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One outcome of activation of the phosphatidylinositol 3-kinase (PI3K) pathway is increased aerobic glycolysis, but the upstream
signaling events that regulate the PI3K pathway, and thus the Warburg effect, are elusive. Increasing evidence suggests that Plk1,
a cell cycle regulator, is also involved in cellular events in addition to mitosis. To test whether Plk1 contributes to activation of
the PI3K pathway, and thus aerobic glycolysis, we examined potential targets of Plk1 and identified PTEN as a Plk1 substrate.
We hypothesize that P1k1 phosphorylation of PTEN leads to its inactivation, activation of the PI3K pathway, and the Warburg
effect. Our data show that overexpression of Plk1 leads to activation of the PI3K pathway and enhanced aerobic glycolysis. In
contrast, inhibition of P1k1 causes markedly reduced glucose metabolism in mice. Mechanistically, we show that P1k1 phosphor-
ylation of PTEN and Nedd4-1, an E3 ubiquitin ligase of PTEN, results in PTEN inactivation. Finally, we show that Plk1 phos-
phorylation of PTEN promotes tumorigenesis in both its phosphatase-dependent and -independent pathways, revealing poten-

tially new drug targets to arrest tumor cell growth.

hereas normal cells generate ATP via mitochondrial respi-

ration, tumor cells tend to metabolize glucose to lactate
even in the presence of sufficient oxygen (the Warburg effect) (1).
However, the molecular mechanisms underlying the Warburg ef-
fect are still elusive. The phosphatidylinositol 3-kinases (PI3Ks)
are responsible for generation of the second messenger phospha-
tidylinositol 3,4,5-triphosphate (PIP3) from phosphatidylinositol
4,5-bisphosphate (2). In response to insulin/insulin-like growth
factor 1 (IGF-1)-mediated activation of the insulin receptor/
IGF-1 receptor (IR/IGF-1R), PI3K leads to elevation of PIP3,
which activates AKT. Activated AKT mediates the subsequent
phosphorylation and activation of the mTOR complex, which
plays a critical role in the regulation of protein translation and
metabolism (3). AKT is negatively regulated by the tumor sup-
pressor PTEN (phosphatase and tensin homologue), which
dephosphorylates PIP3 (4). Therefore, PTEN acts as a direct an-
tagonist to the PI3K pathway. AKT activates mTOR via a double-
negative mechanism. AKT phosphorylates and inhibits the func-
tion of TSC2, a GTPase-activating protein. TSC2 inactivates the
small G protein Rheb, an activator of mTOR. Activated mTOR
contributes to aerobic glycolysis via either increased protein ex-
pression of the glucose transporters GLUT1/3/4 (5) or pyruvate
kinase M2 (PKM2) (6).

PTEN acts as a direct antagonist to the PI3K pathway, whose
activation has well-established roles in the Warburg effect. PTEN
is phosphorylated at the C terminus. Among the six known phos-
phorylation sites (T366, S370, S380, T382, T383, and S385), S385
is the primary site (7). Although casein kinase 2 (CK2) phospho-
rylates PTEN-S385 in vitro, no evidence has shown that CK2 is
responsible for PTEN-S385 phosphorylation in vivo (7). Regula-
tion of PTEN by phosphorylation is complex. First, phosphoryla-
tion of PTEN acts as an inhibitory switch by preventing its recruit-
ment into a protein complex (8). Phosphorylated PTEN exists in a
monomeric “closed” conformation and has low affinity for its
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interacting proteins. Conversely, unphosphorylated PTEN exists
in an “open” conformation and has high binding affinity for its
interacting proteins (8). Second, phosphorylation of the PTEN
tail enhances its protein stability (9). Therefore, phosphorylated
and stabilized PTEN is actually 3-fold less active in terms of its
lipid phosphatase activity due to lack of interaction with its part-
ners (8).

PTEN is localized predominantly to the nucleus in primary
cells, but its nuclear localization is markedly reduced in cancer
cells. Indeed, the absence of nuclear PTEN may serve as a prog-
nostic indicator (10). Nuclear PTEN functions, such as regulation
of the anaphase-promoting complex (APC) (11), are indepen-
dent of its phosphatase activity. Nedd4-1, the major E3 ubiqui-
tin (Ub) ligase of PTEN, regulates both PTEN nuclear import and
stability. Although Nedd4-1-dependent monoubiquitination of
PTEN allows its nuclear import, Nedd4-1-mediated polyubiquiti-
nation of PTEN leads to its degradation (12). Nedd4 family-inter-
acting protein 1 (Ndfip1) is another factor that regulates PTEN
nuclear import and ubiquitination. Ndfipl binds to PTEN and
promotes its nuclear import and ubiquitination in a Nedd4-1-
dependent manner (13).

Polo-like kinase 1 (PIk1) is a regulator of many cell cycle-re-
lated events, including mitotic entry and bipolar spindle forma-
tion (14). A close correlation between Plk1 expression and carci-
nogenesis has been documented, and overexpression of Plk1 has
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been found in many cancer cell lines and neoplastic tissues. Based
on these findings, Plk1 has been proposed as a novel diagnostic
marker for cancer, and its inhibition might represent a rewarding
approach in cancer therapy (14). Indeed, several Plk1 inhibitors,
including BI2536 and GSK461364, are in clinical studies for pa-
tients with various cancers (15). However, the molecular mecha-
nisms responsible for these encouraging observations are still un-
defined. Here, we provide evidence that Plk1 phosphorylation of
PTEN results in the Warburg effect and tumorigenesis.

MATERIALS AND METHODS

Cell culture and transfections. HPDE6 and RWPELI cells were main-
tained in keratinocyte- and serum-free medium supplemented with hu-
man recombinant epithelial growth factor (5 ng/ml) and bovine pituitary
extract (0.05 mg/ml). MCF10A cells were maintained in F-12-Dulbecco’s
modified Eagle’s medium (DMEM) (50/50) supplemented with 5% horse
serum, 20 ng/ml epidermal growth factor (EGF), 0.5 pg/ml hydrocorti-
sone, 100 ng/ml cholera toxin, and 10 pg/ml insulin. HCEC-1CT cells
were maintained in DMEM-Medium 199 (4:1) supplemented with 2%
cosmic calf serum, 25 ng/ml EGF, 1 pg/ml hydrocortisone, 10 pg/ml
insulin, 2 pug/ml transferrin, 5 nM sodium selenite, and 50 pg/ml genta-
micin sulfate. DU145, Pancl, and HEK293T cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicil-
lin, and 100 units/ml streptomycin at 37°C in 8% CO,. PC3 cells were
cultured in RPMI medium supplemented with 10% FBS. Plasmid trans-
fections were performed with Lipofectamine (Invitrogen), whereas small
interfering RNA (siRNA) was transfected with Transmessenger transfec-
tion reagent (Qiagen). Cells were examined 30 h after transfection for
immunoblotting (IB).

Plasmids and RNA interference (RNAi). The lysine-free Ub (K@-Ub)
construct was kindly provided by Pier Paolo Pandolfi at Harvard Medical
School. The PTEN expression plasmid was subcloned into pEGFP-C1,
and its derivatives were created with the QuikChange site-directed mu-
tagenesis kit (Stratagene). The identities of all plasmids were confirmed by
sequencing. The pKD-CK2 construct used to deplete CK2 was obtained
from Upstate. The following target sequence was used to design siRNA
against human Plkl: AAGGGCGGCTTTGCCAAGTGCTT.

Antibodies and reagents. The phosphospecific antibody against
Nedd4-1-S328 was generated by Proteintech. In brief, a peptide contain-
ing phosphorylated S328 (pS328) was synthesized and used to immunize
rabbits. After the antibodies were affinity purified, a series of control ex-
periments were performed to confirm its specificity. The antibodies
against PTEN (9188), pS380-PTEN (9551), pS380/T382/T383-PTEN
(9554), pAKT (4060), AKT (9272), PKM2 (3198), and pS6 (2211) used in
this study were purchased from Cell Signaling. The antibodies against
PIk1 (sc-17783) and CK2«a were from Santa Cruz Biotechnology, whereas
the antibodies against pS385-PTEN (NG1828769) and poly(ADP-ribose)
polymerase (PARP) (NG1923455) were from Millipore. The antibodies
against pS370-PTEN (ab30654), glutaminase (GLS) (ab60709), and
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase isoform 3 (PFKFB3)
(ab96699) were purchased from Abcam. MG132 (carbobenzoxy-L-leucyl-
L-leucine) was obtained from EMD Bioscience and used at 10 wM. To
inhibit Pkl and PTEN in mice, the following conditions were used:
BI2536 at 10 mg/kg body weight and VO-OH at 0.2 mg/kg body weight.
To inhibit mTOR in cultured cells, 20 nM rapamycin was used.

