Buffer A and the detergent-solublized cell lysate
was subjected to immunoprecipitation using the
anti-PKC  (which recognizes PKC II as well) or
the anti-HA mAb to precipitate HA-PHLPP1/2.
The immunoprecipitates were washed twice in
Buffer A and twice in Buffer B (Buffer A plus 250
mM NaCl).  Bound proteins were analyzed by
SDS-PAGE and immunoblotting.

GST-fusion protein pull-down assay
To examine the interaction between the different
domains of PKC II and PHLPP1, 293T cells
were transiently transfected with GST-tagged
fusion proteins together with full-length PKC II
or PHLPP1.  The transfected cells were lysed in
Buffer A, and the detergent-solublized cell lysates
were incubated with glutathione-Sepharose at 4 oC
for 2 hours.  Beads were washed twice in Buffer A
and twice in Buffer B, and GST-PH bound beads
were  analyzed by SDS-PAGE and
immunoblotting.

Phorbol ester-induced dephosphorylation and
degradation of PKC
To induce dephosphorylation and degradation of
endogenous PKC, 293T or H157 cells were treated

with 400 nM PDBu or 300 nM PMA for 0-7 hours
as indicated in figure legends. At each time point,
the cells were lysed in SDS sample buffer directly,
and the amount of phospho- and total-PKC was
analyzed by Western blot.   Data were analyzed to
a first-order decay using the program
Kaleidagraph:  y = m1 + m2*exp(-m3x), where y
is the fraction of PKC/phospho-PKC and x is time;
m1 is the offset on the y axis, m2 is the fraction of
PKC/phospho-PKC that decays, and m3 is the rate
constant.

RESULTS

PHLPP1 dephosphorylates PKC II in vitro and
in vivo –– We have previously shown that the
isolated PP2C domain of PHLPP1 efficiently
dephosphorylates Akt in vitro (2). Here, we first
addressed whether the isolated PP2C domain of
PHLPP1, freed of any inhibitory constraints, had
catalytic activity towards pure, phosphorylated
PKC II  in vitro.  As described previously, the
PP2C domain of PHLPP1 was expressed as a
GST-tagged fusion protein and purified from
bacteria (2). Full-length PKC II was purified
from recombinant baculovirus-infected insect
cells; this PKC is fully-phosphorylated at all three
conserved sites T500, T641, and S660 (17). The
Western blot in Figure 1A shows that the PP2C
domain effectively dephosphorylated the
hydrophobic motif site, S660, and the turn motif,
T641.  In contrast, the activation loop site T500
was relatively resistant to dephosphorylation by
the PP2C domain of PHLPP1 in vitro. These
results reveal that the PP2C domain of PHLPP1
dephosphorylates the hydrophobic motif site and
the turn motif of PKC in vitro.

To ask whether PHLPP1 regulates PKC in
vivo, we co-expressed HA-PHLPP1 or vector
plasmid with PKC II in 293T cells and examined
the subcellular distribution of PKC II. The
Western blots in Figure 1B show the partitioning
of PKC II in the detergent-soluble supernant (S)
and detergent-insoluble pellet (P) fractions of
cells.  As reported previously, the majority of the
PKC II in control cells partitioned in the
detergent-soluble supernatant and migrated as an
upper band (double asterisk) corresponding to the
mature species that is quantitatively
phosphorylated at the two C-terminal sites
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(phosphorylation of these sites causes mobility
shifts) and mostly-phosphorylated at the PDK-1
site (22).  In contrast, co-expression of PHLPP1
resulted in the appearance of a faster-migrating
species of PKC II (dash) corresponding to
dephosphorylated PKC in the detergent-soluble
fraction (Figure 1B, lane 2).  This
dephosphorylated species accumulated in the
detergent-insoluble pellet (lane 4). Note that the
dephosphorylation (and phosphorylation) of the
turn motif and hydrophobic motif are tightly
coupled. Thus, species of intermediate mobility,
reflecting loss of phosphate at only one C-terminal
site, are not detectable.  These results reveal that
co-expression of PHLPP1 with PKC II in cells
promotes the dephosphorylation and accumulation
of dephosphorylated PKC in the detergent-
insoluble fraction of cells.

To dissect the role of negative charge at
the turn motif (T641) or the hydrophobic motif
(S660) in the PHLPP-mediated distribution of
PKC to the detergent-insoluble pellet, we
examined two phosphomimetics of PKC II:
T641E and S660E.  Figure 1C shows that the
PHLPP-mediated redisitribution was not affected
by negative charge on T641 but was prevented
when negative charge was locked on S660
(quantified data shown in Figure 1D).  These data
suggest that loss of negative charge on S660, but
not T641, shunts PKC to the detergent-insoluble
fraction.

PHLPP1 interacts with its substrate PKC II  ––
Protein phosphatases are known to form
complexes with their substrates as mechanisms to
ensure specificity (23).  To explore whether
PHLPP1 interacts with PKC II in cells, we
performed co-immunoprecipitation experiments
using cells co-expressing PKC II and HA-
PHLPP1.  As negative controls, PKC II was co-
expressed with either a vector plasmid or an
expression construct of HA-tagged human PP2C
(HA-PP2C ). Figure 2A shows that PKC II was
readily detected in the immunoprecipitates of HA-
PHLPP1 (lane 2).  However, only background
levels of PKC II were present in the
immunoprecipitates of vector alone (lane1) or HA-
PP2C  (lane 3).  Note that the ‘Input’ blot in
Figure 2A shows the phosphorylated species of
PKC in the detergent-soluble fraction; analysis of

the detergent-insoluble pellet revealed robust
accumulation of dephosphorylated PKC in cells
expressing HA-PHLPP1 but not vector or HA-
PP2C  (data not shown).  Importantly, these co-
immunoprecipitation studies reveal that PKC II
specifically associates with PHLPP1, and not
another member of the PP2C family of
phosphatases, PP2C , in cells.  

