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A B S T R A C T

Bone metastasis is a major cause of prostate cancer (PCa) mortality. Although docetaxel chemotherapy initially
extends patients’ survival, in most cases PCa becomes chemoresistant and eventually progresses without a cure.
In this study, we developed a novel small-molecule compound BKM1972, which exhibited potent in vitro cy-
totoxicity in PCa and other cancer cells regardless of their differences in chemo-responsiveness. Mechanistic
studies demonstrated that BKM1972 effectively inhibited the expression of anti-apoptotic protein survivin and
membrane-bound efflux pump ATP binding cassette B 1 (ABCB1, p-glycoprotein), presumably via signal
transducer and activator of transcription 3 (Stat3). BKM1972 was well tolerated in mice and as a monotherapy,
significantly inhibited the intraosseous growth of chemosensitive and chemoresistant PCa cells. These results
indicate that BKM1972 is a promising small-molecule lead to treat PCa bone metastasis and overcome docetaxel
resistance.

1. Introduction

The American Cancer Society estimates that 164,690 new cases of
prostate cancer (PCa) will be diagnosed and 29,430 patients will die in
2018 [1]. More than 85% of PCa patients show evidence of skeletal
metastasis at autopsy, with a median survival between 30 and 35
months [2,3]. As a first-line standard of care for PCa bone metastasis,
docetaxel chemotherapy initially extends the overall survival of pa-
tients by approximately 3–4 months [4]. Nonetheless, in most cases PCa
becomes chemoresistant and eventually progresses without a cure.
Clearly, it is imperative to develop novel targeted therapy to overcome
docetaxel chemoresistance and treat PCa bone metastasis.

Survivin is the smallest member of the inhibitor of apoptosis (IAP)
family and expressed in virtually all solid tumors, thereby positioning
itself as a genuine “oncofetal” protein and a prominent target for cancer

drug development. Survivin overexpression has been frequently asso-
ciated with high Gleason scores, poor clinical outcome and therapeutic
resistance in PCa [5–10]. Previously, we provided the first evidence
indicating a positive correlation between survivin expression and clin-
ical PCa bone metastasis, an observation supported by other studies
[10–12]. We further showed that inhibition of survivin by small mo-
lecules or natural compounds could sensitize PCa cells to docetaxel
treatment, resulting a synergistic suppression of tumor growth in mouse
skeletons [13,14]. These results indicate that targeting survivin is a
promising strategy to overcome therapeutic resistance and treat PCa
bone metastasis. However, although several survivin inhibitors have
entered clinical trials in PCa patients, these agents only demonstrated
very limited survival benefits [15,16], highlighting an unmet need to
develop more effective survivin inhibitors for clinical testing.

Upregulation of ATP-binding cassette (ABC) transporters is a major
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mechanism of drug resistance in most cancer types. ABC sub-family B
member 1 (ABCB1), also known as multidrug resistance 1 (MDR1) or p-
glycoprotein, mediates energy-dependent drug efflux and is highly ex-
pressed in chemoresistant cancer cells [17,18]. A direct correlation has
been identified between ABCB1 expression and PCa grade and prostate
specific antigen (PSA) levels, indicating a significant role of ABCB1 in
PCa progression [19]. In various experimental models of acquired
chemoresistance, ABCB1 is frequently identified as one of top upregu-
lated genes. Consistently, suppression of ABCB1 expression and/or ac-
tivity effectively reverses chemoresistance in these cellular models
[20,21].

We have developed several bradykinin antagonist mimetics (BKM)
and demonstrated their anticancer activities in the experimental models
of lung cancer, ovarian cancer, glioblastoma and PCa [11,14,22–25].
Herein, we report that BKM1972, a novel BKM compound with an
aminobisphosphonate moiety, exhibits unique activities against the in
vitro and in vivo growth of bone metastatic PCa cells. Mechanistically,
BKM1972 effectively inhibits the expression of survivin and ABCB1,
thereby inducing apoptosis in both chemosensitive and chemoresistant
PCa cells.

2. Materials and methods

2.1. Chemical synthesis

BKM1972 (Bcpa-Bip-AMDP(OEt)4, C38H44Cl2N2O8P2; 790 Da; refer
to Abbreviations) was synthesized using a two-step procedure as we
described previously [26] (Fig. S1). BKM1972 was purified by pre-
parative reversed-phase high-performance liquid chromatography (RP-
HPLC). The purity (≥99.0%) of final products was cross-checked by
analytical RP-HPLC and liquid chromatography-mass spectrometry.

