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l. Introduction:

In this project, we will investigate in vitro and in vivo radiosensitization activity and the mechanism of
action of IAP-inhibitors in human prostate cancer with 1APs overexpression. Our basic hypothesis to be tested
is that (1) The 1APs play a critical role in radiation resistance of human prostate cancer overexpressing IAPS; (2)
Inhibition of the anti-apoptotic function of IAPs by small molecule IAP inhibitors will overcome radioresistance
rendered by the overexpressed IAPs, that in turn will enhance tumor response and restore sensitivity of prostate
cancer cells to ionizing irradiation. Our goal is to investigate and validate that IAPs are promising novel targets
for radiosensitization of human prostate cancer with IAP-overexpression, with the ultimate goal to establish the
molecular modulation of 1APs by potent small molecule IAP inhibitors as a novel approach for overcoming
radiation resistance of human prostate cancer with high levels of IAPs.

I1. Research progress and key research accomplishments:

This is the third year of the project. We have finished the part of the tasks proposed in the approved
Statement of Work for the corresponding period of time. Due to the lab move from Kresge to Med Sci |
Building in March, 2008, together with our animal room moved from Kresge to MSRB Il and more importantly
the move of our X-ray irradiator at the same time, our animal experiments (which requires X-ray radiation for
the tumors in nude mice) were delayed, and many animals had to be ordered after our move. We have
requested and obtained approval a one year no-cost extension for finish the planned animal and MOA studies.

Specifically, we have finished the following tasks:

A. Task 3. To investigate in vivo radiosensitization activity of small molecule inhibitors of IAP in
human prostate cancer animal models with AP overexpression. (months 13-36)

A.1l. Employ nude mouse xenograft model of human prostate cancer to investigate radiosensitization
efficacy of AP inhibitors in vivo (months 15-24)

To evaluate whether our Smac-mimetic 1AP-inhibitors can radiosensitize human prostate cancer with high
levels of 1APs in vivo, we carried out animal studies using human prostate cancer PC-3 and DU-145 xenograft
models in nude mice. The PC-3 and DU-145 tumor models were established as we previously described. When
the tumors reached a size of 120mm® for PC-3 model, the mice were randomized (6-8 mice/12-16
tumors/group) and treated with our lead Smac-mimetic IAP-inhibitor, Embelin, 60mg/kg p.o. via oral gavage,
g.d.5 x 3, or X-ray irradiation, 2 Gy ¢.d.5 x 2, or Embelin followed with radiation within 30min as combination
therapy. The irradiation was performed as we recently described, with only tumor area exposed while the main
body of a mouse was shielded. Although Embelin alone had moderate effect on tumor growth, it significantly
enhanced PC-3 tumor response to X-ray irradiation (p<0.01, two-way ANOVA, n=12).

For DU-145 tumor model, when the tumors reached a size of 60-80mm?®, the mice were randomized (5-8
mice/10-16 tumors/group) and treated with our lead Smac-mimetic 1AP-inhibitor, SH-130, 50mg/kg i.v. g.d.5 x
2, or X-ray irradiation, 2 Gy q.d.5 x 2, or SH-130 followed with radiation within 30min. DU-145 tumor model
IS more resistant to radiation, consistent with our earlier reports. However, SH-130 potently sensitized the DU-
145 tumors to X-ray irradiation, without increasing toxicity to the animals. The combination therapy inhibited
the tumor growth, significantly more effective than either treatment alone (p<0.001, n=14). No obvious animal
toxicity was observed. Notably, 5 out of 14 tumors in the combination group showed complete regression that
did not grow back 5 months after the therapy, whereas radiation alone had only 2 out of 10 tumors with
complete regression, no complete regression in SH-130 alone or vehicle control groups.

The above studies are summarized in our paper in press in Clin Cancer Res (2008), attached below.

These preliminary in vivo radiation studies provide us a strong proof-of-principle that a potent IAP-inhibitor
can indeed sensitize a radioresistant tumor to radiation therapy, although the dose, schedule, and sequence of
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the two treatments are yet to be optimized in the combination therapy. The latter will be investigated in detail
in the current proposal in multiple animal tumor models. Interestingly, in both in vivo studies, SH-130 alone
showed no obvious effect on tumor growth; this is consistent with our in vitro data that SH-130 does not have
single agent activity in terms of cytotoxicity. Having potent radiosensitizing activity without direct cytotoxicity
to cells may be the unique feature for our lead compound SH-130 to be developed as a novel molecularly
targeted radiosensitizer for cancers with AP overexpression.

A.2. Immuohistological study of apoptosis induction and biomarkers in above animal models in
response to IAP inhibitors and radiation therapy. (months 15-36)

We have collected the samples in our efficacy studies and processed for immunohistological analysis.
IAP inhibitors enhanced radiation induced apoptosis as indicated with significantly increased TUNEL+ cells.
The data are included in two manuscripts in preparation.

B. Task 4. To investigate the mechanism of action of small molecule inhibitors of IAP in
overcoming radiation resistance of prostate cancer. (months 13-36)

B.1. Molecular target selectivity analysis using transfected cells.

We have established a series of clones of AP transfected cells. The evaluations of these clones
are still ongoing.

B.2. IAP-inhibitors inhibit NF-kB activation

A recent study suggests that IAP-inhibitor, Embelin, also inhibits NF-xB activation by TNFa. We
confirmed this finding in prostate cancer cells. To investigate whether this is true only for natural compound
such as Embelin that may have multiple targets, we analyzed the effect of SH-130, our more potent and specific
IAP-inhibitor, on the NF-«xB activation in prostate cancer cells. SH-130 inhibited TNFa-induced IkxBa
degradation, an indication of NF-kB activation by the canonical pathway. The negative control compound SH-
123 that does not bind to 1APs has no effect on NF-kB. SH-130-mediated NF-«xB inhibition is partial and dose-
dependent, without significant change of Rel A translocation, suggesting that SH-130-mediated inhibition of
NF-xB activation is indirect.

Above data were confirmed by a quantitative, luciferase-based NF-kB reporter assay. SH-130 and Embelin
inhibited TNFa-induced NF-«kB activation in NF-kB luciferase reporter assay. This inhibition could not be
blocked by Pan-Caspase inhibitor zVAD, indicating that the 1AP-inhibitor-mediated NF-kB inhibition does not
involve Caspases. This NF-«kB inhibition is partial, even at high doses of IAP-inhibitors, comparing with
celastrol, a natural proteosome inhibitor that completely blocked NF-«xB activation, consistent with the recent
literature. In a separate qQRT-PCR assay of NF-«kB target gene expression, Embelin also partially block NF-xB
activation.

The above studies are summarized in our paper in press in Clin Cancer Res (2008), and a manuscript under
review, both are attached below.

Taken together, our preliminary data with NF-xB activation studies demonstrate that IAP-inhibitors
Embelin and SH-130 can block NF-«xB activation without involving Caspases. This partial and apparently
indirect inhibition of NF-xB activation indicates a potential role of IAP — Smac in NF-xB pathway other than
classical apoptosis pathway. Based on these exciting new finding and recent publications in the literature, we
propose a potential link or crosstalk between 1AP-apoptosis pathway and NF-xB pathway: the TRAF-cIAP-
(Actl)-NEMO loop. Delineation of this link/crosstalk is beyond the current funded project and is one of the
aims in the RO1 proposal to be submitted.



111. Reportable outcomes:

A. Three papers published/in press.

1. Meng Y, Tang W, Dai Y, Wu X, Liu M, Ji Q, Ji M, Pienta K, Lawrence TS, and Xu L. Natural BH3-
mimetic chemosensitizes human prostate cancer via Bcl-xL inhibition accompanied by increase of Puma
and Noxa. Mol Cancer Ther 2008; 7(7):2192-2202.

2. Dai Y, Lawrence TS and Xu L. Overcoming cancer therapy resistance by targeting inhibitors of apoptosis
proteins and nuclear factor-kappa B. Am J Transl Res 2009; 1(1):4-18. (http://www.ajtr.org/\V1 Nol.html)

3. Dai Y, Liu M, Tang W, DeSano J, Burstein E, Pienta K, Lawrence TS, Xu L. Molecularly targeted radio-
sensitization of human prostate cancer by modulating inhibitor of apoptosis. Clin Cancer Res 2008 (in
press).

B. One manuscript is under review and one manuscript on Embelin radiosensitization will be submitted soon.

Yao Dai, Meilan Liu, Kenneth Pienta, Theodore Lawrence, and Liang Xu. A Smac-mimetic sensitizes
prostate cancer cells to TRAIL-induced apoptosis via modulating both 1APs and NF-xB. (Submitted to
BMC Cancer)

C. Funded from this PRCP grant, two abstracts were presented in national or international meetings, and one
abstract will be submitted to 2008 AACR annual meeting.

e Dai, et al. Molecularly targeted cancer radiosensitization of prostate cancer by modulating IAP. The
American Association for Cancer Research 99™ Annual Meeting, San Diego, California, April 14-18,
2008. (Oral presentation)

e Xu L, etal. Molecular radiosensitization of prostate cancer by modulating cell death pathways. The
First SANTRO (Sino-American Therapeutic Radiation Oncology) Conference, Beijing, China, August
26-29, 2008. (Oral presentation)

1VV. Conclusions:

The major goal in the thirdyear of the project is to investigate the radiosensitization activity in vivo and
the mechanism of action of novel IAP-inhibitors in prostate cancer models. We have investigated the in vivo
radiosensitization activity of our lead IAP-inhibitors, SH-130 and Embelin, in human prostate cancer xenograft
models. In nude mouse xenograft models, IAP-inhibitors Embelin and SH-130 potently sensitized the DU-145
tumors to X-ray radiation. Bioluminescence imaging confirmed SH-130 plus radiation resulted in complete
tumor regression in 6 out of 10 tumors, comparing 2/10 tumors with radiation alone, and 0/10 tumors with SH-
130 alone. Mechanism studies show that IAP-inhibitors increased radiation-induced apoptosis in vivo. NK-kB
pathway activation was also inhibited in the combination therapy.

Due to the lab move in March, 2008, together with our animal room moved and more importantly the
move of our X-ray irradiator at the same time, our animal experiments were delayed. We have requested and
obtained approval a one year no-cost extension for finish the planned animal and MOA studies. In the
requested 12-month extension, we will carry out the animal studies proposed in the original Statement of Work
for third year in our proposal, without changing the scope and content of our original Statement of Work.