To delineate the regions in PKC II that
mediate the binding to PHLPP1, GST-pull-down
experiments were performed using cells
expressing various GST-tagged domains of PKC

II and HA-PHLPP1.  The data in Figure 2B show
that PHLPP1 bound to all constructs containing
the C1A domain (GST-C1A, lane 2; GST-C1AB,
lane 3; GST-NC1, lane 4), as well as the kinase
domain core (GST-KD, lane 6). It did not bind a
construct of the extreme amino-terminus,
including the pseudosubstrate sequence (lane 1),
the C2 domain (lane 5), or the extreme C-terminus
(lane 7).  Thus, the C1A domain and kinase core
provide the major determinants that mediate the
binding of PKC to PHLPP1.

We next tested which domain(s) in
PHLPP1 mediate(s) the binding to PKC II.  The
leucine rich repeat (LRR) region, the PP2C
domain, and the C-terminus of PHLPP1 were
expressed as HA-tagged fusion proteins, and the
PH domain of PHLPP1 was expressed as a GST-
tagged fusion protein.  Cells expressing PKC II
together with HA-PHLPP1, HA-LRR, HA-PP2C,
HA-CT, or GST-PH were subjected to
immunoprecipitation or GST-pull-down (Figure
2C).  PKC II co-immunoprecipitated with HA-
PP2C and GST-PH of PHLPP1 (lanes 3 and 6) as
well as the full-length HA-PHLPP1 (lane 1).
Although the HA-PP2C domain expressed at
considerably lower levels than full-length HA-
PHLPP1 or the PH domain, the amount of PKC
associated with all three constructs was
comparable.  This suggests that the isolated PP2C
domain contains the primary determinants driving
the interaction with PKC and that this interaction
is weakened in the context of the full-length
protein.  In addition, weak binding to the PH
domain stabilizes the interaction of PHLPP1 with
PKC.

The PH domain of PHLPP1 is required for
dephosphorylation of PKC II –– To explore the
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role of potential regulatory regions in PHLPP1, we
examined the effect of deleting either the PH
domain or PDZ-binding motif on the ability of
PHLPP1 to promote the accumulation of
dephosphorylated PKC in the detergent-insoluble
fraction of cells. As described in Figures 1 and 3,
co-expression of WT PHLPP1 with PKC I I
resulted in the accumulation of a faster-migrating
species of PKC II (Figure 3A, dash) in the
detergent-insoluble fraction of the cells (Figure
3A, lane 6) that was absent in vector co-
transfected cells (Figure 3A, lane 5). A similar, but
significantly enhanced, accumulation of PKC in
the detergent-insoluble fraction was observed in
cells transfected with a construct of PHLPP1
deleted in the C-terminal PDZ-binding motif ( C,
lanes 4 and 8).  In contrast, deletion of the PH
domain suppressed the ability of PHLPP1 to
dephosphorylate PKC II and relocalize the
dephosphorylated species to the detergent-
insoluble fraction ( PH, lane 7).  Thus, the PH
domain  i s  necessary  for  e f f ic ien t
dephosphorylation of PKC by PHLPP in cells.

We next investigated whether deletion of
the PH domain or the PDZ-binding motif in
PHLPP1 affected its interaction with PKC II. Co-
immunoprecipitation experiments demonstrated
that deletion of the PH domain resulted in a 50%
reduction of the amount of PKC II bound to
PHLPP1 (Figure 3B, lane 2, and Figure 3C).  This
finding is consistent with the PH domain of
PHLPP1 providing a docking site for binding PKC

II as shown in Figure 2C.  In contrast, deletion of
the PDZ-binding motif had no significant effect on
the interaction of PHLPP1 with PKC II (Figure
3B, lane 3 and Figure 3C).  These data reveal that
the PH domain, and not the PDZ-binding motif,
controls the interaction of PHLPP1 with PKC.

The second isoform of the PHLPP family,
PHLPP2, dephosphorylates PKC II –– Since
there are two functionally related isoforms in the
PHLPP family, we next addressed whether the
second isoform, PHLPP2, also dephosphorylates
PKC.  Figure 4A shows that co-expression of HA-
PHLPP2 increased  the  amount  of
dephosphorylated PKC II in the detergent-
insoluble fraction of the cells (lane 2).
Furthermore, co-immunoprecipitation experiments
showed that PKC II specifically interacted with

PHLPP2 in cells (Figure 4B, lane 2). Taken
together, these results suggest that PHLPP2
funct ions  s imi lar ly  to  PHLPP1 in
dephosphorylating PKC II in vivo.

Phorbol ester-induced dephosphorylation of the
hydrophobic motif site of PKC is okadaic acid
insensitive –– To begin to assess the role of
PHLPP in  the  phorbol ester-induced
dephosphorylation of PKC, we first examined how
the phosphorylation sites in the C-terminus of
PKC become dephosphorylated upon PDBu
treatment. Because PKC  is the major
conventional PKC in 293T cells, we examined the
effect of PHLPP knockdown on this isoform;
similar to PKC II, PKC  is efficiently
dephosphorylated by overexpressed PHLPP in
cells (data not shown). 293T cells were treated
with PDBu for 1 hour or left untreated, and the
cell  lysates were analyzed for the
dephosphorylation of endogenous PKC .  Figure
5A shows that the intensity of the labeling by the
phospho-specific antibodies for both the
hydrophobic motif and turn motif sites decreased
upon PDBu treatment (upper and middle panels)
revealing loss of phosphate at both sites; PKC  is
the major P660 and P641-reacting species in 293T
cells, however novel isoforms also contribute to
this signal.  In addition, the appearance of faster-
migrating bands detected with the anti-PKC

 antibody supported the dephosphorylation of
PKC  (bottom panel). (Note that although
phorbol esters have been reported to slow the
maturation of PKC (15,24), pulse chase analysis
revealed that the faster-migrating band detected in
our experiments (lane 2) is mature PKC that has
been dephosphorylated (data not shown)). Under
the conditions of our experiments, PDBu-induced
dephosphorylation of the activation loop site
(T497 in PKC a) was not observed (data not
shown, see Figure 5B and 5C as well).  Note that
an intermediate species (single asterisk) was
detected by the phospho-specific antibody for
phospho-T641, but not phospho-S660, indicating
that dephosphorylation of S660 precedes that of
T641. This is consistent with mass spectrometric
analysis revealing that a minor species of PKC
phosphorylated at T641 but not S660 can be
detected in cells (17).  These data suggest that the
phosphatase responsible for dephosphorylating the
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hydrophobic motif site of PKC promotes the
termination phase of PKC signaling.  The data
presented so far suggest that PHLPP is the
phosphatase controlling the phosphorylation state
of hydrophobic motif site of PKC.

