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A defining characteristic of solid tumors is the capacity to
divide aggressively and disseminate under conditions of nutri-
ent deprivation, limited oxygen availability, and exposure to
cytotoxic drugs or radiation. Survival pathways are activated
within tumor cells to cope with these ambient stresses.We here
describe a survival pathway activated by the anti-cancer drug
docetaxel in prostate cancer cells. Docetaxel activates STAT3
phosphorylation and transcriptional activity, which in turns
induces expression of the PIM1 gene, encoding a serine-threo-
nine kinase activated by many cellular stresses. Expression of
PIM1 improves survival of docetaxel-treated prostate cancer
cells, and PIM1 knockdown or expression of a dominant-nega-
tive PIM1 protein sensitize cells to the cytotoxic effects of
docetaxel. PIM1 in turn mediates docetaxel-induced activation
of NF�B transcriptional activity, and PIM1 depends in part on
RELA/p65 proteins for its prosurvival effects. The PIM1 kinase
plays a critical role in this STAT3 3 PIM1 3 NF�B stress
response pathway and serves as a target for intervention to
enhance the therapeutic effects of cytotoxic drugs such as
docetaxel.

A defining characteristic of solid tumors is the capacity to
divide aggressively and metastasize under conditions of nutri-
ent deprivation and limited oxygen availability. Thesemicroen-
vironmental stresses arise from inadequate perfusion as the pri-
mary tumor rapidly outgrows its initial blood supply and from
dramatic structural abnormalities of tumor vessels that lead to
aberrant microcirculation. Survival pathways are activated
within tumor cells to cope with these ambient stresses. Exam-
ples include stress pathways that respond to hypoxia (1), oxida-
tive stress (2), and unfolded protein/endoplasmic reticulum
stresses (3). In addition to these microenvironmental stresses,
anti-cancer treatment can cause additional stresses to cancer

cells. These added insults call forth additional responses that
can augment the survival mechanisms of the malignant cells
and impair overall cell kill. Key participants in stress response
pathways induced by cytotoxic drugs include AKT- and other
kinase-dependent pathways (4–8), NF�B2 pathways (9), and
mediators of DNA repair (10).
Among the potential survival proteins in cancer cells are the

PIM family of kinases, including the PIM1, PIM2, and PIM3
genes. These small, cytoplasmic serine-threonine kinases func-
tion as true oncogenes, promoting the development of cancer
in animal models, either alone (11) or synergistically with other
oncogenes, such as MYC (12). In normal and malignant cells,
PIM kinases are highly regulated at the transcriptional level.
Expression is induced bymany cellular stresses, including cyto-
kines (13), oncogenes (14), hypoxia (15), heat shock (16), and
toxin exposure (17). In addition, PIM kinases are constitutively
expressed in a variety of leukemias and lymphomas (18), in head
and neck squamous cell carcinomas (19), and in prostate cancer
(20–22). Therefore, PIM kinases maymediate in part the proc-
ess of carcinogenesis. PIMkinases have been shown to promote
cell survival in the face of cytokine withdrawal as well as expo-
sure to ionizing radiation and doxorubicin (13, 23, 24). This is
accomplished in part through phosphorylation of the proapo-
ptotic protein BAD on serine 112, leading to its sequestration
by 14-3-3 (25, 26). It is unknown whether PIM kinases partici-
pate in induced cytoprotective responses following treatment
of cancer cells with chemotherapeutic agents. Since the PIM1
kinase has been implicated in the development or progression
of prostate cancer, we have examined its role in cell responses
to docetaxel, the primary cytotoxic agent used to treat prostate
cancer (27, 28). We here present data showing that PIM1
expression is induced by docetaxel treatment. Furthermore,
PIM1 is a key component of a survival pathway that includes
STAT3 and NF�B transcriptional complexes.

EXPERIMENTAL PROCEDURES

Reagents—Docetaxel pharmaceutical grade solution (Sanofi)
was diluted in unsupplemented keratinocyte medium (Invitro-
gen) immediately before each experiment. 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) was
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prepared as stock solutions in PBS. The following monoclonal
antibodies were used: anti-�-ACTIN (clone AC-15; Sigma),
anti-PIM1 (clone 12H8; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), anti-BCLxL (clone H-5; Santa Cruz Biotechnology),
anti-phospho-STAT3 (Tyr705) (clone 3E2; Cell Signaling), anti-
total STAT3 (clone 84; BD Biosciences), anti-GAPDH (clone
FL-335; Santa Cruz Biotechnology), anti-PRDX5 (Transduc-
tion Laboratories), and anti-human cyclin B1 (cloneGNS-1; BD
Biosciences).
Cell Culture and Generation of Stable Clones—RWPE-2

prostate epithelial cell lines (ATCC) were maintained in kerat-
inocyte medium (Invitrogen) supplemented with 5 ng/ml
human recombinant EGF, 0.05 mg/ml bovine pituitary extract,
100 units/ml penicillin, and 100 �g/ml streptomycin (Media-
Tech). DU145 prostate cancer cells were obtained from the
ATCC and grown in RPMI1640 medium with 10% fetal bovine
serum.
For some experiments, we produced additional pools of

