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Abstract

Enhanced activation of phosphoinositide 3-kinase (P13K) is a hallmark of many human tumors
because it promotes cell proliferation and survival through several mechanisms. One of these
mechanisms is the phosphorylation of the serine and threonine kinase Akt at the cytosolic side of
the plasma membrane by phosphoinositide-dependent protein kinase 1 (PDKZ1), which is recruited
and activated by binding to the phosphoinositides produced by PI3K. We previously demonstrated
increased nuclear accumulation of PDK1 in cells with enhanced PI3K activity. We report that
nuclear PDK1 promoted cell proliferation by suppressing FOXO3A-dependent transcription of the
gene encoding p27KiPL (an inhibitor of cell cycle progression), whereas it enhanced cell survival
by inhibiting the activation of c-Jun amino-terminal kinase. Cells with nuclear-localized PDK1
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showed anchorage-independent growth, and when injected into mice, these cells induced the
formation of solid tumors. In human prostate tumors, cytoplasmic localization of PDK1 correlated
only with early-stage, low-risk tumors, whereas nuclear PDK1 localization correlated with high-
risk tumors. Together, our findings suggest a role for nuclear-translocated PDK1 in oncogenic
cellular transformation and tumor progression in mice and humans.

INTRODUCTION

Growth factor signaling activates phosphoinositide 3-kinase (PI3K) signaling, which
regulates many cellular and physiological processes, such as metabolism, proliferation,
differentiation, and apoptosis (1, 2). Growth factor-independent growth of cells, a hallmark
of many human tumors, is often attributed to the enhanced activation of the PI3K pathway.
Not surprisingly, there exists a tumor suppressor network consisting of the phosphatase
PTEN (phosphatase and tensin homolog deleted from chromosome 10) (3), which
antagonizes the PI3K pathway to curb excessive cellular proliferation. Many human cancers,
including prostate cancer (4), are characterized by loss of functional PTEN, which results in
tumors that are androgen-independent and represents the second leading cause of cancer
mortality in men. Hence, many antitumor therapeutic strategies are focused on inhibiting
PI3K and its downstream effectors (5).

Activated PI3K triggers a signaling cascade that results in the localization to the plasma
membrane of phosphoinositide-dependent protein kinase 1 (PDK1) and the serine and
threonine kinase Akt [also known as protein kinase B (PKB)], and it is here that PDK1
phosphorylates and activates Akt (6—8). Akt is a major oncogenic effector in the PI3K
pathway, and it is often found to have enhanced activation in tumors. In addition to Akt,
PDK1 also phosphorylates and activates other members of the protein kinase A, protein
kinase G, and protein kinase C (AGC) family, such as PKC( (protein kinase C C), p70 S6
kinase, and p90 ribosomal S6 kinase, in the PI3K pathway (9). Once activated, many of
these PDK1 substrates, including Akt, translocate to the nucleus and regulate nuclear events
such as cell cycle, apoptosis, and gene expression (10). In addition to Akt, accumulating
evidence suggests the presence of PI3K in the nucleus (10,11), which is activated by the
Ras-like guanosine triphosphatase PI3K enhancer (PIKE) (12). Nuclear PI3K signaling
protects cells from apoptosis (13, 14) and is involved in oncogenesis. On the other hand, the
nucleus also harbors a tumor suppressor network consisting of promyelocytic leukemia
(PML) and protein phosphatase 2A (PP2A). PML-localized PP2A dephosphorylates nuclear
phosphorylated Akt (pAkt), thereby terminating growth-promoting signaling (15).

We previously showed that the increased nuclear localization of PDKL1 in the nucleus of
PTEN-deficient (PTEN~~ ) mouse embryonic fibroblasts (MEFs) is dependent on PI3K
activity (16). We identified the hydrophobic nuclear export sequence (NES) in PDK1 and
showed that mutation of both NES residues (Leu383 and Phe386) results in constitutive
nuclear retention of PDK1 (16). Phosphorylation of a residue adjacent to the NES of PDK1
was proposed to mediate the increased nuclear localization of PDK1 in PTEN~ cells (17);
however, the functional relevance of increased nuclear localization of PDK1 in PTEN™-
cells remains unclear. Here, we showed that nuclear localization of PDK1 increased the
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nuclear accumulation of pAkt and inhibited FOXO3A-dependent transcription of the gene
encoding p27KiPL to accelerate cell proliferation. In addition, nuclear PDK1 signaling
inhibited the activation of c-Jun N-terminal kinase (JNK) and protected cells from apoptosis.
Furthermore, transplantation of cells containing nuclear-localized PDK1, but not cells
containing wild-type PDK1, to athymic nude mice resulted in robust tumor growth. Finally,
we detected a close correlation between extent of nuclear translocation of PDK1 and late-
stage human prostate cancer Together, these data suggest a link between the subcellular
localization of PDK1 and its tumorigenic potential.

Nuclear-localized PDK1 increases nuclear pAkt abundance, resulting in increased cell
growth and proliferation

We previously identified PDK1 as a nucleocytoplasmic shuttling kinase, whose nuclear
localization is stimulated by insulin (16) and insulin-like growth factor 1 (16, 17) in a time-
dependent manner (fig. S1A). To understand the biological consequences of the nuclear
localization of PDK1, we reconstituted PDK1 knockout (PDK1~/~) MEFs with either myc-
tagged wild-type PDK1 (designated as W-PDK 17/~ cells) or myc-tagged mutant PDK1 with
mutations in the NES (16), which renders it constitutively localized to the nucleus
(designated as N-PDK 17/~ cells). As expected, in the immunofluorescence analysis of these
cell lines, W-PDK1~/~ cells showed typical cytoplasmic localization of PDK1 (Fig. 1A). In
contrast, PDK1 was predominantly confined to the nucleus in N-PDK1~/~ cells. Consistent
with our previous findings (16), we observed no substantial differences in the extent of
phosphorylation of wild-type and mutant PDK1 (fig. S1B), nor did we observe any
difference in the in vitro kinase activities when myc-tagged PDK1 proteins were purified
from W-PDK1~~ or N-PDK1~/~ cells (fig. S1C). In addition, the abundances of several
components of the PI3K pathway were comparable in W-PDK17~ and N-PDK1~/~ cells
(fig. S1D). PDK1 isolated from N-PDK1~/~ cells migrated as a slower band when analyzed
by SDS—polyacrylamide gel electrophoresis (SDS-PAGE) than did PDK1 isolated from W-
PDK17/~ cells (fig. S1, B to D), possibly as a result of one or more posttranslational
modifications, which are currently under investigation.

