
Induction of Clusterin by AKT—Role in Cytoprotection against
Docetaxel in Prostate Tumor Cells

Bin Zhong1, David A. Sallman1, Danielle L. Gilvary1, Daniele Pernazza1, Eva Sahakian1,
Dillon Fritz1, Jin Q. Cheng2, Ioannis Trougakos3, Sheng Wei1, and Julie Y. Djeu1

1Department of Immunology, H. Lee Moffitt Cancer Center, Tampa, Florida
2Department of Molecular Oncology, H. Lee Moffitt Cancer Center, Tampa, Florida
3Department of Cell Biology and Biophysics, National and Kapodistrian University of Athens,
Athens, Greece

Abstract
Clusterin (CLU), in its cytoplasmic form, is abundant in many advanced cancers and has been
established to be cytoprotective against chemotherapeutic agents including docetaxel. However,
little is known of the mechanism of its induction. Here, we provide evidence that AKT plays a
critical role in upregulating cytoplasmic/secretory sCLU, which is responsible for docetaxel
resistance. Western blot analysis indicated that docetaxel-resistant sublines derived from DU145
and PC3 prostate tumor cell lines displayed a markedly increased phospho-AKT level closely
accompanied by heightened sCLU expression when compared with parental cells. To examine if
AKT has a role in sCLU expression, AKT blockade was done by treatment with a specific
inhibitor, API-2, or dominant-negative AKT transduction before analysis of sCLU gene
expression. Loss of AKT function resulted in loss of sCLU and was accompanied by
chemosensitization to docetaxel and increased cell death via a caspase-3–dependent pathway. To
confirm that AKT affected resistance to docetaxel through sCLU and not through other mediators,
tumor cells were first transfected with full-length CLU for overexpression and then treated with
the AKT inhibitor API-2. We found that once sCLU was overexpressed, API-2 could not
chemosensitize the tumor cells to docetaxel. Thus, the chemoresistance to docetaxel is mediated
by sCLU and it can be induced by AKT. Lastly, AKT was found to mediate sCLU induction via
signal transducer and activator of transcription 1 activation, which we have earlier shown to drive
sCLU gene expression. These results identify a previously unrecognized pathway linking AKT to
cytoprotection by sCLU in tumor cells.

Introduction
Prostate cancer is the most common malignancy in men and complete cure is often impaired
by resistance to docetaxel, which constitutes the current standard of care for castration-
resistant prostate cancer (1, 2). Understanding the molecular basis for docetaxel resistance is
pivotal for the identification of new therapeutic targets to achieve cure. In prostate cancer, of
the changes associated with advanced tumor development and taxane resistance, clusterin
(CLU) overexpression is one of the most prominent (3, 4). Recent data have shown that the
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CLU gene gives rise to at least two protein forms: a secreted heterodimeric isoform (sCLU)
and an alternatively spliced isoform that mainly localizes in the nucleus (nCLU). Although
mature sCLU is processed through the endoplasmic reticulum–Golgi secretory pathway,
new evidence suggests that it may evade secretion and localize to the mitochondria (5) and
cytosol (6, 7) as a cytoplasmic product. It is this cytoplasmic sCLU that is consistently
reported to be associated with chemoresistance and it is present in a wide range of advanced
cancers as shown in human tumor biopsies from prostate (8, 9), renal (10), breast (11, 12),
ovarian (13), colon (14), lung (15), pancreas (16), cervical (17), melanoma (18), glioma
(19), and anaplastic large cell lymphoma (20). Experimentally, sCLU overexpression in
androgen-dependent prostate cancer cells has been shown to render them resistant to
androgen starvation, radiation, and paclitaxel treatment (21-23). Moreover, antisense
oligonucleotides or siRNA specific for CLU can resensitize resistant prostate tumor cells to
docetaxel (24, 25). This effect was seen in both docetaxel-resistant (DR) DU145 and PC3
androgen-independent prostate tumor cells (24). Thus, sCLU can protect against both taxane
compounds paclitaxel and docetaxel. Interestingly, sCLU also controls resistance to tumor
necrosis factor (TNF)–related apoptosis-inducing ligand (TRAIL; ref. 26) and other
chemotherapeutic agents, such as doxorubicin, camptothecin, cisplatin, 5-fluorouracil,
dacarbazine, and etoposide, thus suggesting its central role in drug resistance (5, 18, 27-30).
However, the molecular processes involved in CLU expression in tumor cells remain
unclear. Some studies have focused on CLU gene induction, and its promoter region has
revealed the participation of several transcription regulators, including Egr-1, API, heat
shock factor 1/2, b-MYB, and c-MYC (4). In addition, it seems that signal transducer and
activator of transcription 1 (STAT1), but not STAT3, is required for CLU gene expression in
tumor cells (24). However, the signal processes up-stream of transcription factors involved
in CLU induction are not well delineated. Because of consistent reports that AKT is highly
activated in advancing prostate cancer (31) and other unrelated reports that CLU correlates
with docetaxel resistance in prostate cancer (3, 4), we focused on whether AKT might be
possibly linked to CLU expression. The present study thus sets out to analyze whether AKT
is involved in sCLU gene expression and if this pathway is linked to docetaxel resistance in
prostate tumor cells. In addition, because of our earlier report of STAT1 requirement for
CLU induction (24), we examined if AKT could influence STAT1 function.