2.2. Cell culture

Human PCa cell lines ARCaPM, C4-2 and luciferase-tagged C4-2-Luc
[27–29] were provided by Dr. Leland WK Chung (Cedars-Sinai Medical
Center) in 2004, C4e2B cells and its docetaxel-resistant derivative
C4e2B-TaxR subline [20] were provided by Dr. Allen C. Gao (Uni-
versity of California Davis) in 2016. ARCaPM and C4-2 cells were rou-
tinely maintained in T-medium (Life Technologies, Carlsbad, CA) with
5% fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA). C4-2-Luc
cells were cultured in T-medium supplemented with 5% FBS and
400 μg/ml G418. C4e2B-TaxR cells were routinely maintained in
RPMI1640 medium supplemented with 10% FBS and 100 nM docetaxel
(LC Laboratories, Woburn, MA). The final concentration of docetaxel in
C4e2B-TaxR cultures was reduced to 5 nM before experimental assays.
CWR22Rv1 cells were provided by Dr. Jin-Tang Dong (Emory Uni-
versity) in 2016, and maintained in RPMI1640 2% L-glutamine (Thermo
Fisher Scientific., Waltham, MA) supplemented with 10% FBS, 1.5 g/L
sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES and 10mM sodium
pyruvate. Multidrug-resistant cell lines KB-C-1, KB-V-1 and chemo-
sensitive lines KB-3-1 cell and KB-8-5 were provided by Dr. Zhuo G
Chen (Emory University) in 2010 and routinely maintained as described
in Ref. [30]. All cell lines were authenticated by the providers and were
tested negative for mycoplasma. All cells were passaged for less than 3
months before renewal from frozen, early-passage stocks.

2.3. Cell viability assay

The in vitro cytotoxicity of BKM1972 in the NCI-60 panel of human
cancer cell lines was evaluated at the National Cancer Institute
Developmental Therapeutics Program (Rockville, Maryland) following
the procedures described at https://dtp.cancer.gov/discovery_
development/nci-60/methodology.htm. CellTiter 96 AQueous non-
radioactive cell proliferation assay kit (Promega, Madison, WI) or cell
counting kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., Rockville,

MD) were used in cell viability assays following the manufacturers’
instructions. Dimethyl sulfoxide (DMSO) was purchased from Sigma-
Aldrich (St. Louis, MO) and used as the vehicle control in all in vitro and
in vivo experiments. The half minimal inhibitory concentration (IC50) of
specified agent was calculated with SigmaPlot program (Systat
Software Inc., San Jose, CA).

2.4. Apoptosis and cell cycle analyses

For apoptosis assay, PCa cells treated with DMSO or BKM1972 were
stained with an APC Annexin V Apoptosis Detection Kit (BioLegend,
San Diego, CA) following the manufacturer's instruction. For cell cycle
assay, PCa cells were stained with propidium iodide (20 μg/ml, Sigma-
Aldrich) at 37 °C for 2 h. Apoptosis and cell cycle were measured by
flow cytometry with FACSCanto II flow cytometer (BD Biosciences,
Bedford, MA) and results were analyzed using FlowJo software (Tree
Star, Inc., Ashland, OR).

2.5. Cellular uptake of fluorescent dye-conjugated paclitaxel

PCa cells pre-treated with DMSO or BKM1972 were incubated with
paclitaxel-Oregon™ green 488 (Life Technologies) at 37 °C for different
times, then washed three times with cold PBS and resuspended. Drug
accumulation in live cells was recorded with a confocal microscope or
flow cytometry.

2.6. Western blot analysis

Total cell lysates were prepared using radioimmunoprecipitation
(RIPA) buffer (Santa Cruz Biotechnology). Nuclear proteins were pre-
pared using NucBuster Protein Extraction Kit (Novagen, Darmstadt,
Germany). Western blot analyses were performed following standard
procedures. Antibodies used in Western blotting are listed in Table S1.