Immunoblotting and immunoprecipitation (IP). Cell lysates were
prepared in TBSN buffer (20 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.5 mM
Na;VO,, 5 mM EGTA, 1% NP-40) supplemented with 150 mM NaCl. For
IP, lysates were incubated with antibodies in TBSN at 4°C overnight,
followed by 3 washes with TBSN plus 500 mM NaCl and 3 more washes
with TBSN plus 150 mM NaCl.

Adenovirus preparation. Adenovirus was generated using the
pAdEasy XL adenoviral vector system (Stratagene, La Jolla, CA) based on
the manufacturer’s instructions. To determine the titers of the virus
stocks, serial dilutions were made, and individual 1-ml dilutions were
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incubated with 293A cells at 37°C for 2 days to infect the cells. Two days
after infection, the green fluorescent protein (GFP)-positive cells were
counted and the viral titers were calculated.

Recombinant protein purification. Various glutathione S-transferase
(GST)-tagged PTEN or Nedd4-1 constructs were subcloned into
pPGEX-KG and expressed in Escherichia coli strain BL21(DE3). The GST
fusion proteins were expressed by induction for 4 h at 37°C with 0.1 mM
IPTG (isopropyl-B-p-thiogalactopyranoside) and purified using glutathi-
one-Sepharose 4B beads according to the manufacturer’s instructions.

PIk1 kinase assay. Purified recombinant PTEN or Nedd4-1 was incu-
bated with purified wild-type (WT) PIk1 or Plk1-K82M in kinase reaction
buffer [50 mM Tris, pH 7.5, 10 mM MgCl,, 2 mM EGTA, 0.5 mM
Na;VO,, 100 mM 4-nitrophenyl phosphate di(tris) salt (PNPP), 25 mM
dithiothreitol (DTT), 125 wM ATP] supplemented with 10 nCi of [y-
*2P]ATP at 30°C for 30 min. After the reaction mixtures were resolved by
SDS-PAGE, the gels were stained with Coomassie brilliant blue, dried, and
subjected to autoradiography.

Measurement of glucose, lactate, and glutamine. Cells were seeded in
culture plates and cultured for 48 h after virus infection or transfection.
The culture media were collected to measure the levels of glucose, lactate,
and glutamine with a glucose assay kit (Eton Bioscience), a lactate assay kit
(Eton Bioscience), and a glutamine/glutamate determination kit (Sigma),
respectively, and normalized to the cell number.

In vivo ubiquitination assay. 293T cells were cotransfected with plas-
mids expressing hemagglutinin (HA)-ubiquitin, GFP-PTEN, and Flag-
Plk1 (T210D or K82M). Forty-eight hours after transfection, the cells
were treated with MG132 and harvested for IP with the antibodies indi-
cated in each experiment, followed by IB.

Glucose and insulin tolerance tests. All procedures involving mice
were performed with the approval of the Purdue University Animal Care
and Use Committee. The mice were housed in the animal facility with free
access to standard rodent chow and water. Glucose and insulin tolerance
tests (GTT and ITT) were performed after intraperitoneal (i.p.) injection
of glucose or insulin, respectively. GTT were performed by injection of
D-glucose (Sigma) at a dose of 2 mg/g body weight after an overnight fast.
For ITT, insulin (0.5 U/kg of body weight) was injected into fasting mice.
Blood glucose levels were then measured at different times (15 min, 30
min, 45 min, 60 min, 75 min, and 90 min) after injection with a Onetouch
Ultra glucometer (Lifescan, Mountain View, CA).

Measurement of energy expenditure. Oxygen consumption (VO,),
carbon dioxide production (VCO,), and the respiratory exchange ratio
(RER) (VCO,/VO,) were measured under a consistent environmental
temperature and light cycle using an indirect calorimetry system (Oxy-
max; Columbus Instruments). After the mice were acclimated to the met-
abolic chamber for 2 days, VO, and VCO, were measured in individual
mice at 15-min intervals during a 48-h period.

Soft-agar assay. Cells were seeded on soft agar in 6-well plates at a
density of 1 X 107 cells per well and cultured for 3 weeks at 37°C under 5%
CO,. The dishes were stained with 0.005% crystal violet, and colonies
were scored.

Mouse xenograft model. PC3 cells (5 X 10° cells per mouse) express-
ing different forms of GFP-PTEN were mixed with an equal volume of
Matrigel (Collaborative Biomedical Products) and inoculated into the
flanks of athymic nude mice (Harlan Laboratories). The sizes of the tu-
mors were followed for 3 weeks before the animals were sacrificed. Tumor
volumes (estimated using the following formula: V = L X W?/2, where V
is volume, L is length, and W is width) were measured every other day
with a digital caliper.

Measurement of metabolic intermediates with LC-MS. To prepare
extracts, cells (2 X 10°to 6 X 10°) were quickly quenched with 25 ml cold
60% methanol. After incubation in the cryostat bath (—45°C) for 3 min,
the mixtures were centrifuged at 2,000 X gfor 5 min at —20°C, and the cell
pellets were resuspended in 5 ml of cold quenching solution (—45°C),
followed by a second identical centrifugation. To extract the metabolites,
tubes containing cell pellets were placed into a 90°C water bath and im-
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mediately overlaid by a solution of 75% (vol/vol) boiling ethanol. After 3
min incubation, the tubes were transferred to a —80°C freezer until fur-
ther analysis. The high-performance liquid chromatography (HPLC)—
electrospray ionization (ESI)—mass spectrometry (MS) system (Agilent),
consisting of a capillary 1100 series HPLC system and an ESI source and
time of flight (TOF) mass spectrometer, is controlled by ChemStation
software. Separations were performed on a Zorbax Cg column (2.1 mm by
150 mm) with the autosampler setting at 10°C. The elution started from
95% mobile phase A (5 mM tetrabutylammonium [TBA] aqueous solu-
tion adjusted to pH 5.0 with acetic acid) and 5% mobile phase B (100%
acetonitrile [ACN]) and was raised to 70% B in 25 min and further raised
to 100% B in 2 min and then held at 100% B for 3 min. The flow rate was
set at 0.3 ml/min, with an injection volume of 20 wl. Liquid chromatog-
raphy (LC)-ESI-MS chromatograms were acquired in negative ion mode
under the following conditions: capillary voltage, 4,000 V; fragmenter,
165 V; dry temperature, 300°C; dry-gas flow maintained at 8 liters/min;
and acquisition range, m1/z 150 to 1,000. To monitor metabolites, individ-
ual standard metabolite solutions (each 0.1 mM) were separately labeled
with aniline and ['*Cg]aniline, and a 1:1 mixture was analyzed. The LC
peak and MS spectrum patterns were examined to confirm the labeling
reaction and to obtain the m/z value for sample analysis. A 14.3 pM
standard mixture including 33 analytes was used for optimizing the label-
ing and separation conditions. To determine the detection limit and lin-
earity range, a mixture of 33 analytes at various concentrations for each
component (depending on its MS response intensity) was prepared. A
series of dilutions from this mixture were labeled with aniline. Another
aliquot of the mixture was labeled with aniline-13C6, and a certain
amount of this derivative mixture was added to the above-mentioned
series of solutions as references for MS response calibration.

Statistical analysis. All data are presented as means and standard de-
viations (SD). Statistical calculations were performed with Microsoft Ex-
cel analysis tools. A two-tailed, unpaired Student # test was used to assess
the difference between the effects of treatment in cell lines. One-way anal-
ysis of variance was used to determine statistically significant differences
from the mean in the animal study. P values of <0.05 were considered
statistically significant.