PP2C family members are not inhibited by
okadaic acid (OA) (25), leading us to test whether
PDBu-induced dephosphorylation of PKC is
sensitive to OA treatment. We analyzed the
phosphorylation state at each of the three
conserved phosphorylation sites on PKC II in
cells treated with or without phorbol esters and
with or without OA.  Previous studies have shown
that phosphorylation at the activation loop site
(T500) is required for processing of PKC;
however, phosphorylation at this site becomes
dispensable once PKC is fully matured and only
half of the pool of mature, signaling-competent
PKC is phosphorylated at this position basally in
cells (17). Consistent with this, Figure 5B and the
corresponding graph quantifying the data from
three separate experiments (Figure 5C) show that
treating cells with OA resulted in an
approximately 2-fold increase in the
phosphorylation at T500 for both WT and the
S660E mutant of PKC II compared to untreated
control cells (P500 panels, lanes 1, 2, 5, and 6).
Similarly, T500 was phosphorylated to a 2-fold
higher level in cells treated with OA prior to
PDBu treatment; PDBu treatment alone did not
induce significant dephosphorylation at T500
under the conditions of this experiment (lanes 3,
and 7).  These results are consistent with the
dephosphorylation of the activation loop T500 site
of PKC being catalyzed by an OA-sensitive
phosphatase.  Because the majority of WT PKC

II is fully-phosphorylated at both C-terminal sites
basally (17), the phosphorylation of both the T641
and S660 sites in WT PKC II was not affected by
OA treatment alone (P641 and P660 panels, lanes
1 and 2; Figure 5C, columns 5,6 and 9,10).  To
examine the effect of OA on these sites, we took
two approaches.  First, we took advantage of the
S600E mutant of PKC: the mutant with Glu (rather
than phosphate) at this position has increased
sensitivity to dephosphorylation resulting in the
presence of some protein that is not
phosphorylated at the T641 site in cells (10,26).
Thus, because it is not completely phosphorylated
at the turn motif, the S660E mutant can be used to

test the OA sensitivity of the T641 site.  Figure 5C
shows that the phosphorylation state of T641 in
the S660E mutant increased 1.3-fold upon OA
treatment compared to untreated cells  (columns
17 and 18). As a second approach, we examined
the effect of OA on PDBu-induced
dephosphorylation of the turn and hydrophobic
motifs.  Under conditions of the experiment,
PDBu caused approximately 55% of the turn motif
and 65% of the hydrophobic motif to become
dephosphorylated (columns 7 and 11).
Importantly, OA inhibited the dephosphorylation
of the turn motif by approximately 50% (compare
columns 7 and 8) but had no effect on the
dephosphorylation of the hydrophobic motif
(compare columns 11 and 12).  The PDBu-induced
dephosphorylation of T641 in the S660E mutant
was similarly inhibited by OA pretreatment
(Figure 5C, compare columns 19 and 20).  These
data establish that the dephosphorylation of T641,
but not S660, is controlled by an OA-sensitive
phosphatase.    This insensitivity of the
phosphorylation state of S660 to OA is consistent
with PHLPP being the key protein phosphatase for
the hydrophobic motif.

Depletion of endogenous PHLPP isoforms inhibits
phorbol ester-induced dephosphorylation of PKC

 –– To elucidate the role of endogenous PHLPP
isoforms in regulating phorbol ester-induced
dephosphorylation of PKC in cells, siRNAs
specifically targeting PHLPP1 or PHLPP2 were
used to deplete cells of PHLPP. We used H157
cells for the siRNA experiments because we have
previously shown that PHLPP1 can be effectively
knocked down in this cell line (2). Similar to
experiments with 293T cells, we monitored the
dephosphorylation process of endogenous PKC 
in H157 cells because it is the predominant PKC
isoform expressed. The top two panels in Figure
6A show that the expression of both endogenous
PHLPP1 and PHLPP2 was effectively reduced in
H157 cells transfected with specific siRNAs (lanes
3-8). Treating cells with PDBu for 2 hours did not
cause dephosphorylation of the activation loop site
of endogenous PKC  in the control- or PHLPP-
specific siRNA-transfected cells (P500 panel).
Under the same conditions, approximately 40-50%
of the turn motif site became dephosphorylated
(P641 panel). However, the extent of
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dephosphorylation of PKC  at this site was not
significantly different in the control- or PHLPP-
specific siRNA-transfected cells (Figure 6B). In
contrast, the PDBu treatment resulted in an
approximately 50% reduction of hydrophobic
motif site phosphorylation of endogenous PKC 
in the control siRNA-transfected cells (P660
panel, lanes 1 and 2), and knocking down of either
PHLPP1 or PHLPP2 or both prevented this
dephosphorylation (lanes 3-8, and Figure 6B).
Interestingly, depletion of either isoform of
PHLPP was sufficient to inhibit dephosphorylation
of the hydrophobic motif site and to maintain PKC

  in a fully-phosphorylated state. Thus, no
additive effect was observed upon depletion of
both PHLPP isoforms.  In addition, no significant
loss of total PKC  protein was observed in the
time frame of these experiments, consistent with
the notion that dephosphorylation precedes protein
degradation of PKC (PKC  panel). As a negative
control, the amount of endogenous PKC , a
phorbol ester-resistant PKC isoform, was not
significantly affected by the PDBu treatment (PKC

 panel). These data reveal that both endogenous
PHLPP1 and PHLPP2 catalyze the PDBu-induced
dephosphorylation of PKC  in vivo and this
PHLPP-mediated dephosphorylation is specific for
the hydrophobic motif site of PKC.