Using these cell lines, we first compared the growth rates of the parental wild-type
(PDK1**) MEFs, as well as those of PDK1 knockout (PDK17/7), W-PDK17/~, and N-
PDK1~/~ MEFs. Consistent with a previous finding (18), PDK1~~ cells had a substantial
defect in their rate of proliferation compared with that of parental PDK1** MEFs. This
proliferation defect was rescued by reconstitution with myc-WT-PDK1 in W-PDK1~/~ MEF
to a level comparable with that of parental PDK1*/* cells (fig. S2A). In contrast,
independent clones of MEFs expressing the constitutively nuclear-localized PDK1 (N-
PDK17~, N#1 and N#2) showed a substantial increase in total cell number (fig. S2A) and in
the rate of cell proliferation (Fig. 1B) compared with those of the W-PDK1~/~ cells. These
results suggest the involvement of nuclear-localized PDK1 in the regulation of cellular
proliferation pathways.

To determine the molecular mechanism responsible for the increased proliferation of N-
PDK 17/~ cells, we compared the cell cycle progressions of W-PDK1~~ and N-PDK1~/~
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cells by flow cytometric analysis after G;-to-S synchronization and release. The N-PDK1~/~
cells showed an accelerated progression through the S phase of the cell cycle (~16 to 18
hours after release) compared to that of the W-PDK17~/~ cells (~24 hours after release) (Fig.
1C), indicating possible acceleration through the G;-to-S phase transition in N-PDK17/~
MEFs. Transition from the G; to the S phase of the cell cycle is inhibited by p27KiP1, which
inhibits the cyclin E/CDK?2 (cyclin-dependent kinase 2) complex. Cyclin E/CDK2, as well
as cyclin D/CDKA4, phosphorylates the retinoblastoma (Rb) protein and promotes its
degradation (19). Loss of Rb initiates DNA synthesis and the transition into the S phase (20).
Because entry into the S phase was accelerated in N-PDK 17/~ cells compared to that in W-
PDK17/~ cells, we asked whether the functions of p27KXiP and Rb were compromised in N-
PDK 17/~ cells. We first examined the abundance of p27XiP1 protein and other signaling
molecules that regulate the G1-to-S transition in asynchronous cell cultures under normal
growth conditions. The cellular amounts of p27KiP1 and Rb, but not those of p21€!P! and
p53, were substantially reduced in independent clones of N-PDK1~/~ cells compared to
those in W-PDK1~/~ and PDK1~/~ cells (Fig. 1D and fig. S3A). Consistent with the
reduction in the amount of Rb, we observed a substantial increase in the amounts of cyclin
D1 in independent clones of N-PDK1~/~ cells compared to those in W-PDK1~/~ or PDK17/~
cells (Fig. 1D and fig. S3A).

To determine whether the decreased amounts of p27KiP1 protein and the concomitant
accumulation of cyclin E played a role in the accelerated entry of N-PDK1~/ cells into the S
phase, we synchronized the cells at the G1-S boundary and released them by the addition of
serum. We found that N-PDK 17/~ cells showed a marked increase in cyclin E abundance as
early as 6 hours after release from synchronization, which was concurrent with their loss of
p27KiPL protein (fig. S2B). On the other hand, the W-PDK1~/~ cells displayed a more
gradual increase in cyclin E abundance (fig. S2B). To determine whether the decreased
amounts of p27KiPL protein in the N-PDK 17/~ cells were the result of suppressed
transcription of its gene, we comparedp27<’?? mRNA abundance in W-PDK1~~ and N-
PDK1~~ cells before and after release from the G1-S synchronization. The abundance of
p27€IP mRNA was substantially reduced in N-PDK1~/~ cells compared to that in W-

PDK 17/~ cells, even at G; synchronization (Fig. 1E), suggesting that the decreased
expression of p27%P1 coupled with the increased amount of cyclin E at G1 synchronization
(fig. S2B), resulted in the accelerated G;-to-S phase transition in N-PDK 17~ cells and in
their overall rate of proliferation.