2.7. Polymerase chain reaction (PCR) analysis

Total RNA was isolated using Qiagen RNeasy Kit (Valencia, CA).
cDNA was synthesized using SuperScript® III First-Strand Synthesis
System (Life Technologies). Regular PCR was performed as we de-
scribed previously [11]. Real-time PCR was performed with Stratagene
Mx3005P system (Agilent technologies) using a Brilliant® SYBR® Green
QPCR Master Mix (Stratagene, Santa Clara, CA). The primers used for
PCR reactions are listed in Table S2.

2.8. Reporter assay

PCa cells were seeded at a density of 1×105 cells per well in 24-
well plates 24 h before transfection. Human survivin reporters
(pSurvivin-Luc1430 and pSurvivin-Luc230; kindly provided by Dr.
Allen Gao) [13] or ABCB1 reporter (pMDR1-221 and pMDR1-1202;
Addgene) [31] were transfected with pRL-TK (internal control; Pro-
mega) using Lipofectamine 2000 (Invitrogen) following the manufac-
turer's instructions. Luciferase activities were measured at the indicated
times using a Dual-Luciferase reporter assay system (Promega). Relative
luciferase units were expressed as firefly luciferase intensity normalized
to Renilla luciferase activity.

2.9. Repeat-dose toxicity

All animal procedures were performed in compliance with Emory
University and Augusta University Institutional Animal Care and Use
Committee (IACUC) and National Institutes of Health guidelines. Male
athymic nude mice (5-week old, Envigo RMS, Inc, Indianapolis, IN)
were randomly divided into 3 groups and received intraperitoneal in-
jection of vehicle control (100% DMSO) or BKM1972 at two doses
(10mg/kg and 20mg/kg), three times per week, for 3 weeks. Body
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weights were recorded twice per week, animal behaviors were closely
observed. At the end point, major organs were examined for any ab-
normality.

2.10. Intratibial xenograft model

A total of 2× 106 C4-2-Luc or C4e2B-TaxR cells were inoculated
into the bilateral tibia of male athymic nude mouse (5-week old).
Following the confirmation of tumor formation by rising PSA levels in
mouse sera, mice were randomized into different groups and treated
with vehicle control or BKM1972 at the indicated doses, three times per
week, via intraperitoneal route. Docetaxel treatment in the C4e2B-
TaxR model was administered via intraperitoneal injection at the do-
sage of 2.5mg/kg, once per week. Mice were weighed twice per week,
and tumor growth in bilateral tibia was followed by serum PSA using an
enzyme-linked immunosorbent assay (ELISA) kit from United Biotech,
Inc (Mountain View, CA). At the end point, X-ray radiography was
performed using MX-20 System (Faxitron, Tucson, Arizona). Tumor-
bearing tibias were harvested and fixed in 10% neutralized formalin for
future analyses. Haematoxylin and eosin (H&E) and tartrate resistant
acid phosphatase (TRAP) studies were performed following standard
procedures.

2.11. Statistical analysis

All in vitro data represent three or more experiments. The unpaired
t-test was used to determine the significance of differences between any
two groups. Two-way ANOVA was used to test the overall difference
between different treatment groups during the whole study period.
Prism 7.03 program (GraphPad Software Inc., La Jolla, CA) was used to
perform the statistical analyses. p < 0.05 was considered as statisti-
cally significant.

3. Results

3.1. BKM1972 is a novel survivin inhibitor and exhibits potent cytotoxicity
in human cancer cells

Given the prominent targeting potential of survivin in bone meta-
static PCa, we have developed several novel survivin inhibitors and
investigated their anticancer activities in experimental models. These
small molecules are chemical analogs of BKM570, our first-generation
BKM compound with a 3-component “A-BeC” structure, where the “B”
component is a tyrosine residue [2,3,4,5,6-pentaflurocinnamoyl-(O-2,6-
dichlorobenzyl)-tyrosine, or F5c-OC2Y] (Fig. 1A, left). Our previous
studies indicated that the F5c-OC2Y moiety is indispensable to the
anticancer activity of BKM570 in lung cancer and ovarian cancer cells
[22,24,32]. By replacing the (“A” component) in BKM570 with an
amino-bisphosphonate moiety, we generated a group of new BKM
compounds with the intention of increasing their selective deposit in
bone tissues (Fig. 1A, right). These compounds were screened for their
capabilities of suppressing survivin expression in PCa cells, as ex-
emplified in Fig. 1B. BKM1972 was identified as a potent inhibitor of
survivin transcription.