RESULTS

PIk1 regulates the PI3K pathway. Because the phosphorylation
status of several members of the PI3K pathway is regulated by
Plk1-associated activity (16—18), we decided to test whether Plk1
regulates this pathway. Accordingly, we first showed that BI2536,
a PIkI inhibitor (19), reduced the phosphorylation level of S6 in
mimosine-treated DU145 prostate cancer cells (Fig. 1A). Addition
of mimosine, a drug that causes cell cycle arrest at G, ensured that
cells were at the same stage of the cell cycle. Next, we showed that
depletion of PIk1 also inhibited activation of the PI3K pathway in
Pancl pancreatic cancer cells, revealing a universal role for Plk1 in
different cancer lines (Fig. 1B). Furthermore, depletion of Plkl
also antagonized insulin- and IGF-1-induced activation of the
PI3K pathway in Pancl cells (Fig. 1C and D). We are aware that
depletion of Plk1 leads to G,/M arrest in cancer cells (20). Thus, to
rule out a cell cycle effect, we used an adenovirus-based approach
to overexpress GFP-PIkl in four nontransformed cell lines, as
modification of Plkl in normal cells does not induce cell cycle
defects (20, 21). The cell lines used were HPDE6, a human pan-
creatic duct epithelial cell line with a nearly normal genotype and
phenotype (22); HCEC-1CT, an immortalized human colonic ep-
ithelial cell line expressing Cdk4 and telomerase (23); MCF10A,
an immortal cell line that arose spontaneously from mortal hu-
man diploid breast epithelial cells without virus or chemical inter-
vention (24); and RWPEL, an immortal cell line originating from
normal human prostate epithelium that does not form solid tu-
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mors when implanted into nude mice (25). Overexpression of
PIk1 in all four cell lines led to activation of the PI3K pathway, as
indicated by elevation of pAKT and pS6 levels (Fig. 1E to H).
Further, we showed that Plk17/~ mouse embryonic fibroblasts
(MEFs) had reduced phosphorylation levels of AKT and S6 in
comparison to wild-type (WT) MEFs (Fig. 1I) and that reexpres-
sion of WT PIlk1 but not the kinase-defective Plk1-K82M mutant
rescues activation of the PI3K pathway (Fig. 1J). Thus, we con-
clude that PIk1 regulates the PI3K pathway.

Considering that PIk1 is a target of the E3 ubiquitin ligase APC/
cyclosome-Cdhl (APC/C-Cdhl), we also asked whether deple-
tion of Cdh1 by lentivirus-based RNAi (26) phenocopies the Plk1
overexpression phenotype. As indicated, Cdhl depletion led to
stabilization of Plk1 and elevation of phosphorylation levels of
AKT and S6 (Fig. 1K and L). Because PTEN is the major regulator
of the PI3K pathway, we asked if Plkl-induced activation of the
PI3K pathway was PTEN dependent. As shown in Fig. 1M, over-
expression of GFP-Plkl in PTEN-null PC3 cells did not lead to
activation of the PI3K pathway. Similarly, overexpression of GFP-
Plk1 did not affect the status of AKT phosphorylation in RWPE1
cells after PTEN depletion (Fig. IN and O). Therefore, Plk1-in-
duced activation of the PI3K pathway is PTEN dependent.

PIk1 regulates energy metabolism. Considering the critical
role of the PI3K pathway in glucose metabolism, we next asked
whether Plkl overexpression affects this process. As indicated,
overexpression of PlkI led to increased glucose consumption and
lactate production in HPDE6, HCEC-1CT, and MCF10A cells
(Fig. 2A to C). In agreement with this, overexpression of Plkl
increased the level of PKM2, a critical regulator of aerobic glycol-
ysis, in these cells (Fig. 1E to G). Furthermore, LC-MS analysis of
metabolic intermediates indicated that depletion of Plk1 reduces
the levels of glucose-6-phosphate (G-6-P), 3-phosphoglycerate
(3-PG), and phosphoenolpyruvate (PEP), three intermediates of
glycolysis (Fig. 2D), and the levels of fumarate, malate and a-ke-
toglutarate, three intermediates of the tricarboxylic acid (TCA)
cycle (Fig. 2E). In contrast, a Plk1-induced Warburg effect was not
observed in PTEN-null PC3 cells (Fig. 2F) or in PTEN-depleted
RWPE1 cells (Fig. 2G).

To further test whether Plkl is indeed involved in energy me-
tabolism, we performed a series of experiments with mice. We first
expressed GFP-PIk1 via intravenous injection of adenovirus, a
protocol that has been used in viral-gene delivery (27). Reverse
transcription (RT)-PCR results indicated that the liver is the ma-
jor organ with a high level of PIk1 expression upon virus injection
(data not shown). As indicated, expression of GFP-PIk1 resulted
in activation of the PI3K pathway and elevation of PKM2 in the
liver (Fig. 3A). Significantly, expression of Plk1 increased glucose
uptake in a GTT (Fig. 3B). In an alternative approach, we tran-
siently expressed Flag-Plk1 in the livers of adult mice using hydro-
dynamic tail vein injections, as described previously (28), and
found that expression of Flag-WT Plk1 but not the kinase-dead
K82M mutant led to an increase in the phosphorylation levels of
AKT and PTEN-S385 (Fig. 3C). Moreover, expression of Flag-
Plk1 enhanced glucose uptake in both GTT (Fig. 3D) and ITT
(Fig. 3E) experiments. Third, we asked whether inhibition of Plk1
affects energy metabolism (Fig. 3F to H). In these experiments,
mice were treated with BI2536 for 1 week, and no obvious pheno-
types, including significant weight loss and reduced appetite, were
observed after the treatment. As indicated, refeeding of starved
mice activated the PI3K pathway, and pretreatment with BI2536
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FIG 1 PIk1 acts upstream of the PI3K pathway. (A) Inhibition of Plk1 reduces the phosphorylation level of S6. DU145 prostate cancer cells were treated with 50
nM BI2536 for 8 h and harvested for anti-pS6 IB. The cells were also treated with mimosine to ensure they were all in the same stage of the cell cycle. (B to D)
Depletion of Plk1 antagonizes activation of the PI3K pathway in Pancl pancreatic cancer cells. Panc1 cells were depleted of Plk1 by RNAi and harvested (B) or
serum starved for 24 h, treated with insulin (C) or IGF-1 (D) for 15 min, and harvested. (E to H) Overexpression of PIk1 activates the PI3K pathway in four
nontransformed cell lines. HPDE6 (E), HCEC-1CT (F), MCF10A (G), and RWPE1 (H) cells were infected with adenovirus expressing GFP-PIk1 for 48 h. (I)
Knockout of Plk1 inhibits the activity of the PI3K pathway in MEFs. MEFs (WT or Plkl /™) were subjected to IB. (J) Expression of GFP-WT Plk1 but not the
kinase-defective PIk1-K82M mutant rescues the activity of the PI3K pathway in Plk1"/~ MEFs. PIk1*/~ MEFs were transfected with GFP-PIk1 (WT or K82M).
(Kand L) Cdh1 depletion leads to activation of the PI3K pathway. HPDEG6 (K) and MCF10A (L) cells were infected with lentivirus to deplete Cdh1 and harvested

for IB. (M) Overexpression of GFP-Plk1 does not affect the PI3K pathway in PC3

prostate cancer cells. PC3 cells were transfected with GFP-Plk1 and harvested

for IB. (N and O) Overexpression of GFP-PIk1 in PTEN-depleted RWPE1 cells does not affect the PI3K pathway. RWPEI cells were infected with lentivirus to
deplete PTEN (N) and reinfected with adenovirus expressing GFP-Plk1 for 48 h (O).

antagonized this effect (Fig. 3F), confirming that PIk1 regulates
the PI3K pathway. In agreement with the results based on the
approaches that overexpress Plk1 (Fig. 3A to E), BI2536 treatment
inhibited glucose uptake (Fig. 3G). Furthermore, indirect calo-
rimetry analysis revealed that BI2536-treated mice showed lower
energy expenditure than control mice, as indicated by both re-
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duced CO, production and reduced O, consumption (Fig. 3H). In
contrast, overexpression of Flag-Plk1 resulted in higher energy
expenditure than control mice (Fig. 31).

Finally, we tested whether Plk1-mediated regulation of glucose
metabolism depends on the PI3K pathway. We first tested the role
of PTEN, as Flag-Plkl expression in mouse liver increased the
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FIG 2 PIkl overexpression results in the Warburg effect. (A to C) Overexpression of PIk1 promotes aerobic glycolysis. After HPDE6 (A), HCEC-1CT (B), and MCF10A
(C) cells were infected with adenovirus to express PIk1 for 48 h, the media were collected for measurement of glucose consumption (left) and lactate production (right).
RU, random units. (D and E) Plk1 knockdown alters glucose metabolism in 293T cells. Shown is quantification of metabolic intermediates in glycolysis (D) and the TCA
cycle (E) at 70 h after depletion of PIk1. (F) Overexpression of Plk1 in PC3 cells does not affect glucose metabolism in PC3 cells. PC3 cells were transfected with GFP-Plk1
(WT or K82M) and harvested. (G) Overexpression of Plk1 does not affect glucose metabolism in PTEN-depleted RWPEL cells. RWPEI cells were depleted of PTEN and
reinfected with adenovirus expressing GFP-Plk1. The data are presented as means and SD. *, P < 0.05; **, P < 0.01.

phosphorylation level of PTEN-S385 (Fig. 3C). As indicated, VO-
OH, a PTEN inhibitor (29), antagonized the inhibitory effect of
BI2536 on glucose uptake (Fig. 4A), suggesting that Plk1 regulates
glucose metabolism via its activity toward PTEN. Second, a simi-
lar result was obtained with PTEN knockout mice (Fig. 4B). Third,
we used liver-specific mTOR knockout mice (Fig. 4C and D) and
showed that these mice lose their response to BI2536 in GTT ex-
periments (Fig. 4E). Fourth, Plkl-induced glucose uptake can be
reversed by rapamycin, an mTOR inhibitor, confirming a critical
role of the PI3K pathway in increased glucose consumption due to
Plk1 elevation (Fig. 4F).