The inhibition of p27€%1 expression is often found in tumors with enhanced PI3K and Akt
signaling (21). Therefore, we examined the status of pAkt and its downstream targets in
asynchronized parental PDK1~/~ MEFs, W-PDK1~~ MEFs, and N-PDK1~/~ MEFs. We
noticed that the extent of phosphorylation of Akt at Thr3%, which is mediated by PDK1, was
substantially higher in independent clones of N-PDK1~/~ cells compared with that in W-
PDK17/~ cells (Fig. 2A and fig. S3B). Consistent with an increased activity of Akt, the
phosphorylation at Thr32 of the forkhead transcription factor FOXO3A, a downstream target
of Akt, was also substantially increased in independent clones of N-PDK17/~ cells (Fig. 2A
and fig. S3B) in comparison with W-PDK 17/~ cells. These results suggest the possible
involvement of nuclear-localized PDK1 in either the activation of nuclear Akt or the
retention of pAkt in the nucleus. To identify the sub-cellular source of pAkt, we performed
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cell fractionation experiments to compare the amounts of Akt phosphorylated at Thr3%8 in
the cytosolic and nuclear fractions of W-PDK1~~ MEFs and N-PDK1~/~ MEFs (Fig. 2B and
fig. S3C). We found that N-PDK 17/~ cells showed substantially more total as well as pAkt at
Thr308 in the nuclear fraction than did W-PDK1~/~ cells. In addition, immunofluorescence
microscopic analysis of W-PDK1~~ MEFs and N-PDK1~/~ MEFs revealed an increased
nuclear staining of pAkt-Thr3%8 in N-PDK1~/~ cells compared to that in W-PDK1~/~ cells
(Fig. 2, C and D). Because the activation of Akt results in the phosphorylation and
cytoplasmic translocation of FOXO transcription factors, we also compared the cellular
localization of FOXO3A in W-PDK1~/~ MEFs and N-PDK1~~ MEFs for endogenous
FOXO3A either by subcellular fractionation (Fig. 2B and fig. S3C) or by fluorescence
microscopic analysis of cells transiently transfected with plasmid encoding green fluorescent
protein (GFP)-FOXO3A (Fig. 2, E and F). We found that N-PDK1~/~ cells contained
substantially more cytoplasmic endogenous (Fig. 2B and fig. S3C) and GFP-tagged (Fig. 2,
E and F) FOXO3A than did W-PDK1~/~ cells, confirming the suppression of FOXO3A
signaling by nuclear-localized PDK1. Because expression of the gene encoding p27KiPl is
dependent on nuclear FOXO3A (22), our results (Figs. 1 and 2) suggest that the nuclear
localization of PDK1 increases the accumulation of pAkt in the nucleus, which inhibits
FOXO3A and subsequent p27€%1 expression, resulting in accelerated cell proliferation.

Nuclear localization of PDK1 promotes cell survival by inhibiting JINK1-mediated
proapoptotic signaling

Activation of the nuclear PI3K-Akt signaling pathway protects cells from apoptosis (14);
however, the mechanism involved remains unknown. To determine whether nuclear
localization of PDK1 had any effect on cell survival, we studied activation of apoptosis by
the inflammatory cytokine tumor necrosis factor-a. (TNF-a), which is well known to
stimulate apoptosis in various cell types. We treated PDK1~/~, W-PDK17~/~, and N-PDK1~/~
cells with TNF-a for 6 hours in the presence of actinomycin D, an inhibitor of transcription
that is required for TNF-a to stimulate apoptosis (23). We found that TNF-a resulted in the
increased detachment of PDK1~/~ cells, which was partially rescued in W-PDK 17/~ cells
(fig. S4A). On the other hand, the independent clones of N-PDK1~/~ cells were completely
protected from TNF-a-stimulated apoptosis (fig. S4A). TNF-a also markedly increased the
cleavage of poly(adenosine 5’ -diphosphate-ribose) polymerase (PARP) and caspase-3 (fig.
S4B) and enhanced the extent of DNA fragmentation (fig. S4C) in W-PDK1~/~ MEFs, but it
had little effect on N-PDK1~/~ MEFs. We also tested the ability of nuclear PDK1 to protect
cells from other proapoptotic stimuli, such as doxorubicin, which induces DNA damage, and
ultraviolet (UV) irradiation. N-PDK 17/~ cells were protected from apoptosis stimulated by
doxorubicin (fig. S4D). In contrast, N-PDK1~/~ cells were as sensitive to apoptosis in
response to UV irradiation as were W-PDK1~/~ cells. UV radiation stimulates apoptosis
through multiple pathways including, but not limited to, nuclear and mitochondrial DNA
damage, protein oxidation, and cross-linking (fig. S4D). These data suggest that nuclear
PDK1 did not inhibit the general machinery that mediates cellular apoptosis, such as
caspase-3, but instead suppressed a specific signaling pathway that leads to the onset of the
apoptotic response.
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When nuclear factor xB-dependent gene expression is suppressed, TNF-a-stimulated JNK
activation induces apoptosis (24). To determine the potential effect of nuclear PDK1 on
TNF-a-stimulated JNK1 activation, we examined the extent of JNK phosphorylation at
Thrl83 and Tyrl85, which are indicators of TNF-a—stimulated activation of the kinase, in W-
PDK17/~ and N-PDK1 7/~ cell lines. We found that whereas TNF-a robustly stimulated
phosphorylation of JINK1 in PDK1~/~ and W-PDK1~/~ cells, N-PDK1 7/~ cells completely
resisted INK1 phosphorylation in response to TNF-a. (Fig. 3A and fig. S5A). Because TNF-
a-induced JNK phosphorylation and activation are biphasic, with only the latter phase being
responsible for the proapoptotic function of INK (24), we performed a time-course study to
examine JNK activation in W-PDK1~~ MEFs and N-PDK1~/~ MEFs (fig. S5, B and C).
Although the activation of JNK in N-PDK1~/~ cells was comparable to that in W-PDK1~/~
cells at an early time point after exposure to TNF-a, prolonged TNF-a—stimulated JNK
activation, which is associated with the induction of apoptosis (24), was markedly inhibited
in N-PDK17/~ cells (fig. S5, B and C). We did not detect any substantial differences in the
kinetics of phosphorylation of p38 mitogen-activated protein kinase between W-PDK 17/~
and N-PDK17/~ cells in response to TNF-a, suggesting that nuclear-localized PDK1
specifically inhibited the activation of INK. Consistent with the reduced activity of INK in
N-PDK 1/~ MEFs, the phosphorylation of the JNK downstream target c-Jun was also
markedly inhibited in these cells (fig. S6).