prostate cells that overexpressed wild-type or dominant nega-
tive PIM1 cDNAs (23) through retroviral transduction. The
coding regions for the human PIM1 gene or a dominant-nega-
tive variant (NT81) were cloned into the pLNCX retroviral vec-
tor (Clontech). Toproduce infectious viruses, theGP-293 pack-
aging cell line was co-transfected with retroviral backbone
plasmids (pLNCX, pLNCX/PIM1, or pLNCX/NT81) and with
pVSV-G, a plasmid that expresses the envelope glycoprotein
from vesicular stomatitis virus, using the calcium phosphate
method. After 48 h of incubation, the medium was collected,
and the virus particles were concentrated by centrifugation.
Prostate cells were plated at 1� 105 cells/60-mmplate 16–18 h
before infection.Cellswere infectedwith 5� 104 viral particles/
plate in the presence of 8 �g/ml Polybrene. After 6 h of incuba-
tion, the virus-containing medium was replaced with fresh
medium, and on the next day, 400 �g/ml G418 was added to
select stably infected cell populations. After 10 days of selec-
tion, stable cell pools were established, and expression of the
PIM1 transgenes was verified by Western blot analysis.
For reporter gene assays, RWPE-2 cells stably expressing a

NF�B-luciferase reporter plasmid were prepared. The parental
cell line was co-transfected with the reporter gene plasmid
(Stratagene) and a puromycin resistance plasmid. Puromycin-
resistant clones were screened for expression of firefly lucifer-
ase in response to stimulation with tumor necrosis factor �
(Peprotech). Two highly responsive clones were combined to
create a pool. In some experiments, this pool of reporter cells
was further infected with PIM1-encoding retroviruses, as
described above, and further pools were selected by treatment
of the cultures with G418.
Determination of Cell Viability and Apoptosis—To deter-

mine cell survival following docetaxel treatment, both short
term (MTT) and long term (regrowth) assayswere used. For the
former, cells were seeded into 96-well plates (1–2 � 104 cells/
well) and allowed to adhere overnight. Docetaxel was added,
and the cells were incubated for various periods of time. Meta-
bolically active cells were measured by the MTT assay. For
regrowth assays, cells were plated at 5 � 104/well of 12-well
plates and allowed to adhere overnight. Docetaxel was then
added for 24 h. Cells were subsequently trypsinized, and dilu-

tions were plated in freshmedium in 24-well plates and allowed
to grow for 6–7 days. Cell numbers were then enumerated by
crystal violet staining (29).
To measure caspase activation following docetaxel treat-

ment, the carboxyfluorescein FLICA apoptosis detection kit
was used (Immunochemistry Technologies). The stained cells
were analyzed with a FACScalibur flow cytometer.
DNA Histogram Analysis—After docetaxel treatment for

24 h, the floating and adherent cells were harvested and com-
bined, washed with PBS, and then fixed with cold 70% ethanol
and stored at 4 °C. The cells were then washed with PBS and
were resuspended in 1 ml of PBS containing 25 �g/ml pro-
pidium iodide, 0.1%TritonX-100, and 40�g/ml RNaseA.After
incubation for at least 30 min at 4 °C, the cells were then ana-
lyzed by FACScalibur flow cytometer using channel FL3.
Luciferase Reporter Assays—Cells (4 � 104/well) were plated

in 24-well plates and allowed to adhere overnight. Cells then
were untreated or notwith docetaxel and incubated for 6 h. The
level of luciferase expression was determined in triplicate using
a luciferase assay system (Promega) according to the manufac-
turer’s protocol. The luminescent signal was recorded using a
plate luminometer (Berthold Technologies). Luciferase activity
was normalized to total protein concentrations, asmeasured by
the Bradford method.
Western Blotting—Cells (5–7 � 105) were washed with cold

PBS and lysed in 100 �l of lysis buffer (20mMTris-HCl, pH 7.5,
1% SDS, 50 mMNaCl, 1 mM EDTA supplied with 1 mM phenyl-
methylsulfonyl fluoride and protease inhibitor mixture Set V
(Calbiochem)). The lysates were sonicated and the protein con-
centration was measured using the BCATM Protein assay kit
(Pierce). Up to 70�g of total protein/lanewere subjected to 12%
SDS-PAGE and transferred to polyvinylidene membranes. The
membranes were blocked with 5% skimmed milk in TBST (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) and then
incubated overnight in 5% skimmed milk or 5% bovine serum
albumin in TBST with primary antibodies (dilution 1:1000) at
4 °C with constant shaking. After washing with TBST, the
membranes were exposed to peroxidase-coupled secondary
antibodies for 1 h at room temperature. Membranes then
washed again with TBST. Detection of the protein was per-
formed by using the chemiluminescent SuperSignal West
Femto or Pico Maximum Sensitivity substrate (Pierce).
Real Time PCR—Total RNA was extracted with TRIzol rea-

gent (Invitrogen) and single-stranded cDNA was constructed by
Superscript III polymerase (Invitrogen) and oligo(dT) primers.
Real time PCR was performed using iCycler (Bio-Rad) and SYBR
Green PCRmaster mix reagents (Qiagen). The following primers
wereused: PIM1 forward, 5�-AACTGGTCTTCCTTTTTGGTT-
3�; PIM1 reverse, 5�-TACCATGCCAACTGTACACAC-3�; CFL
(cofilin) forward, 5�-GAGCAAGAAGGAGGATCTGGT-3�; CFL
reverse, 5�-CAATTCATGCTTGATCCCTGT-3�. The PIM1
primer concentrationwas 2�M, and theCFL (cofilin) primer con-
centration was 0.3 �M per reaction.
STAT3 Decoy and Mutant Control Decoy Oligonucleotide