To further examine the effect of PHLPP-
mediated dephosphorylation in modulating the
degradation process of PKC after prolonged
activation, the time course of endogenous PKC 
down-regulation was examined in PHLPP
knockdown cells. PMA was used here to treat cells
because it is more potent than PDBu in inducing
degradation of endogenous PKC. 293T cells
transfected with control siRNA or siRNAs
targeting both PHLPP1 and PHLPP2 isoforms
were treated with PMA for 0-7 hours. Figure 6C
shows that phorbol ester treatment resulted in the
dephosphorylation of PKC and an accompanying
reduction in the total amount of PKC.  Fitting the
data from three independent experiments to a first-
order decay revealed that the half-time for the
dephosphorylation at both T641 and S660 as well
as the degradation of PKC was the same and
approximately 1 hr.  Genetic depletion of PHLPP1
and PHLPP2 had no significant effect on the loss
of phosphate at T641: the half-time for
dephosphorylation of this site was 0.9 ± 0.3 hr for

the PHLPP knockdown compared to 0.7 ± 0.5 hrs
for control) (Figure 6C, P641 panel; Figure 6D,
P641 graph). However, the dephosphorylation of
S660 was markedly reduced in cells depleted of
PHLPP compared to control cells. Most
noticeably, fitting the data to an exponential decay
revealed that half as much PKC was
dephosphorylated on S660 in cells lacking PHLPP
compared to control cells: 44 ± 4% of the PKC
was dephosphorylated in cells depleted of PHLPP
compared to 82 ± 2% dephosphorylated in control
cells (Figure 6D; note where curves plateau). The
accumulation of an intermediate-migrating band
(Figure 6C, labeled with single asterisk) in PHLPP
knockkdown cells represented the large fraction of
PKC phosphorylated at only S660 and not T641
(this intermediate band was not labeled by the
P641 antibody). Consistent with PHLPP
knockdown rendering a pool of PKC resistant to
degradation, the half-life of PKC  degradation
was slowed to 4 ± 2 hrs in the knockdown cells
compared to 0.91 ± 0.08 in control cells. Note that
the P660 antibody recognizes all PKC isoforms so
that the difference in fraction of PKC  resistant to
degradation (33 ± .02%) vs. fraction of PKC
resistant to dephosphorylation on S660 (56 ± 4%)
likely accounts for slight variations in the
sensitivity to PHLPP dephosphorylation of the
various isoforms. Thus, a significant fraction of
PKC was resistant to dephosphorylation at S660
but not T641 in cells depleted of PHLPP isoforms.
The expression level of a phorbol ester-insensitive
PKC isoform, PKC , was not altered by PMA
treatment in either control or PHLPP knockdown
cells. Taken together, these results demonstrate
that both PHLPP isoforms mediate the
dephosphorylation of endogenous PKC on the
hydrophobic motif following activation-induced
down-regulation. They also show that this
dephosphorylation is required for one pathway of
phorbol ester-mediated down-regulation of PKC.

Expression of endogenous PKC isoforms is
modulated by PHLPP expression –– PKC levels
are elevated in a number of cancers, notably colon
(27,28). To directly address whether PHLPP levels
control PKC levels in colon cancer cell lines, we
specifically depleted PHLPP1, PHLPP2, or both
PHLPP isoforms from a colon cancer cell line
which has relatively high PHLPP expression, the
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DLD-1 cell line.  Figure 7A reveals that depletion
of either isoform alone, or both, caused a 3-fold
increase in the levels of PKC II.   PKC  levels
were not significantly affected by PHLPP
knockdown, nor were PKC  levels altered.
Single knockdown caused a very modest increase
in PKC  levels, an increase that was more
pronounced when both PHLPP1 and PHLPP2
were depleted.  These data reveal PHLPP
selectively controls the levels of PKC II in the
DLD-1 colon cancer cell line.

To further determine whether the basal
expression of endogenous PKC in normal cells is
regulated by PHLPP, we transfected two normal
breast epithelial cell lines with control or PHLPP
specific siRNAs and monitored the expression
level of PKC. The expression of both PHLPP
isoforms was effectively knocked down by the
combination of PHLPP specific siRNAs in those
cells (Figure 7B, PHLPP1 and PHLPP2 panels).
Importantly, knockdown of PHLPP1 and PHLPP2
caused a marked increase in the levels of PKC ,
PKC II, and the novel isoform PKC  compared
to the control cells (Figure 7D, PKC , PKC II,
and PKC  panels). These results suggest that
PHLPP is involved in the constitutive turnover
process of conventional and novel PKC isoforms
in normal cells, consistent with the finding that
PHLPP-mediated dephosphorylation controls the
degradation process of PKC.

DISCUSSION

The phosphorylation state of PKC controls
its stability, as best illustrated by the finding that
the enzyme is depleted in cells lacking the
upstream kinase, PDK-1 (29). Because the
phosphorylation of PKC is constitutive,
dephosphorylation mechanisms are poised to play
a key role in controlling the amount of PKC and
thus the amplitude of the PKC signal.   Here, we
identified the novel protein phosphatases PHLPP1
and PHLPP2 as playing major roles in regulating
the dephosphorylation of PKC in cells. We
showed that both phosphatases bind and
dephosphorylate PKC II on the hydrophobic
motif, an event that shunts PKC II to the
detergent-insoluble fraction of cells (Figure 8). In
addition, depletion of endogenous PHLPP1 or
PHLPP2 via siRNA inhibits phorbol ester-induced

dephosphorylation of the hydrophobic motif site
on PKC , revealing that both PHLPP isoforms
are endogenous negative regulators of PKC
signaling. Underscoring a key role of PHLPP in
normal physiology, knockdown of PHLPP
isoforms in a colon cancer cell line with relatively
high PHLPP expression causes a 3-fold increase in
the expression of PKC II, an isoform whose
levels are elevated in colon cancer (27). In
addition, knockdown of PHLPP in normal breast
epithelial cells results in a marked increase of
endogenous PKC expression. Thus, PHLPP
isozymes control the level of cellular PKC by
dephosphorylating a key site, the hydrophobic
motif, that controls the stability of this family of
kinases.