To ensure that the suppression of c-Jun phosphorylation in N-PDK1~/~ cells was not a result
of clonal selection, we transiently expressed yellow fluorescent protein (YFP)-tagged
nuclear PDK1 in W-PDK 17/~ cells and examined TNF-a-stimulated phosphorylation of c-
Jun (Fig. 3B). Only the W-PDK 17/~ cells that expressed YFP-tagged nuclear PDK1 were
able to block the phosphorylation and nuclear translocation of c-Jun (Fig. 3B). This result
suggests that signaling resulting from transiently expressed nuclear-localized PDK1 is
sufficient to inhibit JINK activation and c-Jun phosphorylation in cells that otherwise can
activate JINK normally.

Next, we asked whether inhibition of INK was necessary and sufficient for the suppression
of TNF-a-stimulated apoptosis in MEFs. We treated W-PDK1~/~ cells (which showed
normal activation of JINK and apoptosis) with the JINK inhibitor SP600125 before treatment
with TNF-a and actinomycin D. The inhibition of INK by SP600125 effectively protected
W-PDK17/~ cells from TNF-a—induced apoptosis (Fig. 3C). On the basis of these findings,
we concluded that suppression of JNK activation and phosphorylation is one of the
mechanisms by which nuclear PDK1 provided antiapoptotic functions in response to TNF-
a. Finally, to determine the mechanism of inhibition of JINK by nuclear PDK1, we examined
whether the increased Akt phosphorylation (Figs. 2 and 3A) observed in N-PDK 17/~ cells
contributed to JNK inhibition and the suppression of apoptosis. We found that inhibition of
Akt with the inhibitor 124005, as demonstrated by loss of enhanced FOXO3A
phosphorylation, resulted in substantial JNK reactivation and apoptosis in N-PDK17/~ cells
(Fig. 3D). Together, our results suggest that the nuclear PDK1-Akt signaling antagonizes
TNF-a-stimulated JNK activation and apoptosis.
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Constitutive nuclear localization of PDK1 results in oncogenic transformation of MEFs

During our studies, we found that in addition to accelerated cell proliferation and resistance
to apoptosis, the N-PDK 17/~ cells formed clonal foci when allowed to form confluent
monolayers. These observations led us to investigate the possible involvement of nuclear
PDK1 in cellular transformation. We first compared the ability of W-PDK1~/~ MEFs and N-
PDK 1/~ MEFs to support anchorage-independent growth in soft agar. We found that the N-
PDK17~ cells formed markedly more colonies on soft agar than did the W-PDK 1~/ cells,
indicating cellular transformation (Fig. 4, A and B). Furthermore, transfer of N-PDK17/~
cells into athymic nude mice resulted in robust tumor growth at the sites of injection (10
neoplasms per 10 injections) compared with the transfer of W-PDK1~/~ cells (0 to 1
neoplasm per 10 injections) (Fig. 4, C and D). Tumors derived from N-PDK1~~ cells grew
throughout the duration of the study (Fig. 4E). Hematoxylin and eosin (H&E) staining of the
tumors isolated from mice implanted with N-PDK 17/~ cells showed extensive nuclear
morphology reminiscent of that in solid tumors, such as abnormal nuclear size and
fragmentation pattern (Fig. 4F). Immunohistochemistry and Western blotting analysis of
isolated tumors or of the tumor-derived cell lines revealed the presence of myc-tagged
nuclear PDK1 (Fig. 4, G and H), confirming the presence of cells expressing nuclear-
localized PDK1 in the tumors.

Late-stage human prostate tumors show an absence of cytoplasmically localized PDK1
with substantially higher amounts of nuclear-localized PDK1~/~

Loss of PTEN is a frequent occurrence in human prostate cancers, and hence, signaling
through the PI3K pathway is often enhanced in these tumors. Because increased PI3K
pathway activity stimulates the nuclear translocation of PDK1 (fig. S1A) (16), we compared
the amounts of nuclear-localized PDK1 in DU145, LnCAP, and PC-3 cells, which are human
prostate cancer cell lines. LnCAP and PC-3 cells lack endogenous PTEN and hence have
higher basal PI3K pathway activity compared to that of DU145 cells, which express
functional PTEN (25). LnCAP and PC-3, but not DU145, cells showed increased nuclear
localization of endogenous PDK1 under all of the conditions tested (Fig. 5A). PDK1 derived
from LnCAP cells showed a gel mobility shift similar to that of PDK1 isolated from N-
PDK17/~ cells (Fig. 5B). We next compared the responses of DU145 and LnCAP cells to
TNF-a, doxorubicin, or UV irradiation. Consistent with our observations of N-PDK17/~
cells, LnCAP cells showed substantially greater resistance to apoptosis stimulated by TNF-a
or doxorubicin than did DU145 cells (Fig. 5C). Similar to N-PDK1 7/~ cells, UV radiation
was as effective in inducing apoptosis in LnCAP cells as in DU145 cells (Fig. 5C). In
addition, transient retroviral expression of nuclear-localized PDK1 in DU145 cells resulted
in suppression of TNF-a-stimulated JNK activation and apoptosis (Fig. 5D). These results
indicate a cell type-independent role for nuclear PDK1 in providing protection from
apoptosis.

To determine whether the increased nuclear localization of PDK1 was associated with
human cancers, we studied tissue samples from 88 independent human prostate tumors and
examined by immunohistochemistry whether the extent of PDK1 nuclear localization
correlated with tumor grade or risk factor. Of the 88 tissue cores examined, 14 showed
PDK1 localization only in the cytosol (Fig. 6, A and B). All of these 14 samples were
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associated with lower tumor risk, lower Gleason score (<7), and an early stage (I + Il) of
tumor development (Fig. 6B and table S1). All the cases with high risk, poor differentiation
and at an advanced stage showed either nuclear-only localization of PDK1 or both nuclear
and cytoplasmic localization. These results suggest the possible involvement of nuclear-
localized PDK1 in tumor progression. Combining the data from our results with MEFs,
human prostate tumor cell lines, as well as human prostate tissues, we conclude that nuclear
translocation of PDK1 is involved in oncogenesis and in tumor progression.

