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PHLPP2 (PH domain leucine-rich repeat protein phospha-
tase 2) terminates Akt and protein kinase C (PKC) activity by
specifically dephosphorylating these kinases at a key regulatory
site, the hydrophobicmotif (Ser-473 inAkt1).Herewe identify a
polymorphism that results in an amino acid change from a Leu
to Ser at codon 1016 in the phosphatase domain of PHLPP2,
which reduces phosphatase activity towardAkt both in vitro and
in cells, in turn resulting in reduced apoptosis. Depletion of
endogenous PHLPP2 variants in breast cancer cells revealed the
Ser-1016 variant is less functional toward both Akt and PKC. In
pair-matched high grade breast cancer samples we observed
retention of only the Ser allele from heterozygous patients
(identical results were observed in a pair-matched normal and
tumor cell line). Thus, we have identified a functional polymor-
phism that impairs the activity of PHLPP2 and correlates with
elevated Akt phosphorylation and increased PKC levels.

Breast cancer is diagnosed in �180,000 women and is the
cause of 40,000 deaths each year in theU.S.2 A prevalent under-
lyingmechanismdriving tumorigenesis is aberrant signal trans-
duction pathways that result in constitutive activation of cell
growth, proliferation, and survival pathways (2). A well charac-
terized signal transduction pathway in breast cancer that pro-
motes cellular survival, growth, and proliferation is the phos-
phatidylinositol 3-kinase/Akt pathway (3). This pathway is
activated by a number of mechanisms, including gene amplifi-
cation or gain of function mutations in upstream receptor pro-
tein-tyrosine kinases (4, 5), constitutive activation of hormone
receptors (6), activating mutations in phosphatidylinositol
3-kinase and Akt (7, 8), and loss of function mutations in the
regulatory phosphatase PTEN3 (phosphatase and tensin hom-
olog on chromosome ten) (9). Thus, Akt is a major regulator of
breast tumorigenesis.

There are three isoforms of Akt present in humans. All three
isoforms contain activating phosphorylation sites in the activa-
tion loop (Thr-308 in Akt1) and in the C-terminal hydrophobic
motif (Ser-473 inAkt1) (10). Upon growth factor receptor stim-
ulation, phosphatidylinositol 3-kinase becomes activated and
phosphorylates the D3 position of, typically, phosphatidylino-
sitol (4, 5) bisphosphate to generate phosphatidylinositol
(3,4,5)-trisphosphate (11). This 3�-phosphorylated lipid
recruits Akt to the plasma membrane by binding to its PH
domain, resulting in conformational changes that allow access
to the activation loop phosphorylation site (11). Constitutively
bound phosphatidylinositol-dependent kinase-1 then phos-
phorylates Akt at Thr-308, accompanied by phosphorylation at
Ser-473 resulting in a catalytically active kinase (12). Phospho-
rylation of Ser-473 depends on themTORC2 complex (13–16).
Signaling through this pathway is terminated by removal of the
lipid second messenger phosphatidylinositol (3,4,5)-trisphos-
phate catalyzed by the phosphatase PTEN and by direct
dephosphorylation of Akt by the recently-identified PHLPP
family of phosphatases and protein phosphatase 2A-type phos-
phatases (17–20).
The PHLPP family of phosphatases comprise three variants,

the alternatively spliced PHLPP1� and PHLPP1�, and PHLPP2
(21). PHLPP1 and PHLPP2 specifically dephosphorylate the
hydrophobic motif of specific Akt isozymes, thus decreasing
Akt activity and promoting apoptosis (18, 19). PHLPP2 binds
and dephosphorylates Akt1 and Akt3, whereas PHLPP1 binds
and dephosphorylates Akt2 and Akt3 (18, 22). Their role in
inactivating Akt suggests that both PHLPP1 and PHLPP2 could
be potential tumor suppressors. Consistent with such a role,
these phosphatases also dephosphorylate the hydrophobic
motif of PKC, resulting in degradation of PKC. For this kinase,
phosphorylation stabilizes the enzyme, so that the effect of
depletion of the PHLPP phosphatases is to increase PKC pro-
tein levels (23). PKC is a well characterized oncogene, and loss
of function of the PHLPP phosphatases could increase PKC
protein levels and promote tumorigenesis (24). Providing fur-
ther rationale that PHLPP2 could be a potential tumor suppres-
sor, the phosphatase is located on chromosome 16q22.3, a
region that encounters frequent loss of heterozygosity (LOH) in
many primary and malignant breast tumors (25).
Here we identify a non-synonymous polymorphism that

results in an amino acid change from a Leu to a Ser at codon
1016 in the PP2Cphosphatase domain of PHLPP2.Overexpres-
sion studies reveal the Ser-1016 variant has impaired phospha-
tase activity and is less effective at inducing apoptosis than the
Leu-1016 variant. When comparing a pair-matched normal
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and breast cancer cell line or pair-matched normal and high
grade tumor patient samples that are heterozygous, we observe
preferential loss of the Leu allele in the tumor tissue or breast
cancer cell line. This observation provides evidence that PHLPP2
could be one of the elusive tumor suppressor genes on chromo-
some 16q, and for heterozygous patients, loss of themore catalyt-
ically active Leu-1016may promote breast tumorigenesis.