PHLPP dephosphorylates the hydrophobic motif
of PKC

The selectivity of PHLPP isoforms for the
hydrophobic motif site of PKC is consistent with
our previous report that PHLPP1 and PHLPP2
catalyze the specific dephosphorylation of the
hydrophobic motif site (S473) on a related AGC
kinase, Akt (2). Previous studies have shown that a
PP2A-type phosphatase associates with PKC in
the membrane fraction of cells (18). Our results
here suggest that the phosphorylation state of the
activation loop and turn motif sites are likely
controlled by a PP2A-type phosphatase because
dephosphorylation of both sites is sensitive to
okadaic acid treatment.  In contrast, results from
siRNA depletion and overexpression experiments
indicate that the hydrophobic motif site (S660) is
regulated by PHLPP isoforms, consistent with the
finding that the phosphorylation state of the
hydrophobic motif is not sensitive to okadaic acid,
an inhibitor that does not affect PP2C family
members. It is noteworthy that PHLPP does not
discriminate between the turn motif and
hydrophobic motif in vitro, but selectively
dephosphorylates the hydrophobic motif in cells.
These data underscore the importance of cellular
studies in determining substrate specificity.

In addition to conventional PKCs, the
PKC family includes the novel and the atypical
subclasses. Members of atypical PKCs (  and / )
have a Glu residue instead of Ser/Thr at the
phospho-acceptor position of the hydrophobic
motif. Thus, this site in the atypical PKCs cannot
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be a substrate of PHLPP.  Consistent with this, we
show that the expression of PKC  was not altered
by depletion of PHLPP from cells while increased
expression of PKC  and  was observed in the
knockdown cells. These data suggest that PHLPP
directly controls the levels of conventional and
novel, but not atypical PKCs.  Since different PKC
isozymes have diverse physiological roles in
regulating cellular processes (30), the functional
readout of PHLPP-mediated down-regulation of
PKC is likely cell context dependent.

The data from overexpression and siRNA
knockdown experiments show that both members
of the PHLPP family, PHLPP1 and PHLPP2,
dephosphorylate conventional PKCs in cells.
Similarly, both PHLPP isoforms share another
substrate Akt (2,3). However, PHLPP1 and
PHLPP2 regulate different isoforms of Akt and
affect distinct signaling pathways downstream of
Akt (3).  It remains to be determined whether
different PHLPP isoforms regulate distinct subsets
of PKC-mediated signaling pathways.

Regulatory modules drive substrate specificity of
PHLPP in cells

Expression of constructs of PHLPP
deleted in either the PH domain or PDZ-binding
motif reveal that these regulatory modules drive
substrate specificity in cells.  We have shown
previously that the PDZ-binding motif of PHLPP1
is necessary for the biological function of PHLPP1
towards Akt: deletion of the last three C-terminal
residues encoding the PDZ ligand inhibits the
ability of PHLPP1 to dephosphorylate Akt,
promote apoptosis, and  suppress tumors.   In
contrast, deletion of the PH domain resulted in
more robust phosphatase activity towards Akt in
cells (2). In striking contrast, the data presented in
this study demonstrate that the PH domain of
PHLPP1 is required for its ability to efficiently
dephosphorylate PKC in cells, whereas the PDZ-
binding motif is dispensable for this function.
Indeed, deletion of the PDZ ligand increases the
phosphatase activity of PHLPP1 towards PKC in
cells.  These data reveal that the regulatory
modules of PHLPP play essential roles in driving
the substrate specificity of the phosphatase and
suggest that correct intracellular targeting of
PHLPP is critical for specificity in its downstream

signaling. Specifically, substrate access may
depend on targeting the phosphatase in proximity
to the substrate via scaffold proteins or by
providing docking sites for the substrate directly.
Consistent with this, removal of the regulatory
determinants that drive Akt specificity (the PDZ-
binding motif) allows more efficient
dephosphorylation of PKC, whereas removal of
the regulatory determinants that drive PKC
specificity (the PH domain) enhances Akt
dephosphorylation in cells.  Thus, for example,
removal of the PDZ ligand could release PHLPP
from a scaffold where it localizes with Akt,
increasing the pool of PHLPP available to bind
PKC.  The differential regulation of PKC and Akt
by the PH domain and PDZ-binding motif,
respectively, provides an efficient mechanism for
PHLPP to specifically dephosphorylate these two
AGC family members.

Interest ingly,  compared to the
evolutionarily conserved PDZ-binding motif in
PHLPP isozymes, the PH domain was added later
in evolution and is only found in mammalian
PHLPP genes. This suggests that the primary
function of PHLPP in lower organisms may be to
antagonize Akt signaling and that the spectrum of
substrates has broadened during evolution as more
regulatory modules were added to the
phosphatase.

PHLPP controls phorbol ester-mediated
dephosphorylation of the hydrophobic motif

In this study, we used phorbol ester-
induced dephosphorylation of conventional PKCs
as a model system to study the activation-
dependent down-regulation process. However,
dephosphorylation of conventional PKC isozymes
is not an isolated phenomenon unique to phorbol
ester treatment. It has been reported that
dephosphorylation and down-regulation of PKC
occurs in cells following sustained elevation of the
endogenous activator diacylglycerol (DAG) (31)
or when cells reach high density (14). Thus,
phosphatase-mediated dephosphorylation of PKC
is likely to be a general mechanism priming PKC
for degradation. However, since the endogenous
activators of PKC, DAG and Ca2+, are only
transiently elevated following agonist stimulation,
only a small population of PKC may undergo
dephosphorylation at a given time. The
accumulation of dephosphorylated PKC is more
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read i ly  observed  wi th  long- las t ing
pharmacological treatments such as those from
phorbol esters or the anti-cancer drug bryostatin
(32).

Phorbol esters have been proposed to
down-regulate PKC by dephosphorylation-
dependent and dephosphorylation-independent
mechanisms (15).  Our data support a model in
which PHLPP initiates the down-regulation in the
dephosphorylation-dependent pathway (Figure 8).
First, we show that dephosphorylation of S660
precedes that of T641.  Second, we show that
depletion of PHLPP results in the accumulation of
a species of PKC that is phosphorylated on S660,
but not T641, that is relatively resistant to
degradation.  Under the conditions of our
experiments, approximately 40% of the PKC 
was down-regulated by the PHLPP-dependent
pathway.  Fractionation studies also reveal that the
trigger to send dephosphorylated PKC to the
detergent-insoluble fraction is loss of phosphate at
S660.    