DISCUSSION

We described an oncogenic function for the nuclear translocation of PDK1. We showed that
the nuclear localization of PDK1 resulted in the suppression of cellular apoptosis while
promoting proliferation. This was achieved without an increase in PDK1 activity, suggesting
that subcellular localization was a key determinant of the oncogenic potential of PDK1.
Although the details of the mechanism by which enhanced nuclear PDK1 signaling
culminates in tumor formation remain to be established, the increased nuclear accumulation
of pAkt, as observed in the nucleus of N-PDK1~~ cells, could certainly play a role. In
support of this view, increased amounts of nuclear Akt are linked to tumorigenesis (15).
Inhibiting the kinase activity of Akt in N-PDK17/~ cells resulted in FOXO3A
dephosphorylation, JINK1 reactivation, and apoptosis (Fig. 3D).

PDK1 is mostly cytoplasmic under normal cell culture conditions, which is a result of the
presence of a strong NES, which we characterized previously. We and others have shown
that growth factors, such as epidermal growth factor or insulin, or loss of PTEN results in
increased nuclear localization of PDK1 (16, 17). The molecular mechanism that increases
PDK1 nuclear localization remains unclear. Because PDKZ1 can function in a kinase-
independent manner through protein-protein interactions (26) and its nuclear localization is
independent of kinase activity (16), it is possible that protein-protein interactions with either
nuclear import factors (such as importins) or other proteins may be involved in the nuclear
import of PDK1. Uncovering of the nuclear import mechanism for PDK1 could be
therapeutically exploited because the cytoplasmic localization of PDK1 was associated only
with lower tumor risk in the prostate tumor samples that we examined.

Together with the findings of others (15, 27, 28), our results provide evidence of the
functional importance of nuclear PI3K-PDK1-Akt signaling in oncogenesis. On the basis of
these results, we propose a model of nuclear PDK1-induced tumorigenesis (fig. S7). In our
model, PDK1 shuttles between the cytosol and the nucleus under normal conditions and is
localized predominantly in the cytosol because of the presence of a strong NES sequence.
Transient nuclear localization of PDK1 may contribute to the phosphorylation and activation
of Akt and other potential PDK1 substrate kinases in the nucleus, and this may be essential
for normal cell function. Under conditions of enhanced activation of the PI3K signaling
pathway, such as after the loss of PTEN, the extent of nuclear localization of PDK1 is
enhanced, leading to a sustained and prolonged activation of the nuclear PI3K signaling
pathway and downstream events, such as enhanced proliferation and resistance to apoptosis,
which lead to cellular transformation. Our results suggest that the chemotherapeutic
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prevention of the nuclear translocation of PDK1 may provide an effective strategy for the
treatment of tumors with enhanced activation of the PI3K pathway.

MATERIALS AND METHODS

Cell lines and plasmids

PDK1** and PDK1~/~ MEFs were generated as described previously (29). PDK1~/~ MEFs
were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented
with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin and streptomycin (CellGro).
The LnCAP subline and DU145 cells were a gift from G. Piazza and were maintained in
RPMI 1640 medium (CellGro) supplemented-with 10% FBS and 1% penicillin and
streptomycin. To generate W-PDK1~/~ and N-PDK1 7/~ cell lines, wild-type PDK1 and NES
mutant form or PDK1 were first subcloned into pMSCV-Puro" vector (BD Biosciences) as
follows. Wild-type PDK1 was amplified from pcDNA/PDK1/myc (30) by PCR with the
following primers: forward, 5'-CCGCTCGAGACTTGGGGCT-CATGGCCAG; reverse, 3'-
CATCACCATCACCATTGAATTCC-5', with the myc tag in frame. To generate pMSCV/
nPDK1/myc, Leu383 and Phe388 in the NES of mouse PDK1 (16) were mutated to Ala383
and Asp386 by site-directed mutagenesis. Complementary DNAs (cDNAs) encoding wild-
type PDK1 or PDK1L383A/F386D were then subcloned into the pMSCV-Puro" vector. Wild-
type, W-PDK17/~, and N-PDK 17/~ cells were generated by transfection of cells with the
pMSCV/myc-wild-type PDK1 or pMSCV/myc-nPDK1 plasmids. The puromycin-resistant
clones were selected by growing the cells in cell culture medium containing puromycin (5

pg/ml).

Cell synchronization and flow cytometric analysis

For cell synchronization, cells were plated at 5 x 10° cells per 100-mm dish containing
DMEM supplemented with serum and antibiotics. After 24 hours, the medium was replaced
with medium containing 0.1% serum with aphidicolin (2 pg/ml) for 12 hours, and then with
serum-free medium with aphidicolin (2 ug/ml) for 8 hours to synchronize the cells in the G1
phase. Cells were released from synchronization by adding DMEM containing 10% FBS.
For the experiment involving flow cytometric analysis, cells were collected every 6 hours
after release from synchronization by trypsin detachment, washed with 1x phosphate-
buffered saline, and fixed in 70% ethanol. DNA was labeled with propidium iodide
(Invitrogen) and cleared with ribonuclease H (Invitrogen) before flow cytometric analysis.