Materials and Methods
Antibodies and reagents

Mouse monoclonal antibodies to phospho-AKT (pAKT; Ser473), pAKT (Thr308), AKT,
phospho–glycogen synthase kinase-3β (GSK-3β), GSK-3β, phospho-STAT1 (pSTAT1), and
STAT1 were from Cell Signaling Technology. Mouse monoclonal anti-human CLU was
from Up-state Biotechnology. Monoclonal anti–β-actin was from Sigma. The AKT
specificity of the compound, API-2, was identified by Dr. Jin Cheng (H. Lee Moffitt Cancer
Center, Tampa, FL; ref. 32), and he generously provided this reagent, together with
constitutively active AKT (CA-AKT) and dominant-negative AKT (DN-AKT), which had
triple mutations, including the threonine and serine sites required for AKT function (33).

Cell culture and selection of DR clones
Androgen-independent DU145 and PC3 prostate tumor cell lines (American Type Culture
Collection) were maintained in RPMI 1640 containing 10% heat-inactivated fetal bovine
serum with 100 units/mL penicillin and 100 μg/mL streptomycin. DR cell lines of DU145
and PC3 were developed as previously described (24). Briefly, the cells surviving initial
culture in 1 nmol/L docetaxel were passaged four times before increase of docetaxel to 5.5
nmol/L and subsequently to 11 nmol/L in the culture medium. DU145 cells maintained
continuously in 11 nmol/L docetaxel were labeled DU145-DR. PC3-DR tumor cells were
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significantly more resistant to docetaxel and were routinely maintained in 55 nmol/L
docetaxel. CWR22Rv1 cells, a castration-resistant prostate tumor cell line that expresses the
androgen receptor (34), were kindly provided by Dr. Carlos Casiano (Loma Linda
University, Loma Linda, CA) and maintained in RPMI 1640 containing 10% heat-
inactivated fetal bovine serum with 100 units/mL penicillin and 100 μg/mL streptomycin.

Western blotting analysis
Tumor cells, seeded at 5 × 105 per well in a six-well plate, were untreated or treated with
DMSO and 10, 20, or 40 μmol/L API-2 for 2 hours at 37°C. They were subsequently
cultured for 48 hours at 37°C in 11 and 55 nmol/L docetaxel-containing medium for
DU145-DR and PC3-DR tumor cells, respectively. Cells were then solubilized by incubation
at 4°C for 30 minutes in 1% NP40, 10 mmol/L Tris, 140 mmol/L NaCl, 0.1 mmol/L
phenylmethylsulfonyl fluoride, 10 mmol/L iodoacetamide, 50 mmol/L NaF, 1 mmol/L
EDTA, 1 mmol/L sodium orthovanadate, 0.25% sodium deoxycholate, 100 μL
aminopeptidase, leupeptin, aprotinin, and 100 μL of phosphatase inhibitor cocktails I and II
(Sigma). Whole-cell lysates were centrifuged at 12,000 × g for 10 minutes to remove nuclei
and cell debris. The protein concentration of the soluble extracts was determined by using
the Bradford protein assay (Bio-Rad). Separation of 50 μg of total protein was done on 10%
SDS-polyacrylamide gels and transferred to a nitrocellulose membrane before
immunoblotting with primary antibodies specific for pAKT, AKT, or CLU. Equal loading
controls were done by blotting with anti–β-actin.

DN-AKT, CA-AKT, or sCLU plasmid transfection
Transfection of DN-AKT (33) into DU145-DR or PC3-DR cells was done using the
standard Lipofectamine protocol (Invitrogen–Life Technologies, Inc.). Briefly, 5 × 105cells
were plated into each well of a six-well plate 24 hours before transfection with 4 μg of DN-
AKT plasmid or PCDNA3 control plasmid. After culture for an additional 48 hours in 11
and 55 nmol/L docetaxel-containing medium for DU145-DR and PC3-DR, respectively, the
transfected cells were washed twice with PBS. Cell lysates were prepared and loaded onto
lanes of a 10% SDS-polyacrylamide gel. Effectiveness of DN-AKT transfection was first
evaluated by immunoblotting for total AKT and pAKT. To ensure functional deletion of
AKT, which normally directly phosphorylates GSK-3β, aliquots of the same cell lysates
were also run in parallel and immunoblotted for pGSK-3β and total GSK-3β.