To obtain an unbiased evaluation of the anticancer activity of
BKM1972, we submitted the compound to the National Cancer Institute
Developmental Therapeutics Program. As shown in Fig. 1C and Sup-
plementary Information (Figs. S2–S4), BKM1972 induced growth in-
hibition and cell death across a broad spectrum of human cancer cells in
the NCI-60 panel, with cytotoxicities comparable with common che-
motherapy drugs such as cisplatin, etoposide and doxorubicin [33]. In
vitro analyses (Fig. 1D) further showed that BKM1972 effectively in-
hibited the viability of multiple PCa cell lines, including castration-re-
sistant C4-2, C4e2B, CWR22RV1 and ARCaPM cells [27–29]. Intrigu-
ingly, BKM1972 had lower IC50 value (4.9 μM) in C4e2B-TaxR cells, a
C4e2B derivative that is highly resistant to docetaxel treatment [20],

than in the parental C4e2B cells (IC50= 9.3 μM). These results in-
dicated that BKM1972 is a potent inhibitor of both chemosensitive and
chemoresistant PCa cells. To test this notion, we further examined the in
vitro cytotoxicity of BKM1972 in a panel of human cancer cell lines
widely used in the study of chemoresistance, i.e., the chemosensitive
KB-3-1 line and its lineage-derived, chemoresistant lines KB-8-5, KB-C-1
and KB-V1, which is more resistant to paclitaxel treatment than KB-3-1
by 16-, 117- and 4000-fold, respectively [34,35]. The IC50 of BKM1972
in these cell lines was determined as 5.4 μM (KB-3-1), 5.1 μM (KB-8-5),
2.0 μM (KBeC-1) and 5.8 μM (KBeV-1), respectively (Fig. 1E). Taken
together, these data indicated that BKM1972 is a potent inhibitor of
chemoresistant cancer cells.

3.2. BKM1972 inhibits survivin expression via signal transducer and
activator of transcription 3 (Stat3) signaling

Flow cytometry showed that BKM1972 increased the surface ex-
pression of Annexin V in C4-2 cells in a dose-dependent manner
(Fig. 2A), suggesting that BKM1972 inhibited cell viability by activating
apoptosis. We further examined the effect of BKM1972 on the expres-
sion of survivin and its potential upstream regulators, including Stat3
[36], in the total protein lysates from C4-2 and ARCaPM cells (Fig. 2B,
left; Fig. S5). Western blot analyses showed that BKM1972 inhibited
protein expression of survivin and phosphorylated Stat3 (p-Stat3) at
serine 727 (S727). In comparison, the changes in p-Stat3 at tyrosine 705
(Y705) in the total protein lysates were less significant. Phosphorylated
protein kinase C-ε (p-PKC-ε), a known Stat3-interacting protein that
activates p-Stat3(S727) [37,38], was reduced upon BKM1972 treat-
ment.

Nuclear presence of p-Stat3 is indicative of Stat3-dependent tran-
scription activation [39,40]. Western blot analyses showed that
BKM1972 reduced the nuclear expression of both p-Stat3(S727) and p-
Stat3(Y705) in C4-2 cells within 24 h. Consistently, there was a slight
increase in the cytosolic expression of both phosphorylated forms of
Stat3 protein (Fig. 2B, right). These results confirmed the inhibitory
effect of BKM1972 on Stat3 activation in PCa cells.

Real-time PCR analyses showed that BKM1972 treatment resulted in
a rapid reduction of survivin mRNA (Fig. 2C). Interestingly, BKM1972
significantly reduced the luciferase activity of pSurvivin-Luc1430 re-
porter that contains a 1430-bp region of human survivin promoter [41],
but not of pSurvivin-Luc230 that does not contain two putative Stat3
cis-elements located between −1174 and −1166 nt and between
−1095 and −1087 nt (Fig. 2D). These results indicated that BKM1972
may inhibit survivin transcription through a Stat3-dependent me-
chanism.