Plk1 phosphorylates PTEN at $385. To understand how Plk1
regulates the PI3K pathway, we focused on PTEN. We first showed
by coimmunoprecipitation experiments that overexpressed Plk1
binds to overexpressed PTEN (Fig. 5A and B). We then showed
that PIk1 directly phosphorylates PTEN (Fig. 5C) at S385 (Fig. 5D
and E). PIk1 phosphorylation of PTEN at S385 was confirmed by
anti-pS385-PTEN IB (Fig. 5F). Moreover, the level of pS385
(phospho-PTEN-S385) was inhibited by BI2536, indicating that
phosphorylation of PTEN-S385 is dependent on PIk1 activity in
cells (Fig. 5G). Further, anti-pS385 detected phosphorylated
PTEN in mitotic cell lysates but not from Plkl-inhibited cells,
suggesting that endogenous PTEN is phosphorylated at S385 by
PIk1 (Fig. 5H and I). Considering that CK2 is a PTEN kinase in
vitro (7), we then depleted either Plk1 or CK2 with RNAi in cells
expressing GFP-PTEN. Depletion of Plkl significantly reduced
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the signal of pS385, confirming that PIk1 is indeed a kinase re-
sponsible for phosphorylation of PTEN-S385. In contrast, CK2
depletion did not affect the level of pS385 but slightly reduced
the signal of pS370 (phospho-PTEN-S370), suggesting that
CK2 might phosphorylate PTEN-S370 but not S385 (Fig. 5]).
Finally, PTEN-S385 is conserved among different species, and
the sequence context fits the consensus Plk1l phosphorylation
site (Fig. 5K).

PIk1 phosphorylation of PTEN inhibits its polyubiquitina-
tion, degradation, and activity. Having established that PIk1 is
responsible for PTEN-S385 phosphorylation, we next explored
the functional significance of this phosphorylation event. Overex-
pression or inhibition of P1k1 resulted in an increased or decreased
level of PTEN protein, respectively (Fig. 6A), suggesting that P1k1
might regulate the degradation of PTEN. In agreement with this,
introduction of alanine mutants at $370, S380, or $385 resulted in
a reduced level of PTEN (Fig. 6B). Further, we ectopically ex-
pressed various PTEN constructs at different known phosphory-
lation sites and measured the half-lives of these proteins. Intro-
duction of aspartic acid or alanine mutations at $370, S380, T382,
T383, or $385 resulted in stabilization or degradation of PTEN,
respectively (Fig. 6C to G), indicating that phosphorylation of
PTEN at different sites of the C terminus inhibits its degradation.
Next, we asked whether Plk1-associated activity toward PTEN in-
hibits its polyubiquitination, a prerequisite of protein degrada-
tion, by cotransfection of Plk1 with different activities (T210D,

Molecular and Cellular Biology

1sanb Aq 6T0Z ‘LT aunc uo /610" wse gow//.dny wolj papeojumog


http://mcb.asm.org
http://mcb.asm.org/

A Mouse liver B c M liver M liver
GFP + ouse live ouse live

GFP-PIk1 3600w Sl Flag-Plk1 Flag-PIk1-KM_+

o

£ ~GFP Plk1
g 400 : GFP-Plk1 p-AKT
2 * AKT
[+]

S 200 p-PTEN-S385
3z PTEN
[+

S 0 — .
m o0 15 30 45 60 75 B-actin

Time post-administration (min)

D E F G
- = 600
= GTT 3 250 T —=icongrol 3 5 o
= (<))
T 600 S~ CBiita] 2 0o —=—Flag-Plk1 Starved £ ] vl
£ —~—Flag-Plk1 3 Refed g 490 -k
2 400 3 150 BI2536 + k7
(] e ] B *
2 -AKT
@ § 100 P §
g 200 S AKT 5 200+
3 S 50 =) —=Caiitrol
o ° 3 i ontrol
N N N . o y < 5 7
% % 5 30 45 0 75 %0 S % 15 30 45 60 75 90 B o] oBI2s3
o Time post-administration (min) Time post-administration (min) 0 - 15 tIi'()d . "1I5t p (-‘;0( . )'iS
Ime post-administration (min
H | -
R0 —e— Control
5300+ —I—FLAG-P|k1
6500 —e—Control 5
—=—BI2536 = 4800
= 5500 T
) = 4300
x ON
E 4500 >
£ 3800
o~
8
9 3300 ¢
3500 10AM 10PM 10AM 10PM
2500 5000 —e— Control
18:00 6:00 18:00 6:00 —=FLAG-PIk1

62007 —e—Control
—=—BI2536

VCO, (ml/hikg)

| il ay | , |
, ' | ‘l,, i 2500
a200{ % ‘H’ lM ‘l’ “Jn.{mm \W MM ¥ 10AM 10PM 10AM 10PM

—e— Control
0.981 —a—FLAG-PIk1

o
Y
S
L d
==

VO, (ml/kg/h)

0
18:00 6:00 18:00 6:00

0.83

0.78

10AM 10PM 10AM 10PM
FIG 3 PIkI regulates energy metabolism. (A and B) Adenovirus-mediated Plk1 overexpression results in activation of the PI3K pathway and increased glucose uptake.
Mice were intravenously injected with adenovirus expressing Plk1. Four days later, the mice were subjected to starvation for 16 h, injected with glucose, and followed by
measurement of blood glucose levels (B) and IB of liver homogenates (A). (Cto E) Vector-based Plk1 overexpression causes activation of the PI3K pathway and increased
glucose uptake. Male mice fed with regular chow (n = 8) were intravenously injected with Flag-Plk1 (WT or K82M) and either sacrificed for IB of liver homogenates (C)
orsubjected to GTT (D) and ITT (E). (F to H) Inhibition of PIk1 affects energy metabolism. Mice were treated with BI2536 (6 mg/kg of body weight) for 1 week, subjected
to starvation for 16 h, refed, and subjected to IB of liver homogenates (F), GTT (G), and indirect calorimetry of BI2536-injected mice (BI2536) and control mice (H).
Carbon dioxide release (VCO,) and oxygen consumption (VO,) per kg of body weight were determined in metabolic chambers (n = 6 per group). (I) Flag-Plk1
overexpression increases energy expenditure in mice. Male mice fed with regular chow were intravenously injected with Flag-Plk1 and subjected to indirect calorimetry
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FIG 4 PIk1 regulates energy metabolism via the PTEN pathway. (A) BI2536-mediated inhibition of glucose uptake can be reversed by inhibition of PTEN. Mice
were intraperitoneally injected with BI2536, VO-OH (5 pg/kg of body weight), or both drugs once a day for seven consecutive days and subjected to GTT. (B)
BI2536-mediated inhibition of glucose uptake can be reversed by depletion of PTEN. Mice (WT or PTEN knockout) were intraperitoneally injected with BI2536
once a day for seven consecutive days. (C) Mice with liver-specific nTOR knockout. Liver-specific mTOR knockout mice were obtained by crossing LoxP-Stop-
LoxP (LSL)-mTOR mice with mice expressing liver-specific Cre. Livers were obtained from WT, mTOR™*'~, or mTOR /™ mice, and total protein lysates were
probed with antibodies against pS6 and S6. To test the genotypes of mTOR-depleted mice, genomic DNA was prepared from tail clips 0.5 to 0.8 mm in length
and subjected to PCR. For the standard PCR, 10 ng genomic DNA was amplified using the sense primer 5'-TTA TGT TTG ATA ATT GCA GTT TTG GCT AGC
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BI2536 for 1 week and subjected to GTT. (F) Inhibition of mTORCI reverses Plk1 overexpression-induced glucose uptake. 293T cells were transfected with Plk1
for 24 h, treated with 100 nM rapamycin for 24 h or left untreated, and harvested for measurement of the glucose remaining in the culture media (top) or for IB
(bottom). The data are presented as means and SD.

constitutively active; K82M, kinase defective). As indicated,
cotransfection of Plk1-T210D inhibited polyubiquitination of
WT PTEN but not of PTEN-S385A, whereas cotransfection of
P1k1-K82M enhanced polyubiquitination of PTEN (Fig. 6H to J),
supporting the notion that Plk1 phosphorylation of PTEN-S385
inhibits its polyubiquitination and thus its degradation.