V1. APPENDICES:
1. One paper in press: Clin Cancer Res 2008.
2. One paper published: Mol Cancer Ther 2008; 7(7):2192-2202.
3. One paper published: Am J Transl Res 2009; 1(1):4-18. (http://www.ajtr.org/VV1 _Nol.html).
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. One manuscript under review: BMC Cancer.
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Molecularly Targeted Radiosensitization of Human Prostate Cancer

by Modulating Inhibitor of Apoptosis

Yao Dai," Meilan Liu," Wenhua Tang, Jeffrey DeSano," Ezra Burstein,?> Mary Davis,’
Kenneth Pienta, 2 Theodore Lawrence," and Liang Xu'

Abstract

Purpose: The inhibitor of apoptosis proteins (IAP) are overexpressed in hormone-refractory
prostate cancer, rendering the cancer cells resistant to radiation. This study aims to investigate
the radiosensitizing effect of small-molecule IAP inhibitor both /n vitro and in vivo in androgen-
independent prostate cancer and the possible mechanism of radiosensitization.

Experimental Design: Radiosensitization of SH-130 in human prostate cancer DU-145 cells
was determined by clonogenic survival assay. Combination effect of SH-130 and ionizing radia-
tion was evaluated by apoptosis assays. Pull-down and immunoprecipitation assays were
employed to investigate the interaction between SH-130 and |IAPs. DU-145 xenografts in nude
mice were treated with SH-130, radiation, or combination, and tumor suppression effect was
determined by caliper measurement or bioluminescence imaging. Nuclear factor-«B activation
was detected by luciferase reporter assay and quantitative real-time PCR.

Results: SH-130 potently enhanced radiation-induced caspase activation and apoptosis in
DU-145 cells. Both X-linked IAP and clAP-1 can be pulled down by SH-130 but not by inactive
SH-123. Moreover, SH-130 interrupted interaction between X-linked IAP/cIAP-1 and Smac. In a
nude mouse xenograft model, SH-130 potently sensitized the DU-145 tumors to X-ray radiation
without increasing systemic toxicity. The combination therapy suppressed tumor growth more
significantly than either treatment alone, with over 80% of complete tumor regression. Further-
more, SH-130 partially blocked tumor necrosis factor-a- and radiation-induced nuclear factor-«xB
activation in DU-145 cells.

Conclusions: Our results show that small-molecule inhibitors of IAPs can overcome apoptosis
resistance and radiosensitize human prostate cancer with high levels of IAPs. Molecular modula-

tion of IAPs may improve the outcome of prostate cancer radiotherapy.

Androgen-independent disease is the main obstacle to
improved survival and quality of life in patients with advanced
prostate cancer. There is an urgent need for novel therapeutic
strategies to overcome radioresistance in the treatment of
advanced prostate cancer by specifically targeting the funda-
mental molecular basis of androgen-independent prostate
cancer.
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Most of the current anticancer therapies work, at least in part,
through inducing apoptosis in cancer cells, including ionizing
irradiation (1). Lack of appropriate apoptosis due to defects in
the normal apoptosis machinery plays a crucial role in the
resistance of cancer cells to a wide variety of current anticancer
therapies. Radioresistance markedly impairs the efficacy of
cancer radiotherapy and involves antiapoptotic signal trans-
duction pathways that prevent radiation-induced cell death (2).
The aggressive cancer cell phenotype is the result of a variety of
genetic and epigenetic alterations leading to deregulation of
intracellular signaling pathways, including an impaired ability
of the cancer cell to undergo apoptosis (3). Primary or acquired
resistance of hormone-refractory prostate cancer to current
treatment protocols has been associated with apoptosis
resistance in cancer cells and is linked to therapy failures (4, 5).

Current and future efforts toward designing new therapies to
improve survival rates and quality of life for cancer patients will
include strategies that specifically target cancer cell resistance to
apoptosis. The inhibitors of apoptosis proteins (IAP) is an
important class of intrinsic cellular apoptosis inhibitors (6, 7).
IAPs potently suppress apoptosis against a large variety of
apoptotic stimuli, including chemotherapeutics, radiation, and
immunotherapy in cancer cells (8). The IAPs function as potent
endogenous apoptosis inhibitors by directly binding to and
effectively inhibiting three members of the caspase family of

Clin Cancer Res 2008;14(21) MONTH XX, 2008
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Translational Relevance

Despite initial response to local therapy with surgery or
radiation, many prostate cancer patients experience recur-
rence with advanced disease. Androgen ablation therapy
produces only temporary responses because of the deve-
lopment of androgen independence. Failure to respond to
radiation represents a critical problem in radiotherapy of
hormone-refractory human prostate cancer. HRPC is resis-
tant to apoptosis and IAPs have been shown to play a key
role in apoptosis resistance. This study aims to investigate
the radiosensitizing potential of a novel small-molecule IAP
inhibitor both in vitro and in vivo in androgen-independent
prostate cancer and the possible mechanism of radiosensi-
tization. Our results show that the small-molecule IAP inhi-
bitor radiosensitizes HRPC partly due to the enhanced
apoptosis and inhibition of NF-xB induced by radiation.
The data suggest that functional down-modulation of IAPs
may be a promising approach for overcoming radiation
resistance of HRPC. More importantly, the success of this
strategy will pave the way to develop the small-molecule
IAP inhibitors as an entirely new class of anticancer therapy
for radiosensitizing human prostate cancer. The combina-
tion of IAP targeting molecular therapy and conventional
radiotherapy may become a promising novel strategy to
enhance the radiation efficacy and ultimately improve the
survival of HRPC patients.

enzymes: two effector caspases (caspase-3 and -7) and one
initiator caspase-9 (9). The X-linked IAP (XIAP) is perhaps the
best characterized IAP member due to its potent activity (10).
XIAP effectively inhibits both intrinsic and extrinsic apoptosis
pathways by binding and inhibiting both initiator and effector
caspases, whose activity is crucial for the execution of apoptosis
(7, 11). Because effector caspase activity is both necessary and
sufficient for irrevocable programmed cell death, XIAP func-
tions as a gatekeeper to this final stage of the process. XIAP is
widely expressed in cancer cell lines and tumor tissues and a
high level of XIAP makes cancer cells apoptosis-resistant to a
wide variety of therapeutic agents (12). cIAP-1/2 also inhibits
both caspase-3 and caspase-7 although not as powerfully as
XIAP (13).

Most components of the major cell death regulatory path-
ways have been implicated in radiation-induced cell death (14).
It has been well established that IAPs, which are highly
expressed in many types of cancer, including prostate cancer,
appear to play a pivotal role in resistance to apoptosis induced
by cancer therapy. Accumulating evidences show that XIAP and
cIAP-1, two IAP members that are mostly studied for
antiapoptosis and cell survival signaling, play a crucial role in
chemoresistance or radioresistance (7). Specifically, radiation
triggers apoptosis mediated by mitochondria, resulting in the
release of mitochondrial proteins into cytoplasm, including
Smac (15). The released Smac binds to XIAP and other IAP
proteins and abolishes their antiapoptotic function. Because
IAPs block apoptosis at the downstream effector phase, a point
where multiple apoptosis signaling pathways converge, strate-
gies targeting IAPs may prove to be highly effective in

Clin Cancer Res 2008;14(21) MONTH XX, 2008

overcoming apoptosis resistance of human prostate cancer
overexpressing IAPs. This link between radiation resistance and
IAPs is supported by recent studies in which the suppression of
XIAP levels by RNA interference or antisense indeed sensitized
XIAP-overexpressing cancer cells to death receptor-induced
apoptosis as well as radiation (16, 17).

Smac-based peptide inhibitors effectively overcome apopto-
sis resistance in different types of cancer cells with high levels of
IAP and sensitize cancer cells to current therapeutic agents
in vitro and in vivo, providing an important proof-of-concept
for molecular therapy targeting IAPs (15, 18). Recently, we have
designed Smac peptido-mimetics and nonpeptidic mimetics
(Smac-mimetics) based on Smac peptide and the high-
resolution experimental three-dimensional structures of Smac
in complex with the XIAP BIR3 domain, called SH compounds
(19, 20). These Smac mimetics are cell-permeable and have a
much higher binding affinity to XIAP than the natural Smac
peptide. Our preliminary results with newer and more potent
Smac-mimetic IAP inhibitors show a 1 to 20 nmol/L binding
affinity to XIAP BIR3 as well as potent cellular activity. These
studies provide us with a solid foundation to determine if the
IAPs are valid molecular targets for radiosensitization of human
prostate cancer with TAP overexpression.

In this study, we evaluated the radiosensitizing effects of one
of the Smac-mimetic IAP inhibitors, SH-130, in human prostate
cancer cells with high levels of IAPs. We hypothesized that a
Smac-mimetic targeting the IAP family of proteins would be
highly effective in overcoming prostate cancer resistance to
radiation therapy. We also investigated the potential molecular
targets and mechanisms involved in the SH-130-mediated
radiosensitization.

Materials and Methods

Reagents. Smac-mimetic compound SH-130, its negative control
compound SH-123, and their biotin-labeled derivatives were dissolved
in DMSO, stored as small aliquots at -20°C, and then diluted as needed
in a cell culture medium. Recombinant human tumor necrosis factor-a
(TNF-a) was obtained from Roche Applied Science. MG132 was
provided by Biomol. High-glucose DMEM, fetal bovine serum,
penicillin, streptomycin, and LipofectAMINE 2000 were purchased
from Invitrogen. Pan-caspase inhibitor zZVAD, caspase-3 substrate
DEVD-AFC, and anti-Smac polyclonal antibody were purchased from
Biovision. Crystal violet and p-actin antibody were purchased from
Sigma-Aldrich. Antibodies against poly(ADP-ribose) polymerase
(PARP), pro-caspase-3, p65/RelA, IkBa, and p-tubulin were purchased
from Santa Cruz Biotechnology. Anti-XIAP and cIAP-1/2 antibodies
were purchased from BD Biosciences. Survivin antibody was supplied
by Novus Biologicals.

Cell culture. Human prostate cancer cell lines PC-3 and DU-145
and human normal fibroblast cell line WI-38 were purchased from the
American Type Culture Collection. Luciferase stably transfected DU-145
cells (DU-145"") were established as described previously (21). All
types of cell lines were routinely cultured in high-glucose DMEM
supplemented with 10% fetal bovine serum in a 5% CO, humidified
incubator at 37°C. All media were also supplemented with 100 units/
mL penicillin and 100 pg/mL streptomycin. Human normal prostate
epithelial cell line PrEC was purchased from Lonza and maintained
following the manufacturer’s instruction.