3.3. BKM1972 inhibits ABCB1 expression and enhances drug uptake in
chemoresistant PCa cells

A unique feature of BKM1972 is that the compound exhibited high
cytotoxicity in chemoresistant cancer cells, such as C4e2B-TaxR, KB-8-
5, KB-C-1 and KB-V1 (Fig. 1D and E). Flow cytometry analyses showed
that BKM1972 effectively induced apoptosis in a dose-dependent
manner in C4e2B-TaxR cells (Fig. 3A, Fig. S6). Consistent with pre-
vious reports [20,21,42], C4e2B-TaxR cells expressed significantly
higher level of ABCB1 protein compared to parental C4e2B cells. In-
terestingly, expression of survivin, p-Stat3(S727) and p-PKC-ɛ(S729)
was markedly increased in the total protein lysates of C4e2B-TaxR cells
(Fig. 3B, left). Western blot analysis also revealed a significantly higher
level of nuclear expression of p-Stat3(S727) in C4e2B-TaxR cells
(Fig. 3B, right), indicating the activation of Stat3 signaling in che-
moresistant PCa cells.

BKM1972 treatment in C4e2B-TaxR cells resulted in significant
reductions in the expression of p-PKC-ɛ(S729), p-Stat3(S727), survivin
and ABCB1, and induced the cleavage of caspase-3 and poly ADP ribose
polymerase (PARP) (Fig. 3C). We further determined the expression of
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total Stat3 and p-Stat3(S727) in the cytosolic and nuclear lysates of
C4e2B-TaxR cells following short-term BKM1972 treatment. As shown
in Fig. 3D, there was a rapid decrease in the nuclear expression of p-
Stat3(S727) and a simultaneous increase in its cytosolic expression. In
comparison, there was no significant change in total Stat3 expression in
either cytosolic or nuclear portions. These results indicated that

BKM1972 inhibited the nuclear translocation of p-Stat3(S727), thereby
suppressing Stat3-dependent transcription.

At mRNA levels, BKM1972 rapidly suppressed the expression of
both survivin and ABCB1 (Fig. 3E). Previously, it has been reported that
Stat3 binds the DNA sequence at +64 ∼ +72 region of human ABCB1
promoter and activates ABCB1 transcription (Fig. 3F, left) [43]. To

Fig. 1. BKM1972 suppresses survivin expression and inhibits the in vitro viability of human cancer cell lines. (A) Chemical structures of BKM570 and its
analog BKM1972. Note both compounds have a 3-moiety “A-BeC” core structure. (B) PCR analysis of the effect of several BKM570 analogs on survivin mRNA
expression in C4-2 cells (5 μM, 24 h). (C) A summary of the in vitro cytotoxicity of BKM1972 in the NCI-60 panel (48 h). GI50 is the concentration that causes 50%
growth inhibition, relative to the vehicle control. (D) MTS assay of the in vitro cytotoxicity of BKM1972 in established PCa cell lines (72 h). (E) MTS assay of the in
vitro cytotoxicity of BKM1972 in lineage-derived KB cells (72 h).
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confirm whether BKM1972 affected ABCB1 transcription, C4e2B-TaxR
cells were transfected with a full-length human ABCB1 reporter con-
taining the promoter sequence from −1202 to +118 (pMDR1-1202) or
its deletion construct pMDR1-221 [31], respectively, and further
treated with BKM1972. As shown in Fig. 3F, BKM1972 effectively in-
hibited the luciferase activity of both reporters, indicating that the in-
hibitory effect of BKM1972 on ABCB1 expression may mainly occur at

the transcriptional levels, presumably via the suppression of Stat3 sig-
naling.

Since BKM1972 suppressed ABCB1 expression, we determined the in
vitro uptake of chemotherapeutics in BKM1972-treated C4e2B-TaxR
cells. Fluorescence microscopy found that BKM1972 treatment resulted
in a rapid (within 30min) accumulation of paclitaxel. In comparison,
there was no obvious paclitaxel uptake until 60min in the control cells