PHLPP controls the cellular levels of PKC
Elevation of PKC expression has been

linked to tumorigenesis and tumor progression
(27,28,33).  However, the cause for the increased
expression of PKC observed in many cancers
remains unknown.  In this study, we demonstrated
that the level of conventional and novel PKC
isozymes can be regulated by altering the
expression of PHLPP1 and PHLPP2, consistent
with the role of PHLPP in negatively regulating
PKC by directly dephosphorylating PKC and
promoting its down-regulation. We have
previously shown that the altered PHLPP levels in
some of these colon cancer cell lines do not affect
the expression levels of Akt, rather, cells with low
PHLPP have high basal phosphorylation of the
hydrophobic motif on Akt (S473) (2).  This

finding underscores the markedly different effects
of PHLPP dephosphorylation of the hydrophobic
motif on PKC and Akt:  for PKC it controls the
stability and thus levels of the protein, for Akt it
controls the degree of hydrophobic motif
phosphorylation, and hence activity.

Consistent with a key role of PHLPP in
controlling the levels of cellular PKC, the basal
level of PKC expression in normal breast
epithelial cells is markedly upregulated by
silencing the expression of endogenous PHLPP
using RNAi.  The levels of PKC  and PKC II
increased approximately 5-fold in Hs578Bst cells.
Note that this large increase of PKC expression
upon silencing PHLPP genes observed in normal
cell lines was not seen or restricted to certain PKC
isozymes in cancer cell lines (or transformed cells)
(see Figures 6 and 7). It is possible that the
dynamic connection linking PHLPP and PKC in
the normal cells is disrupted in the cancer cells,
where compensating mechanisms may be
activated to confer cell survival, thus resulting in
less control of PKC by PHLPP.  Indeed the effects
of PHLPP knockdown on agonist-evoked Akt
phosphorylation are at least an order of magnitude
greater in normal cells such as the Hs578Bst
compared to transformed cells such as 293T (3).
We note in particular that depletion of PHLPP
isoforms from the DLD-1 colon cancer line caused
a selective increase in PKC II protein level.  This
is noteworthy because PKC II protein levels are
selectively elevated in colon cancer (27). Whether
the molecular mechanism for the elevated PKC II
in colon cancer is driven by reduced levels of
PHLPP remains to be explored.  Further studies on
the interplay between PHLPP and PKC in
tumorigenesis are of potential interest in
developing novel therapies in cancer treatment.
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FIGURE LEGENDS

Figure 1. PHLPP1 dephosphorylates PKC in vitro and in vivo. (A) Dephosphorylation of PKC II by
purified PP2C domain of PHLPP1. The dephosphorylation reactions were carried out by incubating
purified His-PKC II with purified GST-PP2C for 0-30 min (lanes 1-4).  The dephosphorylation of PKC

II at T500, T641 or S660 was detected by the phospho-specific antibodies P500, P641 or P660,
respectively.  (B) Dephosphorylation of PKC II upon overexpression of HA-PHLPP1 in cells.  COS7
cells were transfected with PKC II together with either vector (lanes 1 and 3) or HA-PHLPP1 (lanes 2
and 4).  The cells were fractionated into detergent-soluble supernatants (S, lanes 1 and 2) and detergent-
insoluble pellets (P, lanes 3 and 4). The appearance of faster-migrating species of PKC II indicates
dephosphorylation of the protein (labeled by a dash (-)), while the mature fully-phosphorylated species is
labeled with two asterisks ( ).  The expression of PKC II and HA-PHLPP1 was detected by the anti-
PKC II antibody (upper panel) and the anti-HA mAb (middle panel), respectively. Tubulin was detected
with an anti-  tubulin mAb (lower panels). (C) Accumulation of WT and mutant PKC II in pellet
fractions upon overexpression of HA-PHLPP1.  COS7 cells expressing PKC II WT (lanes 1 and 2),
S660E (lanes 3 and 4), or T641E (lanes 5 and 6) together with either vector (lanes 1, 3, and 5) or HA-
PHLPP1 (lanes 2, 4, and 6) were fractionated into detergent-soluble supernatants (S, upper panel) and
detergent-insoluble pellets (P, middle panel).  The expression of WT and mutant PKC II was detected
using the anti-PKC II antibody. The presence of HA-PHLPP1 was detected using the anti-HA mAb
(lower panel).  (D) Graph showing quantified results of accumulation of detergent-insoluble PKC II in
pellet fractions upon PHLPP1 overexpression. Western blots as shown in (C) were scanned and quantified
using a BioRad GS-800 densitometer. For cells co-expressing WT or mutant PKC with the vector (control
cells), the amount of PKC in the detergent-insoluble pellet fractions was set to 1.  The relative amount of
PKC in cells co-expressing HA-PHLPP1 was normalized to that of the control cells.  Data represent the
mean ± SEM of 3 independent experiments.

Figure 2. PHLPP1 interacts with its substrate PKC. (A) Co-immunoprecipitation of PHLPP1 and PKC
II. COS7 cells were co-transfected with PKC II and vector, HA-PHLPP1, or HA-PP2C  (lanes 1-3,