Clonogenic cell survival assay. DU-145 cells were seeded in six-well
plates at different cell densities (100-10,000 per well) and treated with
SH-130 or SH-123 and X-ray radiation individually or in combination.

www.aacrjournals.org
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Fig. 1. A, structure of the Smac-mimetic compound SH-130 and an inactive control compound, SH-123. B, Western blot analysis of the expression of IAPs in human
prostate cancer cells DU-145 and PC-3, with normal prostate epithelial cells PrEC and human fibroblast WI-38. C, SH-130-mediated radiosensitization of DU-145 cells
by clonogenic survival assay. Cells seeded in six-well plates were treated with 5, 10, or 20 pmol/L SH-130 or 20 pmol/L SH-123, respectively, followed by 2, 4, 6, or 8 Gy
X-ray radiation within 1 h. Each sample was tested in triplicate. After 14 d of incubation, colonies were stained by crystal violet and counted manually. Data were
normalized and expressed as mean + SD (n = 3). One of three independent experiments.

Solvent DMSO was used as a vehicle control. Each sample was tested in
triplicate, and the cell medium was replaced 7 days later. After another 5
to 7 days of incubation, the plates were gently washed with PBS and
stained with a 0.1% crystal violet solution. Colonies with over 50 cells
were manually counted. The cell survival enhancement ratio was
calculated as we described previously (22).

Western blot analysis. To determine the levels of protein expression
in prostate cancer cell lines, cells were harvested and lysed in a
radioimmunoprecipitation assay lysis buffer [50 mmol/L Tris-HCI
(pH 8.0), 150 mmol/L NaCl, 0.1% SDS, 1% NP-40, 0.25% sodium
deoxycholate, and 1 mmol/L EDTA] with freshly added protease
inhibitor cocktail (Roche) for 15 min on ice and then centrifuged at
13,000 rpm for 10 min. Whole-cell extract was measured for total
protein concentration using Bradford reagent (Bio-Rad), and proteins
were resolved by SDS-PAGE (Bio-Rad). For nonreducing and non-
denaturing SDS-PAGE, samples were mixed with loading buffer (no
reducing agent) and directly loaded on a gel without boiling. After
electrophoresis, the proteins were electrotransferred to nitrocellulose
membranes (Bio-Rad), probed with the relevant primary antibody
followed by horseradish peroxidase-conjugated secondary antibody
(Pierce), and detected with the SuperSignal West Pico chemilumines-
cence substrate (Pierce). Intensity of the desired bands was analyzed
using TotalLab software (Nonlinear Dynamics).

Apoptosis assay. To detect apoptosis, we used an Annexin V-FITC
and propidium iodide double staining kit (Trevigen). In brief, DU-145
cells were seeded into six-well plates and treated with SH-130 or
negative control SH-123 with or without pretreatment with the pan-
caspase inhibitor zZVAD (Biovision). X-ray irradiation was done
immediately after drug addition. Twenty-four hours after radiation,
the cells were collected, gently washed twice with cold PBS, stained with
Annexin V and propidium iodide as per manufacturer’s instruction, and
analyzed with a flow cytometer (FACSCalibur; BD Biosciences) in the
Flow Cytometry Core at the University of Michigan Cancer Center.
Other aliquoted samples were processed for caspase function and
Western blot analysis.

Caspase-3 function assay. Caspase activation of treated DU-145 cells
was determined following the instructions of a caspase-3 detection kit
(BioVision). Cells were lysed in a lysis buffer, and whole-cell lysates
(20 png) were incubated with 25 pmol/L fluorogenic substrate DEVD-
AFC in a reaction buffer (containing 5 mmol/L DTT) at 37°C for 2 h.
Proteolytic release of AFC was monitored at A, = 405 nm and Aep, =
500 nm using a microplate reader (BMG Labtech). Fold increase of the
fluorescence signal was calculated for each treated sample by dividing
its normalized signal activity by that of the untreated control.

Pull-down and immunoprecipitation assay. DU-145 cells were
washed with ice-cold PBS, harvested, and resuspended in a lysis buffer

Table 1. Radiobiological variables from surviving curves

Mean inactivation dose Enhancement ratio Survival fraction (2 Gy) Gy (1%)
Control 3.66 0.70 10.83
SH-123 (20 umol/L) 2.96 1.24 0.57 10.49
SH-130 (5 umol/L) 2.53 1.45 0.49 9.53
SH-130 (10 pmol/L) 2.05 1.79 0.40 8.42
SH-130 (20 umol/L) 1.28 2.86 0.21 5.63

NOTE: Radiobiological variables were calculated from survival curves in Fig. 1C based on linear-quadratic model. Enhancement ratio was
calculated from mean inactivation dose in control group divided by that in treated group. Gy (1%), radiation dose leading to 1% cell survival.
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Fig. 2. SH-130 enhances radiation-induced apoptosis. DU-145 cells were seeded
into six-well plates at the concentration of 2 x 10%/mL, pretreated with zZVAD

(2.5 pmol/L) for 1 h, incubated with 10 umol/L SH-130 or SH-123, and irradiated
at doses of 0, 20, or 30 Gy, respectively. Twenty-four hours after incubation, cells
were harvested and processed for further detection. One of three independent
experiments. A, early apoptotic cell populations after treatment. DU-145 cells
were stained with Annexin V-FITC and propidium iodide (Trevigen) and determined
by flow cytometry. Mean + SD (n = 3). **, P <0.01; ***, P < 0.001, Student’s ¢ test.
B, Western blot analysis of apoptosis-related proteins. Samples were probed

with antibodies against PARP, caspase-3, XIAP, and Smac. Actin is shown as a
loading control. Band intensity of cleaved PARP was normalized to actin.

C, caspase-3 activation after treatment. Whole-cell lysates (20 pg) were reacted
with fluorogenic substrate DEVD-AFC. After incubation at 37°C for 2 h, released
AFC was monitored by a microplate reader (BMG Labtech). Mean + SD (n = 3).
Fold increase of fluorescence signal was expressed by normalizing activity to
untreated control.

[50 mmol/L Tris-HCI (pH 7.5), 150 mmol/L NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and protease inhibitor tablet (Roche)]. For pull-
down assay, after preclearing the streptavidin agarose gel (Invitrogen) at
4°C for 2 h, whole-cell lysate (1 mg total proteins) was incubated with
biotin-labeled SH-130 (20 pmol/L) with or without the addition of an
unlabeled SH-130 competitor (200 pmol/L). DMSO was used as a
solvent control. After rotation at 4°C for 3 h, the lysate was incubated
overnight with the gel (50 puL) at 4°C. For immunoprecipitation assay,
the lysate (1 mg total proteins) was incubated with 1 and 10 umol/L
SH-130 or 10 pmol/L SH-123 at 4°C for 1 h. Antibody (10 pL) was then
added, and the sample was incubated for 1 h before an overnight
incubation with 50 pL protein A/G-agarose gel (Invitrogen). The
immunoprecipitates were washed five times with desired wash buffer

Clin Cancer Res 2008;14(21) MONTH XX, 2008

(Roche), eluted with SDS-PAGE sample buffer, and analyzed by
Western blot.

Animal studies. The general procedure for in vivo experiments was
described previously (22). Briefly, female athymic NCr-nu/nu nude
mice (5-6 weeks old) were inoculated s.c. on both sides of the lower
back above the tail with 3 x 10° per 0.2 mL DU-145 cells. When
tumors reached 50 to 100 mm?, the mice were randomized into four
groups (8 mice per group) and treated with either SH-130 i.v. injected
with 50 mg/kg for q.d. X 5 X 2 weeks, X-ray irradiation with 2 Gy
daily for q.d. X 5 X 2 weeks, or a combination of SH-130 and
radiation. The vehicle control and radiation-only groups received the
same amount of DMSO solvent. Tumor size and body weight were
measured twice a week. Tumor volume was calculated using the
formula: V = a x b?/ 2, where a and b represented both the long and
the vertical short diameter of the tumor. For in wvivo imaging
experiments, mice were transplanted s.c. with 5 x 10° cells per
0.2 mL DU-145"" cells. Treatment started (day 0) when the average
tumor volume reached 50 mm? using the following regimen: SH-130
50 mg/kg i.v. q.o.d. X 3 weeks, X-ray irradiation 2 Gy q.d. x 5 X
3 weeks, or a combination of SH-130 and radiation. On days 0, 8, 17,
24, 41, and 120, mice were imaged 12 min after i.p. injection of
luciferin using the Xenogen Bioluminescence Imaging (BLI) System in
the University of Michigan Small Animal Imaging Core. Light intensity
was quantified using Livinglmage software on a red (high intensity/cell
number) to blue (low intensity/cell number) visual scale. All animal
experiments were done according to protocols approved by the
University of Michigan Committee for Use and Care of Animals.

Nuclear factor-xB activity assay. Two independent assays were done
to determine the effect of SH-130 on TNF-a-induced nuclear factor-«B
(NF-kB) activation as shown below.

NF-KB reporter assay. DU-145 cells were seeded into a 24-well plate
24 h before transfection. For each well, cells were transiently
cotransfected with 0.4 pg of a NF-«xB reporter construct (pNF-«B;
Panomics) or a control reporter plasmid (pControl; Panomics),
together with 0.2 pug of a p-galactosidase reporter vector (Promega),
which was used to normalize NF-kB reporter gene activity, using
LipofectAMINE 2000 (Invitrogen). Twenty-four hours after transfection,
cells were pretreated with SH-130 with or without the caspase inhibitor
zVAD or SH-123 for 1 h followed by TNF-a stimulation for 4 h. The
proteasome inhibitor MG132 was used as a positive control. Cell lysates
were prepared using Reporter Lysis Buffer (Promega). For luciferase and
B-galactosidase assays, the samples were measured on a microplate
luminometer (BMG Labtech) using the Bright-Glo luciferase kit
(Promega) and p-galactosidase enzyme assay kit (Promega), respective-
ly, according to the manufacturer's instructions. Fold increase was
calculated for each treated sample by dividing normalized luciferase
activity by that of the untreated control.