Fig. 2. BKM1972 inhibits Stat3 signaling and suppresses survivin transcription in PCa cells. (A) Flow cytometry assay of Annexin V expression in C4-2 cells
treated with varying concentrations of BKM1972 (72 h). *: p < 0.001. (B) Left: protein expression of p-PKC-ɛ(S729), p-Stat3, Stat3 and survivin in C4-2 and ARCaPM
cells treated with 5 μM BKM1972 for the indicated times. β-actin was used as the loading control; Right: Expression of p-Stat3 and Stat3 in the cytosolic and nuclear
lysates from C4-2 cells treated with BKM1972 (5 μM). TATA-binding protein (TBP) was used as the loading control for nuclear proteins. (C) PCR analysis of survivin
mRNA levels in C4-2 cells treated with BKM1972 (5 μM) at the indicated times. *, **: p < 0.05. (D) Upper: Human survivin reporter pSurvivin-Luc1430 contains two
putative Stat3-binding cis-elements (blue bars), which are absent in the deletion construct pSurvivin-Luc230. The transcriptional start site was as +1; Bottom:
Relative luciferase activity of pSurvivin-Luc1430 and pSurvivin-Luc230 in C4-2 cells treated with BKM1972 at the indicated concentrations (48 h). *: p < 0.01. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 3G). Flow cytometry further confirmed a significant increase of
Oregon green 488-conjugated paclitaxel in BKM1972-treated C4e2B-
TaxR cells (Fig. 3H). These results indicated that BKM1972 facilitated
the uptake of chemotherapeutics in chemoresistant PCa cells.

3.4. In vivo toxicity of BKM1972

BKM1972 exhibited in vitro cytotoxicity in RWPE-1, an im-
mortalized prostate epithelial cell line [44], with an IC50 of 6.7 μM (Fig.
S7). To evaluate the repeat-dose sub-chronic toxicity of BKM1972,
healthy athymic nude mice were treated with two doses of BKM1972

(caption on next page)
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(10mg/kg, 20mg/kg) or vehicle control via intraperitoneal injection,
three times per week, for 3 weeks. At the endpoint, the average body
weight gain in each group was 6.6% (control), 10.3% (5mg/kg
BKM1972) and 1.9% (10mg/kg BKM1972), respectively (Fig. 4). Ex
vivo examination of major organs did not observe obvious abnormal-
ities. These results indicated that BKM1972 did not have significant side
effects in mice.

3.5. BKM1972 inhibits the intratibial growth of C4-2 tumors

We evaluated the in vivo efficacy of BKM1972 in athymic nude mice
bearing intratibial C4-2 tumors, which represent chemotherapy-naïve,
bone metastatic and castration-resistant PCa [45]. Mice were treated
with two escalating doses of BKM1972 (5mg/kg and 10mg/kg) or
vehicle control respectively, via the intraperitoneal route, three times
per week, for 8 weeks. Serum PSA level was monitored as the indicator
of tumor growth in mouse bones. At the endpoint, the average PSA level
of each group was determined as 175.6 ± 37.1 ng/ml (control),
198.3 ± 66.1 ng/ml (5mg/kg BKM1972) and 95.7 ± 34.9 ng/ml
(10mg/kg BKM1972). Compared with the control, BKM1972 at 5mg/
kg effectively suppressed C4-2 tumor growth until day 50 (p=0.015),
but the statistical difference between the two groups disappeared on
day 57 (p=0.65). There was a significant difference in PSA values
between the control group and 10mg/kg BKM1972 group (p < 0.01)
(Fig. 5A, left). BKM1972 treatment at both doses was associated with
slight gains in average body weights, 3.8% in the 5mg/kg group and
5.5% in the 10mg/kg group. In comparison, there was a net loss
(−8.4%) in the average body weight in the control group (Fig. 5A,
right). X-ray radiography and histology demonstrated improved bone
structure in mice treated with both doses of BKM1972 (Fig. 5B and C).
Osteoclast activity determined by TRAP staining revealed that

compared to the control group or 5mg/kg BKM1972-treated tissues,
there were fewer TRAP-positive cells in the bone tumor tissues treated
with 10mg/kg BKM1972 (Fig. 5C). These results demonstrated that
BKM1972 inhibited the skeletal growth of C4-2 tumors in mice and
potentially suppressed tumor-associated bone turnover.