EXPERIMENTAL PROCEDURES

Materials—SMARTpool siRNAs against PHLPP1 and
PHLPP2were purchased fromDharmacon. The following anti-
bodieswere purchased fromCell Signaling: phospho-specific to
Thr-308 and Ser-473 of Akt, Akt, PTEN, and ERK1/2. PHLPP1
and PHLPP2 isoform-specific antibodies were purchased from
Bethyl Laboratories. PKC�, Annexin I, and Lamin A antibodies
were purchased from Santa Cruz Biotechnology. EGF was pur-
chased from Upstate Biotechnologies. His-tagged human Akt1
was purified from baculoviral-infected Sf21 cells as described
previously (19). Breast cancer cell lines or DNA from the cell
lines listed in Fig. 1B were purchased from the ATCC. Breast
tumor tissue DNAwas purchased fromAsterand or provided
by Dr. Linda Wasserman. Asterand provided histology for
tumor tissue samples. 100 DNA samples extracted from tis-
sues of healthy individuals were purchased from the Coriell
Institute.
Cell Culture, Transfections, and Immunoblotting—ZR-75-1,

T47D,MDA-MB-468, and SKBR3 cell lines weremaintained in
RPMI 1640 (Cellgro), and all other cell lines weremaintained in
Dulbecco’s modified Eagle’s medium (Cellgro); both media
were supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin. Cells were maintained at 37 °C in 5% CO2.
Full-length HA-PHLPP2 variants were expressed in the
pcDNA3HA vector as described previously (18). The nucleo-
tide at position 3047 was changed from a T to a C using the
QuikChange site-directed mutagenesis kit (Stratagene). Tran-
sient transfections and siRNA experiments were performed as
previously described (18). Briefly, cells were transfected with
0.5 �g of DNA and incubated 48 h prior to lysis. Transfection
efficiencies for 293T andH157 cell lines ranged from 70 to 90%.
siRNA transfections were performed using 50 nM SMARTpool
siRNA, and cells were incubated for 48 h and either lysed or
their media was changed to low serum conditions for 12 h and
then EGF (10 ng/ml) was added for the indicated times prior to
lysis. 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
�M benzamidine, 40 �g ml�1 leupeptin, and 1 mM phenyl-
methylsulfonyl fluoride) and sonicated for 5 s. Lysates con-
taining equal protein (determined by Bradford assay) were
analyzed on SDS-PAGE gels, and individual blots were
probed using the antibodies indicated in figure legends. Den-
sitometric analysis was performed with the NIH Image anal-
ysis software (version 1.63).
Phosphatase Assays—The activity of full-length PHLPP2

variants was assessed by expressing the HA-PHLPP2 variants
and then immunoprecipitating the PHLPP2 variants from
H157 cells (18). Cells were lysed in Buffer 2 (20 mMHEPES, pH
7.4, 1% Triton X-100, 1 mM DTT, 200 �M benzamidine, 40 �g

ml�1 leupeptin, and 1 mM phenylmethylsulfonyl fluoride).
Detergent-soluble lysateswere incubated overnight at 4 °Cwith
HA antibody and ultra-link protein A/G beads (Pierce). Beads
were then washed three times with Buffer 1, three times with
phosphatase buffer (containing 50 mM Tris (pH 7.4), 1 mM
DTT, and 5 mM MnCl2), and incubated in phosphatase buffer
with 1 �g of purified phosphorylated Akt at 30 °C for indicated
times as previously described (19).
Apoptosis Assays—Apoptotic assays were performed as pre-

viously described (26). Briefly, cells were cotransfected with
green fluorescent protein and HA-Leu-1016 or HA-Ser-1016
and incubated in lowSerum (0.1% fetal bovine serum)media for
48 h; cells were gated based on green fluorescent protein
expression as described previously and sub2n DNA was quan-
tified (26).
DNA and RNA Isolation—Genomic DNA was isolated from