Quantitative real-time PCR. Quantitative PCR was done to deter-
mine the expression level of the TNF gene as a NF-xB target gene (23).
Total RNA was extracted from DU-145 cells using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Reverse
transcription reaction with 1 pg total RNA in 100 pL was done
following the instructions of the TagMan Reverse Transcription Kit
(Applied Biosystems). For quantitative PCR, FAM probe TNF primer
(Applied Biosystems) was used for detection of target gene expression,
and SYBR Green-labeled actin (Applied Biosystems) was used as an
internal control, with the primers designed as forward 5-ATGCAGAAG-
GAGATCACTGC-3" and reverse 5-TCATAGTCCGCCTAGAAGCA-3". All
reactions with TagMan PCR Master Mix (Applied Biosystems) were
done on the Mastercycler realplex system (Eppendorf). Fold increase of
gene expression was calculated for each treated sample by dividing
normalized TNF expression activity with that from the untreated
control.

Statistical analysis. Two-tailed Student’s t test and two-way ANOVA
were employed to analyze the in vitro and in vivo data, respectively,
using Prism 5.0 software (GraphPad Prism). A threshold of P < 0.05
was defined as statistically significant.
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Fig. 3. SH-130 interrupts interaction between XIAP/clAP-1and Smac. DU-145 cells
were collected and disrupted in a lysis buffer. Pull-down or immunoprecipitation
was done as described in Materials and Methods. Immunoprecipitates were
analyzed by Western blot. Endogenous XIAP, clAP-1, and Smac were visualized
by relevant antibodies. A, biotin-labeled SH-130 (SH-130BL) was incubated with
cell lysates with or without nonlabeled SH-130 followed by incubation with
precleared streptavidin-agarose beads. B, cell lysates were incubated with 1 and
10 pmol/L SH-130 or 10 pmol/L SH-123 for 1 h. Lysates were mixed with a sample
buffer (Bio-Rad; without reducing agent) and directly analyzed by Western blot
without boiling. Actin was used as a loading control. C, cell lysates from B were
incubated with an anti-Smac or an anti-XIAP antibody and mixed with protein
A/G-agarose beads. Eluents were analyzed by Western blot and probed with
specified antibodies. IgG heavy chain (/gH) was probed as a control. One of
three independent experiments. PD, pull-down; /£ immunoprecipitation;

/B, immunoblotting; ns, nonspecific.

Results

Synergistic induction of radiation-induced cancer cell growth
inhibition by the small-molecule IAP inhibitor. As reported
previously (19, 20), a series of compounds were designed to
mimic AVPI, the critical NH,-terminal tetrapeptide on the
active Smac protein (Fig. 1A). SH-130, a lead compound of
these Smac-mimetics, was found to be 20 to 30 times more
potent in binding to XIAP than the cell-permeable Smac
peptide pSMAC-8¢, a positive control for serial SH compounds
used previously (Fig. 1A). Another analogue, SH-123, which
was almost 1,000 times less active than SH-130, was used as an
inactive control (Fig. 1A). Human prostate cancer DU-145 and
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PC-3 cell lines have medium to high levels of most of IAPs,
whereas the normal human fibroblast cell line WI-38 and
normal human prostate epithelial cells PrEC show low levels of
IAPs (Fig. 1B).

To determine whether the Smac-mimetic compound could
potentiate radiation-induced inhibition of cancer cell growth,
we examined the radiosensitization of SH-130. SH-130
promoted radiation-induced clonogenic cell death dose-depen-
dently, whereas SH-123 exhibited much less effect even at a
high dose (Fig. 1C). Radiobiological variables were calculated
and summarized in Table 1. The radiosensitizing activity of SH-
130 was not observed in normal cells PrEC and WI-38 that have
low IAPs (data not shown). We have also carried out MTT-
based cytotoxicity assay (22) and SH-130 alone showed ICsy >
100 umol/L in prostate cancer DU-145 and PC-3 cells as well as
WI-38 cells, indicating that SH-130 is not a cytotoxic
compound, consistent with other small-molecule Smac-mim-
etics we reported earlier (19, 20).

Enhancement of radiation-induced apoptosis by inhibition of
IAPs. Preliminary data indicated that in cell-free systems SH-
130, but not SH-123, abolished the inhibitory action of IAPs on
both caspase-9 and caspase-3 in a dose- and time-dependent
manner, showing a potent effect on competing IAPs and thus
activating caspases. To provide further evidence for the role of
SH-130 in mediating radiation-induced apoptosis, DU-145
cells were treated with SH-130 or SH-123 with or without X-ray
radiation. As shown in Fig. 2A, induction of early apoptotic
events (Annexin V positive) became evident when cells were
treated with either 20 or 30 Gy together with 10 pmol/L
SH-130. A 4- to 5-fold increase was seen compared with the
untreated control and a 2-fold increase over radiation alone
(P < 0.01). Pretreatment with the pan-caspase inhibitor zZVAD
abolished this increase in radiation-induced early apoptosis by
SH-130 (P < 0.001; Fig. 2A), indicating that SH-130-mediated
radiosensitization is caspase dependent. In contrast, neither
SH-130 nor SH-123 alone induced significant apoptosis,
suggesting a nontoxic profile of these compounds. We also
evaluated total (early plus late) apoptotic events and obtained
similar results (Supplementary Fig. S1). Furthermore, in the
cells treated with radiation plus SH-130, a clear PARP cleavage
was observed (Fig. 2B) compared with the cells treated with
radiation alone. Because PARP is one of the substrates of
caspase-3, our functional assay also showed similar profile on
caspase-3 activation (Fig. 2C). Here again, zVAD efficiently
blocked the SH-130 effect on caspase-3 activation and PARP
cleavage. For all the samples tested (Fig. 2B), the expression
level of XIAP and Smac did not change significantly, indicating
that SH-130 acts on the apoptosis pathway, not by inhibiting
the expression of IAPs.

Blockade of XIAP/cIAP-1 and Smac interaction by the IAP
inhibitor. To further examine whether the small-molecule
IAP inhibitor, SH-130, binds to the IAP family of proteins in
cells as designed, we carried out IAP pull-down assays using
biotin-labeled compounds. SH-130 was labeled with biotin
(SH-130BL) via chemical synthesis. A fluorescence polariza-
tion-based binding assay confirmed that SH-130BL had the
same binding affinity to XIAP as unlabeled SH-130.* SH-130BL
successfully pulled down both XIAP and cIAP-1 in DU-145 cells

4 Unpublished data.
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(Fig. 3A). Competition with unlabeled SH-130 effectively
blocked the pull-down of both XIAP and cIAP-1 by SH-
130BL. Furthermore, we conducted immunoprecipitation
assays to see if SH-130 interfered with XIAP (or cIAP-1) and
Smac interaction. Interestingly, under nonreducing and non-
denaturing conditions, XIAP and Smac formed a complex at
molecular weight ranging from ~80 to 160 kDa (Fig. 3B),
consistent with the tetramer model (24). XIAP-Smac complex
levels were decreased by the addition of SH-130, but not SH-
123, with increasing levels of free XIAP and Smac (Fig. 3B).
Furthermore, SH-130 dose-dependently interrupted interaction
between Smac and XIAP or cIAP-1 (Fig. 3C). Interestingly,
when mature Smac was pulled down together with XIAP,
two bands always seemed to be visualized by Western blot
(Fig. 3C). The upper band (~ 28 kDa) level showed the same
alteration as the lower band (~ 21 kDa), which is thought to be
the cleaved or activated Smac. Compared with the artificial
transfection with tag-labeled system (25), our condition is
more likely to mimic the native intracellular protein behavior.
These data confirm that the IAP inhibitors can bind to XIAP/
cIAP-1, thus interrupting the interaction between endogenous
XIAP/cIAP-1 and Smac in prostate cancer cells.

In vivo tumor suppression effect of the IAP inhibitor with
radiation. To evaluate the radiosensitization potential of SH-
130 in vivo, a DU-145 tumor model was established as we
described previously (4, 22). The DU-145 tumors were resistant

to radiation, and SH-130 alone did not show tumor suppres-
sion effect (Fig. 4A). However, SH-130 synergistically sensitized
the DU-145 tumors to radiation without showing systemic
toxicity (Fig. 4B). The combination therapy inhibited tumor
growth significantly more effectively than either treatment
alone (P < 0.001, n = 14), and no obvious animal toxicity was
observed. Notably, 5 of 14 tumors in the combination group
showed complete regression that did not grow back 5 months
after the therapy, whereas the radiation-alone group had only 2
of 10 tumors with complete regression. No complete regression
in the SH-130-alone or vehicle control groups was observed.
In the second experiment, we wished to extend the treatment
period to a more clinically relevant 3-week course of therapy.
For this experiment, we used the DU-145""* tumor model and
employed BLI to evaluate tumor response. SH-130 plus
radiation led to complete tumor regression (undetectable signal
in BLI in Fig. 4C). By quantification, the combination therapy
resulted in a 2-log reduction in bioluminescence signal
compared with the radiation-alone group and a 4- to 5-log
reduction compared with the vehicle control group (Fig. 4D).
BLI was also conducted on days 0, 24, and 120 (Supplementary
Fig. S2), and percentage of complete tumor regression is
summarized in Fig. 4D. The percentage of complete tumor
regression in the radiation-alone group was highest (35%) on
day 41 and dropped to 33.3% on day 120, indicating tumor
recurrence over time. For the combination therapy group, the
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Fig. 4. SH-130 potentiates DU-145 tumor regression induced by X-ray radiation with caliper measurement (A and B) or BLI (C and D). Nude mice bearing DU-145 cells
were treated with either SH-130, or X-ray irradiation, or a combination. Tumor size (A) and body weight (B) were measured twice a week, and curves were plotted up to
day 41. Mean + SE (n = 16) for tumor volume (4) and mean + SE (n = 8) for body weight (B). C and D, SH-130 combined with radiation eradicated DU-145 tumors

by BLI. Nude mice bearing DU-145" cells were treated as described in Materials and Methods. Imaging was carried out to visualize bioluminescent tumors on days 0, 8,
17, 24, 41, and 120, respectively. C, BLI of DU-145"* on day 41. The light intensity of each photo was quantified to an optimized visual scale (from red to blue). D, summary
of quantitative data of bioluminescence intensity. Absolute photon counts of tumors were measured and expressed as a median of relative light unit (RLU). Percentage of
complete regression was calculated by dividing the number of eradicated tumors with total tumors. Rad, X-ray radiation.
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Fig. 5. SH-130 inhibits NF-kB activation induced by TNF-a (A and B) and radiation (C and D). A, DU-145 cells were transiently cotransfected with pNF-xB or pControl
(0.4 ng/well) together with p-galactosidase plasmid (0.2 pg/well). Cells were then pretreated with SH-130 (20 pmol/L) with or without zZVAD (2.5 pmol/L) or SH-123
(20 pmol/L) for 1 h followed by TNF-a stimulation for 4 h. MG132 (10 umol/L) was used as a positive control. Luciferase and p-galactosidase activities were measured

as described in Materials and Methods. Fold increase was calculated as mean + SD (n = 2). One of three independent experiments. **, P < 0.01. B, cells were pretreated
with 20 pmol/L SH-130 or SH-123 for 1 h before 10 min pulse stimulation of TNF-a. Total RNA was extracted and quantitative PCR was done as described in Materials and
Methods. Fold increase was calculated by dividing the normalized TNF expression activity by that of the untreated control. Co/lumns, mean; bars, SD (n = 3). *, P < 0.05.
C, cells were irradiated with the indicated doses of X-ray radiation. TNF mRNA expression level at desired time points was detected and normalized as described in B.

