








Considering that phosphorylation of PTEN-S385 plays a cru-
cial role in regulating PTEN ubiquitination and degradation, we
further asked whether Plk1 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-

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
Plk1 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-

FIG 11 Plk1 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-S328 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.
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uitination and degradation. Finally, we showed that Nedd4-1-
S328 phosphorylation also inhibits PTEN-S385A monoubiquiti-
nation (Fig. 11G). Therefore, Plk1 phosphorylation of Nedd4-1
inhibits its E3 ligase activity toward PTEN in a specific cellular
context.

Plk1 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,
S380, 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
Plk1 did not render it a more robust substrate for CK2 (Fig. 12D
and E), indicating that Plk1 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
S385 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 S370, 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 S370, 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 S370, S380, T382, and T383 than cells expressing
PTEN-S385A, suggesting that S385 phosphorylation inhibits au-
todephosphorylation of S370, S380, T382, and T383. In agree-
ment with this, cells expressing both PTEN-S385D and PTEN-
S385D/C124S showed high levels of phosphorylation at S370,
S380, 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
a marked reduction in the S385A half-life. In contrast, the stability
of the 3D:A mutant was almost identical to that of WT PTEN

(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.
12J). 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-
S385 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-
S385D (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. 12O).
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.

Plk1 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 Plk1 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 Plk1 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 Plk1 are
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FIG 12 Plk1 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. (B and C) Expression of PTEN-S370A
and -S380A does not affect S385 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 Plk1 in the presence of unlabeled ATP, followed by incubation with CK2 in the presence of [�-32P]ATP. (E) The experimental setup was the same as for
panel D, but CK2 was incubated for a different time. (F) S370, S380, 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
S370, 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 �g/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)
S385A-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
PTEN constructs for 24 h and subjected to subcellular fractionation. (N) PTEN-S385A overexpression-associated activation of APC/C-Cdh1 activity is not
affected by introduction of additional 3D mutations. 293T cells were transfected with the indicated PTEN constructs and harvested for IB. (O) Introduction of
3D mutations does not affect S385A-associated inhibition of colony formation. 293T cells expressing PTEN constructs were seeded in six-well plates (4 � 103

cells) and cultured for 7 days, and viable colonies were counted. The data are presented as means and SD.
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significantly higher in cancer cells than in normal cells at the same
stage of the cell cycle. Expression of Plk1 can be easily detected
even in the G1/S phase of most cancer cells but not in nontrans-
formed cells. Furthermore, Plk1 localizes mainly to the nucleus in

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 G1 and G2 arrest
(39). Such an observation was later confirmed by the fact that Plk1
is involved in DNA replication in cancer cells (40–42). Of note, the
nuclear localization of Plk1 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 Plk1 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, Plk1 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-Cdh1, 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 Plk1, 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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