Western blotting, immunofluorescence microscopy, immunohistochemistry, and
quantification

Tissue and cell lysates were prepared as described previously (31). Protein concentration
was determined by Bradford assay. For Western blotting analysis, proteins (25 mg per lane)
were separated by SDS-PAGE and detected with antibodies against the following targets:
p27KiPl (Sigma), Rb (Santa Cruz Biotechnology), Akt (BioSource), tubulin (Sigma), JINK1
(Santa Cruz Biotechnology), cyclin E (Santa Cruz Biotechnology), cyclin D1 (Santa Cruz
Biotechnology), PTEN (Cell Signaling Technology) PDK1 [Santa Cruz Biotechnology, PKB
kinase antibody (E-3)], p21¢!P1 (Sigma), caspase-3 (Cell Signaling Technology), and PARP
(Cell Signaling Technology). All phospho-specific antibodies were from Cell Signaling
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Technology. The JNK inhibitor SP600125 and the Akt inhibitor 124005 were from
Calbiochem. Western blots were quantified with Scion Image software. For
immunofluorescence microscopy, cells were fixed and processed as described previously
(16). The secondary antibodies used for immunofluorescence were from Invitrogen [Alexa
Fluor 488, catalog nos. A-11001 (anti-mouse) and A-11008 (anti-rabbit), and Alexa Fluor
568, catalog nos. A-11031 (anti-mouse) and A-11011 (antirabbit)]. The specimens were
mounted with ProLong Antifad Kit containing DAPI (Invitrogen).

Subcellular fractionation

For the experiment described in Fig. 2B, the cells were grown in five 15-cm dishes for each
cell line type in DMEM containing 10% FBS overnight. Subcellular fractionations were
performed essentially from these cells as described previously (16).

Quantitative reverse transcription PCR

RNA was isolated from cells after synchronization and release with the RNeasy kit from
Qiagen. cDNAs were produced from 1 g of total RNA with the SuperScript 111 system with
oligo(dT) primers according to the manufacturer’s protocol (Invitrogen). For amplification
of the sequence encoding p27KiP1, primers (CDKN1B; forward, 5” -
TCAAACGTGAGAGT- GTCTAACG-3’; reverse, 5" -
CCGGGCCGAAGAGATTTCTG-3") were used, and quantitative PCR was performed with
a Roche LightCycler 480 with the SYBR Green detection method. The normalization was
performed with mouse TBP primers (forward, 5' AGAACAATCCAGACTAGCAGCA-3’;
reverse, 5'-GGGAACTTCACATCACAGCTC-3"). The experiment was performed three
times, with each experiment performed in triplicate.

Soft agar transformation assay and in vivo tumor mice model

Soft agar assays were performed in duplicate according to a protocol previously described
(32). For in vivo tumorogenicity experiments, 5 x 106 W-PDK1~/~ or N-PDK17~ cells
suspended in Matrigel (BD Biosciences) were injected into the right and left flanks of 6-
week-old athymic nude mice. Tumor size was determined weekly with calipers, and tumor
volume was determined with the following formula: 0.5(Z x W), where L is the longest
diameter and W is the shortest diameter. Tumors isolated from mice after 7 weeks were fixed
in 10% formalin, homogenized to produce tumor lysates, or processed to generate cell lines.
The formalin-fixed tumors were embedded in paraffin according to a standard procedure,
which was followed by deparaffinization and antigen retrieval of the sections for H&E
staining to determine tissue morphology or immunofluorescence staining to determine the
presence of myc-PDK1 and its localization in tumor tissues.

Retrovirus production and infection

Phoenix Ampho 293T cell lines were transfected with pMSCV-Puro' vector or with
pMSCV-PDK1 (L383AF386D)-myc—Puro" with Lipofect-amine 2000 reagent. Twenty-four
hours after transfection, culture media containing either vector alone or nPDK1 virus were
filtered through a 0.45-mm filter and used to infect 1 x 108 DU145 cells with polybrene (4
pg/ml). Virus-containing media were removed from the cells after 12 hours and replaced
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with DMEM containing 10% FBS and 1% penicillin and streptomycin. Thirty-six hours
after the initial infection, cells were stimulated with TNF-a and actinomycin D for 6 hours
or left untreated. Cell lysates were prepared and analyzed for JNK activation with an
antibody specific for INK pThrl83/Tyrl85 and apoptosis was determined with an antibody
against PARP.

32p Metabolic in vivo labeling and in vitro kinase assays for PDK1 activity

Metabolic 32P in vivo labeling for PDK1 was performed as previously described (33). For in
vitro kinase assays, human embryonic kidney 293T cells in fifteen 10-cm dishes were
transfected with a total of 100 ug of plasmid encoding hemagglutinin (HA)-tagged kinase-
inactive mutant Akt. Eighteen hours after transfection, the medium was changed to DMEM
without serum containing 5 pM LY 2940025 and 5 uM wortmannin for 12 hours. Four hours
before harvesting, the concentrations of LY 2940025 and wortmannin were increased to 25
UM in the same medium. The cells were lysed in the cell lysis buffer described earlier, and
HA-tagged Akt was immunoprecipitated from cell lysates with anti-HA Sepharose beads
(Sigma). After 4 hours, immunoprecipitated samples were washed three times with lysis
buffer followed by lysis buffer containing 500 mM NaCl. For HA-Akt elution from the
beads, the immunoprecipitates were washed three times with HA-peptide elusion buffer (18
mM Hepes, 5 mM KCI). Elution was performed with 100 mg of HA peptide. The HA
peptides were removed by centrifugation of the eluent through the desalting spin column
(Pierce). For kinase reactions, PDK1 was immunoprecipitated from the cell lysates of
PDK17/~, W-PDK1 7=, and N-PDK1~/~ cells that were maintained under normal logarithmic
growth conditions with anti-myc-conjugated Sepharose beads. Immunoprecipitates were
washed three times (similar to the HA-Akt samples) with low-salt (150 mM NaCl) or high-
salt (500 mM NacCl) lysis buffer followed by three washes with PDK1 kinase buffer (33).
The kinase reaction was performed by adding 250 ng of purified HA-Akt to each PDK1
reaction tube containing kinase buffer together with 300 mM nonradioactive adenosine 5'-
triphosphate. The kinase reaction was stopped by adding SDS-PAGE loading buffer. The
phosphorylation of Akt was measured by Western blotting analysis with an antibody specific
for pAkt-Thr308,