D, cells were pretreated with the indicated doses of compounds for 1 h and TNF mRNA expression level was determined 2 h after 20 Gy radiation. MG132, positive control.

percentage of complete tumor regression continued to increase
up to day 120 (81.3%), indicating a potent and long-term
efficacy of the combination treatment. Thus, two in vivo studies
showed a similar and promising in vivo radiosensitization
efficacy of the IAP inhibitor.

Suppression of NF-xB activation by inhibiting IAPs. To test
the hypothesis that SH-130 may also work on the NF-kB
pathway, we analyzed the effects of SH-130 on NF-«B activation
induced by TNF-a and X-ray radiation in DU-145 cells. Using
luciferase-based NF-kB reporter assay (26), SH-130 inhibited
TNF-a-induced NF-kB activation by >50% (P < 0.01) and the
inhibition could not be blocked by zVAD (Fig. 5A), indicating
that the IAP inhibitor-mediated NF-«xB inhibition is caspases
independent. Moreover, SH-130 partially inhibited NF-xB
activation, even at a high concentration, compared with
MG132 (Fig. 5A). SH-130 inhibited TNF-a-induced IkBa
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degradation (Supplementary Fig. S3), yet without a significant SF3

change in RelA nuclear translocation (data not shown),
suggesting that SH-130-mediated inhibition of NF-kB activa-
tion is indirect. Quantitative real-time PCR assay further
confirmed that TNF gene expression was down-regulated 50%
by SH-130 (P < 0.05), but not by negative control compound
SH-123, after TNF-a stimulation (Fig. 5B), indicating that
SH-130 clearly although partially blocked NF-kB target gene
expression.

Next, we examined if SH-130 has similar suppression effect
on X-ray radiation-induced NF-xB target gene expression.
Radiation (20 Gy) was employed to trigger NF-«kB activation
as high radiation doses (20 and 30 Gy) exhibited activation of
TNF gene expression by 4- to 5-fold more than low dose (2 Gy;
Fig. 5C). Similar to TNF-a, radiation-induced TNF gene
expression could also be partially suppressed by SH-130 in a
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dose-dependent manner (Fig. 5D) compared with its negative
analogue, SH-123. These data show that SH-130 can block both
TNF-a- and radiation-induced NF-kB activation in terms of
inhibiting NF-kB target gene expression.

Discussion

In this study, we have found that a small-molecule IAP
inhibitor potently sensitizes prostate cancer DU-145 cells to
X-ray irradiation and increases radiation-induced cell death and
tumor growth delay both in vitro and in vivo. Such effects may
be due to activation of the apoptosis pathway. Moreover, the
IAP inhibitor SH-130 also blocked activation of the NF-xB
partially and indirectly, suggesting a potential cross-talk
between apoptosis and NF-xB pathways (Fig. 6). The data
confirmed our hypothesis that molecular modulation of IAP
family proteins may improve the outcome of prostate cancer
radiotherapy and represents a promising molecularly targeted
therapy for hormone-refractory prostate cancer.

Small-molecule inhibitors of IAPs are a promising choice for
functionally blocking IAPs and overcoming chemoresistance/
radioresistance of cancer cells with high levels of IAPs. Our
previous studies showed that the Smac-mimetic tetrapeptide
pSmac-8c¢ (used as the positive control) significantly sensitized
both androgen-independent DU-145 and PC-3 cells to chemo-
therapeutic agents (19, 20), indicating that IAP is a valid target
for overcoming chemoresistance in prostate cancer cells, and
our current study supports that modulating IAPs is a promising
approach on radiosensitization. Future work will focus on
comparing androgen-dependent LNCaP and its androgen-
independent derivative cell line CL-1 on their response to
radiation and SH-130. Expected data on this isogenic cell
model will further support that IAPs may play an essential role

lonizing radiation TNFo
i
g
FADD
Mitochondrion
SH-130
Cytochrome C Smac NF-kB
XIAP
clAP-1
Caspase 9
Caspase 3
Apoptosis

Fig. 6. Working model of the Smac-mimetic IAP inhibitors in radiosensitization.
SH-130 enhances ionizing radiation-induced apoptosis via the intrinsic
(mitochondrion) pathway by inhibiting XIAP/clAP-1 activity and blocking caspase
activation. On the other hand, SH-130 blocks NF-«B activation induced by
TNF-« as well as ionizing radiation, indicating the suppression effect of
radiation-mediated prosurvival signaling that attenuates apoptosis.
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in the transition from androgen-dependent to androgen-
independent prostate cancer, and overcoming resistance of
radiation-induced apoptosis can be achieved by down-regulat-
ing IAPs.

Our in vivo studies showed consistently that IAP inhibition
exhibits promising radiosensitivity in the DU-145 xenografted
model, although IAP inhibitor itself is nontoxic and shows no
tumor suppression effect alone. Data from regular tumor
volume measurement and BLI imaging are consistent in
exhibiting a synergistic efficacy when SH-130 is used together
with X-ray radiation. By BLI, mice in the combination group
showed an increasing trend toward complete tumor regression
that lasted up to 4 months after treatment, indicating the long-
term tumor-suppressing efficacy of combination therapy over
radiation alone. Using BLI for the efficacy study is critically
important, especially when the tumor disappears as a complete
tumor regression. Conventional tumor measurement by hand
will still detect a scar or nodule, but no live tumor cells are
detectable, as the BLI will detect no light emission. On the other
hand, some tumors may appear to have completely disap-
peared and will not be detectable by hand, but BLI can still
detect light emission and reveal the presence of live tumor cells.
Therefore, the more sensitive and quantitative BLI will yield
robust and quantitative efficacy data, especially when evaluat-
ing the complete tumor regression in the current study.

Ionizing radiation activates the NF-«kB signaling pathway,
and blocking this pathway can sensitize cancer cells response to
radiation (27, 28). Classically, cytokines such as TNF-« trigger
NF-«B activation, typically mediated by TNF receptor-associated
factor 2. It has been shown that TNF receptor-associated factor
2 physically interacts with cIAP-1, another IAP protein that is
commonly studied along with XIAP (29). In addition, embelin,
a natural IAP inhibitor first reported by us (30), sequentially
inhibits NF-kB activation at multiple levels (26). Moreover,
XIAP could induce TAK1-dependent NF-«B activation (31).
Thus, it is reasonable to postulate that IAPs may function as
“bridging” molecules mediating cross-talk between apoptosis
and NF-«kB pathways. Our data show that SH-130 indeed
inhibits NF-«kB activation, partially and indirectly, by TNF-a
and X-ray radiation. This partial effect of an AP inhibitor on
NF-«B activation is consistent with an earlier report showing
that partial NF-«B inhibition by another class of Smac-mimetics
(32). Inhibition of IkBa degradation by SH-130 reflects an
effect at the level of the IkBa kinase complex as shown by
embelin (26). Currently, we are delineating the detailed
signaling pathways and molecules involved in the cross-talk
either via cIAP-1 or XIAP. This may have important implica-
tions for the rational design of novel therapies targeting IAPs
and optimal recruitment of the patient population that will
benefit the most from such therapy.

DU-145 cells are highly resistant to radiation potentially due
to high levels of IAPs as well as constitutive active NF-xB
pathway (33). It is conceivable that the dose of radiation used
might affect NF-kB activation as well as radiation-induced cell
death, where the high and low doses may stimulate different
cellular responses. In the clinic, the dose of radiation therapy
on patients is 1.8 to 2 Gy daily fractionation with total doses of
20 to 70 Gy. Thus, in the current study, we followed the clinical
regimen with totaling 20 and 30 Gy in two animal studies.
Consistent with previous reports that a relative high dose (15-
20 Gy) of X-ray radiation could induce NF-xkB activation in
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human tumor cells in vitro (34, 35), we found that, in our
system, high-dose radiation (20 and 30 Gy) effectively induced
apoptosis as well as NF-«B activation but not the low doses (2-4
Gy). Furthermore, RelA was clearly observed at doses >15 Gy
(data not shown). Taken together, the radiosensitization effect
of Smac-mimetic SH-130 is due, at least in part, to the
simultaneous inhibition of IAPs and the NF-kB survival
signaling pathway, which is constitutively active in androgen-
independent prostate cancer cells.