Treatment—The STAT3 decoy andmutant decoy oligonucleo-
tides utilized previously described sequences (30). RWPE-2
cells were seeded into 6-well plates (5–7 � 105 cells/well) and
allowed to grow. Twenty-four hours later, the cells were treated
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with STAT3 decoy oligonucleotide (50 nM) or mutant control
oligonucleotide (50 nM) using TransIT�-OligoTransfection
Reagent (Mirus). Incubation times of cells with decoy oligonu-
cleotides varied between experiments (see figure legends).
siRNA Studies—In some cases (NF�B siRNA studies), cells

were transfected withNFKB1 (p50) siRNA, RELA (p65) siRNA,
or control siRNA (Santa Cruz Biotechnology). One day prior to
transfection, 5 � 105 cells/well were seeded in 6-well plates.
Twenty-four hours later, the cells were transfected with
siRNAs using the TransIT-TKO� Transfection Reagent
(Mirus) and incubated overnight. The cells were then
trypsinized, counted, and plated into 24-well plates (5–7� 104/
well) for luciferase assay, performed 24 h later (48 h after trans-
fection). Alternately, for immunoblot analysis, the cells were
plated in 6-well plates, transfected with siRNAs, and lysed after
48 h after transfection. For docetaxel treatment, the cells were
seeded into a 96-well plate (1–2 � 104 cell/well, 100-�l total
volume) and allowed to adhere for 12 h. They were then trans-
fected with siRNAs usingTransIT-TKO� transfection reagent
(Mirus). Twenty-four hours later, docetaxel (100 nM) was

added to the cells, and incubation continued for 48 h. TheMTT
assay was then performed.
Alternately (PIM1 siRNA studies), specific and control

siRNA sequenceswere cloned into pSILENCER (Ambion) plas-
mid and used for transfection. The PIM1-targeting sequence

FIGURE 1. PIM1 expression is induced by docetaxel in RWPE-2 cells. A, cells
were treated with 100 nM docetaxel for the indicated times. PIM1 and
�-ACTIN proteins were analyzed by immunoblot analysis. One of three similar
blots is shown. Ratio, ratio of PIM1/�-ACTIN from pooled densitometry data
from three separate experiments, each normalized to that of untreated cells.
p value (**), probability of no difference in ratios (treated versus untreated
cells) by paired t test (n � 3). B, cells were treated with 10 or 100 nM docetaxel
for the indicated time. Real time PCR was used to measure PIM1 mRNA. Each
value represents the mean � S.D. of nine pooled measurements produced by
three independent experiments. Bars, relative -fold increase of PIM1 RNA
level (normalized to the RNA level of the housekeeping gene cofilin), com-
pared with untreated control (0 h). **, p � 0.01. p values were calculated by t
tests and represent the probability of no difference between the treated and
untreated values.

FIGURE 2. PIM1 expression is induced by docetaxel in DU145 cells. A, cells
were treated with docetaxel (100 nM) for the indicated time and then ana-
lyzed by immunoblot analysis for PIM1 and �-ACTIN proteins. Ratio, ratio of
PIM1/�-ACTIN from densitometry analysis, normalized to that of untreated
cells. B, immunoblot analysis of PIM1, PRDX5, and GAPDH proteins in lysates
of DU145 tumor tissue. Tumors 1 and 3 were from mice treated with 0.1 ml of
DMSO intraperitoneally. Tumors 2 and 4 were from mice treated with
docetaxel, 15 mg/kg in 0.1 ml of DMSO intraperitoneally. The upper panel was
probed sequentially with antibodies to the 33-kDa PIM1 protein and the
17-kDa PRDX5 protein. The blot was then stripped and probed with antibody
to the GAPDH protein. C, real time PCR analysis of human PIM1 mRNA in
DU145 tumor tissue. Equal amounts of RNA from tumors 1 and 3 were mixed
as a DMSO-treated pool, as were tumors 2 and 4 (docetaxel-treated pool),
followed by reverse transcription and amplification. Each bar is the mean �
S.D. of six pooled measurements from two independent experiments. **, p �
0.01 that the increased PIM1 mRNA following docetaxel treatment was the
result of chance, calculated by paired t test.
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was 5�-AACATCCTTATCGACCTCAATCGCG-3�, and the
control sequence was 5�-GCCTACCGTCAGGCTATCGCGT-
ATC-3�. Plasmids were transiently transfected into RWPE-2 cells
with aNucleofector device (Amaxa) and incubated for 24 h. Then
cells were trypsinized and replated with a density of 5� 105 cells/
well in 6-well plates for immunoblot assay and 2 � 104 cells/well
into a 96-well plate for cell viability analysis. The next day, 48 h
after transfection, 100nMdocetaxelwas applied, and then the cells
were incubated for an additional 6 h, lysed, and used for an imu-
noblotting assay to detect PIM1knockdown.Alternatively, for the
cell survival assay, 100 nM docetaxel was added for 24, 48, or 72 h.
The cell viability was measured with anMTT assay.
Prostate Cancer Xenografts—Studies were carried out under

an Institutional Animal Care and Use Committee-approved
protocol. Male NCR nu/nu mice were implanted subcutane-
ously with 106 DU145 cells, and tumors were allowed to form.
Tumor-bearing mice (n � 4) were treated with docetaxel (15
mg/kg) or an equal volume of DMSO. Twenty hours later, the
mice were sacrificed, and the tumors were excised and pro-
cessed for histology and for RNAand protein extraction. Part of
the tumor was placed immediately into RNALater solution
(Ambion) and stored at �20 °C until RNA extraction with
Trizol reagent. Another tumor fragment was minced and
ground in cold 1% SDS/Tris, pH 7.5, with protease inhibitors.
The proteins were then precipitated with 4 volumes of cold
acetone. The pellet was then redissolved in the 1% SDS buffer,
and protein concentration was measured. Thirty micrograms
was used per gel lane for immunoblot analysis.