human tissues usingQIAampDNAmini kit (Qiagen) following
the manufacturer’s protocol. Tissue samples were incubated in
ATLbuffer (fromkit) supplementedwith proteinaseK for 3 h at
56 °C prior to DNA extraction. Total RNA was isolated from
cell lines using RNeasy mini kit (Qiagen), following the manu-
facturer’s protocol.
PCR and RT-PCR—One-step RT-PCR (Qiagen) was used to

generate PCR products spanning the entire open reading frame
of PHLPP2 in the following cell lines: H157, 293T, MDA-MB-
231, Hs578t, SKBR-3, MDA-MB-468, Bt474, T47D, MCF-7,
and ZR-75-1. RT-PCR products were subcloned into pGEM-T
easy vector (Promega, Madison,WI) and sequenced. Following
the identification of a polymorphism at Leu-1016, additional
RT-PCR for all cell lines was performed by directly amplifying
the region flanking the polymorphism using the following
primers: 5�-gaggctcaaagggtgaagg-3� and 5�-ggcccccagcattat-
gct-3�. The RT-PCR products were gel purified and sequenced
directly. For sequencing genomic DNA (from Asterand, Dr.
LindaWasserman, orCoriell Institute), primerswere generated
to intronic and exonic sequences that flanked the polymor-
phismor the intronic sequences that flanked the entire exon 17.
The following primers were used: 5�-gtgaatggggtaacctgctg-3�
and 5�-ctaccttgctgccattggtt-3� (flanking polymorphism) and
5�-agtggggcagtcatagtgct-3� and 5�-agttggctctcatcgttgct-3�
(flanking exon 17). The DNA-PCR and RT-PCR products were
sequenced directly using nested primers: 5�-ctgggctgtacatac-
ctctacc-3� and 5�- ttcactgctcacctctgagg-3�. DNA was amplified
using the following protocol: 1 ng of DNA was added to PCR
sequencing buffer (5 �l of reaction mix (Stratagene), 200 nM of
each primer, 1 �l of Pfu Turbo DNA polymerase (Stratagene),
and purified water (5 �l of total reaction amount). The follow-
ing PCR scheme was used for each reaction: 2 min at 95 °C (1
min at 94 °C, 1 min at 55 °C, 1 min at 68 °C) � 35, 10 min at
68 °C, and then 4 °C thereafter. All PCR and RT-PCR reactions
were performed twice, and products were sequenced directly
using nested primers.
Fractionation—Cells were transfected with non-targeting

siRNA control or SMARTpool siRNA targeting PHLPP2 and
incubated for 72 h at 37 °C. Cells were lysed in 200 �l of hypo-
tonic buffer (50mMNa2HPO4, 2mMEDTA, 2mMEGTA, 1mM
sodium pyrophosphate, 20 mM NaF, 1 mM DTT, 200 �M ben-
zamidine, 40 �g/ml leupeptin, and 1 mM phenylmethylsulfonyl
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fluoride), passed through a 25-gauge needle 12 times, and
lysates were centrifuged at 300 � g for 1 min. The supernatant
(containing the cytosolic and membrane fractions) was
removed for further fractionation (below). The pellet (contain-
ing the nuclear fraction) was resuspended in 200 �l of mem-
brane buffer (50 mMNa2HPO4, 1% Triton X-100, 2 mM EDTA,
2 mM EGTA, 1 mM sodium pyrophosphate, 20 mM NaF, 1 mM
DTT, 200 �M benzamidine, 40 �g/ml leupeptin, and 1 mM
phenylmethylsulfonyl fluoride), and centrifuged at 16,000 � g
for 15 min at 4 °C. The resulting supernatant is defined as the

nuclear fraction. The supernatant containing cytosolic and
membrane fractions was centrifuged at 108,920 � g for 20 min
at 4 °C. The resulting supernatant is defined as the cytosolic
fraction. The pellet was resuspended in 200 �l of membrane
buffer and centrifuged at 108,920 � g for 20 min at 4 °C; the
resulting supernatant was the membrane fraction.

RESULTS

Identification of a Polymorphism in PHLPP2—To determine
if the PHLPP2 phosphatase is mutated in breast cancer, we