Transfection of CA-AKT (33) into parental DU145 cells was done using the same protocol
as above. After effective transfection was checked by immunoblotting with anti-AKT, the
lysates were probed for pAKT. Parallel aliquots were blotted for pSTAT1 and total STAT1,
as well as CLU, to examine the effect of CA-AKT on STAT1 activation and sCLU
induction.

Transfection of myc-tagged sCLU (35) or its control vector, PCDNA3, into DU145-DR
tumor cells was done using the same Lipofectamine protocol. Transfected cells were lysed
and probed with anti-myc as well as anti-CLU to visualize efficient transfection. The lysates
were then analyzed by Western blotting for the presence of pAKT and total AKT. Equal
loading for all Western blot experiments was monitored by β-actin.

Apoptosis assays
DU145-DR or PC3-DR tumor cells, seeded overnight in a six-well plate at 5 × 105 per well,
were exposed to 10 to 40 μmol/L API-2 (or DMSO as control) for 2 hours at 37°C and
further cultured in 11 or 55 nmol/L docetaxel-containing medium for 48 hours at 37°C. The
cells were then analyzed by flow cytometry using the Annexin V-PI Apoptosis kit (BD
Pharmingen). Each well was trypsinized and resuspended in 1× binding buffer at a
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concentration of 5 × 105 cells/mL and stained with Annexin-FITC and propidium iodide
(PI).

To determine caspase-3 activation, 5 × 105 tumor cells seeded in each well of a six-well
plate were treated with DMSO or 40 μmol/L API-2, with or without 50 μmol/L of the broad
range caspase inhibitor zVAD.fmk (EMD Biosciences) or a caspase-1–specific inhibitor,
zVAD.amc (Bachem). In addition, instead of API-2 treatment to suppress AKT function,
DN-AKT–transfected tumor cells were also used and PCDNA3-transfected tumor cells
served as the vector control. These transfected cells were treated with or without zVAD.fmk
or zVAD.amc. The various groups of cells were then cultured 48 hours at 37°C in 11 or 55
nmol/L docetaxel, after which the cells were trypsinized and assayed by flow cytometry for
active caspase-3 (Active Caspase-3 FITC MAb Apoptosis kit, BD Pharmingen).

Methylene blue staining
After AKT inhibition, via either API-2 treatment or DN-AKT expression, the cells were
further cultured in docetaxel-containing medium for 72 hours at 37°C. To assess cell growth
and survival, the medium was discarded before the cells were fixed with methanol for 3
minutes at room temperature, followed by staining with methylene blue for 2 minutes. The
stained cells were washed twice with deionized water and allowed to dry overnight. Images
were observed with a Leitz Orthoplan 2 microscope (Photometrics Ltd.), and pictures were
captured by a charge-coupled device camera with the Smart Capture Program (Vysis).

Isolation of RNA and reverse transcription-PCR
Reverse transcription-PCR (RT-PCR) was used to determine mRNA expression for sCLU in
DU145-DR and PC3-DR cells. Briefly, total RNA was prepared using Trizol reagent
(Invitrogen). A total amount of 1 μg RNA was converted to cDNA by Omniscript reverse
transcriptase in a solution containing random hexanucleotide, deoxynucleotide triphosphate,
RNase inhibitor, and RT buffer (Qiagen). Aliquots of 1 μL DNA resulting from each RT
reaction were then subjected to PCR. The temperature profiles of PCR were as follows: an
initial denaturation step of 94°C for 5 minutes, followed by 25 cycles of 94°C for 15
seconds, 50°C for 15 seconds, 72°C for 30 seconds, and a final elongation step of 72°C for 7
minutes. PCR was done in reactions containing Taq DNA polymerase, deoxynucleotide
triphosphate PCR buffer, and the sCLU primer (sense, 5′-CTTGATGCCCTTCTCTCCG-
TA-3′; antisense, 5′-AACGTCCGAGTCAGAAGTGTG-3′). As a control, expression of
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression was
evaluated using sense primer (5′-CAAAAGGGTCATCATCTCTGC-3′) and antisense
primer (5′-GAGGGGCCATCCACAGTCTTC-3′). RT-PCR products were analyzed by
agarose gel electrophoresis.