Tumor immunohistochemistry

This study was approved by the institutional review board of Shanghai Renji Hospital,
affiliated with Shanghai Jiaotong University. A total of 88 cases of primary prostate cancer
were retrieved from the Department of Pathology, Renji Hospital. Specimens were formalin-
fixed and paraffin-embedded (FFPE) and made into four tissue microarrays. All cases were
independently reviewed and graded (according to the World Health Organization consensus
Gleason score) by two pathologists. A Gleason score of 2 to 4 is defined as low-grade (well
differentiated), 5 to 7 as medium-grade (moderately differentiated), and 8 to 10 as high-
grade (poorly differentiated). Clinical stages of these tumors were classified by the tumor-
node-metastasis classification either into an early-stage category characterized by stage | to
Il tumors confined to prostate only or into a late-stage category characterized by stage 11 to
IV tumors beyond the prostate or by metastasis to lymph nodes or other organs. Tumors at
an early clinical stage (I + 1) and with a Gleason score <7 were categorized into low-risk,
whereas other tumors were categorized as high-risk. FFPE tissues sectioned at 4 mm onto
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slides were dewaxed and rehydrated. Antigen retrieval was performed in a pressure cooker at
110°C for 5 min in retrieval buffer (pH 9.0) (Dako). Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide (Dako). Sections were then incubated for 1 hour with
antibody against total PDK1 at a dilution of 1:50. Immunocomplexes were detected by
incubation with anti-rabbit peroxidase-labeled polymer (Dako) and visualized with
diaminobenzidine for 10 min (Dako). Normal rabbit immunoglobulin G diluted to match the
concentration of the primary antibody was used as the negative control. All stained slides
were scored with a light microscope by a pathologist. A subjective reporting procedure was
implemented, recording location (C, cytoplasm only; N, nucleus only; and C + N, both
cytoplasm and nucleus) and intensity (mild, +; moderate, ++; and strong, +++) for PDK1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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W-PDK 17~

N#1-PDK 1~

Increased proliferation and accelerated cell cycle in cells with nuclear-localized PDK1. (A)
Representative confocal immunofluorescence images of three independent experiments
showing the subcellular localization of myc-tagged W-PDK1~/~ (W) and nuclear-localized
mutant PDK1 (N) in clones of MEFs. PDK1 proteins were detected with an anti-myc
antibody (green), and the nuclei were detected with 4’,6’-diamidino-2-phenylindole (DAPI;
blue). Scale bar, 50 um. (B) PDK1~/~, W-PDK1~/~, and N-PDK1~~ cells (1 x 105) were
seeded on 60-mm dishes, and cell numbers were counted everyday for 4 days. Values
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represent means + SD (/7= 3 experiments). (C) Representative flow cytometric analysis data
showing the increased G;-to-S progression of N-PDK 17/~ cells. MEFs of the indicated
genotypes were synchronized and released from G1 phase arrest as described in Materials
and Methods. Samples were collected every 6 hours, fixed, and their DNA content was
measured. (D) Western blots from asynchronous MEFs of the indicated genotypes showing
the amounts of important cell cycle regulatory proteins. For quantification of the three
independent experiments, see fig. S3A (7= 3 experiments). (E) Graphical representation of
the abundance of p27€/PI mRNA, which was determined by quantitative polymerase chain
reaction (PCR) and normalized to that of mouse TATA box-binding protein (TBP) mRNA.
Values represent means + SD (7= 3 experiments).
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Overlay

C N
N-PDK 17/~

Cells with nuclear-localized PDK1 show a marked increase in nuclear Akt signaling and
inhibition of the nuclear localization of FOXO. (A) Asynchronized MEFs of the indicated

genotypes were lysed under normal growing conditions. Western blotting analysis was

performed with antibodies against the indicated proteins. For quantification of the three
independent experiments, see fig. S3B. (B) Cytoplasmic or nuclear fractions prepared from
W-PDK17~ or N-PDK17/~ cells (as described in Materials and Methods) were analyzed by
Western blotting with antibodies specific for the indicated proteins. For quantification of
these results, see fig. S3C (n7= 3 experiments). (C) Comparison of the subcellular
localization of Akt phosphorylated atThr3%8 in W-PDK1~/~ and N-PDK1~/~ cells under
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normal growth conditions as determined by confocal microscopy. Cell fixation and
immunofluorescence microscopy with antibody against pAkt-Thr308 (second antibody
conjugated with Alexa Fluor 488) or with anti-myc antibody (second antibody conjugated
with Alexa Fluor 568) were performed as described in Fig. 1A. (D) Quantification of
pThr3%8 staining in W-PDK1~~ and N-PDK1~/~ cells from four independent experiments
performed in (C). For quantification, 50 cells were counted and scored as cytoplasmic only
(C), equal distribution between cytoplasm and nucleus (C = N), or nuclear only (N). The raw
numbers were converted into percentages, averaged, and then analyzed for statistical
significance. *P < 0.05 versus W-PDK17/~. (E) GFP-FOXO3A localization in W-PDK1 ™/~
and N-PDK17/~ cells. W-PDK1~/~ and N-PDK 17~ cells were transfected with plasmid
encoding GFP-FOXO3A. PDK1 localization was determined by confocal
immunofluorescence microscopy with an anti-myc antibody and an Alexa Fluor 568-
conjugated secondary antibody. Scale bars, 20 um. (F) Quantification of the subcellular
localization of GFP-FOXO3A from the experiment described in (E). /7= 3 experiments. *P<
0.05 versus W-PDK17/~ cells.
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Fig. 3.