Very recently, three groups reported that several Smac-
mimetic IAP inhibitors can induce TNF-a-dependent apoptosis
in sensitive cell lines via cIAP-1 down-regulation and NF-xB
activation (36-38). However, most of the androgen-indepen-
dent prostate cancer cells are resistant to TNF-a and have
constitutive active NF-kB signaling (33). How these resistant
cancer cells respond to IAP inhibitors remains to be investigated.
In our hands, those cells, including DU-145, PC-3, and CL-1,
are highly resistant to our Smac-mimetic IAP inhibitors such as
SH-130, which has a IAP-binding affinity comparable with that
of the compounds used in the three reports (36-38). To our
knowledge, this is the first report that an IAP inhibitor blocks
radiation-induced NF-«kB activation in these TNF-a-resistant
cells. Moreover, SH-130 treatment does not induce cIAP-1
down-regulation, TNF-a up-regulation, and NF-kB activation in
these resistant cells (Supplementary Fig. S4). This mode of
action is distinct from that in TNF-a-sensitive cells reported
recently (36-38). Our study has significant clinical implica-
tions and provides important impetus for using IAP inhibitors
as an adjuvant therapy for the TNF-a-resistant, NF-kB consti-
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Natural BH3 mimetic (-)-gossypol chemosensitizes human
prostate cancer via Bcl-xL inhibition accompanied by

increase of Puma and Noxa
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Abstract

Antiapoptotic members of the Bcl-2 family proteins are
overexpressed in prostate cancer and are promising
molecular targets for modulating chemoresistance of
prostate cancer. (-)-Gossypol, a natural BH3 mimetic, is
a small-molecule inhibitor of Bcl-2/Bcl-xL/Mcl-1 currently
in phase Il clinical trials as an adjuvant therapy for human
prostate cancer. Our objective is to examine the chemo-
sensitization potential of (-)-gossypol in prostate cancer
and its molecular mechanisms of action. (-)-Gossypol
inhibited cell growth and induced apoptosis through
mitochondria pathway in human prostate cancer PC-3
cells and synergistically enhanced the antitumor activity of
docetaxel both in vitro and in vivo in PC-3 xenograft
model in nude mouse. (-)-Gossypol blocked the interac-
tions of Bcl-xL with Bax or Bad in cancer cells by
fluorescence resonance energy transfer assay and over-
came the Bcl-xL protection of FL5.12 model cells on
interleukin-3 withdrawal. Western blot and real-time PCR
studies showed that a dose-dependent increase of the
proapoptotic BH3-only proteins Noxa and Puma contrib-
uted to the cell death induced by (-)-gossypol and to the
synergistic effects of (-)-gossypol and docetaxel. The
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small interfering RNA knockdown studies showed that
Noxa and Puma are required in the (-)-gossypol-induced
cell death. Taken together, these data suggest that (-)-
gossypol exerts its antitumor activity through inhibition of
the antiapoptotic protein Bcl-xL accompanied by an
increase of proapoptotic Noxa and Puma. (-)-Gossypol
significantly enhances the antitumor activity of chemo-
therapy in vitro and in vivo, representing a promising new
regime for the treatment of human hormone-refractory
prostate cancer with Bcl-2/Bcl-xL/Mcl-1 overexpression.
[Mol Cancer Ther 2008;7(7):2192-202]

Introduction

Androgen deprivation therapy is the cornerstone treatment
for men with de novo or recurrent metastatic prostate cancer
(1). Unfortunately, androgen deprivation therapy is pri-
marily palliative, with nearly all patients progressing to an
androgen-independent or hormone-refractory state, for
which there is currently no effective therapy (1). Despite
several hundred clinical studies of both experimental and
approved antitumor agents, chemotherapy has limited
activity, with an objective response rate of <50% and
no demonstrated survival benefit (2). Thus, androgen-
independent disease is the main obstacle to improving the
survival and quality of life in patients with advanced
prostate cancer and has been the focus of extensive studies
(3). There is an urgent need for novel therapeutic strategies
for the treatment of advanced prostate cancer by specifi-
cally targeting the fundamental molecular basis of progres-
sion to androgen independence and the resistance of
androgen-independent disease to chemotherapy.

Bcl-2 family proteins are crucial regulators of apoptosis
and were first isolated as the products of an oncogene (4).
This family of proteins includes both antiapoptotic mole-
cules such as Bcl-2, Bel-xL, and Mcl-1 and proapoptotic
molecules such as Bax, Bak, Bid, Bad, Noxa, and Puma
(5, 6). Bcl-2 and Bcl-xL are closely related proteins and both
are highly overexpressed in many types of cancers (7).
Overexpression of Bcl-2 is observed in 30% to 60% of
prostate cancer at diagnosis and in ~100% of hormone-
refractory prostate cancer (8, 9). The expression level of Bcl-
2 protein also correlates with resistance to a wide spectrum
of chemotherapeutic agents and radiation therapy (9-12).
Bcl-xL is also overexpressed in ~100% of hormone-
refractory prostate cancer and is associated with advanced
disease, poor prognosis, recurrence, metastasis, and short-
ened survival (13, 14). The transition of prostate cancer from
androgen dependent to androgen independent is accompa-
nied by several molecular genetic changes, including
overexpression of Bcl-2 and Bel-xL (10, 15). Noxa and Puma
are proapoptotic BH3-only proteins, work upstream of Bax
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and Bak to promote mitochondrial depolarization and
apoptosis. The BH3-only proteins are classified as activator
and sensitizer. Puma is an activator that binds directly to
Bax and Bak and promotes their activation, whereas Noxa
as a sensitizer binds to the prosurvival proteins and
displaces Bim or tBid, allowing them to directly activate
Bax and Bak (16). Noxa also engages Mcl-1 and is found to
promote Mcl-1 degradation (17, 18).

We have been investigating small-molecule inhibitors of
the Bcl-2 family proteins as novel therapeutics for cancer.
Recently, (-)-gossypol, a natural product from cottonseed
with the BH3 mimetic structure, is identified as small-
molecule inhibitor of Bcl-2/Bcl-xL/Mcl-1 and potently
induces apoptosis in various cancer cell lines (19, 20). (-)-
Gossypol is now in phase II clinical trials for hormone-
refractory prostate cancer and other types of cancer at
multiple centers in the United States, as one of the world’s
first small-molecule Bcl-2 inhibitors entered into clinical
trial.* In the current study, we investigated the therapeutic
potential of (-)-gossypol in combination with docetaxel in
human hormone-refractory prostate cancer cells in vitro
and in vivo. Our hypothesis is that (-)-gossypol may
improve the efficacy of chemotherapy by overcoming
apoptosis resistance rendered by Bcl-2/Bcl-xL overexpres-
sion, thereby making the prostate cancer cells more
sensitive to chemotherapy. Our results should not only
facilitate the rational design of clinical trials but also refine
the selection of patients who will benefit the most from
Bcl-2 molecular therapy.

Materials and Methods

Cell Culture and Reagents

Human prostate cancer cell lines PC-3, DU-145, and
LNCaP and human lung fibroblast cell line WI-38 were
obtained from the American Type Culture Collection. PC-3
cells were routinely maintained in RPMI 1640 (HyClone),
whereas DU-145, LNCaP, and WI-38 were maintained in
DMEM (HyClone) supplemented with 10% fetal bovine
serum (HyClone). Murine pro-B lymphoid cell line FL5.12
stably transfected with Bcl-xL or vector were kindly
provided by Dr. Gabriel Nunez and were maintained in
IMEM (Life Technologies) supplemented with 10% fetal
bovine serum and 10% WEHI-3B (D-)-conditional medium
as a source of interleukin-3 (IL-3; ref. 32). The cell cultures
were maintained in a humidified incubator at 37°C and
with 5% CO,. (-)-Gossypol was purified from natural
racemic gossypol. Briefly, racemic gossypol was reacted
with L-phenylalanine methyl ester hydrochloride overnight
at room temperature and sodium bicarbonate was added to
yield gossypol Schiff’s base as a yellow solid. After silica
gel column chromatography purification, the solution of
the resolved (%)-gossypol-phenylalanine methyl ester
Schiff’s base was hydrolyzed by a mixture of tetrahydro-
furan, glacial acetic acid, and hydrochloric acid at room

* http:/ /Clinical Trials.gov
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temperature for 2 h. The solution was extracted with acetic
ether four times and then washed and dried. The (-)-
gossypol was collected by filtration and evaporation. Some
of the (-)-gossypol used for initial in vitro studies was
kindly provided by Dr. Shaomeng Wang (University of
Michigan) and Dr. Dajun Yang through the National
Cancer Institute RAID program. For in vitro experiments,
(-)-gossypol was dissolved in DMSO at 20 mmol/L as a
stock solution. For in vivo studies, (-)-gossypol was
suspended in carboxymethyl cellulose and then sonicated
for 30 min and mixed before each administration. Docetaxel
(Taxotere) was purchased from Sanofi-Aventis and diluted
in PBS for in vivo studies.

MTT-Based Cell Viability Assay

Cell viability was determined by the MTT-based assay
using Cell Proliferation Reagent WST-1 (Roche) according
to the manufacturer’s instruction. Cells (5,000 per well)
were plated in 96-well culture plates, and various concen-
trations of (-)-gossypol or docetaxel were added to the cells
in triplicates. Four days later, WST-1 was added to each
well and incubated for 1.5 h at 37°C. Absorbance was
measured with a plate reader at 450 nm with correction at
650 nm. The results are expressed as the percentage of
absorbance of treated wells versus that of vehicle control.
ICs, the drug concentration causing 50% growth inhibition,
was calculated via sigmoid curve fitting using GraphPad
Prism 5.0 (GraphPad).

Apoptosis Assays

For the detection of apoptotic cells using 4’,6-diamidino-
2-phenylindole staining, PC-3 cells were plated in six-well
plates and treated with various concentrations of (-)-
gossypol and then stained with 3 mmol/L 4',6-diamidino-
2-phenylindole for 10 min. The cells with the nuclei
showing morphologic characteristics of apoptosis (nuclear
karyopyknosis and fragmentation) were counted as
positive under a fluorescent microscope as described
(22). For mitochondrial transmembrane potential (A¥,,)
assay, PC-3 were cultured in a chamber slide; after wash
with PBS, cells were incubated with the MitoCapture
solution at 37°C for 15 min according to the manufac-
turer’s protocol (BioVision). The fluorescence was detected
and recorded using a Zeiss LSM-510 confocal microscope.
For apoptosis analysis of tumors in animal studies, tumor
tissues were excised and stained for terminal deoxynucleo-
tidyl transferase—mediated dUTP nick end labeling using the
ApopTag kit (Chemicon) according to the manufacturer’s
instructions.

Fluorescence Resonance Energy Transfer Assay

(-)-Gossypol-mediated disruption of Bcl-xL heterodime-
rization with Bax and Bad was analyzed with fluorescence
resonance energy transfer (FRET) assay as described (23)
with modification. Briefly, DU-145 cells were transiently
transfected with Bcl-xL-CFP together with either Bax-YFP
or Bad-YFP (kindly provided by Dr. Junyin Yuan) using
FuGene 6 reagent (Roche). Twenty-four hours later, the
cells were treated with increasing doses of (-)-gossypol or
DMSO vehicle control for another 15 h. Cells were then
harvested and fixed in 2% paraformaldehyde. The cells
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were plated in 96-well black plates (0.2 X 10° per well) and
fluorescence was measured in a Tecan multimode plate
reader and calculated based on Dr. Yuan’s method as
described (23).