Results
Increased activated AKT and sCLU levels in DR prostate tumor cells

We first set out to examine if AKT levels were different in parental and DR paired prostate
tumor cell lines that we had developed (24). Thus, DU145 and PC3 and their matched drug-
resistant sublines were lysed and analyzed for the presence of both total and active pAKT.
Western blot analysis showed that levels of AKT phosphorylated at amino acids T308 and
S473 were strongly expressed in the DU145-DR and PC3-DR cell lines as opposed to the
minimal expression in the respective parental lines, whereas levels of total AKT remained
constant (Fig. 1). The expression of the sCLU isoform was similar to pAKT levels, being
low or undetectable in parental cell lines and rising substantially in the drug-resistant cell
lines. Parental PC3 cells already have moderate levels of pAKT because of a PTEN
mutation in these cells (36) and likewise have a slightly higher background level of sCLU.
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Inhibition of AKT function causes a reduction in sCLU expression and enhances
chemosensitivity to docetaxel

To investigate if AKT phosphorylation was linked to the upregulation of sCLU seen in our
drug-resistant cell lines, DU145-DR and PC3-DR tumor cells were treated for 2 hours with
increasing concentrations of a recently identified specific AKT inhibitor, API-2, from 10 to
40 μmol/L (32) and then evaluated for the presence of sCLU after a further 48-hour
incubation in docetaxel medium. Western blot analysis confirmed that API-2 treatment was
highly efficient in suppressing AKT phosphorylation, as depicted by pAKT-T308 and
pAKT-S473 (Fig. 2A). A dose-dependent loss of pAKT was obtained with increasing
concentrations of API-2. Most importantly, analysis of the same cells showed that API-2
treatment also downregulated sCLU expression in a dose-dependent manner. Because
reports about the heterogeneity of prostate cancer have shown that up to 60% of hormone-
refractory prostate cancers still express the androgen receptor (37), we repeated the above
experiment in CWR22Rv1 cells, which have androgen receptor expression but are an
androgen-independent prostate tumor cell line (34). CWR22Rv1 cells have a robust
expression of sCLU (Fig. 2B), which correlates with previous studies that have shown sCLU
to play a critical role in androgen independence (22). Additionally, we found that AKT was
constitutively activated in these cells. Thus, API-2 treatment resulted in complete inhibition
of pAKT with subsequent downregulation of sCLU expression, thus confirming that AKT
activation accompanies sCLU production.

We next analyzed if inhibition of AKT activation, and subsequent loss of sCLU expression,
would alter cell survival and resistance to docetaxel in our cell lines. The DR cell lines
DU145-DR and PC3-DR were pretreated with either medium, DMSO, 20 μmol/L API-2, or
40 μmol/L of API-2, and subsequently, all treated groups were exposed to docetaxel-
containing medium. After 48 hours, apoptosis levels were analyzed by Annexin V-PI
staining (Fig. 2C). As indicated by the flow cytometry data, treatment with medium alone
did not cause any significant apoptosis even when exposed to docetaxel because of the
acquired resistance of the cells. However, API-2 plus docetaxel treatment dramatically
increased the number of apoptotic (Annexin V+) and necrotic (Annexin V+ PI+ and PI+)
cells in a dose-dependent manner. Thus, API-2 can decrease sCLU (Fig. 2A and B) and at
the same time chemosensitize tumor cells to docetaxel (Fig. 2C). From these results, we can
conclude that AKT is sufficient to induce sCLU, which confers cytoprotection against
docetaxel.

DN-AKT downregulates sCLU expression
Another approach to investigate the contribution of AKT to sCLU expression is by depletion
of AKT function via DN constructs. To confirm that AKT controls CLU expression, we
transfected DN-AKT into our docetaxel-resistant cell lines and reanalyzed them for sCLU
expression. The efficiency of functional AKT deletion was monitored by GSK-3β
phosphorylation, which is the direct downstream target of AKT. Figure 3A shows that only
DN-AKT–transfected, but not control PCDNA3 vector–transfected, DU145-DR tumor cells
had markedly reduced pGSK-3β, whereas the total GSK-3β levels were constant and
unaffected by these treatments. Western blotting with anti-AKT shows a darker band in DN-
AKT–transfected cells because of the addition of the overexpressed construct to the
constitutive levels of AKT. Although the level of total AKT was increased in DN-AKT–
transfected cells, their pAKT levels remained constant as in the untransfected control cells
because the construct itself has the critical phosphorylatable threonine and serine sites
mutated to alanine (Fig. 3A). These analyses showed that DN-AKT was efficiently
expressed and it markedly suppressed GSK-3β phosphorylation, confirming its function
integrity. We then probed for the effect of DN-AKT expression on sCLU induction.
Overexpression of DN-AKT, but not control PCDNA3 vector, in DU145-DR cells
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effectively suppressed CLU protein expression. These results were confirmed in PC3-DR
cells that were transfected with DN-AKT, which exhibited loss of sCLU (Fig. 3B).