FIGURE 1. Identification of the L1016S polymorphism in the PHLPP2 phosphatase. A, chromatograms from the indicated breast cancer cell lines that
possess only the Ser allele, both alleles, or only the Leu allele. Reverse transcription-PCR was performed using primers flanking the polymorphism, and PCR
products were then sequenced using nested primers. The nucleotide (C or T) at position 3047 is indicated with an asterisk. B, table displaying genotype of 18
breast cancer cell lines. C, genotype of 100 healthy individuals from the Coriell Institute and 33 pair match breast cancer patients, confirming nucleotide change
is indeed a polymorphism. D, comparison of the normal breast cell line Hs578Bst and the breast tumor cell line Hs578t from the same patient showing presence
of T and C at position 3047 in normal cell line but only C in tumor cell line (asterisk). Western blot of lysates from Hs578Bst (lane 1) or Hs578t (lane 2) cells probed
with antibodies for PTEN, Akt, or Akt phosphorylated at Ser-473.
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sequenced RNA from breast cancer cell lines. We discovered a
T-�C nucleotide change at position 3047 in the open reading
frame, which results in an amino acid change from Leu to a Ser
at codon 1016 in the PP2C phosphatase domain. We observed
that 4 of 18 (22%) breast cancer cell lines possessed only the Ser
allele, one breast cancer cell line possessed both the Ser and Leu
alleles, and the majority of breast cancer cell lines possessed
only the Leu allele (Fig. 1, A and B). To determine if this nucle-
otide change was a polymorphism or a somatic mutation, 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 (Fig. 1C). 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 (Fig. 1C). These results

revealed that the T-�C nucleotide
change at position 3047 is a poly-
morphism present in 30% of the
population.
The absence of the Ser/Ser geno-

type in the control population, but
its presence in breast cancer cell
lines, led us to askwhether this poly-
morphism could play a role in breast
tumorigenesis. One of the most
common genetic lesions in breast
cancer is LOH on chromosome 16q
in the chromosomal location har-
boring PHLPP2 (25). To determine
if the presence of only the Ser allele
in breast cancer cell lines results
from LOH, we genotyped the nor-
mal breast cell line (Hs578Bst) that
is from the same patient as the
breast cancer cell line Hs578t. The
genotype of the normal cell line was
heterozygous (Leu/Ser); therefore,
LOH explains the presence of only
the Ser allele in the Hs578t breast
cancer cell line (Fig. 1D).We cannot
determine if LOH is the mechanism
underlying the presence of only the
Ser allele in the remaining breast
cancer cell lines because no normal
breast cell lines from the same
patient are available for these cell
lines. However, the Ser/Ser geno-
type is rare and LOH at 16q (in the
region including PHLPP2) has been
reported for these cell lines suggest-
ing that the patients from whom
these cell lines were derived were
heterozygous (27).
We next asked whether Akt

phosphorylation was altered in a
tumor cell line expressing only the

Ser allele compared with its normal cell counterpart with
both alleles. Because the T47D, Hs578t, and ZR-75-1 breast
cancer cell lines, which possess only the Ser allele, have
hyperphosphorylated Akt despite expressing wild-type
PTEN and having inactivated ErbB2 receptors (28–30), we
hypothesized that the Ser polymorphism could impair the
function of PHLPP2, thus providing a genetic mechanism
driving constitutive phosphorylation of Akt in these cells.
Consistent with this hypothesis, comparison of the Hs578t
tumor cell line with its normal counterpart (Hs578Bst)
revealed that the tumor cell line had dramatically higher
levels (�45-fold) of Ser-473 phosphorylation of Akt (Fig.
1D).
Characterization of the L1016S Substitution—To determine

if Ser at codon 1016 alters phosphatase activity, we substituted
a Ser for a Leu in the full-lengthHA-PHLPP2 and expressed the
Leu or Ser variants in H157 cells (possess only Leu Allele). We

FIGURE 2. Characterization of nucleotide change in the PHLPP2 phosphatase. A, H157 non-small cell lung
cancer (NSCLC) cells were transfected with vector (lanes 1 and 7), HA-Leu-1016 (lanes 2– 6), or HA-Ser-1016
(lanes 8 –12) under high serum conditions (10% fetal bovine serum Dulbecco’s modified Eagle’s medium) for
48 h; thereafter HA-PHLPP2 variants were immunoprecipitated and incubated with pure phosphorylated Akt
for the indicated times. Western blots are accompanied by graphical analysis of relative Akt Ser-473 phospho-
rylation normalized to total Akt protein levels. Akt protein and phosphorylation were detected using Akt and
phospho-specific antibodies, respectively. Western blots are representative of three independent experi-
ments. B, H157 cells were transfected with vector (lane 1), HA-Leu-1016 (lane 2), or HA-Ser-1016 (lane 3) for 48 h
under high serum conditions prior to lysis. The phosphorylation state of Akt in lysates was detected by Western
blot analysis. Data from three independent experiments are summarized in the bar graph (relative phospho-
rylation of Akt at Ser-473 (P473) or Thr-308 (P308) was normalized to total Akt). Error bars indicate standard
deviation. C, H157 cells were transfected with vector, HA-Leu-1016, or HA-Ser-1016, under low serum condi-
tions (0.1% fetal bovine serum Dulbecco’s modified Eagle’s medium) for 48 h and apoptosis (sub-2N DNA
content) was assessed using propidium iodide incorporation assays and flow cytometry. All assays were per-
formed in triplicate, with error bars indicating standard deviation, and are representative of three independent
experiments.
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immunoprecipitated both variants
and measured the in vitro dephos-
phorylation of fully phosphorylated
Akt. The Ser variant of PHLPP2
dephosphorylated Ser-473 onAkt at
an �5-fold slower rate than the Leu
variant (Fig. 2A). Note that the
phosphorylation of Thr-308 was
relatively resistant to dephosphoryl-
ation by PHLPP2, as previously
described (18). These data reveal
that the amino acid change from a
leucine to a serine in the PP2C
domain of the phosphatase
decreases the activity of PHLPP2
toward Akt.
We next compared the effect of