3.6. BKM1972 inhibits the intratibial growth of C4e2B-TaxR tumors

The in vivo efficacy of BKM1972 against chemoresistant PCa was
evaluated in the intratibial xenografts of C4e2B-TaxR. Athymic nude
mice were treated with vehicle control, docetaxel (2.5 mg/kg, once per
week) or BKM1972 (15mg/kg, three times per week) via in-
traperitoneal route, respectively, for 11 weeks. Compared with the
control group, BKM1972 significantly retarded tumor growth
(p=0.01), as demonstrated by the reduction in average PSA levels
(86.0 ± 49.7 ng/ml in the control group vs 9.7 ± 3.8 ng/ml in the
BKM1972 group). In contrast, there was no statistical difference
(p=0.49) in the PSA levels between the control group and docetaxel-
treated mice (38.8 ± 25.2 ng/ml) (Fig. 6A, left). All mice gained body
weights at the endpoints, with an increase of 5.6% (control), 1.4%
(docetaxel) and 8.4% (BKM1972) respectively (Fig. 6A, right). X-ray
radiography and histology showed that BKM1972 treatment was asso-
ciated with reduced osteolytic lesions in tumor-bearing tibias (Fig. 6B
and C). Compared with the control or docetaxel-treated groups, there
were fewer TRAP-positive cells in the BKM1972-treated bone tumor
tissues (Fig. 6C). These results indicated that as a monotherapy,
BKM1972 is efficacious in suppressing the skeletal growth of che-
moresistant PCa.

4. Discussion

Docetaxel chemotherapy was hailed as a breakthrough in PCa
management and approved in 2004 as the first-line treatment for me-
tastatic castration-resistant PCa. Recent randomized trials have shown
additional therapeutic benefits with docetaxel in newly diagnosed pa-
tients with high risk, high volume disease. In the STAMPEDE trial, the
inclusion of docetaxel to standard hormonal therapy (with or without
radiotherapy) extended the overall survival by 10 months in patients
with hormone-naïve advanced PCa [46]. A similar survival benefit
(13.6 months) was observed in the CHAARTED study [47]. These
promising results indicated that docetaxel will remain a standard of
care for advanced PCa. Unfortunately, however, in most cases PCa
develops extreme resistance and continues to progress, which has no
cure. Therefore, there is an urgent need to design new therapies over-
coming docetaxel resistance and treating bone metastasis.

Overexpression of survivin has been associated with clinical PCa
bone metastasis [11,12]. In previous studies, we observed an increase in
survivin expression following docetaxel treatment, and inhibition of
survivin antagonized this inductive effect of docetaxel and sensitized
PCa cells to chemotherapy [13,14]. These results indicate that survivin-
targeted strategy could be a promising approach to overcome docetaxel
chemoresistance and treat PCa bone metastasis. Using a “molecular
hybridization” strategy, we have designed a new generation BKM

Fig. 3. LG1980 inhibits the expression of survivin and ABCB1 and induces apoptosis in chemoresistant PCa cells. (A) Flow cytometry assay of Annexin V
expression in C4e2B-TaxR cells treated with varying concentrations of BKM1972 (72 h). *, **: p < 0.01. (B) Left: protein expression of p-PKC-ε(Ser729), p-
Stat3(Ser727), survivin and ABCB1 in C4e2B-TaxR and parental C4e2B cells. Α-tubulin and β-actin were used as the loading controls; Right: Western blot analyses of
nuclear expression of p-Stat3(S727) in C4e2B and C4e2B-TaxR cells. H3 histone was used as the loading control for nuclear proteins. (C) Western blot analyses of
C4e2B-TaxR cells treated with BKM1972 (5 μM) for the indicated times. (D) Western blot analyses of the cytosolic and nuclear proteins in C4e2B-TaxR cells treated
with BKM1972 (5 μM) for the indicated times. (E) PCR analysis of mRNA expression of survivin and ABCB1 in C4e2B-TaxR cells treated with BKM1972 (5 μM) for the
indicated times. *, **: p < 0.05. (F) Left: The sketch map of putative Stat3 binding motif (blue bar) within human ABCB1 promoter. The transcriptional start site was
as +1; Right: Relative luciferase activity of ABCB1 reporters (pMDR1-221 and pMDR1-1202) in C4e2B-TaxR cells treated with varying concentrations of BKM1972
(48 h). *, **: p < 0.01. (G) Fluorescence microscopy images of cellular uptake of Oregon Green 488-paclitaxel in C4e2B-TaxR cells. Cells were first treated with
varying concentrations of BKM1972 for 72 h prior to paclitaxel incubation for the indicated times. (H) Flow cytometry assay of Oregon Green 488-paclitaxel in
C4e2B-TaxR cells pre-treated with BKM1972 (5 μM) for 72 h prior to paclitaxel incubation for the indicated times. *, **: p < 0.05. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Average body weights of athymic nude mice treated with BKM1972
(10mg/kg or 20mg/kg) or vehicle control, via intraperitoneal injection, three
times per week, for 3 weeks (n= 5 per group).
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compounds that incorporate the anticancer moiety of BKM570, i.e.,
F5c-OC2Y, and AMDP(OEt)4, a tetraethyl ester derivative of bispho-
sphonate [26]. Here, we described the in vitro and in vivo activities of
BKM1972, which was initially identified as a potential survivin in-
hibitor. Mechanistic studies further found that BKM1972 also