The above data indicated that sCLU protein was downregulated by the loss of AKT
function. To identify if the downregulation of CLU protein levels brought on by inhibiting
AKT function is mediated at the level of transcription, we assayed for full-length sCLU
mRNA levels in DMSO-treated and API-2–treated, or PCDNA3 contro–transfected and DN-
AKT–transfected cells (Fig. 3C). RT-PCR analysis indicated that inhibition of AKT function
by DN-AKT expression dramatically decreased sCLU gene expression levels compared with
control PCDNA3 transfection. Confirmation was also provided by the observation that
API-2–treated tumor cells expressed no sCLU mRNA in comparison with DMSO-treated
control tumor cells. As a control for equal loading, GAPDH mRNA was also measured and
showed a consistent level of expression in all groups.

DN-AKT chemosensitizes tumor cells to docetaxel via caspase-3–dependent apoptosis
To identify if the docetaxel sensitivity following API-2 treatment or transfection of DN-
AKT was mediated via caspase-3–dependent apoptosis, we analyzed these cells using the
Active Caspase-3 FITC MAb Apoptosis kit. All groups before and after API-2 treatment or
DN-AKT transfection, accompanied by DMSO and PCDNA3 controls, were placed in
docetaxel medium for 48 hours and subsequently evaluated for caspase-3 activation. Figure
4A indicated that DMSO-treated and control PCDNA3 vector–transfected DU145-DR and
PC3-DR tumor cells did not express active caspase-3 when exposed to docetaxel, which is
consistent with their acquired property of drug resistance. On the other hand, levels of active
caspase-3 were extremely elevated following API-2 treatment or DN-AKT transfection in
both DU145-DR and PC3-DR cell lines. These elevated levels returned to near basal levels
when the cells were pretreated with the broad range caspase inhibitor zVAD. fmk (Fig. 4A).
However, the caspase-1–specific inhibitor zVAD.amc could not diminish active caspase-3.
Thus, caspase-3–dependent apoptosis is responsible for the detrimental effect resulting from
loss of AKT function induced by API-2. Visual analysis of docetaxel sensitivity of these
cells was monitored by methylene blue staining, and it confirmed that treatment with API-2
or transfection with DN-AKT restored docetaxel sensitivity and showed few cell survival,
whereas DMSO control–transfected and vector-transfected cells remained resistant and
showed unimpeded growth (Fig. 4B). Taken together, these data lend concrete evidence to
the importance of activated AKT in mediating docetaxel resistance.

sCLU expression alone is sufficient to develop the DR phenotype
It is possible that AKT can induce other prosurvival proteins unrelated to sCLU to mediate
chemoresistance in tumor cells. To identify if sCLU expression alone can produce docetaxel
resistance in our cell lines, we transfected a full-length myc-tagged sCLU construct into
DU145-DR cells before treatment with API-2. Then, the cells were exposed to docetaxel for
48 hours. Western blot analysis, first with anti-myc and then with anti-CLU, confirms myc-
tagged sCLU overexpression in the transfected cells (Fig. 5A). On API-2 treatment, sCLU is
lost in PCDNA3 control vector–transfected cells but not in sCLU-overexpressing cells. The
effectiveness of API-2 was monitored by the presence of pAKT at S473 and T308, and it
was confirmed that API-2 markedly reduced pAKT levels. These cells were then examined
for growth in docetaxel-containing medium to determine if sCLU is overexpressed; the
tumor cells should survive in docetaxel even under API-2 treatment (Fig. 5B). The results
show that API-2 treatment can chemosensitize PCDNA3 control vector–transfected cells to
docetaxel but cannot do so in sCLU-overexpressing tumor cells. Thus, once sCLU is
present, AKT inhibition cannot induce cell death even in the presence of docetaxel. These
results indicate that sCLU can overcome API-2–induced cell death and is a key mediator of
AKT-mediated docetaxel resistance.
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Inhibition of AKT results in suppression of STAT1 activation
We have previously reported that STAT1 is critical for the upregulation of sCLU in our DR
tumor cells (24). With the new knowledge that AKT is also required for sCLU induction, we
asked the question whether there is a linkage between AKT and STAT1. Therefore, we
analyzed for active STAT1 in DU145-DR tumor cells before and after suppression of AKT
function (Fig. 6A). We found that DU145-DR expressed markedly higher pSTAT1 levels
than in the parental DU145 tumor cells. Most importantly, suppression of AKT function via
either DN-AKT transfection or API-2 treatment abolished the presence of pSTAT1,
indicating that AKT does control STAT1 function. Thus, AKT seems to be upstream of
STAT1, which we have proven earlier to be the transcription factor necessary for sCLU gene
transcription (24).