It has been established that stabilized PTEN is less active due to
lack of interaction with its partners (8, 9). In agreement with this,
expression of PTEN-S385A resulted in stronger inhibition of the
PI3K pathway than expression of PTEN-S385D. Moreover, ex-
pression of PTEN-S385A increased cell death, as indicated by a
higher level of cleaved PARP (c-PARP) and a reduced level of
PKM2, suggesting that PTEN-S385A has a stronger tumor-sup-
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pressive function than PTEN-S385D (Fig. 6K). In agreement with
this, cells expressing PTEN-S385A proliferated more slowly than
cells expressing PTEN-S385D (Fig. 6L). Upon expression of WT
PTEN and PTEN-S385A, the cells rounded up, began to detach
from the culture dish within 2 days, and formed clusters in later
stages. In contrast, expression of PTEN-S385D did not change the
morphology significantly (Fig. 6L). Finally, ectopic expression of
PTEN-S385A in 293T cells also showed a much stronger inhibi-
tory effect on colony formation than PTEN-S385D in both an-
chorage-dependent (Fig. 6M) and -independent (Fig. 6N) assays.

Plk1 phosphorylation of PTEN inhibits its monoubiquitina-
tion and nuclear localization. Considering that nuclear localiza-
tion of PTEN is critical for its tumor-suppressive functions, we
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asked whether Plk1-associated kinase activity regulates the nucle-
ar/cytoplasmic shuttling of PTEN. As indicated, inhibition of Plk1
by BI2536 completely blocked nuclear export of PTEN in DU145
(Fig. 7A and B) and RWPEI (Fig. 7C) cells. Furthermore, BI2536
treatment also increased the nuclear PTEN signal assessed by an-
tibodies against pS380 and pS380/pT382/pT383 of PTEN (Fig. 7D
and E). We understand that inhibition of PlkI results in mitotic
arrest, which might be responsible for the increased PTEN nuclear
localization. However, nocodazole treatment did not increase nu-
clear localization of PTEN, suggesting that the BI2536-induced
increase of nuclear PTEN is not due to cell cycle arrest. To confirm
this observation, we compared the subcellular localization of dif-
ferent PTEN constructs. The S370A mutant had a distribution
pattern similar to that of WT PTEN, indicating that CK2 is un-
likely to regulate the nuclear functions of PTEN. Although the
S380A mutation did increase the nuclear import of PTEN, phos-
phorylation of S385 was clearly the most dominant factor that
controlled the nuclear/cytoplasmic shuttling of PTEN, as the
S385A mutant was exclusively nuclear (Fig. 7F and G). Of note,

October 2014 Volume 34 Number 19

S385 was previously identified as the major phosphorylation site
invivo (7). Inaddition, PTEN nuclear localization was not affected
by treatment of the cells with a CK2 inhibitor, further indicating
that CK2 is not responsible for S385 phosphorylation. Finally,
subcellular fractionation followed by IB confirmed the data based
on IF staining (Fig. 7H).

Because monoubiquitination of PTEN leads to its nuclear im-
port (12) and because Plk1 phosphorylation of PTEN-S385 results
in its cytoplasmic accumulation, we asked whether Plkl phos-
phorylation of PTEN-S385 affects its monoubiquitination. To de-
tect monoubiquitinated PTEN, lysine-free ubiquitin (K@-HA-
Ub) was used to prevent polyubiquitin chain formation. As
indicated, coexpression of constitutively active Plk1-T210D re-
duced the mono-ubiquitinated form of WT PTEN but not PTEN-
S385A (Fig. 71), suggesting that Plk1 phosphorylation of PTEN-
$385 does inhibit its monoubiquitination. Because nuclear import
of PTEN is Nedd4-1 dependent, we asked whether Plk1 phosphor-
ylation of PTEN affects its interaction with Nedd4-1. As indicated,
GFP-PTEN-S385D showed significantly reduced ability to bind
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Flag-Nedd4-1 in comparison to WT PTEN and the PTEN-S385A
mutant (Fig. 7]), suggesting that Plk1 phosphorylation of PTEN
inhibits its interaction with Nedd4-1.

Overexpression of PTEN-S385A induces a tumor-suppres-
sive metabolic state by regulating phosphatase-dependent and
-independent pathways. Because Plkl overexpression promotes
the Warburg effect (Fig. 2), we next tested whether Plkl phos-
phorylation of PTEN affects energy metabolism, in which PTEN
has an established role (30). PKM2, a downstream target of the
PI3K/AKT/mTOR pathway, is a central component in cancer me-
tabolism. As described above, expression of PTEN-S385A resulted
in areduced level of PKM2, likely due to an inactive PI3K pathway
in these cells (Fig. 6K).

Because PTEN-S385A localizes mainly to the nucleus, and be-
cause nuclear PTEN is essential for the function of APC/C-Cdh1,
we asked whether APC/C-Cdh1 activity is regulated by Plk1 phos-
phorylation of PTEN. Ectopic expression of PTEN-S385A but not
WT PTEN or PTEN-S385D strongly inhibited the expression lev-
els of cyclin B, PIk1, GLS, and PFKFB3 (Fig. 8A), four substrates of
APC/C-Cdh1 (30-32). PFKFB3 catalyzes the formation of fruc-
tose 2,6-bisphosphate, which in turn activates 6-phosphofucto-1-
kinase, a rate-limiting enzyme in glycolysis, whereas GLS, the first
enzyme in the glutaminolysis pathway, converts glutamine to glu-
tamate. Because nuclear PTEN regulates APC/C-Cdh1 function in
a phosphatase-independent manner (11), we next asked whether
the phosphatase activity of PTEN affects regulation of APC/C-
Cdhl function via the phosphorylation state at S385. As predicted,
cells expressing PTEN-S385A/C124S, a phosphatase-dead mu-
tant, behaved almost identically to cells expressing PTEN-S385A
in terms of expression levels of cyclin B, GLS, and PFKFB3 (Fig. 8B
and C), indicating that Plk1 phosphorylation of PTEN regulates
APC/C-Cdhl activity in a phosphatase-independent manner.

Moreover, we directly measured the levels of glucose, lactate,
and glutamine in media from cells expressing different PTEN con-
structs. In agreement with the reduced protein levels of PKM2,
PFKFB3, and GLS, cells expressing PTEN-S385A showed de-
creased glucose uptake (Fig. 8D), reduced lactate production (Fig.
8E), and decreased glutamine uptake (Fig. 8F). In comparison to
cells expressing PTEN-S385A, cells expressing PTEN-S385A/
C124S consumed more glucose and produced more lactate, sug-
gesting that Plk1 phosphorylation of PTEN affects energy metab-
olism by regulating PI3K-dependent and -independent pathways.
Finally, introduction of the S385A mutation in PTEN increased its
ability to inhibit colony formation in both WT and C124S back-
grounds (Fig. 8G and H), confirming that Plkl phosphorylation

PIk1 Inactivates PTEN

of PTEN regulates its tumor-suppressive functions via both phos-
phatase-dependent and -independent pathways.

PTEN is the major mediator of Plkl elevation-induced phe-
notypes. To confirm that PTEN is indeed the major mediator of
deregulation of glucose metabolism and the PI3K pathway due to
PIkl elevation, we performed a series of rescue experiments. First,
we showed that coexpression of PTEN-S385A significantly inhib-
ited overexpression of Plkl-induced elevation of glucose con-
sumption (Fig. 9A) and lactate production (Fig. 9B) and increased
levels of pAKT, pS6, and PKM2 (Fig. 9C). Further, cotransfection
of PTEN-S385A also antagonized Plk1-T210D expression-in-
duced elevation of pS6 (Fig. 9D). In contrast to Plk1-T210D, ex-
pression of Plk1-K82M resulted in decreased levels of pAKT and
pS6, due to a dominant-negative effect (Fig. 9D to F). Second, we
showed that the PTEN inhibitor VO-OH, but not the PI3K inhib-
itor wortmannin, rescued the BI2536-induced decrease of pAKT
(Fig. 9G). Finally, coexpression of PTEN-S385D but not WT
PTEN rescued Plk1-K82M-induced inhibition of AKT activation
(Fig. 9H). Therefore, we conclude that PTEN is the major media-
tor of the Plk1 elevation-associated Warburg effect and activation
of the PI3K pathway.