Nt?clear localization of PDKZ1 provides protection from apoptosis by inhibiting the INK
pathway. (A) MEFs of the indicated genotypes were treated with TNF-a (5 ng/ml) and
actinomycin D (100 ng/ml) or were left untreated for 6 hours. JNK activation was
determined by Western blotting analysis with a pJNK-specific antibody, and apoptosis was
determined by detection of PARP cleavage. Quantification of three independent experiments
is shown in fig. S5A (7= 3 experiments). (B) Transient expression of nuclear PDK1 inhibits
INK1 activation in W-PDK1~/~ cells. W-PDK1~/~ cells were transiently transfected with
plasmid encoding YFP- tagged, nuclear PDK1. Twenty-four hours after transfection, cells
were stimulated with TNF-a and actinomycin D for 4 hours. At the end of the treatment,
cells were fixed, and the phosphorylation and subcellular localization of c-Jun were
determined with an antibody against pSer®3 of c-Jun followed by confocal
immunofluorescence microscopy. Scale bars, 20 um. Images are representative of four
similar experiments. (C) W-PDK1~/~ cells were pretreated with 50 M SP600125 [a INK
inhibitor (JNK/)] or dimethyl sulfoxide (DMSO) for 1 hour before being treated with TNF-a
and actinomycin D as described in (A). The extent of apoptosis was determined by Western
blotting analysis with antibodies specific for the indicated proteins. 7=3 experiments. (D)
N-PDK1~~ cells were pretreated for 4 hours with 10 uM 124005 (an Akt inhibitor, Aktj) or
DMSO bhefore being treated with TNF-a and actinomycin D as described in (A). The extent
of apoptosis was determined by Western blotting with antibodies against the indicated
proteins. 7= 3 experiments.
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Fig. 4.

Nuclear localization of PDK1 causes oncogenic transformation of MEFs. (A) Cells (5 x 103)
were seeded on 0.4% SeaPlaque agarose plates in triplicate. Three weeks after incubation,
the colonies were stained and scanned on a flatbed scanner. The inset picture was taken at
x40 magnification before the colonies were stained. (B) Quantification of soft agar colonies
formed from W-PDK1~/~ and N-PDK 1~/ cells after 3 weeks of growth. Data are means *
SD of three independent experiments. *2< 0.005 versus W-PDK17/~. (C) In vivo
tumorigenesis by N-PDK17/~ cells. Six-week-old athymic nude mice were injected with W-
PDK1~~ cells or N-PDK17~/~ cells. The arrows indicate tumor growth at the injection site 7
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weeks after injection. (D) Size and morphological representation of tumors isolated from
mice injected with N-PDK17/~ cells. L, left flank; R, right flank. The numbers correspond to
individual mice. Inset picture shows the tumor isolated from the right flank of mouse 3
(tumor 3R) for the purpose of preparing cell lines. Scale bar, 1 cm. (E) Tumor growth curve
during the 7 weeks of the study. The data represent the weekly average growth of tumors
measured on the right flank of five mice injected with PDK1 cells. Data are means + SEM.
(F) Representative H&E staining image of tumor 4R. (G) Immunohistochemistry (IHC) of
tumor 4R with an anti-myc antibody. (H) Representative Western blotting analysis from
three separate experiments in which the presence of myc-tagged nuclear PDK1 was
confirmed in homogenates derived from cells (tumor ID, 3R) and tumor (tumor ID, 1R). W-
PDK17/~ and N-PDK1~/~ MEF lanes are controls for the tumor-derived samples.
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Fig. 5.

Nuclear-localized PDK1 protects human prostate tissue-derived cell lines from apoptosis.
(A) Representative confocal images showing subcellular localization of PDK1 in LnCAP,
PC-3, and DU145 cancer cells. LnCAP, PC-3, and DU145 cells growing on coverslips were
fixed and stained with an anti-PDK1 antibody (green). The nuclei were visualized by
staining with DAPI (blue). /7= 4 experiments. (B) Comparison of PI3K pathway activity
between DU145 and LnCAP cells lines. Note the slower mobility of endogenous PDK1
(marked with an asterisk) in LnCAP cells in which most PDK1 were found in the nucleus
[see (A)]. (C) Responses of DU145 and LnCAP cells to apoptotic stimuli. Cells were treated
for 6 hours with TNF-a (5 ng/ml) and actinomycin D (100 ng/ml), UV-C (30 mJ/m2), or
doxorubicin (1 pg/ml) and lysed. Apoptosis was determined by Western blotting analysis
with antibodies against the indicated proteins. (D) Retrovirus-mediated expression of
nuclear PDK1 protects DU145 cells from TNF-a- stimulated JNK1 activation and apoptosis.
Retroviral expression of empty vector or vector expressing nuclear PDK1 and subsequent
treatment with TNF-a were performed as described in Materials and Methods. TNF-a and
JNK activation and apoptosis were measured in cell lysates as in (C).
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Fig. 6.
Nuclear, but not cytoplasmic, PDK1 is present in high-grade, late-stage human prostate

tumor tissues. (A) Representative IHC analysis of sections of human prostate tumor tissues.
C, exclusive cytoplasmic localization; C = N, roughly equal distribution between the
cytoplasmic and nuclear compartments; N, exclusive nuclear localization. (B)Graphical
representation of the subcellular localization of PDK1 as determined by
immunohistochemistical analysis of prostate tumor samples. The data represent the
percentages of tissue cores showing cytoplasmic-only (C), cytoplasmic and nuclear (C = N),
and exclusively nuclear (N) localization of PDK1 for each tumor grade type. No tumors with
high risk, with high Gleason score, or at late clinical stage contained cytosolic-only PDK1.
See Materials and Methods for an explanation of the data analysis. Statistical significance is
indicated as the Pvalue on each panel.
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