CA-AKT upregulates active STAT1 and sCLU expression in parental tumor cells
The above experiment indicated that DN-AKT could suppress STAT1 and sCLU expression
in drug-resistant DU145-DR cells. To provide definitive proof that AKT drives STAT1-
mediated sCLU expression, it is imperative to show that direct AKT activation in parental
DU145 tumor cells, which naturally do not express sCLU, can lead to the upregulation of
active STAT1 and sCLU. Thus, we transfected CA-AKT into parental DU145 tumor cells to
investigate its effect on pSTAT1 and sCLU expression. Transfection efficiency was
confirmed by the overexpression of pAKT and total AKT in CA-AKT–transfected cells in
comparison with PCDNA3-transfected or medium control cells (Fig. 6B). As expected,
overexpressed pAKT was accompanied by a robust induction of pSTAT1 and sCLU
expression. Together, these results provide further evidence of the critical role of AKT in the
regulation of sCLU expression.

Discussion
Our results, taken together, provide new insight into the development of docetaxel resistance
in prostate cancer. Despite mounting evidence implicating CLU in paclitaxel/docetaxel
resistance (21, 24, 38) and reports of AKT activation in prostate tumor cells (31), there has
been no link between these two antiapoptotic proteins. We now identify a new pathway by
which AKT can prevent cell death and it does so by acting as a key positive transcriptional
regulator of sCLU. The evidence for this AKT-sCLU pathway was obtained by analysis of
biological, biochemical, and molecular functions. We first showed that AKT was highly
upregulated in the DR cell lines DU145-DR and PC3-DR in comparison with their wild-type
counterparts. Second, we showed that AKT inhibition, either by a pharmacologic agent,
API-2, or by overexpression of DN-AKT, could markedly suppress sCLU gene expression
in the drug-resistant cells and resensitize these tumor cells to docetaxel. Finally, we were
able to prevent DU145-DR cells from succumbing to API-2–induced docetaxel sensitivity
by overexpressing sCLU, highlighting the importance of sCLU expression in docetaxel
resistance and as a prosurvival factor. It is of importance that once sCLU was
overexpressed, AKT inhibition had no ability to cause cell death even in the presence of
docetaxel, suggesting that sCLU-expressing tumor cells are likely to be resistant not only to
chemotherapeutic agents such as docetaxel but also to agents targeting AKT. It will require
the use of both types of agents to induce cell death once the tumor cell expresses sCLU. Our
findings that overexpression of sCLU alone is enough to overcome API suggest that other
factors, such as bcl-2, survivin, or X-linked inhibitor of apoptosis protein (XIAP), are not
involved. Indeed, it is well established that paclitaxel and docetaxel block bcl-2 function,
and these taxanes do so by disrupting microtubule integrity that leads to bcl-2
phosphorylation and inactivation in tumor cells (39, 40). This property is the basis for the
clinical use of docetaxel in patients with androgen-refractory prostate cancer who acquire
abnormally activated bcl-2 in their tumors (2, 41). In addition to bcl-2, others have
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investigated the participation of survivin, XIAP, and sCLU in camptothecin resistance in
prostate tumor cells (42). In analysis of camptothecin-resistant PC3 tumor cells, treatment
with camptothecin was found to effectively reduce survivin and XIAP expression but, on the
contrary, it markedly upregulated sCLU expression. Therefore, sCLU may be a common
factor raised in tumor cells that develop resistance to chemotherapeutic agents.

We also investigated whether AKT was linked to STAT1 activation because of our earlier
observations that sCLU expression is dependent on STAT1 (24). We were able to confirm
that AKT does activate STAT1 by showing that API-2 treatment or DN-AKT expression
was capable of suppressing STAT1 activation in DU145-DR tumor cells. Conversely, we
documented that CA-AKT expression in parental DU145 tumor cells can induce STAT1
activation and sCLU production. Evidence of the involvement of AKT in STAT1 activation
has also been seen by others in IFN-γ–treated cells (43). Our results may help explain the
recent linkage of AKT to paclitaxel and TRAIL resistance (44, 45). Although AKT was
found to mediate such resistance, the survival factor in both cases was unknown. Here, we
have definitive data to identify sCLU as the link between AKT and paclitaxel/docetaxel
resistance. Of interest, a recent study showed that extracellular CLU, on contact with tumor
cells, could activate the phosphoinositide 3-kinase/AKT pathway, which led to resistance to
TNF-α treatment, and this pathway implicated the megalin surface receptor for sCLU (46).
Thus, sCLU may be able to autoregulate its own overexpression, leading to resistance to
multiple apoptotic stimuli. We also recently showed that sCLU is responsible for TRAIL
resistance in prostate tumor cells, thus providing an explanation for the reported AKT
association with TRAIL resistance (26). Of note, we have shown that a tyrosine kinase
inhibitor, resveratrol, was able to restore TRAIL sensitivity in resistant prostate tumor cells,
adding the possibility of a Src kinase in the upregulation of sCLU. It is conceivable that Src
activation leads to AKT activation, resulting in STAT1 upregulation of the CLU gene.