Plk1 phosphorylation of Nedd4-1 also contributes to PTEN
inactivation. We understand that PTEN regulation is exceedingly
complex (33). Three E3 ubiquitin ligases, Nedd4-1, WWP2, and
RFP, have been reported to mediate PTEN ubiquitination (34—
36). We therefore tested the possibility that Plk1 also affects PTEN
function via its activity toward these E3 ligases. As indicated, Plk1
also directly phosphorylates Nedd4-1 (Fig. 10A) at S328 (Fig.
10B). With a phosphospecific antibody we generated (Fig. 10C),
we next showed that Nedd4-1-S328 is phosphorylated in vivo (Fig.
10D). Moreover, we showed that endogenous Nedd4-1 is phos-
phorylated at $328 in a Plkl-dependent manner (Fig. 10E). Be-
cause the activity and level of Plkl are cell cycle regulated and
because Plkl phosphorylates Nedd4-1, we asked whether
Nedd4-1 phosphorylation at S328 is regulated through the cell
cycle. We analyzed phosphorylation of Nedd4-1 using pS328 an-
tibodies in cells synchronized at various cell cycle stages. HeLa
cells were synchronized with the double thymidine block (DTB) at
the G,/S boundary and released for different times. Fluorescence-
activated cell sorting (FACS) was used to monitor cell cycle pro-
gression (Fig. 10F). Immunoblotting using an antibody that rec-
ognizes Nedd4-1 irrespective of its phosphorylation state
indicated that the total amount of Nedd4-1 did not change during
the cell cycle (Fig. 10G). However, the Nedd4-1-5328 phosphor-
ylation level gradually increased from S phase and peaked from 12

FIG 6 PIk1 phosphorylation of PTEN-S385 inhibits its polyubiquitination, degradation, and phosphatase activity. (A) Plk1 increases the stability of PTEN. 293T
cells were transfected with the indicated plasmids, treated with 50 nM BI2536 for 8 h or left untreated, and harvested for IB (top three rows) or mRNA
preparation, followed by RT-PCR (bottom two rows). (B) Unphosphorylatable PTEN mutants are less stable. 293T cells were transfected with PTEN constructs
and treated with 10 wM MG132 with or without BI2536 for 8 h. (C) PTEN-S385D is more stable than PTEN-S385A. 293T cells were transfected with PTEN
constructs and treated with 10 wg/ml CHX for different times. (D to G) Protein degradation of PTEN with various mutations at other C-terminal phosphory-
lation sites. 293T cells were transfected with GFP-PTEN constructs (S370A, S370D, S380A, S380D, T382A, T382D, T383A, and T383D), treated with 10 pg/ml
CHX for different times, and harvested for IB. (H to J) Plkl inhibits polyubiquitination of PTEN. (H) 293T cells were cotransfected with His-ubiquitin and the
indicated plasmids, treated with 10 wM MG132 for 12 h, and harvested for anti-GFP IP, followed by antiubiquitin IB. (I) 293T cells were cotransfected with
His-ubiquitin with the indicated plasmids, treated with 10 wuM MG132, and harvested for anti-His IP. (J) 293T cells were cotransfected with His-ubiquitin and
the indicated plasmids, treated with 10 wuM MG132, and harvested for anti-GFP IP. (K) Phosphorylation of PTEN-S385 inhibits its phosphatase activity. 293T
cells were transfected with PTEN constructs for 36 h. (L to N) Phosphorylation of PTEN-S385 promotes cell proliferation and colony formation. (L) 293T cells
were transfected with PTEN constructs and harvested at different times for examination of morphological change and determination of cell number. (M) 293T
cells (3 X 10?) expressing PTEN constructs were seeded in plates for 4 days (d), and viable colonies were counted. (N) 293T cells (2 X 10%) expressing PTEN
constructs were seeded in plates containing soft agar for 7 days, and viable colonies were counted. The data are presented as means and SD.
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pS380-PTEN (E). (F to H) PTEN-S385A is exclusively nuclear. (F) PC3 cells we
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of GFP-PTEN, cells were grouped as nuclear only (N), both nuclear and cytoplasmic (N/C), and cytoplasmic only (C). (H) Lysates from PC3 cells expressing

different forms of PTEN were subjected to nuclear (N) and cytoplasmic (C) fractionation. (I) Plk1 phosphorylation of PTEN inhibits its monoubiquitination.
293T cells were cotransfected with the indicated plasmids and harvested for antiubiquitin IB. (J) PTEN-S385D has reduced ability to bind Nedd4-1. 293T cells

were transfected with GFP-PTEN (WT, S385D, or S385A) and Flag-Nedd4-1

h to 15 h as cells went through mitosis, which correlates with the
PIk1 expression profile (Fig. 10G). Quantification of the results
obtained in HeLa cells, using standardization with known
amounts of phosphorylated and nonphosphorylated Nedd4-1, in-
dicated that phosphorylation was increased up to 37-fold. How-
ever, as the DTB protocol did not arrest all cells and cells were not
at precisely the same point, we consider this number to be an
underestimate of the maximal level of phosphorylation. Thus, the
degree of synchrony of the various cell preparations influenced the
increase in phosphorylation observed. Furthermore, we showed
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and harvested for anti-Flag IP, followed by anti-GFP IB.

that PIk1 and pS328-Nedd4-1 epitopes were colocalized in various
mitotic structures, such as kinetochores in prophase, spindle poles
in metaphase, midzones in telophase, and midbodies in cytokine-
sis (Fig. 10H to ]).

We then tested the possibility that Plkl phosphorylation of
Nedd4-1 affects its E3 ubiquitin ligase activity toward PTEN. For
that purpose, 293T cells were cotransfected with GFP-tagged
PTEN and His-ubiquitin in the presence or absence of HA-
Nedd4-1 coexpression. Next, GFP-PTEN proteins were immuno-
precipitated from total cell extracts, and covalently linked His-Ub
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FIG 8 Plkl phosphorylation of PTEN induces a tumor-promoting metabolic state. (A) Phosphorylation of PTEN-5385 inhibits APC/C-Cdh1 activity.
293T cells were transfected with PTEN constructs for 48 h. (B) The nuclear PTEN function is inhibited by $385 phosphorylation in a phosphatase-
independent manner. PC3 cells were transfected with PTEN constructs and harvested for IB (top) or FACS analysis (bottom). (C to F) Phosphorylation
of PTEN-S385 induces a tumor-promoting metabolic state. MEFs were transfected with different PTEN constructs and harvested for IB (C) or measure-
ment of glucose (D), lactate (E), and glutamine (F) levels in the medium. (G and H) The tumor-suppressive function of PTEN is inhibited by S385
phosphorylation in both phosphatase-dependent and -independent manners. PC3 cells expressing PTEN were seeded in a six-well dish (1 X 10 cells),
cultured in medium containing soft agar for 10 days, and stained with crystal violet (G), and the colonies were counted (H). The data are presented as
means and SD.
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FIG9 PTEN is the major mediator of the Plk1 elevation-associated Warburg effect and activation of the PI3K pathway. (A and B) Coexpression of PTEN-S385A
rescues Plkl overexpression-induced increased glucose uptake. After 293T cells were transfected with the indicated plasmids for 48 h, culture media were
collected for measurement of glucose consumption (A) and lactate production (B). (C and D) Coexpression of PTEN-S385A rescues Plkl overexpression-
induced activation of the PI3K pathway. (C) 293T cells were transfected with the indicated plasmids for 48 h. (D) 293T cells were transfected with the indicated
plasmids. (E) Inhibition of Pkl reduces the phosphorylation level of AKT. 293T cells were treated with 50 nM BI2536 for 12 h. (F) AKT activation is regulated
by PIkI activity. 293T cells were transfected with different forms of Plk1 for 48 h. (G) Plkl-mediated activation of AKT is dependent on PTEN. 293T cells were
treated with the indicated drugs for 12 h. (H) Inhibition of Plk1-associated inactivation of AKT can be rescued by overexpression of PTEN-S385D. 293T cells were
cotransfected with the indicated plasmids for 48 h. The data are presented as means and SD.

was detected by immunoblotting using an anti-His antibody. As
shown in Fig. 10K, the patterns and intensities of bands recog-
nized by the anti-His antibodies were comparable in cells with or
without Nedd4-1, indicating that overexpression of Nedd4-1 does
not significantly affect the ubiquitination of WT PTEN. Next, we
asked whether Plk1l-mediated phosphorylation of Nedd4-1 regu-
lates its activity toward PTEN. Accordingly, 293T cells were
cotransfected with GFP-PTEN, His-ubiquitin, and various HA-