overexpressing the Ser-1016 versus
the Leu-1016 variants on the basal
phosphorylation of Akt in cells.
Expression of the Leu-1016 con-
struct in H157 cells resulted in a
5-fold reduction in basal phospho-
rylation of Akt at Ser-473 compared
with control cells, with no signifi-
cant effect on Thr-308 phosphoryl-
ation (Fig. 2B, lanes 1 and 2), con-
sistent with previous results (18, 19)
(levels of overexpression were com-
parable to those observed previ-
ously (18)). In contrast, expression
of the Ser-1016 construct at a com-
parable level resulted in only amod-
est decrease in phosphorylation on
Ser-473 comparedwith control cells
(Fig. 2B, lane 3). To determine if the
differential sensitivity of Akt to the
two PHLPP2 variants would affect
cellular processes that PHLPP2 has
been demonstrated to regulate, we
expressed both variants in the H157
cells and monitored apoptosis. Fig.
2C shows that expression of the Leu-
1016 variant increased apoptosis
5-fold;whenexpressedat comparable
levels (see Fig. 2B), the Ser-1016 only
increased apoptosis 2-fold. These
results demonstrate that the Ser-1016
variant has decreased activity toward
Akt resulting in less effective induc-
tion of apoptosis.
Functional Differences of Endoge-

nous PHLPP2 Variants—To deter-
mine if endogenous PHLPP2 vari-
ants have altered activity, we
compared the effect of knocking
down PHLPP2 onAkt phosphoryla-
tion in the normal cell lineHs578Bst

FIGURE 3. Evaluating functionality of endogenous Ser-1016. A and B, Hs578Bst, Hs578t, MB231, ZR-75-1,
MCF-7, and Bt474 cells were transfected with non-targeting siRNA control (si-Con), PHLPP1 SMARTpool siRNA
(si-P1), or PHLPP2 SMARTpool siRNA (si-P2), for 48 h under high serum conditions, and lysates were analyzed by
Western blot. The phosphorylation state of Akt at Ser-473, and relative protein levels of Akt, PHLPP1, and
PHLPP2 were detected using the indicated antibodies. Western blots are representative of three independent
experiments. C, quantification of three independent experiments showing relative phosphorylation of Akt at
Ser-473; error bars indicate standard error of the mean. D, the indicated breast cancer cells were transfected
with non-targeting siRNA control (si-Con) or SMARTpool siRNA targeting PHLPP2, incubated 48 h under high
serum conditions, and then lysates were analyzed by Western blot. The phosphorylation state of Akt at Ser-473,
and relative protein levels of Akt, PKC�, ERK1/2, and PHLPP2 were detected using the indicated antibodies.
Western blots are representative of three independent experiments. E, fractionation of endogenous PHLPP2
variants into membrane (m), cytoplasmic (c), and nuclear (n) fractions analyzed by Western blot. Protein levels
of PHLPP2, annexin I, and lamin A were detected using indicated antibodies. Western blots are representative
of three independent experiments.
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(expressing both alleles) to the pair-
matched tumor cell line Hs578t
(expressing only the Ser allele).
siRNA validation was previously
performed using various siRNAs
targeting PHLPP2 to confirm
observed increase in Akt phospho-
rylation was due to specific deple-
tion of PHLPP2 (18). Depletion of
PHLPP2 (both variants) from the
Hs578Bst cell line resulted in a
robust increase in phosphorylation
of Akt at Ser-473 (Fig. 3A, lane 2)
compared with control treated cells
(Fig. 3A, lane 1). In striking contrast,
depletion of PHLPP2 (Ser-1016 var-
iant) from the tumor cell line,
Hs578t, did not alter Akt phospho-
rylation. These data suggest that the
Ser-1016 variant is less functional
comparedwith the Leu-1016 variant
and that only one functional allele is
required for Akt regulation (note
that Ser-473 phosphorylation was
not maximal in the Hs578t cells,
because addition of EGF caused an
even greater increase in Ser-473
phosphorylation (data not shown;
see also Fig. 4A)). Similarly, PHLPP2
depletion in the MCF-7 breast can-
cer cell line (possessing both alleles)
increased Akt phosphorylation at
Ser-473 (Fig. 3B). Surprisingly,
knockdown of PHLPP1 from the
Hs578t breast cancer cell line did
not alter Akt phosphorylation,
despite the lack of a mutation in
PHLPP1 open reading frame. To
confirm that the endogenous
Ser-1016 variant was less functional
than the Leu-1016 variant, we
depleted PHLPP2 from two other
breast cancer cell lines, MB-231 and
ZR-75-1, which only express the Ser
allele and monitored Akt phospho-
rylation. Depletion of the Ser-1016
variant in these breast cancer cell
lines did not alter Akt phosphoryla-
tion, confirming the impaired activ-
ity of this variant compared with the
Leu variant (Fig. 3B). Knockdown of
PHLPP1 from these breast cancer cell
lines resulted in an increase in Akt
phosphorylation (Fig. 3B). Depletion
of PHLPP2 fromthebreast cancer cell
line Bt-474 (which only expresses the
Leu allele) resulted in an increase in
Aktphosphorylation (Fig. 3B). Similar
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results were observed for another cell line that expresses only the
Leu allele, the SKBR-3 breast cancer cell line (18). These data
reveal that the Ser-1016 variant is ineffective toward suppressing
the basal phosphorylation state of Akt.
To determine if the Ser-1016 variant was also ineffective at reg-