Emerging evidence, including data from this current report, indicates that in instances of
cellular stress, there is an increase in the expression of the ~60-kDa full-length unprocessed
sCLU form (4). This ~60-kDa sCLU has been reported to localize to the cytosol through an
unknown mechanism by which it evades the endoplasmic reticulum–Golgi secretory
pathway (6, 7). Once cytoplasmic, sCLU is thought to function in a prosurvival role during
cell death and confer resistance to cytotoxic agents (24, 28, 38). Most importantly, sCLU
expression is likely to lead to multidrug resistance, as it has been shown to confer protection
against a number of clinically established chemotherapeutic agents, including cisplatin,
doxorubicin, camptothecin, dacarbazine, etoposide, and 5-fluorouracil (5, 18, 27-30). In
addition to these commonly used anticancer drugs, sCLU is a potent disruptor of targeted
therapy involving the TNF family of proteins, including TNF (47), Fas (48), and TRAIL
(26). It is thought that within the cell, sCLU exerts its cytoprotective effect by binding
partially unfolded proteins to prevent stress-induced protein aggregation. Thus, its binding
and stabilization of the Ku70-Bax complex is a key factor preventing mitochondria-
mediated apoptosis (5, 7). Such sCLU binding prevents the release of Bax to the
mitochondria to initiate cytochrome c release and the resultant caspase-3–dependent
apoptotic pathway. It is to be noted that we have observed that the death of DU145-DR, on
loss of sCLU, is mediated by caspase-3–induced cell death, confirming that sCLU is using
the same pathway in our cells.

In contrast, the nuclear form of CLU, which is derived by alternative splicing and containing
a nuclear localization sequence, has been reported to function as a prodeath protein in
human cancer cells (30, 49). Its mechanism of action is also via stabilization of the Ku70-
Bax complex. However, in the nucleus, Ku70 serves as a critical nuclear factor involved in
DNA repair, and it is the sequestration of Ku70 by nCLU that impairs repair of DNA
damage, thus leading to apoptosis. It is noteworthy that we only detected the sCLU form of
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CLU in our cell lines, which is consistent with other groups who also were unable to detect
the nuclear form in prostate cancer cell lines (5).