Western Blot Analysis

Cells were washed with PBS and lysed in an ice-cold
radioimmunoprecipitation assay lysis buffer: 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, and Complete
Protease Inhibitor cocktail (100 pg/mL) in PBS. Tumor
tissues were incubated with 200 pL lysis buffer in an ice-
cold French Douncer for 15 min after homogenization by 40
strokes. The cell lysates and homogenates were cleared by
centrifugation at 13,000 X g for 10 min at 4°C. The
supernatants were collected. Protein concentrations were
determined with the Bradford method (Bio-Rad); 60 pg
protein was electrophoresed by 12% SDS-PAGE. Separated
proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad). After blocking with 5% milk,
blots were probed with anti-Mcl-1, anti-Bcl-2, anti-Bim,
anti-p-actin, and anti-glyceraldehyde-3-phosphate dehy-
drogenase (purchased from Santa Cruz Biotechnology),
anti-Bcl-xL (BD Biosciences), anti-Puma and anti-caspase-3
(Cell Signaling Technology), and anti-Noxa (Calbiochem).

Subcellular Fractionation and Immunoblotting

PC-3 cells were harvested and washed with PBS. Cell
pellets were suspended at 3 x 10”/mL in mitochondrial
resuspension buffer: 250 mmol/L sucrose, 10 mmol/L
KCl, 1.5 mmol/L MgCl,, 1 mmol/L EDTA, 1 mmol/L
DTT, 1 mmol/L phenylmethylsulfonyl fluoride, and
100 pg/mL cocktail. Digitonin was added to 200 pg/mL.
The cells were incubated in digitonin-supplemented
mitochondrial resuspension buffer for 5 min on ice. Cell
lysates were then centrifuged for 10 min at 13,000 x g.
Proteins from the supernatant (cytosolic fraction) were re-
spun at 13,000 x g for 10 min to clear any remaining
debris, and pellet (membrane fraction) was washed twice
with mitochondrial resuspension buffer. The pellet was
solubilized in radioimmunoprecipitation assay buffer and
incubated on ice for 10 min. The cytosolic and mitochon-
dria extracts were analyzed by SDS-PAGE. Antibodies
used for immunoblotting were anti-cytochrome ¢ (BD
PharMingen), anti-apoptosis-inducing factor (AIF; Santa
Cruz Biotechnology), and anti-cyclooxygenase IV (Molec-
ular Probes).

Quantitative Real-time PCR

Total RNA was extracted from the treated cells using
TRIZOL (Invitrogen) according to the manufacturer’s
instructions. Reverse transcription was done using Super-
Script III First-Strand kits (Invitrogen). Each quantitative
real-time PCR (95°C for 10 min, 40 cycles of 95°C for 15 s,
60°C for 1 min, and 72°C for 10 s) was done using TagMan
Universal PCR Master Mix (Applied Biosystems). Primers
were designed as Mcl-1 forward 5-CTCATTTCTTTTGG-
TGCCTTT-3’ and reverse 5-CCAGTCCCGTTTTGTCCT-
TAC-3, Noxa forward 5-CTGCAGGACTGTTCGTGTTC-3
and reverse 5-TTCTGCCGGAAGTTCAGTTT-3', and Puma
forward 5-TCCTCAGCCCTCGCTCTCGC-3" and reverse
5-CCGATGCTGAGTCCATCAGC-3'.

Small Interfering RNA Transfections

Small interfering RNA (siRNA) oligonucleotides were
purchased from Dharmacon with the sequences for Noxa
(NM_021127): 5-CUUCCGGCAGAAACUUCUG-3" (24)
and Puma (NM_014417): 5-UCUCAUCAUGGGACUC-
CUG-3" (25); PC-3 cells were transfected 24 h after being
seeded in six-well plates. siRNA (100 pmol) were dissolved
in 200 pL serum-free, antibiotic-free medium; Lipofect-
amine 2000 transfection reagent (5 pL; Invitrogen) was
dissolved in 200 pL of the same medium; the above two
solutions were mixed and allowed to stand at room
temperature for 20 min. The resulting 400 pL transfection
complexes were then added to each well containing 1.6 mL
medium. Six hours later, the cultures were replaced with
fresh medium supplemented with 10% fetal bovine serum
and antibiotics. (-)-Gossypol was added to the cells
24 h after transfection as indicated. For Western blot, cells
were collected after an additional 24 h; for cell survival
assay, cells were collected after 4 days.

Animal Tumor Model and In vivo Experiments

Double-blinded in vivo experiments were carried out
with 5- to 6-week-old male athymic NCr-nu/nu nude mice
purchased from the National Cancer Institute. After alcohol
preparation of the skin, mice were inoculated s.c. with 0.1
mL PC-3 cell suspension (5 x 10° cells) on both flanks using
a sterile 22-gauge needle. When tumors reached 100 mm®,
the mice were randomized into six groups with 5 to 8 mice
per group. Group 1 was given carboxymethyl cellulose as
vehicle control; group 2 was given docetaxel 7.5 mg/kg i.v.
once weekly x 3 weeks; groups 3 and 4 were given (-)-
gossypol 10 and 20 mg/kg p.o. q.d. 7 weeks, respectively;
groups 5 and 6 were given a combination of docetaxel
7.5 mg/kgi.v. once weekly x 3 weeks and (-)-gossypol 10 or
20 mg/kg p.o. q.d. 7 weeks, respectively. The tumor sizes
and animal body weights were measured twice weekly.
Three weeks after the first treatment, one mouse from each
group was sacrificed and the tumors were dissected. Tumor
tissues with a size of ~8 mm?® were prepared for Western
blot as described above. All animal experiments were done
according to the protocol approved by University of
Michigan Guidelines for Use and Care of Animals.

Statistical Analysis

Two-tailed Student’s t test and two-way ANOVA were
employed to analyze the in vitro and in vivo data,
respectively, using Prism 5.0 software (GraphPad Prism).

Results

(-)-Gossypol Induces Apoptosis through Mitochon-
dria Pathway in Human Prostate Cancer Cells

To evaluate the antitumor activity of (-)-gossypol in
prostate cancer cells, we carried out the MTT-based cell
viability assay. Human prostate cancer cell lines PC-3 (p53-
null) and LNCaP (p53 wild-type) as well as human lung
fibroblast cell line WI-38 were exposed to (-)-gossypol. As
shown in Fig. 1A, (-)-gossypol potently inhibited the
growth of PC-3 and LNCaP cells but had minimal effect
on normal fibroblast WI-38 cells. The ICsy was 3.5 umol/L
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Figure 1. (-)-Gossypol causes cell death and induces apoptosis through mitochondria pathway in human prostate cancer cell line PC-3. A, MTT-based cell
viability assay of (-)-gossypol in PC-3 and LNCaP cells. Cells were seeded in 96-well plates and treated in triplicates. Mean + SE normalized to their respective
controls (n = 3). B, Western blot analysis showed the difference of Bcl-2, Bcl-xL, and Mcl-1 protein levels in three prostate cell lines (60 pg/lane). C,
apoptotic cells were counted with 4’,6-diamidino-2-phenylindole staining. Cells were counted in five different fields. Mean + SE. D, cytochrome ¢ and AlF
release from mitochondria to cytosol. PC-3 cells were treated with (-)-gossypol for indicated times and then subjected to a digitonin-based subcellular
fractionation as described in Materials and Methods. Cytosolic fractions (~ 120 pg/lane) and mitochondria fractions (~ 60 pg/lane) were subjected to SDS-
PAGE followed by immunoblotting with the indicated antibodies. The cyclooxygenase IV marker was used to determine cross-contamination of cytosolic

fractions with mitochondrial proteins.

for PC-3 cells, 2.8 umol /L for LNCaP cells, and 17.4 pumol/L
for WI-38 cells (Fig. 1A). It was noted that the protein
expression of Bcl-2, Bcl-xL, and Mcl-1 differed among these
cell lines. PC-3 cells have higher levels of Bcl-2, Bcl-xL, and
Mcl-1 (Fig. 1B) than LNCaP cells and form good xenograft
tumors in nude mice. Therefore, PC-3 is an appropriate cell
line for studying the (-)-gossypol activity and mechanism in
prostate cancer.

(-)-Gossypol-induced apoptosis was also assessed by 4',6-
diamidino-2-phenylindole staining and counting the cells
with karyorrhexis, a typical apoptotic change of cells (22).
PC-3 cells treated with 10 pmol/L (-)-gossypol for 48 and 72
h showed dramatically increased apoptosis (Fig. 1C).
Cytochrome ¢ and AIF released from the intermembrane
space of mitochondria contribute to caspase-dependent and
caspase-independent apoptosis (26, 27). We separated the
mitochondria from cytosol and examined the cytochrome c
and AIF release in (-)-gossypol-treated PC-3 (Fig. 1D).
Cytochrome c translocated from mitochondria to cytosol
24 h after (-)-gossypol treatment. Interestingly, AIF was
released from mitochondria into cytosol at 6 h, preceding
the cytochrome c release, suggesting that AIF-mediated,
caspase-independent apoptosis might also be involved in
(-)-gossypol-induced cell death. By using MitoCapture
staining, we observed the loss of AW,,, one of the early

events in apoptosis induction via mitochondrial pathway
(28), associated with (-)-gossypol-induced apoptosis. As
shown in Supplementary Fig. S1,% in control cells, consis-
tent with mitochondrial localization, the bright punctuated
yellow /orange fluorescence was found mostly in granular
structures distributed throughout the cytoplasm. Exposure
of PC-3 cells to 20 pmol/L (-)-gossypol for 6 h induced a
marked change in A¥,, as evidenced by the disappearance
of bright yellow/orange fluorescence and an increase of
green fluorescence in most cells with a predominantly
perinucleic distribution.

(-)-Gossypol Sensitizes PC-3 Cells to Docetaxel-
Induced Growth Inhibition and Apoptosis

To investigate whether (-)-gossypol sensitizes the pros-
tate cancer cells to chemotherapy, we examined the
cytotoxic effect of the combination of (-)-gossypol and
docetaxel, a first-line chemotherapy currently used for
hormone-refractory prostate cancer. Figure 2A shows that,
as the (-)-gossypol dose increased, there was an obvious left
shift of the cytotoxicity curves, indicating that the PC-3 cells

® Supplementary material for this article is available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).
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were sensitized to docetaxel by (-)-gossypol. To assess
whether the combined effects were synergistic or additive,
the combination index value was calculated and isobolo-
gram was plotted (Fig. 2B) as we described previously (20).
Combination index < 1 is considered synergistic of the
combination treatment (20). The combination treatment of
0.5 nmol/L docetaxel with 0.63, 1.25, or 2.5 pmol/L (-)-
gossypol resulted in synergistic effects (combination
indices = 0.286, 0.412, or 0.538, respectively).