3654 mcb.asm.org

Nedd4-1 (WT, S328A, or S328D) constructs. Our results showed
that Plkl-mediated phosphorylation of Nedd4-1 was unable to
stimulate or inhibit WT-PTEN ubiquitination (Fig. 10L). Pulse-
chase experiments performed with cycloheximide (CHX) to block
protein synthesis also revealed no difference in PTEN stability
(Fig. 10M and N). Thus, our results suggest that Nedd4-1 or Plkl
phosphorylation of Nedd4-1 had no significant effect on the sta-
bility or ubiquitination of wild-type PTEN.
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FIG 10 PIk1 targets Nedd4-1 at S328. (A and B) Plkl phosphorylates Nedd4-1-S328. Plkl was incubated with GST-Nedd4-1 regions (A) or different
mutants (B) as for Fig. 3B. (C) The pS328-Nedd4-1 antibody is specific. PIk1 was incubated with GST-Nedd4-1 in the presence of unlabeled ATP. (D)
Nedd4-1-5328 is phosphorylated in vivo. 293T cells were transfected with Nedd4-1 constructs for 48 h. (E) Endogenous Plkl phosphorylates endogenous
Nedd4-1 at $328. 293T cells were depleted of Plk1 by RNAi for 48 h. (F and G) Phosphorylation of Nedd4-1-S328 is cell cycle regulated. HeLa cells were
subjected to a double thymidine block (16 h of thymidine treatment, 8 h of release, and a second thymidine block for 16 h), released for different times,
and harvested for FACS analysis (F) or IB (G). (H to ]J) Colocalization of pNedd4-1 and Plk1 at mitotic structures. HeLa cells were subjected to IF staining
with the indicated antibodies. Pro, prophase; Meta, metaphase; Telo, telophase. (K to N) Phosphorylation of Nedd4-1-S328 does not affect its E3
ubiquitin ligase activity toward WT-PTEN. (K) 293T cells were cotransfected with GFP-PTEN, HA-Nedd4-1, and His-ubiquitin and harvested for
anti-GFP IP, followed by anti-His IB. (L) 293T cells were cotransfected with the indicated plasmids, treated with MG132 or left untreated, and harvested
for anti-GFP IP, followed by anti-His IB. (M and N) 293T cells were cotransfected with the indicated plasmids, treated with cycloheximide for different
times, and harvested for IB.
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FIG 11 PIk1 phosphorylation of Nedd4-1-S328 inhibits its E3 ubiquitin ligase activity toward PTEN-S385A. (A) 293T cells were cotransfected with His-
ubiquitin and the indicated plasmids and harvested for anti-GFP IP, followed by anti-His IB. (B) 293T cells were cotransfected with the indicated plasmids and
harvested for anti-GFP IP. (C) 293T cells were cotransfected with the indicated plasmids for 36 h, treated with MG132 for 6 h or left untreated, and harvested for
anti-GFP IP. (D) 293T cells were cotransfected with the indicated plasmids, treated with MG132 for 6 h, and harvested for anti-GFP IP. (E and F) 293T cells were
cotransfected with the indicated plasmids, treated with cycloheximide for the indicated times, and harvested. (G) Phosphorylation of Nedd4-1-5328 inhibits its
monoubiquitination activity toward PTEN-S385A. 293T cells were cotransfected with the indicated plasmids for 36 h, treated with MG132 for 6 h or left

untreated, and harvested for anti-GFP IP.

Considering that phosphorylation of PTEN-S385 plays a cru-
cial role in regulating PTEN ubiquitination and degradation, we
further asked whether Plkl phosphorylation of Nedd4-1 might
have a role in the regulation of PTEN-S385A. 293T cells were
cotransfected with GFP-PTEN-S385A and His-ubiquitin with or
without HA-Nedd4-1. As indicated, overexpression of Nedd4-1 in
293T cells indeed caused an increase of PTEN-S385A ubiquitina-
tion (Fig. 11A). More significantly, cells expressing Nedd4-1-
S328A exhibited a higher level of PTEN-S385A polyubiquitina-
tion than cells expressing Nedd4-1-S328D (Fig. 11B), which could
be further amplified by MG132 (Fig. 11C), indicating that Nedd4-
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1-S328 phosphorylation prevents PTEN-S385A polyubiquitina-
tion. Further, Nedd4-1-expressing cells with coexpression of
Plk1-K82M had a higher level of polyubiquitination of PTEN than
those with coexpression of Plk1-T210D, but such a difference was
minimized in Nedd4-1-S328A-expressing cells, suggesting that
Plk1l phosphorylation of Nedd4-1-S328 contributes to PTEN
polyubiquitination (Fig. 11D). In agreement with this, pulse-
chase experiments revealed that cells expressing Nedd4-1-S328A
exhibited a much shorter half-life of PTEN-S385A than cells ex-
pressing Nedd4-1-S328D (Fig. 11E and F), further indicating that
Nedd4-1-S328 phosphorylation prevents PTEN-S385A polyubiq-
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uitination and degradation. Finally, we showed that Nedd4-1-
$328 phosphorylation also inhibits PTEN-S385A monoubiquiti-
nation (Fig. 11G). Therefore, Plkl phosphorylation of Nedd4-1
inhibits its E3 ligase activity toward PTEN in a specific cellular
context.

PIk1 phosphorylation of PTEN inhibits its autodephospho-
rylation activity. Because S385 is the major phosphorylation site
(7), we asked whether Plk1 phosphorylation of PTEN-S385 affects
the phosphorylation status of other sites. Cells expressing PTEN-
S385A showed significantly lower phosphorylation levels at S370,
$380, and S380/T382/T383 than cells expressing PTEN-S385D
(Fig. 12A), suggesting that phosphorylation at S385 enhances
phosphorylation at other sites. We also analyzed the potential ef-
fects of S370 and S380 on phosphorylation of S385. Introduction
of the S370A (Fig. 12B) or S380A (Fig. 12C) mutation did not
significantly affect the phosphorylation level of S385. We tested
two possibilities that might be responsible for the observation
shown in Fig. 12A. First, we asked whether Plk1 phosphorylation
of PTEN creates a docking site for other kinases, such as CK2,
subsequently enhancing phosphorylation at other sites. A sequen-
tial kinase assay was performed. Prior incubation of PTEN with
PIk1 did not render it a more robust substrate for CK2 (Fig. 12D
and E), indicating that Plkl phosphorylation of PTEN-S385 did
not affect phosphorylation of PTEN by CK2. In support of this,
the GST-PTEN-S385D mutant was not more susceptible to CK2
phosphorylation (Fig. 12D, lane 5). Second, we asked whether
$385 phosphorylation inhibits the autodephosphorylation activ-
ity of PTEN, as a striking feature of PTEN is its predilection for
autodephosphorylation (37). For that purpose, we compared the
phosphorylation levels of PTEN in cells expressing either WT
PTEN or the PTEN-C124S mutant. We found that phosphoryla-
tion of §370, S380, T382, and T383 but not S385 was markedly
decreased in cells expressing WT-PTEN compared to cells ex-
pressing PTEN-C124S (Fig. 12F), indicating that PTEN dephos-
phorylates itself at $370, S380, T382, and T383 but not at S385.
Next, we compared the phosphorylation levels of other sites in
cells expressing PTEN-S385A versus PTEN-S385A/C124S. Cells
expressing PTEN-S385A/C124S showed higher levels of phos-
phorylation at $370, S380, T382, and T383 than cells expressing
PTEN-S385A, suggesting that S385 phosphorylation inhibits au-
todephosphorylation of $370, S380, T382, and T383. In agree-
ment with this, cells expressing both PTEN-S385D and PTEN-
S$385D/C124S showed high levels of phosphorylation at S370,
$380, T382, and T383 (Fig. 12G).

As phosphorylation of PTEN at S385 affects the phosphoryla-
tion of the C-terminal cluster, which is critical to regulate PTEN
stability, we next explored the possibility that S385 controls PTEN
stability by affecting its autodephosphorylation toward other sites.
To address this question, the serine/threonine cluster S380/T382/
T383 was mutated to phosphomimic aspartic acid (D), while S385
was mutated to alanine (A) (S380D/T382D/T383D/S385A [3D:
A]). Then, the relevant phosphorylation site mutants were pro-
duced in 293T cells by transient transfection, and the steady-state
levels of GFP-PTEN (WT or mutants) were determined by immu-
noblot analysis. While the S385A mutation resulted in a marked
decrease in the steady-state protein level, S380D/T382D/T383D
(3D) and 3D:A mutations did not change the steady-state level of
PTEN (Fig. 12H). Furthermore, pulse-chase experiments revealed
amarked reduction in the S385A half-life. In contrast, the stability
of the 3D:A mutant was almost identical to that of WT PTEN
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(Fig. 12I). To investigate whether the 3D:A mutation increased
PTEN stability by inhibiting PTEN ubiquitination, we cotrans-
fected His-ubiquitin and various forms of GFP-PTEN into 293T
cells, followed by anti-GFP IP and anti-His IB. As expected, the
more stable 3D:A mutant displayed apparently less intensity of
His-ubiquitin conjugation events than the S385A mutant (Fig.
12]). On the basis of all these results, our findings strongly indicate
that the reduced stability of PTEN-S385A is due to PTEN autode-
phosphorylation toward the C-terminal cluster.