How might our discovery of the AKT-CLU axis affect the current protocol to treat prostate
cancer? It might well be that the acquisition of high pAKT levels, often seen in advanced
cancer (50), may be associated with increased sCLU expression and become a barrier to
successful docetaxel therapy for these patients. Positive screening of these molecular
markers could divert treatment toward drugs that selectively target AKT and/or CLU. AKT
inhibitors such as perifosine, API-2 (32, 51), and antisense oligos targeting CLU are already
in early-phase clinical trials (52), and they could improve cancer sensitivity in combination
with docetaxel or other antitumor therapeutics. This strategy would also benefit other
cancers, including breast, ovarian, colon, lung, renal, pancreas, cervical and bladder
carcinomas, melanoma, and gliomas, which are often treated with docetaxel and other
anticancer drugs and are also reported to express high levels of CLU in late-stage tumors
(10-19, 26).
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Figure 1.
AKT activation accompanies docetaxel resistance in DU145 and PC3 human prostate tumor
cells. Paired parental and DR DU145 and PC3 prostate tumor cells were lysed and analyzed
by Western blotting with specific antibodies against CLU. Activated AKT was evaluated
using antibodies directed against the phosphorylation site at Thr308 or Ser473. Equal loading
was monitored by β-actin levels. Immunoblot analysis of pAKT and sCLU indicated that
active AKT and sCLU were increased in DU145-DR and PC3-DR cells compared with their
matched parental cells.
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Figure 2.
API-2 blockade of AKT function reduces sCLU expression and induces chemosensitivity to
docetaxel in drug-resistant tumor cells. A, DU145-DR and PC3-DR tumor cells were
pretreated 2 h with the indicated doses of API-2, a potent AKT inhibitor, and exposed to
docetaxel-containing medium for 48 h. Cell lysates were then prepared and analyzed by
Western blotting with antibodies against pAKT. The lysates were also probed with
antibodies specific for total AKT and sCLU. Treatment with API-2 caused a dose-dependent
inhibition of active AKT and sCLU protein expression. B, CWR22Rv1 tumor cells were
pretreated 2 h with the indicated doses of API-2 and cultured for 48 h in complete medium.
Cell lysates were made and Western blot analysis was done to detect pAKT, total AKT,
sCLU, and β-actin. Treatment with API-2 caused a dose-dependent inhibition of active AKT
and sCLU protein expression. C, DU145-DR and PC3-DR tumor cells, similarly treated with
API-2 for 2 h, were analyzed for cell apoptosis by Annexin V/PI staining after a further 48-h
culture in docetaxel medium. Both cell lines succumbed to docetaxel-induced cell death
after API-2 treatment to deplete AKT function.
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Figure 3.
Expression of DN-AKT disrupts sCLU expression. A, DU145-DR tumor cells were
transfected with DN-AKT and cultured for 48 h in docetaxel-containing medium. Control
transfection was with the empty vector PCDNA3. Transfection efficiency was monitored by
Western blot analysis for total AKT. pAKT assessment indicated that the overexpressed
DN-AKT is not phosphorylated, as expected, due to mutation at the critical threonine and
serine sites, thus showing equal levels of pAKT in control-transfected and DN-AKT–
transfected cells. Downstream AKT function was assessed by analysis of GSK-3β
phosphorylation, which is a known AKT target. DN-AKT effectively suppressed GSK-3β
phosphorylation and correspondingly suppressed sCLU expression. B, the above experiment
was repeated on PC3-DR cells and produced confirmation of the loss of AKT to result in
loss of pGSK-3β and sCLU. C, analysis of sCLU gene expression was done by RT-PCR on
DU145DR and PC3-DR cells that were either treated with DMSO or API-2, or transfected
with control PCDNA3 vector or DN-AKT. Both API-2 treatment and DN-AKT transfection
markedly suppressed CLU mRNA expression in DU145-DR and PC3-DR tumor cells
compared with their respective controls. Equal loading was monitored by GAPDH mRNA
levels.
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Figure 4.
AKT inhibition by API-2 treatment or DN-AKT transfection induces chemosensitivity to
docetaxel via a caspase-3–dependent pathway. A, DU145-DR and PC3-DR tumor cells,
pretreated with API-2 or DN-AKT transfection (including DMSO or PCDNA3 controls),
were treated with zVAD.fmk, a general caspase inhibitor, and zVAD.amc, a caspase-1–
specific inhibitor. These cells were then exposed to docetaxel for 48 h before analysis of
active caspase-3. High levels of active caspase-3 were detected in API-treated and DN-
AKT–expressing tumor cells. This activity was inhibited by zVAD.fmk but not by
zVAD.amc. B, visual assessment of cell survival by methylene blue staining of the same
cells showed few cells surviving in DU145DR and PC3-DR tumor cells treated with API-2
or transfected with DN-AKT, whereas the control DMSO–treated and PCDNA3-expressing
cells showed a robust growth.
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Figure 5.
Overexpression of sCLU overcomes API-2-induced chemosensitivity to docetaxel. A,
DU145-DR tumor cells were transfected with either control PCDNA3 or myc-tagged sCLU.
These cells were then pretreated with API-2 for 2 h and incubated in docetaxel medium for
48 h. Western blot analysis with anti-myc was done to confirm efficient transfection, and
further analysis of sCLU, pAKT, and total AKT was pursued. It is confirmed that API-2 can
suppress AKT function in both PCDNA3- and sCLU-expressing tumor cells. B, these same
cells were also analyzed for cell growth and survival by methylene blue staining. API-2
effectively induced docetaxel sensitivity and cell death in DU145-DR tumor cells but could
not do so in the sCLU-overexpressing DU145-DR tumor cells.
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Figure 6.
Inhibition of AKT function leads to STAT1 inactivation, whereas CA-AKT leads to STAT1
activation and CLU induction. A, DU145-DR tumor cells, pretreated with API-2 or DMSO
in one set or transfected with DN-AKT or PCDNA3 control vector in a second set, were
further cultured 48 h in docetaxel medium. Cells were then lysed and analyzed by Western
blotting with anti-pSTAT1 or total STAT1. Equal loading was also monitored with anti–β-
actin. B, parental DU145 tumor cells were transfected with CA-AKT or with the empty
vector PCDNA3, followed by 48-h culture in medium. Transfection efficiency was
monitored by Western blot analysis with anti-AKT, and functional activation was assessed
by analysis of AKT phosphorylation. CA-AKT led to STAT1 activation and upregulation of
CLU expression.
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