RESULTS

Docetaxel Increases Expression of PIM1mRNAandProtein in
Prostate Epithelial Cell Lines—To investigate the effect of
docetaxel on the expression of the PIM1 kinase, we treated
RWPE-2 prostate epithelial cells with pharmacological concen-
trations of docetaxel that approximate those observed in
plasma within 24 h after drug administration. Docetaxel
induced expression of the kinase protein by 3 h, withmaximum

expression between 6 and 12 h, and
then a decline to nearly base-line
levels thereafter (Fig. 1A). Quantita-
tive analysis of the densitometry
data showed that PIM1 expression
increased up to 6.25-fold during this
interval. The increase was statisti-
cally significant at 3, 6, and 9 h and
less significant at later time points.
Similar results were seenwith either
10 nM (data not shown) or 100 nM
docetaxel concentrations.
To explore whether docetaxel-

mediated induction of PIM1
expression was transcriptionally
regulated, real time reverse tran-
scription-PCR analysis was used
(Fig. 1B). Docetaxel induced up-reg-
ulation of the PIM1 transcript level
by 2–4-fold in RWPE-2 cells treated
with either 10 or 100 nM drug.

RWPE cells are immortalized and transformed from normal
prostate epithelium. To determine if other human prostate
cancer cells showed docetaxel-induced up-regulation of PIM1,
we studied DU145 cells in culture and as xenografts in immu-
nodeficient mice (Fig. 2). DU145 cells also showed time-de-
pendent up-regulation of PIM1 protein in response to
docetaxel treatment (Fig. 2A).Onset of the responsewas similar
to that seen in RWPE cells. However, elevated levels of PIM1
protein persisted and indeed increased at least to 24 h after drug
addition. Mice with DU145 xenografts were also treated with
docetaxel or vehicle (DMSO) by intraperitoneal injection (Fig.
2B). Tumors harvested 20 h after drug administration showed a
marked increase in PIM1 protein, compared with loading con-
trol proteins GAPDH and PRDX5. In addition, real time PCR
analysis of tumor RNA showed a significant increase in human
PIM1 mRNA in the tissue from drug-treated mice (Fig. 2C).
Previous studies suggest that the PIM1protein increases dur-

ing the G2/M phase of the cell cycle (31). Since docetaxel treat-
ment has been reported to cause G2/M arrest, it was possible
that the increase in PIM1 protein that accompanies drug treat-
ment might merely reflect a change in cell cycle distribution.
We used DNA histogram analysis to identify changes in cell
cycle distributions in RWPE-2 cells after docetaxel treatment
(Fig. 3A). There was no overall increase in the G2/M cell popu-
lation after 24 h of low dose (10 nM) docetaxel treatment, com-
pared with vehicle-treated cells (p � 0.31 for no difference,
based on six independent experiments). A large increase in
G2/Mcells was observed after treatment of RWPE-2 cells with a
higher concentration (100 nM) of docetaxel for 24 h. Variable
G2/M arrest was confirmed by immunoblotting to detect
expression of cyclin B1 (a G2/M phase marker). There was no
change in cyclin B1 expressionwithin 24 h after 10 nMdocetaxel
treatment, but a time-dependent increase of cyclin B1 protein
was apparent after 100 nM docetaxel exposure (Fig. 3B, right).
During both treatments, however, PIM1 expression increased
between 3 and 12 h of exposure, independent of the extent of
G2/M arrest and cyclin B1 expression.

FIGURE 3. Independence of PIM1 expression and cell cycle arrest. A, DNA histogram analysis of RWPE-2 cells
after docetaxel 10 or 100 nM treatments for 24 h. sG1, a sub-G1 cell population with less than 2 N DNA content.
G1 and G2, the appearance of cells in G0/G1 or G2/M phases of the cell cycle. B, immunoblot analysis of cyclin B1
and PIM1 expression after docetaxel 10 nM (B, left) or 100 nM (B, right) treatment at various time points.

PIM1 Mediates Docetaxel Resistance

20638 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 30 • JULY 25, 2008



Endogenous and Enhanced Expression of PIM1 Protects Pros-
tate Epithelial Cells from Docetaxel-induced Cell Death and
Apoptosis—To determine whether PIM1 can protect prostate
cells from docetaxel-triggered cell death, we infected RWPE-2
and DU145 cells with retroviruses encoding a PIM1 cDNA
(pLNCX/PIM1) or an empty retrovirus (pLNCX). Pools of sta-
bly transduced cells were selected, treatedwith docetaxel for up
to 72 h, and then analyzed by MTT assay to measure metabol-
ically active cells. Enforced expression ofwild-type PIM1kinase
was able to consistently improve survival of RWPE-2 and
DU145 cells, as reflected by theMTT assay, at time points up to
72 h after the start of docetaxel exposure (Fig. 4).
To determine if ambient levels of PIM1 can protect prostate