respectively). The detergent-soluble supernatants were immunoprecipitated with the anti-HA mAb, and
immunoprecipitated proteins were analyzed using SDS-PAGE and immunoblotting.  The presence of
PKC II in the immune complexes (co-IP, upper panel) and in the 10% of lysates used in the
immunoprecipitation (input, middle panel) was detected using the anti-PKC II antibody, and the amount
of HA-tagged proteins in the immunoprecipitates was detected by the anti-HA high affinity rat mAb
(lower panel).  (B) PHLPP1 binds to the C1A and the kinase domains of PKC II.  The GST-tagged
different domains of PKC II including N/ , C1A, C1AB, NC1, C2, KD, and CT (lanes 1-7,
respectively) were co-expressed with HA-tagged PHLPP1 in 293T cells. The GST-tagged fusion proteins
were pulled down using glutathione-Sepharose, and the precipitated proteins were analyzed using SDS-
PAGE and immunoblotting.  The presence of HA-PHLPP1 bound to the beads (beads, upper panel) and
in 10% of the lysates (input, middle panel) was detected using the anti-HA mAb.  Different GST-fusion
proteins bound to the beads were detected using the anti-GST antibody (lower panel). (C) PKC II binds
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to the PH and the PP2C domains of PHLPP1. PKC II was co-expressed with HA-PHLPP1, HA-LRR,
HA-PP2C, HA-CT, GST-expression vector, or GST-PH (lanes 1-6, respectively) in 293T cells. The
detergent-solublized lysates were immunoprecipitated with the anti-HA mAb (lanes 1-4) or incubated
with glutathione-Sepharose beads (lanes 5 and 6). The proteins bound to the beads were separated on a
SDS-PAGE gel and analyzed using immunoblotting.  The presence of PKC II bound to the beads (beads,
upper panel) and in the 10% of lysates (input, middle panel) was detected using the anti-PKC II
antibody. Different domains of PHLPP1 precipitated were detected using the anti-HA mAb (lanes 1-4) or
the anti-GST antibody (lanes 5 and 6).

Figure 3. The PH domain of PHLPP1 plays a critical role in PHLPP-mediated dephosphorylation of
PKC. (A) The PH domain of PHLPP1 is required for efficient dephosphorylation of PKC II in vivo.
COS7 cells were transfected with PKC II together with vector (si-CON, lanes 1 and 5), HA-PHLPP1
(WT, lanes 2 and 6), HA- PH ( PH, lanes 3 and 7), or HA- C ( C, lanes 4 and 8).  The transfected cells
were fractionated into detergent-soluble supernatants (S, lanes 1-4) and detergent-insoluble pellets (P,
lanes 5-8), and analyzed using SDS-PAGE and immunoblotting. The expression of PKC II and different
PHLPP1 constructs was detected using the anti-PKC II antibody and the anti-HA mAb, respectively. (B)
Deletion of the PH domain in PHLPP1 results in reduced association between PHLPP1 and PKC II.
COS7 cells expressing PKC II together with WT HA-PHLPP1, HA- PH, or HA- C (lanes 1-3,
respectively) were lysed and subjected to immunoprecipitation using the anti-HA mAb.  The amount of
PKC II co-immunoprecipitated with different PHLPP1 constructs is shown in the upper panel, and 10%
of lysates used in the immunoprecipitation is shown in the middle panel as input (detected by the anti-
PKC II antibody). The presence of WT and mutant PHLPP1 constructs in the immunoprecipitates was
detected using the anti-HA high affinity rat mAb (lower panel).  (C) Graph showing quantified results of
relative binding between PKC II and different PHLPP1 constructs. Western blots from experiments
described in (B) were scanned and quantified using a BioRad GS-800 densitometer. The amount of PKC

II bound to WT PHLPP1 was set to 1, and the relative amount of PKC II bound to PHLPP1 mutants
was normalized to that of WT.  Data represent the mean ± SEM of 3 independent experiments.

Figure 4. The second isoform of the PHLPP family, PHLPP2, functions as a phosphatase for PKC.
(A) Dephosphorylation of PKC II upon overexpression of HA-PHLPP2 in cells.  COS7 cells were
transfected with PKC II together with either vector (lane 1) or HA-PHLPP2 (lane 2).  The cells were
fractionated into detergent-soluble supernatants (S, upper panel) and detergent-insoluble pellets (P,
middle panel). The expression of PKC II and HA-PHLPP2 was detected by the anti-PKC II antibody
(upper panel) and the anti-HA mAb (middle panel), respectively. (B) Co-immunoprecipitation of PKC II
and HA-PHLPP2.  COS7 cells were co-transfected with PKC II and vector or HA-PHLPP2 (lanes 1 and
2, respectively). The detergent-solublized lysates were immunoprecipitated with the anti-HA mAb, and
immunoprecipitated proteins were analyzed using SDS-PAGE and immunoblotting.  The presence of
PKC II in the immune complex (co-IP, upper panel) and in 10% of lysates used in the
immunoprecipitation (input, middle panel) was detected using the anti-PKC II antibody, and the amount
of HA-PHLPP2 in the immunoprecipitates was detected by the anti-HA high affinity rat mAb (lower
panel).

Figure 5. Dephosphorylation of the hydrophobic motif site of PKC upon phorbol ester treatment is
okadaic acid (OA) insensitive. (A) The hydrophobic motif site of PKC is the first site dephosphorylated
upon PDBu treatment. 293T cells were treated with PDBu (400 nM) for 0 and 1 hour (lanes 1 and 2). The
detergent-soluble supernatants were analyzed for dephosphorylation of endogenous PKC  using
immunoblotting.  The phosphorylation state of PKC  was probed using the phospho-specific P641 and
P660 antibodies, and total protein was detected using the anti-PKC  antibody. The dephosphorylated
PKC  is labeled with a dash (–), the intermediate species (phosphate on one of the two C-terminal
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phosphorylation sites) is labeled with one asterisk ( ), and the fully-phosphorylated species (phosphates
on both C-terminal phosphorylation sites) is labeled with two asterisks ( ).  (B) PDBu-induced
dephosphorylation of the hydrophobic motif site of PKC II is OA-insensitive. COS7 cells expressing
PKC II WT (lanes 1-4) or S660E mutant (lanes 5-8) were subjected to one of the following treatments:
DMSO (lanes 1 and 5), OA (200 nM) for 30 minutes (lanes 2 and 6), PDBu (400 nM) for 2 hours (lanes 3
and 7), or pretreatment with OA (200 nM) for 30 minutes then PDBu (400 nM) for an additional 2 hours
(lanes 4 and 8).  Detergent-soluble supernatants were prepared from the treated cells and analyzed using
SDS-PAGE and immunoblotting. The phosphorylation state of PKC II was probed using the phospho-
specific P500, P641, and P660 antibodies, and the total protein was detected using the anti-PKC II
antibody.  (C) Graphs showing quantified results of PKC II WT and S660E phosphorylation in response
to OA and PDBu treatment. Western blots from experiments as in (B) were scanned and quantified using
a BioRad GS-800 densitometer. The ECL signals generated by the P500, P641, and P660 antibodies were
normalized to the amount of total PKC proteins as detected by the anti-PKC II antibody. The basal
phosphorylation at all three sites was set to 1, and the relative phosphorylation upon different treatments
was obtained by normalizing to the basal phosphorylation.  Data represent the mean ±  SEM of 3
independent experiments.