Dephosphorylation of PTEN at the C-terminal cluster plays a
role not only in reducing its protein stability but also in increasing
its phosphatase activity. To determine whether the resulting in-
crease of phosphatase activity by dephosphorylation of PTEN-
$385 is due to PTEN autodephosphorylation, the effects of 3D:A,
S385A, and S385D on the phosphorylation of AKT were com-
pared. As indicated in Fig. 12K, the abilities of S385A and 3D:A to
reduce pAKT were similar compared to that of S385D, suggesting
that PTEN-S385A regulates its phosphatase activity indepen-
dently of the autodephosphorylation of PTEN. Moreover, expres-
sion of both PTEN-S385A and PTEN-3D:A led to cell death, as
indicated by higher levels of c-PARP than cells expressing PTEN-
$385D (Fig. 12K), suggesting that PTEN-S385A and PTEN-3D:A
likely have similar tumor-suppressive functions.

We continued to evaluate whether the S385A increase of nu-
clear import is due to increased autodephosphorylation of PTEN.
As indicated, the S385A and 3D:A mutants equally favored PTEN
nuclear accumulation, while the 3D mutant was localized in the
cytoplasm (Fig. 12L). Further, subcellular fractionation followed
by IB confirmed the data based on IF staining (Fig. 12M). There-
fore, dephosphorylation of PTEN-S385 enhances PTEN nuclear
localization in a manner independent of its autodephosphoryla-
tion. We also asked whether APC/C-Cdh1 activity is regulated by
3D:A. Ectopic expression of PTEN-S385A and 3D:A but not 385D
strongly inhibited the expression levels of cyclin B and Plk1 (Fig.
12N). Finally, we showed that cells expressing PTEN-S385A and
PTEN-3D:A have similar colony formation abilities (Fig. 120).
Thus, we conclude that additional phosphorylation at S380/T382/
T383 did not significantly affect PTEN-S385A expression-in-
duced phenotypes and that S385 phosphorylation has a much
more dominant effect than phosphorylation of other sites in the
regulation of PTEN functions.

PIk1 phosphorylation of PTEN-S385 inhibits its tumor-sup-
pressive function in human prostate cancer xenografts. Finally,
we directly compared the tumor-suppressive abilities of different
forms of PTEN with a human prostate cancer xenograft model. As
indicated in Fig. 13A to C, the tumors carrying PTEN-S385A were
the smallest, whereas the tumors expressing PTEN-S385D/C124S
had the largest volume and weight, suggesting that Plkl phos-
phorylation of PTEN-S385 inhibits its tumor-suppressive func-
tion by regulating both phosphatase-dependent and -indepen-
dent pathways.

DISCUSSION

It is well established that Plk1 is involved in almost every step of
mitosis (14). However, increasing evidence suggests that Plk1 has
additional, nonmitotic functions that might play a more critical
role in tumorigenesis. Because one tends to think that overexpres-
sion of PIk1 in cancer cells is simply a secondary effect of higher
proliferation, we previously compared expression levels of Plk1 in
well-synchronized cells. We showed that the levels of Pkl are
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FIG 12 PIk1 phosphorylation of PTEN-S385 inhibits its autodephosphorylation of other phosphorylation sites. (A) Expression of PTEN-S385A inhibits
phosphorylation levels of PTEN-S370, -S380, -T382, and -T383. 293T cells were transfected with PTEN constructs for 24 h. (Band C) Expression of PTEN-S370A
and -S380A does not affect S$385 phosphorylation. 293T cells were transfected with PTEN constructs for 24 h. (D and E) Prior phosphorylation of PTEN by Plk1
does not affect the subsequent phosphorylation of PTEN by CK2. (D) Different forms of purified GST-PTEN (WT, S385A, and S385D) were incubated with
purified PIk1 in the presence of unlabeled ATP, followed by incubation with CK2 in the presence of [y->*P]ATP. (E) The experimental setup was the same as for
panel D, but CK2 was incubated for a different time. (F) S370, $380, T382, and T383, but not S385, can be autodephosphorylated by PTEN. 293T cells were
transfected with GFP-PTEN constructs (WT or C124S mutant) and harvested for IB. (G) Expression of PTEN-S385A decreases the phosphorylation levels of
$370, S380, T382, and T383 in a phosphatase-dependent manner. 293T cells were transfected with PTEN constructs for 24 h. (H) Introduction of 3D mutations
increases the stability of PTEN-S385A. Cells expressing the indicated forms of PTEN were subjected to IB. (I) Introduction of the 3D mutation increases the
half-life of PTEN-S385A. 293T cells were transfected with PTEN constructs and treated with 10 pg/ml CHX for different times. (J) The PTEN-3D:A mutant has
reduced ubiquitination. 293T cells were cotransfected with GFP-PTEN constructs and His-ubiquitin and harvested for anti-GFP IP, followed by anti-His IB. (K)
$385A-associated inhibition of the PI3K pathway and increase of cell death are not affected by additional 3D mutations. 293T cells were transfected with PTEN
constructs for 24 h. (L) PTEN-3D:A still localizes primarily to the nucleus. 293T cells expressing GFP-PTEN (3D or 3D:A) were stained with DAPI (4',6-
diamidino-2-phenylindole). (M) Introduction of 3D mutations does not affect S385A-associated increase of nuclear localization. 293T cells were transfected with
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FIG 13 PIkl phosphorylation of PTEN-S385 inhibits its tumor-suppressive func-
tion by regulating PI3K-dependent and -independent pathways. (A and B) PC3
cells were infected with retroviruses expressing PTEN constructs and injected sub-
cutaneously into nude mice on the flank (n = 6 mice/group). Mice carrying tu-
mors were followed for 3 weeks before being sacrificed. (C) IB of tumor lysates. (D)
Proposed working model. The data are presented as means and SD.

significantly higher in cancer cells than in normal cells at the same
stage of the cell cycle. Expression of Plkl can be easily detected
even in the G,/S phase of most cancer cells but not in nontrans-
formed cells. Furthermore, PlkI localizes mainly to the nucleus in

October 2014 Volume 34 Number 19

PIk1 Inactivates PTEN

the interphase of cancer cells (38), suggesting that Plk1 must have
cancer cell-specific functions in interphase. In agreement with
this, depletion of Plk1 with RNAi results in both G, and G, arrest
(39). Such an observation was later confirmed by the fact that Plk1
isinvolved in DNA replication in cancer cells (40-42). Of note, the
nuclear localization of PIk1 in the interphase of cancer cells has
been independently confirmed by others (43).

Here, using an adenovirus-based approach, we have shown
that overexpression of PIk1 results in the Warburg effect in several
different nontransformed cell lines, indicating that this observa-
tion is unlikely to be cell line specific. Considering the important
role of the Warburg effect in tumorigenesis, this finding provides
further evidence that elevated Plk1 is not just a secondary effect of
higher proliferation of cancer cells. In contrast, our data suggest
that elevation of Plk1 directly contributes to cellular transforma-
tion.

To dissect the mechanism underlying Plk1-mediated deregu-
lation of energy metabolism, we identified PTEN as its major tar-
get in this process. It was recently shown that systemic elevation of
PTEN induces a tumor-suppressive metabolic state by regulating
PI3K-dependent and -independent pathways (30). We provide
data to show that this important function of PTEN is regulated by
Plk1-associated phosphorylation of PTEN and Nedd4-1. Signifi-
cantly, PIkl phosphorylation of PTEN and Nedd4-1 inhibits
PTEN ubiquitination, the major regulatory mechanism of PTEN.
Prevention of polyubiquitination of PTEN results in its stabiliza-
tion, albeit with less activity toward PIP3, and thus activation of
the PI3K pathway and PKM2, a master regulator of glycolysis.
Inhibition of monoubiquitination of PTEN results in its nuclear
exclusion and inactive APC/C-Cdhl, and thus elevated levels of
PFKFB3 and GLS, rate-limiting factors of glycolysis and glutami-
nolysis, respectively. Therefore, we provide a novel mechanism to
link Plkl, PTEN, energy metabolism, and tumorigenesis (Fig.
13D). In addition, Plk1 phosphorylation of PTEN might also reg-
ulate its newly identified mitotic activity (44).
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