cells from docetaxel toxicity, we transiently introduced plas-

mids encoding control and PIM1-specific siRNA sequences
into target cells. Control siRNA was unable to block the
docetaxel-induced increase in PIM1 expression. In contrast,
PIM1 siRNA substantially prevented the increase in kinase
expression following drug exposure (Fig. 5, A and C). Down-
regulation of endogenous PIM1 kinase expression led to
enhanced cell kill up to 72 h after drug application (Fig. 5, B and
D). The drug sensitization was statistically significant at every
time point. To confirm the protective effect of endogenous
PIM1 kinase, we also introduced a dominant negative enzyme
(PIM1/NT81) into RWPE-1 and RWPE-2 cells by retroviral
transduction. This truncated protein was expressed well (sup-
plemental Fig. 1S). As was seen with the knockdown experi-
ments, theNT81mutant kinase also sensitized cells to the cyto-
toxic effect of docetaxel. These experiments clearly
demonstrate that ambient levels of PIM1 are protective against
docetaxel-induced cell death.
Docetaxel has previously been shown to induce cell death in

part by apoptosis (32–35). Therefore, we measured caspase
activation by a fluorescent caspase activity assay in drug-treated
cells as an index of docetaxel cytotoxicity. The wild-type PIM1
kinase decreased drug-induced caspase activation, consistent
with its previously demonstrated survival activity (supplemen-
tal Fig. 2S). The dominant negative PIM1 kinase markedly
enhanced drug-induced caspase activation.
The docetaxel effect reflected by theMTTand caspase assays

was not great, and its reversal by PIM1 expression, although
statistically significant, was still quantitatively modest. These
data reflect the fact that docetaxel does not produce massive,
immediate apoptotic cell death. To better measure the protec-
tive effects of PIM1 kinase on the proliferative potential of
docetaxel-treated cancer cells, we used a regrowth assay (Fig.
6). RWPE-2/PIM1 and RWPE-2/NT81 cells were treated with
various concentrations of docetaxel for 24 h and then were
trypsinized and plated in fresh medium (without drug) and
allowed to grow for 6–7 days. Cell growth was then quantified
by staining with crystal violet dye. Docetaxel produced dose-
dependent inhibition of growth in both cell lines. However,
growth inhibition was up to 8-fold greater in the RWPE-2/
NT81 cells, particularly at drug concentrations of 5 nM or
higher. Thus, the presence of biologically active PIM1 kinase
markedly inhibited docetaxel-induced cell death.
The STAT3Transcription FactorMediates Induction of PIM1

by Docetaxel—To identify mechanisms by which docetaxel
could induce PIM1 expression, we examined the activation sta-
tus of STAT3 and STAT5 transcriptional factors, knownmedi-
ators of PIM1 transcription, after docetaxel treatment of
RWPE-2 cells. STAT5 was not consistently phosphorylated in
RWPE-2 cells (data not shown). The level of phospho-STAT3
(Tyr705) was strongly and rapidly increased after 10 and 100 nM
treatment of RWPE-2 cells (Fig. 7A) (data not shown), whereas
the total amount of STAT3 protein was not changed. Docetaxel
induced phosphorylation of STAT3 simultaneously with up-
regulation of PIM1 expression. These results suggested that
docetaxel-induced expression of PIM1 may be dependent of
activation of the STAT3 transcriptional factor.
To determine if docetaxel induces PIM1 expression in a

STAT3-dependent manner, we used double-stranded STAT3

FIGURE 4. PIM1 expression protects prostate cells from docetaxel-in-
duced cell death. Cells transfected with pLNCX (vector) or pLNCX/PIM1
(PIM1) constructs were treated with docetaxel for up to 72 h, and then cell
viability was determined by the MTT assay. Results were normalized to the
values for untreated cells. Each value represents the mean � S.D. of nine
measurements pooled from three independent experiments. p values were
determined by t tests for comparisons between PIM1- and vector-transfected
cells treated similarly. **, p � 0.01, indicating that the chance for no difference
between PIM1- and vector-transfected cells was less than 1%. *, p � 0.05.
A, RWPE-2 cells. B, DU145 cells.
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decoy oligonucleotides (30) to selectively abrogate STAT3
transcriptional activity. RWPE-2 cells were incubated with
wild-type or mutant sequence STAT3 decoys for 48 h. PIM1
expression was then analyzed by immunoblotting (supplemen-
tal Fig. 3S). STAT3 decoys, but not mutant decoys, decreased
PIM1 expression, as well as expression of the known STAT3
target gene BCLxL. These results demonstrate that STAT3
transcriptional activity controlled basal PIM1 gene expression
in RWPE-2 prostate cells. STAT3 decoy treatment was not
associated with decreased levels of either STAT3 protein or
tyrosine-phosphorylated STAT3.
To further define the role of STAT3 transcriptional activity

in docetaxel-dependent PIM1 expression, we treated RWPE-2
cells with STAT3 or mutant decoy oligonucleotides for 18 h.
Docetaxel was then added for an additional 6 h. As shown (Fig.
7B), the STAT3 decoy did not prevent docetaxel-induced phos-
phorylation of STAT3 but did inhibit the effect of the drug on
PIM1. In contrast, themutant oligonucleotides had no effect on
PIM1 expression. These results identify STAT3 as an upstream
mediator through which docetaxel induces expression of the
PIM1 kinase.