ulating PKC, we depleted PHLPP2 in breast cancer cell lines
expressing the Ser-1016 variant, the Leu-1016 variant, or both
variants and monitored PKC protein levels. We observed an
increase in PKC� protein levels following PHLPP2 depletion in
breast cancer cell lines expressing the Leu-1016 variant (Fig. 3C,
lanes 9–14). In contrast, depletion of PHLPP2 from cells express-
ing the Ser-1016 variant did not alter PKC protein levels (Fig. 3C,
lanes 3–8). The up-regulation of PKC levels in cells expressing the
Leu-1016variant correlatedwith the increasedphosphorylationof
Akt (e.g. compare lanes 13 and 14 in the Ser-473 panel and the
PKC� panel). Interestingly, basal Akt phosphorylation was not
detectable in MB-231 cell line despite these cells expressing only
the less functional Ser-1016 variant of PHLPP2; however, these
cells had elevated PKC� protein expression, suggesting that the
less functional PHLPP2 variant may specifically contribute to the
increased expression of PKC� in this cell line.
To determine if the amino acid change from Leu to Ser at

position 1016 altered the localization of endogenous PHLPP2,
we fractionated breast cancer cells expressing either variant.
Both the Leu-1016 and Ser-1016 variants were localized to the
nucleus and cytoplasm (Fig. 3D) suggesting that this amino acid
change does not play a role in regulating the global cellular
localization of PHLPP2.
We previously reported that the PHLPP family of phospha-

tases regulate both the amplitude and duration of agonist-in-
duced Akt activation (18). Thus, we next asked whether the
Ser-1016 variant is less functional at regulating agonist-induced
phosphorylation of Akt. We first compared the EGF-triggered
phosphorylation of Akt in normal Hs578Bst cell line to that
in its pair-matched tumor cell line,Hs578t. TheWestern blot in
Fig. 4A reveals a dramatic increase in Akt phosphorylation in
Hs578Bst cells depleted of either PHLPP1 (lane 3) or PHLPP2
(lane 4) compared with control siRNA-treated cells (lane 2)
following treatment with EGF. In contrast, EGF-induced phos-
phorylation of Akt in Hs578t cells was not noticeably altered
following knockdown of PHLPP2 (Ser-1016 variant) (compare
lanes 6 and 8). Additionally, knockdown of PHLPP1 did not
affect Akt phosphorylation. One possibility is that Akt is max-
imally phosphorylated, so phosphatase depletion has no effect
on Akt phosphorylation. To address this, we measured the
phosphorylation of Akt over a time course of EGF stimulation.
The Western blot in Fig. 4B reveals that depletion of PHLPP2
significantly prolonged the duration of phosphorylation (com-
pare 60-min time points, lanes 4 and 8). We then tested the