suppressed the expression of ABCB1, a major membrane-bound trans-
porter responsible for the efflux of a broad range of chemotherapeutics
drugs. Significantly, BKM1972 effectively induced apoptosis in che-
moresistant cancer cells with similar or higher potency compared with
that in chemosensitive cells, and exhibited potent in vivo efficacy

Fig. 5. BKM1972 inhibits the intratibial growth of C4-2 tumors in athymic nude mice. (A) Left: Serum PSA levels of C4-2 tumor-bearing mice treated with
vehicle control (n= 5), 5 mg/kg BKM1972 (n=5) or 10mg/kg BKM1972 (n= 6) for 8 weeks. Two-way ANOVA was used for all pairwise comparisons; Right:
Average body weights of C4-2 tumor-bearing mice treated with vehicle or BKM1972 (5mg/kg or 10mg/kg). (B) X-ray radiography of tumor-bearing bones from
different treatment groups. Red arrows indicate tumor-induced osteolytic lesions. (C) H&E and TRAP staining of C4-2 bone tumors from different treatment groups.
Scale bar is 50 μm for H&E and 100 μm for TRAP respectively.
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Fig. 6. BKM1972 inhibits the intratibial growth of C4e2B-TaxR tumors in athymic nude mice. (A) Left: Serum PSA levels of C4e2B-TaxR tumor-bearing mice
treated with vehicle control (n=5), docetaxel (2.5 mg/kg, n=7) or BKM1972 (15mg/kg, n= 7) for 11 weeks. Two-way ANOVA was used for all pairwise
comparisons; Right: Average body weights of C4e2B-TaxR tumor-bearing mice treated with vehicle, docetaxel or BKM1972. (B) X-ray radiography of tumor-bearing
bones from different treatment groups. Red arrows: osteolytic lesions. (C) H&E and TRAP staining of C4e2B-TaxR bone tumors from different treatment groups. Scale
bar is 50 μm for H&E and 100 μm for TRAP respectively.
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against the skeletal growth of both chemoresponsive and chemoresis-
tant PCa in mouse models. These unique biological features position
BKM1972 as a lead compound for the treatment of bone metastatic and
chemoresistant PCa.

Constitutive activation of Stat3 signaling has been correlated to
pathologic stage and Gleason score in PCa [48,49]. Human survivin
promoter contains several Stat3-binding cis-elements [36], and Stat3
activation increases ABCB1 transcription and multidrug resistance
[43,50,51]. Interestingly, chemoresistant C4e2B-TaxR cells express
higher levels of p-Stat3(S727) and p- PKCε(S729), a direct upstream
activator of Stat3 serine phosphorylation [37,38,52], indicating that the
activation of PKCε-Stat3 signaling may be an underlying mechanism for
the upregulation of survivin and ABCB1 and acquired docetaxel re-
sistance. Our results further showed that BKM1972 effectively sup-
pressed the expression of p-PKCε(S729) and p-Stat3(S727), suggesting
that BKM1972 may inhibit the expression of survivin and ABCB1
through a PKCε-Stat3-dependent mechanism, thereby promoting
apoptosis in both chemosensitive and chemoresistant PCa cells.

BKM1972 was well tolerated in mice and exhibited excellent safety
profile. With the demonstration of its in vivo efficacy against bone
metastatic PCa in preclinical models, we will further investigate the
pharmacological properties of BKM1972 as a drug candidate, including
pharmacokinetics, absorption, distribution, metabolism and excretion.
BKM1972 exhibited potent cytotoxicity in the NCI-60 panel, and ef-
fectively induced apoptosis in human cancer cells regardless of their
difference in chemotherapeutic responsiveness. These results indicate
that BKM1972 can be developed as a monotherapy to overcome che-
moresistance in PCa and other cancers.
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