Docetaxel Activates NF�B Tran-
scriptional Activity in a PIM1-
dependent Manner—Inhibition of
the NF�B transcriptional complex
sensitizes prostate cancer cells to
paclitaxel (another taxane) and
enhances drug-induced apoptosis
(36). We hypothesized that the pro-
tective role of PIM1 in docetaxel-in-
duced apoptosis could be mediated
through activation of NF�B tran-
scriptional activity as well. We ini-
tially investigated the effect of PIM1
expression on NF�B transcriptional
activity. RWPE-2 cells stably
expressing an NF�B-dependent
luciferase expression plasmid were
infected with retroviruses encoding
PIM1 or empty retrovirus only.
Enhanced expression of PIM1 con-
sistently increased NF�B transcrip-
tional activity about 2-fold (supple-
mental Fig. 4S).
We then treated the NF�B

reporter cell line with docetaxel.
Cells were incubated for 6 h with
docetaxel and then were assayed
for luciferase activity. Docetaxel
increased NF�B-directed luciferase
expression in a concentration-
dependentmanner (Fig. 8A). Co-ex-
pression of a dominant negative
PIM1 protein substantially blocked
drug-induced activation of NF�B
transcriptional activity at each
docetaxel concentration.
The Protective Effect of PIM1

Expression from Docetaxel-induced Death Depends in Part on
NF�B Activation—To determine if PIM1 enhances survival of
docetaxel-treated cells through NF�B activation, we used
siRNA to inhibit expression of the RELA (p65) and NFKB1
(p105, p50) proteins, the two components of the major NF�B
complex. Fig. 8B showed that basal and PIM1-dependent acti-
vation of NF�B was decreased by p65/RELA and p50/NFKB1
siRNAs. Immunoblotting confirmed the knockdownof the cor-
responding p65/RELA and p50/NFKB1 proteins (supplemental
Fig. 5S).
A survival analysis, based on the MTT assay, was then per-

formed on docetaxel-treated cells (Fig. 8, C and D). With all
siRNA treatments, RWPE-2/PIM1 cells showed improved sur-
vival compared with that of cells infected with pLNCX virus
alone (Fig. 8C). The p65/RELA and p50/NFKB1 siRNAs
reduced survival of both cell lines. The p50/NFKB1 siRNA did
not significantly impair the survival of docetaxel-treated
RWPE-2/pLNCX cells, whereas it did have a significant effect
on RWPE-2/PIM1 cells. In contrast, p65/RELA siRNAs signif-
icantly enhanced docetaxel cell kill in both cell lines. These data
suggested that cells with high expression of PIM1 (RWPE-2/

FIGURE 5. Knockdown of PIM1 expression with siRNA sensitizes prostate cells to docetaxel-induced cell
death. A, RWPE-2 cells were transfected with plasmids encoding control siRNA or PIM1 siRNA and treated with
100 nM docetaxel for 6 h. Expression of PIM1 and �-ACTIN proteins was analyzed by immunoblotting. B, RWPE-2
cell viability measured with an MTT assay after docetaxel treatment for up to 72 h. C, as in A but with DU145
cells. D, as in B but with DU145 cells treated for up to 48 h. Each value is the mean � S.D. of nine measurements
pooled from three independent experiments. p values were determined by t tests for comparisons between
PIM1 siRNA- and control siRNA-treated cells.
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PIM1) might be more sensitive to the effects of NF�B siRNAs
than were cells with low levels of PIM1 (RWPE-2/pLNCX).We
then reanalyzed the data by normalizing the survival of p65/
RELA and p50/NFKB1 siRNA-treated cells to that of cells
treated with docetaxel and control siRNA (Fig. 8D). The p65/
RELA and p50/NFKB1 siRNAs enhanced docetaxel-induced
cell kill of RWPE-2/PIM1 cells to a greater extent than they
enhanced kill of RWPE-2/pLNCX (vector only) cells. This
enhancement was of borderline significance for p50/NFKB1
siRNA (p � 0.057) but was highly significant for p65/RELA
siRNA. These results demonstrate that the p65/RELA and p50/
NFKB1 proteins mediate resistance to docetaxel cell kill. Their
effects aremore pronounced in prostate cells with higher PIM1
levels that in similar cells with lower amounts of PIM1. These
data demonstrate that the ability of PIM1 to decrease
docetaxel-induced cell kill depends in part on the p65/RELA,
and possibly the p50/NFKB1, protein.

DISCUSSION

The present study assessed the up-regulation of PIM1
expression following docetaxel treatment of prostate epithelial
cells. The drug effect was seen in both engineered and sponta-
neously transformed prostate cancer cells. Furthermore, the
effect was documented in both cultured cells and tumor
xenografts, suggesting that it is a physiologically significant
response. Apoptosis is involved in the antitumor effects of
docetaxel, both in cultured cells and in clinical settings (34, 35,
37). Our results demonstrated that PIM1 inhibited docetaxel-
induced apoptosis. Recent work has indicated that othermodes

of cell death may also contribute significantly to the overall
therapeutic response to docetaxel (33). Whether PIM1 modu-
lates these other forms of docetaxel-induced cell death requires
further investigation.
Cellular stressors are known to activate survival pathways.