effect of PHLPP2 knockdown on agonist-induced activation of
Akt in the remaining breast cancer cell lines expressing only the
Ser-1016 variant. The Western blots in Fig. 4B reveal that
depletion of PHLPP2 in the T47D, MB231, or ZR-75-1 cells
resulted in a dramatic increase in both the amplitude and dura-
tion of Akt phosphorylation. In fact, the magnitude of the
knockdown effects were on the same order ofmagnitude as that
observed in the normal breast cell line Hs578Bst (Fig. 4A) or
Bt474 breast cancer cell line expressing only the Leu allele (Fig.
4B). These data reveal that the Ser-1016 variant is less func-
tional at controlling Akt under basal or serum starvation con-
ditions in all breast cancer cells, but it effectively suppresses
agonist-evoked phosphorylation of Akt.
Loss of the Leu Allele from High Grade Breast Cancers—To

determine if the Leu allele is lost in breast cancer tumor tissue
compared with normal tissue from the same patient, similar to
what we observed in the Hs578Bst-Hs578t paired cell lines, we
genotyped pair-matched normal and tumor tissue samples
from the same patient. Of the 33 patients we genotyped, 8 pos-
sessed the polymorphism; of these 8, 5 were grade 2 ductal
breast carcinomas and 3 were grade 3 ductal breast carcinomas
(Fig. 5A). Surprisingly, all three grade 3 breast cancer samples
exhibited loss of the Leu allele (Fig. 5,A andB). The detection of
the Leu allele is likely due to the presence of normal cells in the
tumor tissue. We did not observe loss of either allele in the five
grade 2 breast cancer samples (Fig. 5, A and C). These data
suggest that preferential loss of the Leu allele in high grade
breast cancers may contribute to the aggressive phenotype of
these cancers by decreasing the basal phosphatase activity of
PHLPP2, resulting in an increase in Akt phosphorylation, PKC
protein levels, or both.

DISCUSSION

We have identified a non-synonymous 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, Ser-1016, has impaired
phosphatase activity toward the substrate Akt in vitro. Simi-
larly, overexpression studies reveal that theSer-1016variant is less
effectiveatdephosphorylatingAkt incells, andthus lesseffectiveat
inducing apoptosis comparedwith the Leu-1016 variant. Consist-
ent with impaired biological function, genetic depletion of
PHLPP2 in unstimulated (but not EGF-stimulated) cells express-
ingonly theSer-1016alleledoesnot significantly affect eitherbasal
Akt phosphorylation or total PKC levels, whereas depletion of
PHLPP2 in cells expressing the Leu-1016 allele results in an
increase inAkt phosphorylation and total PKC levels.We observe
specific loss of the Leu-1016 variant from a breast cancer cell line
and high-grade breast cancer tumor tissue samples when com-

FIGURE 4. Agonist-induced regulation of Akt by PHLPP2 variants. A, Hs578Bst and Hs578t cells were transfected with non-targeting siRNA control (si-Con)
or SMARTpool siRNA targeting PHLPP1 or PHLPP2 under high serum conditions and incubated for 48 h. Media was then changed to low serum conditions
overnight prior to addition of EGF (10 ng/ml) for 10 min. The phosphorylation state of Akt at Ser-473 and Thr-308, and protein levels of Akt, PHLPP1, and PHLPP2
in lysates were detected by Western blot analysis. Western blots are representative of three independent experiments. B, indicated breast cancer cell lines were
transfected with non-targeting siRNA control (si-Con) or SMARTpool siRNA targeting PHLPP2 under high serum conditions and incubated for 48 h. Media was
then changed to low serum conditions overnight prior to addition of EGF (10 ng/ml) for the indicated times. The phosphorylation state of Akt at Ser-473 and
Thr-308 and protein levels of Akt and PHLPP2 in lysates were detected by Western blot analysis. Western blots are representative of three independent
experiments. C, quantification of three independent experiments showing relative phosphorylation of Akt at Ser-473 prior to EGF treatment or following 60
min of EGF treatment; error bars indicate standard error of the mean.
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pared with controls suggesting loss of themore functional variant
may contribute to tumor progression.
Identification of a Non-synonymous Polymorphism in the

PHLPP2 Phosphatase—PHLPP2 is poised to be a potential tumor
suppressor based on its chromosomal location and its regulation
of downstream substrates, Akt and PKC, which are known onco-
genes. The putative tumor suppressor genes on chromosome 16q
remain elusive for ductal carcinomas. There is debate over the
exact location of the smallest region of overlap that contains the
putative tumor suppressor genes in ductal carcinomas, but loss of
16q is a well documented genetic event that occurs in both high
grade and lowgrade ductal carcinomas (18). Additionally, a fragile
site (FRA16B) is locatedwithin in thePHLPP2 gene, further impli-
cating PHLPP2 as a potential tumor suppressor (NCBIMitelman
Breakpoint Map) (31). Collectively, these data prompted us to
sequence breast cancer cell lines for somatic mutations and led to
the discovery of the L1016S polymorphism. In our initial studies,
we observed only the Ser allele in four breast cancer cell lines and
confirmed that LOH is themechanism responsible for presence of
only theSer allele inonebreast cancer cell line (Hs578t); LOHmay
also account for the genotype of the remaining three breast cancer
cell lines (27). Additionally, we observed loss of the Leu allele in
high grade tumor tissue samples. These data suggest that the Ser-
1016 variant plays a role in breast tumorigenesis and prompted us

to investigate the functional consequences of this amino acid
change.
The Ser-1016 Variant Is Less Functional than the Leu-1016