Figure 6. Depletion of endogenous PHLPP isoforms attenuates phorbol ester-induced
dephosphorylation of PKC.  (A) Dephosphorylation of endogenous PKC  upon PDBu treatment in
cells expressing control or PHLPP isoform-specific siRNAs.  H157 cells were transfected with control
siRNA (si-CON, lanes 1 and 2) or siRNAs against PHLPP1 (si-P1, lanes 3 and 4), PHLPP2 (si-P2, lanes
5 and 6), or both PHLPP isoforms (si-P1+2, lanes 7 and 8). The cells were treated with DMSO (lanes 1, 3,
5, and 7) or 400 nM PDBu (lanes 2, 4, 6, and 8) for 2 hours. The detergent-solublized lysates were
prepared and analyzed using SDS-PAGE and immunoblotting. The expression of endogenous PHLPP1
and PHLPP2 was detected using the anti-PHLPP1 and anti-PHLPP2 antibodies.  The phosphorylation
state of endogenous PKC  was probed with the phospho-specific P500, P641, and P660 antibodies. The
total PKC  and PKC  proteins were detected using the anti-PKC  and anti-PKC  antibodies,
respectively. Tubulin was detected using the anti-  tubulin mAb.  (B) Graphs showing relative levels of
total PKC and phosphorylated PKC following PDBu treatment of cells treated with control si-RNA or
PHLPP-specific siRNA from 4 independent experiments. Western blots as shown in (A) were scanned
and quantified using a BioRad GS-800 densitometer.  Data are normalized to tubulin levels.  The relative
phosphorylation for control cells under the basal condition (without PDBu treatment) was set to 1, and all
other conditions were compared accordingly.  Data represent the mean ± SEM. The asterisks in the P660
graph indicate p < 0.05. (C) The time course of PMA-induced degradation of endogenous PKC  in 293T
cells expressing control (lanes 1-6) or PHLPP specific (lanes 7-12) siRNAs. Whole cell lysates were
prepared from cells transfected with control or PHLPP-specific siRNA (a combination of siRNAs for
both PHLPP isoforms) and analyzed by Western blot. The expression of endogenous PHLPP1, PHLPP2,
PKC , PKC , and tubulin was detected as described in (A). The phosphorylation status of PKC on the
turn and hydrophobic motifs was detected using the P641 and P660 antibodies, respectively. Double
asterisk indicates the position of PKC phosphorylated at both C-termianl sites, single asterisk denotes
PKC phosphorylated at only one C-terminal site, and dash represents PKC that is not phosphorylated at
either C-terminal site.  (D) Summarized results of three independent experiments as described in (C). The
ECL signals of P641, P660, anti-PKC  and anti-tubulin antibodies were quantified using a FluorChem
digital imager (Alpha Innotech), and the amount of phospho- and total-PKC  at each time point was
obtained by normalizing the amount of P641, P660, or PKC  to tubulin.  Data were fit to a mono-
exponential curve to obtain the half-time and fraction of PKC dephosphorylated or degraded.  Data
represent the mean ± SEM (n=3).

Figure 7. Expression of PHLPP correlates inversely with cellular PKC levels.  (A) Knockdown of
PHLPP isoforms in colon cancer DLD-1 cells results in increased expression of PKC II. DLD-1 cells
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were transfected with control siRNA (si-CON) or siRNAs against PHLPP1 (si-P1), PHLPP2 (si-P2), or
both PHLPP isoforms (si-P1+2) (lanes 1-4, respectively). The whole cell lysates were analyzed by
Western blot using anti-PKC , anti-PKC II, anti-PKC , or anti-PKC  antibodies. The graphs shown
on the right are the quantitative representations of PKC expression. The relative expression level of each
PKC isoform was obtained by normalizing ECL signals of specific PKC antibodies to that of tubulin.
Data represent the mean ± SEM of 3 independent experiments. (B) Knockdown of PHLPP isoforms in
normal breast epithelial cells results in increased expression of PKC. Hs578Bst (lanes 1 and 2) and MCF-
10A (lanes 3 and 4) cells were transfected with control or PHLPP- specific siRNA (a combination of
siRNAs for both PHLPP1 and PHLPP2 isoforms), and whole cell lysates were analyzed by Western blot
using anti-PKC , anti-PKC II, or anti-PKC  antibodies. The expression of PKC relative to the control
sample is indicated below the PKC panels.

Figure 8.   Model showing proposed role of PHLPP in terminating the life cycle of PKC.  Mature
PKC is phosphorylated at the three priming positions:  the activation loop (pink circle; T500 in PKC II),
the turn motif (orange circle; T641 in PKC II) and the hydrophobic motif (green circle; S660 in PKC

II).  This species of PKC is maintained in an inactive state by the autoinhibitory pseudosubstrate (green
rectangle) which occupies the substrate-binding cavity in the absence of activating signals.  Generation of
diacylglycerol and Ca2+ engages PKC on the membrane by binding the C2 (yellow) and C1 (orange)
domains, respectively, providing the energy to release the pseudosubstrate thus activating the kinase.
This membrane-bound species of PKC has increased sensitivity to dephosphorylation.  PHLPP catalyzes
the first dephosphorylation event on the hydrophobic motif; this is followed by an okadaic-acid sensitive
dephosphorylation of the turn motif and activation loop.  Loss of phosphate at the hydrophobic motif, but
not the other two sites, shunts PKC to the detergent-insoluble fraction of cells where it is eventually
degraded.  Note that additional down-regulation mechanisms that are independent of dephosphorylation
also control PKC (15).
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