Among these stressors are a wide variety of antineoplastic
agents, such as cytotoxic drugs (including taxanes (6, 7, 10, 39)),
tyrosine- and serine-threonine kinase inhibitors (4, 5), and trit-
erpenes, such as betulinic acid (38). These agents are capable of
transiently activating kinases and other survival mediators,
such as AKT, ERK1, and NF�B transcriptional activity. It
appears that drug-induced activation of survival signaling path-
ways can impair the cytotoxic effects of chemotherapy drugs
both in vivo and in vitro (9, 40), and inhibition of activated
kinases can potentiate cytotoxic drug cell kill (40–44).
Our data document the existence of a STAT3 3 PIM1 3

NF�B survival pathway that is activated by docetaxel andmedi-
ates a form of docetaxel resistance. The linear relationships
among the pathway components were established by temporal
correlations as well as by blocking experiments using siRNAs,
dominant negative proteins, and oligonucleotide decoys.
Resistance to docetaxel has previously been ascribed to tubulin
mutations (45) as well as to MDR-dependent effects (46, 47)
and to limited tissue penetration (48). Fewer data exist to impli-
cate transient or acquired resistancemediated through survival
pathways. A previous report has shown that stable overexpres-

FIGURE 6. PIM1 kinase protects RWPE-2 prostate cells with proliferative
potential from docetaxel cytotoxicity. RWPE-2/PIM1 (wild-type PIM1) and
RWPE-2/NT81 cells (dominant negative PIM1) were treated with docetaxel for
24 h. Additional cultures of the same cells were treated similarly but without
docetaxel. Cells were then trypsinized, diluted, replated in fresh medium, and
allowed to grow for 6 –7 days. Cultures were then fixed with formalin and
stained with crystal violet to measure cell growth. Comparisons of the
regrowth of treated cultures were made with similar, untreated cells, but
comparisons were always made between wells with A570 values on the linear
part of a cell density standard curve. Each point represents the mean � S.D. of
9 –18 measurements pooled from two independent experiments. Untreated
cell cultures were assigned a relative regrowth value of 1.0.

FIGURE 7. PIM1 expression following docetaxel treatment is dependent
on STAT3. A, immunoblots of RWPE-2 cells treated with 100 nM docetaxel for
the indicated time. B, RWPE-2 cells were transfected with STAT3 mutant con-
trol oligonucleotides or STAT3 decoy oligonucleotides and incubated for
16 h. Cells were then treated with 100 nM docetaxel for 6 h, lysed, and ana-
lyzed by immunoblotting for PIM1, phospho-STAT3, and total STAT3.
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sion of STAT1 is associated with docetaxel resistance in pros-
tate cancer cell lines (49). In addition, genetic inhibition of
EGFR expression has been shown to sensitize head and neck
cancer cells to docetaxel (50). The involvement of PIM kinases
in induced resistance to cytotoxic drugs has not been docu-
mented thus far. However, activation of AKT has often been
described (6, 51). The PIM kinases and AKT kinases have been
described as mediating separate but parallel survival pathways
(52). At times they also phosphorylate the same substrates.

Thus, the involvement of PIM
kinases in induced resistance to
cytotoxic drugs may be anticipated
in cells where the kinase is
expressed.
DU145 cells showed a more pro-

longed PIM1 response following
docetaxel treatment than did
RWPE-2 cells. This may reflect the
greater degree of transformation in
the DU145 cells, which are hyper-
diploid and form tumors readily.
Such cells might have constitutive
activation of multiple signaling
pathways. For this reason, we per-
formed mechanistic studies in the
weakly transformed, nearly diploid
RWPE-2 cells, which may offer a
simpler cancer model.
The mechanism through which

docetaxel activates the STAT3 3
PIM13NF�B pathway is unknown
at present. Docetaxel induces an
increase in reactive oxygen species
(ROS), as do many cytotoxic drugs
(53). This form of oxidizing stress
inhibits phosphatase activity, lead-
ing to an increase in tyrosine phos-
phorylation of multiple proteins
(54–56). Transactivation of recep-
tor-type tyrosine kinases (such as
the EGFR) has been shown in cells
stressed by ROS and by cytotoxic
agents, including paclitaxel (57–59).
Docetaxel can transactivate the
EGFR, and EGFR inhibitors can act
synergistically with taxanes to
enhance cancer cell kill (43, 51).
However, we continue to see
expression of pSTAT3 or PIM1pro-
teins following docetaxel treatment
of RWPE-2 cells pretreated with an
EGFR inhibitor (data not shown).
ROS have previously been shown to
activate JAK kinase signaling in
some cell lines, possibly providing a
mechanism for STAT activation as
well (60, 61). ROS can also activate
STAT proteins without JAK kinase

activation (62). Regardless of the most proximal mediators,
activated STAT3 is a knownmediator of ROS-induced survival
signals. Furthermore, STAT transcription factors are known
upstream mediators of PIM1 transcription, at least in hemato-
poietic cells (63–65). Our data demonstrate that STAT3 regu-
lates PIM1 expression in prostate cells as well. The decoy stud-
ies establish a linear relationship between STAT3 and PIM1 as
downstream mediators of docetaxel survival signals. Since
prostate cancer cells frequently express activated STAT3 and