Variant—Recent studies analyzing non-synonymous polymor-
phic variants demonstrate that polymorphisms can play a role
in the development of cancer. Characterization of the endoge-
nous Ser-1016 variant demonstrated that it has an impaired
ability to suppress basal Akt phosphorylation in all breast can-
cer cell lines examined. Cell lines with this variant also had
elevated PKC levels, consistent with increased stability because
of impaired dephosphorylation. Note that, under these basal
conditions, overexpression or genetic depletion of the Leu var-
iant of PHLPP2 selectively affects Ser-473 phosphorylation and
not Thr-308 phosphorylation, consistent with direct dephos-
phorylation of Ser-473 by PHLPP2. In cells expressing the less
active Ser-1016 variant, knockdown of PHLPP2 has little effect
on Ser-473 phosphorylation, consistent with this variant no
longer effectively dephosphorylating Ser-473.
Surprisingly, the Ser variant is still quite functional toward

Akt under agonist-induced conditions. Under these conditions,
the knockdown of the Leu variant of PHLPP2 affects both Ser-
473 and Thr-308. The coupling of the phosphorylation of these
two sites suggests that, under agonist-stimulation, PHLPP2
negatively regulates other signaling molecules involved in the

FIGURE 5. Assessment of PHLPP2 variants in normal and tumor tissue from the same patient. A, table indicating genotypes of breast tumors that were
heterozygous for both PHLPP2 alleles. All high grade breast cancer samples displayed LOH of the Leu-1016 variant of PHLPP2. B, chromatograms of two high
grade tumors and pair-matched control tissue showing presence of T and C at position 3047 in control tissue but only C at position 3047 in tumor tissue,
resulting from loss of the Leu allele in breast cancer samples (left panel). Histology displaying representative high grade breast tumor samples (right panel).
C, representative chromatograms of two low grade breast tumors showing presence of both C and T at position 3047 resulting from retention of both PHLPP2
alleles (left panel). Histology of a representative low grade breast cancer (right panel).
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activation of this pathway. It is quite possible that regulation of
other upstream signaling molecules may not rely on phospha-
tase activity; therefore, either variant will regulate these mole-
cules to a similar degree. We did observe that the Ser-1016 is
less functional under agonist-induced conditions in the Hs578t
breast cancer cell line, but we hypothesize that another mech-
anismmay account for this loss of function, because PHLPP1 is
also less functional in these cells, despite lack of any somatic
mutation. The observation that the Ser-1016 variant still
retains some biological activity suggests that additional loss of
the more functional allele will only result in a modest increase
in Akt phosphorylation and PKC levels and will contribute to
the deregulation of these pathways in breast cancer cells. How-
ever, even a modest increase in activity and protein levels in
cells with the Ser variant could contribute to the overall prolif-
erative andmetastatic potential of breast cancer cells and could
explain why we observe loss of the more functional allele in
breast cancer cell lines as well as tumor tissue samples. This
increased activity of Akt could contribute to increased cell pro-
liferation by increasing activity of Akt3, which has been dem-
onstrated to play a role in breast cancer (32, 33), and lead to
increased phosphorylation of p27 (18). We have previously
defined this as a unique axis of signaling involving PHLPP2,
Akt3, and p27 (18, 22). Depletion of PHLPP2 results in
increased p27 phosphorylation, and this increase can be res-
cued by depletion of Akt3 in normal breast cells (18, 22). There-
fore, it is not unreasonable to hypothesize that loss of a more
functional PHLPP2 may increase Akt3 activity, resulting in
increased p27 phosphorylation, causing cytosolic sequestration
of p27 and increased proliferation. Interestingly, p27 has been
demonstrated to be localized to the cytoplasm as a result of Akt
phosphorylation in women with breast cancer and this corre-
lates with poor survival rates (34, 35).
Loss of specific regions of chromosome 16q has been associ-

ated with lower grade, non-metastatic breast cancers that do
not recur, but these regions do not include the PHLPP2 gene
(25). Interestingly, a region that includes the PHLPP2 gene was
identified to play a role in metastatic breast cancer (1). These
data suggest that PHLPP2 may not be involved in the early
stages of tumorigenesis but, rather, play a role in metastasis.
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