FIGURE 8. Protective effect of PIM1 against docetaxel cytotoxicity depends in part on NF�B transcrip-
tional activity. A, expression of a dominant negative PIM1 (NT81) decreases docetaxel-induced activation of
NF�B. RWPE-2 cells stably expressing an NF�B-luciferase reporter gene were infected with retroviruses carry-
ing pLNCX vector or pLNCX/NT81 constructs. Pools were selected with G418 and then treated for 6 h with
docetaxel. Luciferase activity was determined. Each bar represents the mean � S.D. of triplicate determinations
of one of three similar experiments. p values were calculated by t tests. **, p � 0.01, showing that the chance of
no difference in luciferase activity between vector and NT81-transduced cells is less than 1%. B, p50/NFKB1 and
p65/RELA siRNAs inhibit NF�B transcriptional activity in RWPE-2 cells with high or low PIM1 expression. RWPE-
2/NF�B-luciferase/PIM1 cells were transfected with control siRNA, siRNAs targeting p50/NFKB1 (si p50), or
p65/RELA (si p65). After 48 h, the luciferase activity was measured and compared with that of RWPE-2/NF�B-
luciferase/pLNCX cells transfected similarly. Each bar represents the relative luciferase activity of the various
cells compared with that of vector-transduced cells treated with control siRNA. The values are the mean � S.D.
of six measurements pooled from two independent experiments. **, p � 0.01 for no difference; *, indicates p �
0.05 for no difference. C, inhibition of NF�B activation by siRNA increases docetaxel-induced cell death. RWPE-
2/pLNCX and RWPE-2/PIM1 cells were transfected with the indicated siRNAs and allowed to rest for 24 h.
Docetaxel (100 nM) was then added for 48 h. Cell survival was then estimated by MTT assay. Each bar represents
the mean � S.D. of six measurements pooled from two independent experiments. p values were calculated by
t test and represent comparisons between PIM1-expressing cells and vector control cells as well as among cells
treated with different types of siRNAs. D, MTT survival data from C for docetaxel-treated cells are represented
following normalization of the data to the values for control siRNA-treated cells. In this analysis, survival of cells
transfected with NF�B-targeting siRNAs is shown as a percentage of the values for the same cells treated with
control siRNA. Each bar presents the mean � S.D. of six measurements pooled from two independent exper-
iments. p values were calculated by t test and represent the likelihood that there is no difference in the
sensitizing effect of the siRNA between vector- and PIM1-transduced cells.
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PIM1, this relationship may occur constitutively as well
(66–68).
Our identification of a drug-induced signaling pathway lead-

ing to NF�B activation is consistent with the known effects of
docetaxel (69–71). Although many prostate cancer cell lines
show constitutive activation of NF�B transcriptional com-
plexes, docetaxel can further increase NF�B transcriptional
activity (70). Our studies indicate that, in RWPE-2 cells,
docetaxel activates NF�B in a PIM1-dependent manner. Previ-
ous reports have shown that the related PIM2 kinase can acti-
vateNF�B activity (72), although alternative opinions about the
PIM1 kinase have been presented (73). PIM2 activates NF�B
activity through phosphorylation and activation of the COT/
TPL2 kinase, a kinase with known I�B kinase-like activity (72).
Clarification as to whether the PIM1 kinase acts through this
mechanism or through another pathway will require further
studies.
A decrease in NF�B expression or activity would be pre-

dicted to increase docetaxel-induced cell death in both RWPE-
2/pLNCXandRWPE-2/PIM1 cell lines (36), and thiswas in fact
seen (Fig. 8, B and C). However, cells with higher expression of
the PIM1 kinase were more sensitive to the blockage of NF�B
function (Fig. 8D). Compared with their effects in RWPE-2/
pLNCX cells, p65/RELA siRNAs were significantly more effec-
tive at potentiating docetaxel-induced death in RWPE-2/PIM1
cells. P50/NFKB1 siRNAs were also more active against cells
with high levels of PIM1, but the effect was of borderline signif-
icance. These data suggest that the prosurvival effect of PIM1
kinase in docetaxel-treated cells probably involves members of
theNF�B transcriptional complex, particularly p65/RELA. The
observation that inhibition of NF�B only partially enhances
docetaxel-induced cell death in PIM1-expressing cells is con-
sistent with the ability of the kinase to protect cells through
other mechanisms as well as the incomplete knockdown of the
target protein in RWPE-2 cells. Nevertheless, the result dem-
onstrates that PIM1, like PIM2 (72), can mediate NF�B activa-
tion and that PIM1 also requires NF�B transcriptional activity
for the development of the full drug resistance phenotype.
The survival response induced by low concentrations of

docetaxel is reminiscent of the concept of hormesis. A contro-
versial body of literature documents that stressors (including
radiation, gases, toxins, exercise, and others) can produce
biphasic dose-response curves in various assay systems (74, 75).
At low doses, a protective (hormetic) response is generated,
whereas at high doses, toxicity is the result. Hormesis has been
invoked to explain the beneficial effects of calorie restriction,
exercise, and various phytochemicals in disease prevention. In
many cancer cells lines, cytotoxic agents also generate a classic
biphasic hormetic dose-response curve (76–78). Fig. 6 demon-
strates the same phenomenon in our experimental system.
There is a 24% increase in regrowth/survival of RWPE-2/PIM1
cells treated with low concentrations (0.5–1.0 nM) of docetaxel,
compared with the survival of untreated RWPE-2/PIM1 cells
(p� 0.001). In contrast, survival of RWPE-2/NT81 cells treated
similarly is worse than that of RWPE-2/PIM1 cells, and there is
no enhancement of survival at low drug concentrations. Our
data strongly suggest that the PIM1 kinase participates in cyto-
toxic drug-induced hormesis. PIM1 is also increased in

response to a wide variety of cellular stressors: growth factors,
oncogenes, heat, radiation, toxins, oxidative stress, and
hypoxia. Thus, one may postulate that PIM1 is a general medi-
ator of hormesis, protective stress responses induced by low
level environmental stresses. Recently, small molecule inhibi-
tors of the PIM kinases have been described in vitro and in
cell-based systems (79–81). Targeting the PIM1 kinase may be
a beneficial addition to a traditional docetaxel-based chemo-
therapy regimen. However, it will be important to determine if
the same maneuver will increase normal tissue toxicity as well.
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