We next investigated the changes of several Bcl-2 family
members at protein level. As shown in Fig. 2C and D, no
significant change was observed in Bcl-2 and Bcl-xL
proteins. This is consistent with an earlier report (29) in
large cell lymphoma and supports that (-)-gossypol is a
functional inhibitor of Bcl-2 and Bcl-xL via binding to the
BH3 domain of the proteins without affecting protein levels
directly. (-)-Gossypol-treated PC-3 cells showed an increase
of Noxa and Puma as well as a decrease of Bim and a dose-
dependent increase of Mcl-1 (both full-length and a
shortened form; Fig. 2C and D). Combination with
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docetaxel reversed the Bim decrease and further increased
Puma levels in a time- and dose-dependent manner
(Fig. 2C and D), which might contribute to the synergistic
effect of the combination therapy.

Noxa and Puma Knockdown by siRNA Attenuates (-)-
Gossypol Effects on PC-3 Cells

To further investigate the role of Bcl-2 family members in
(-)-gossypol-induced apoptosis, we examined the BH3-only
proteins Noxa and Puma in (-)-gossypol-treated PC-3 cells
by Western blot. Here again, PC-3 cells treated with (-)-
gossypol for 24 and 48 h showed a dose-dependent increase
of Noxa and Puma proteins as well as Mcl-1 (both full-
length and a shortened form; Fig. 3A). This increase was
not accompanied by clear and robust increase of their
mRNA levels as assessed by quantitative real-time PCR
(Fig. 3C), indicating that Mcl-1 increase was post-transla-
tional. It is not clear at the present what the shortened form
Mcl-1 is. It could be either the alternatively spliced Mcl-1 or
the caspase-cleaved Mcl-1, both of which have been
reported to be proapoptotic and associated with apoptosis
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(-)-Gossypol enhances the chemotherapy of docetaxel in human prostate cancer PC-3 cells. A, MTT-based cell viability assay of (-)-gossypol

docetaxel in PC-3. B, IC5q isobologram of the combination treatments. In the isobologram, a plot on the diagonal line indicates that the combination is
simply additive. A plot to the left under the line indicates that the combination is synergistic, whereas a plot to the right above the line indicates that it is
antagonistic. Combination index < 1 is considered synergistic of the combination treatment (20). C and D, Western blot analysis showed the effect of
docetaxel and (-)-gossypol on proteins expression in PC-3 cells. Cells were treatment with docetaxel and (-)-gossypol of the indicated doses for 24 h (C) or
48 h (D) and then collected for Western blot (60 pg/lane). Data with (-)-gossypol 10 pmol/L treatment for 48 h were not shown because of severe cell

death.
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(-)-Gossypol increases Noxa, Puma, and Mcl-1 and decreases Bim at protein levels. A, (-)-gossypol dose-dependently induced Mcl-1, Noxa,

and Puma increase and Bim decrease. B, (-)-gossypol-induced Mcl-1 increase is caspase independent. PC-3 cells were pretreated with zVAD-fmk for 4 h and
then incubated with or without (-)-gossypol for another 24 h before collecting for Western blot analysis. C, changes of mRNA levels of Mcl-1, Noxa, and
Puma. PC-3 cells were treated with (-)-gossypol at the indicated time points and doses. Quantitative real-time PCR with TagMan Universal PCR Master Mix
(Applied Biosystems) were done on the Mastercycler realplex 2 system (Eppendorf). Target gene mRNA levels were normalized to actin mRNA according
to the following formula: [2* - (C#™9°t - C3°")] x 100%, where Cr is the threshold cycle. Fold increase was calculated by dividing the normalized target

gene expression of the treated sample with that of the untreated control.

induction (30, 31). Interestingly, pan-caspase inhibitor
zVAD did not block the Mcl-1 increase nor prevented the
increase of the shortened form (Fig. 3B), indicating that the
(-)-gossypol-induced Mcl-1 increase was caspase indepen-
dent, and the shortened form might not be the caspase-
cleaved Mcl-1 but is likely to be the alternatively spliced
proapoptotic Mcl-1.

To evaluate the role of Noxa and Puma in the (-)-
gossypol-induced cell response, we employed RNA inter-
ference to knock down Noxa and Puma in PC-3 cells before
treatment with (-)-gossypol. Figure 4A shows that Noxa
and Puma were effectively knocked down (>95%) by
respective siRNA in PC-3 cells. Figure 4B shows that
knockdown of Noxa or Puma shifted the (-)-gossypol dose-
response curve to the right, with the Noxa/Puma double-
knockdown cells most resistant to (-)-gossypol (P < 0.001,
versus control siRNA, two-way ANOVA, n = 3). Similar
results were observed with colony formation assay (Fig. 4C
and D). These data show that Noxa and Puma knockdown
rendered PC-3 cells resistant to (-)-gossypol-induced cell
death and clonogenic growth, whereas Noxa/Puma double
knockdown most effectively attenuated the (-)-gossypol

activity. Our results support that Noxa and Puma are
involved in (-)-gossypol-mediated growth inhibition and
cell death in PC-3 cells.

(-)-Gossypol Dose-Dependently Disrupts Bcl-xL
Heterodimerization with Bax and Bad

Using the fluorescence resonance energy transfer assay
system described by Dr. Yuan’s group (23), we investigated
the effect of (-)-gossypol on Bcl-xL heterodimerization with
Bax or Bad. (-)-Gossypol dose-dependently inhibited the
FRET signal; it inhibited the interaction between Bcl-xL and
Bax (Fig. 5A) or Bad (Fig. 5B). (-)-Gossypol (5 pmol/L)
blocked 98.5% of interaction between Bcl-xL and Bax and
77% of interaction between Bcl-xL and Bad. The plate-
based FRET assay results were also confirmed by FRET
analysis under confocal laser scanning microscopy (data
not shown). There is a good correlation between (-)-
gossypol cellular activity (growth inhibition and apoptosis
induction) and the blocking of Bcl-xL-Bax (Pearson’s
correlation = 0.941) as well as the blocking of Bcl-xL-
Bad interaction (Pearson’s correlation r = 0.994). These data
suggest that Bcl-xL might be one of the major molecular
targets of (-)-gossypol in cell growth inhibition and
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apoptosis induction. These data further support that (-)-
gossypol is a potent functional inhibitor of the antiapop-
totic protein Bcl-xL.

(-)-Gossypol Overcomes Bcl-xL Protection of FL5.12
Model Cells from Cell Death Induced by IL-3 With-
drawal

FL5.12 cells depend on IL-3 for growth and survival in
culture and rapidly undergo apoptosis on withdrawal of
the growth factor IL-3 (32). However, when antiapoptotic
Bcl-2 or Bcl-xL genes were transfected into FL5.12 cells,
they became resistant to apoptosis induction by IL-3
withdrawal (21, 32, 33). Therefore, the FL5.12 is a model
system that is frequently used to analyze the antiapoptotic
activity of Bcl-2/Bcl-xL. Parental FL5.12 cells transfected
with control vector (FL5.12-neo) undergo apoptosis after
IL-3 withdrawal, whereas FL5.12 cells overexpressing Bcl-2
or Bcl-xL are protected (21). As shown in Fig. 5C, FL5.12-
neo cells rapidly died on IL-3 withdrawal. FL5.12-Bcl-xL
cells remained alive after IL-3 deprivation but did not
grow as well as the cells in the presence of growth factor
IL-3. Our data are consistent with the literature (21, 32, 33)
in that Bcl-xL is a potent inhibitor of apoptosis and thus
can protect the FL5.12 cells from cell death induced by IL-3

deprivation. On the other hand, because Bcl-xL is not a
growth factor on its own, FL5.12-Bcl-xL cells without IL-3
did not grow as fast as those with IL-3 (Fig. 5C). For (-)-
gossypol treatment study, the FL5.12 cells were plated in
24-well plates and treated in duplicates with different
doses of (-)-gossypol for 2 days, and the live cells were
counted by trypan blue exclusion as described (21). As
shown in Fig. 5D, the low doses (<6 pumol/L) of (-)-
gossypol did not kill FL5.12-neo and FL5.12-Bcl-xL cells in
the presence of IL-3; however, in FL5.12-Bcl-xL cells in the
absence of IL-3, whose survival is solely dependent on
protection from Bcl-xL, the nontoxic dose of (-)-gossypol
potently killed the FL5.12-Bcl-xL cells, showing that (-)-
gossypol can overcome the Bcl-xL protection of FL5.12
cells on IL-3 withdrawal.

(-)-Gossypol Enhances Prostate Cancer Response to
Docetaxel and Inhibits Tumor Growth In vivo

To investigate whether (-)-gossypol can sensitize PC-3
cells to docetaxel chemotherapy in vivo, we employed a
PC-3 xenograft model in athymic nude mice. As shown in
Fig. 6A, oral (-)-gossypol given daily at 20 mg/kg dose
significantly improved docetaxel efficacy on PC-3 tumors
(P < 0.001 versus docetaxel alone, ANOVA, n = 16). Similar
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Noxa and Puma knockdown by siRNA attenuate the effects of (-)-gossypol on PC-3 cells. PC-3 cells transfected with Noxa and Puma siRNA for

24 h were used in the following assays. A, transfected PC-3 cells were treated with 10 pmol/L (-)-gossypol for an additional 24 h and lysed for Western
blot; B, transfected PC-3 cells were seeded in 24-well plates and treated in triplicates with (-)-gossypol for 4 d, and the viable cells were counted by
trypan blue staining. Mean + SD of cells per well (x10%). C, transfected PC-3 cells were plated in six-well plates (300 per well) and treated in triplicates
with (-)-gossypol for colony formation. The plates were cultured for 14 d and stained. Representative pictures of the colonies in the plates. D, colonies with
>50 cells were counted. Mean + SD (n = 3). The assays have been repeated in four independent experiments with similar results.
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(-)-gossypol-mediated disruption of Bcl-xL-CFP heterodimerization with Bax-YFP (A) or Bad-YFP (B). DU-145 cells were transiently transfected with Bcl-xL-
CFP together with Bax-CFP or Bad-YFP for 24 h and then treated with (-)-gossypol for 15 h. The cells were counted and plated in a 96-well black assay plate
and the fluorescence was measured in a Tecan multimode plate reader at excision/emission = 430/485 nm (for CFP), 514/535 nm (for YFP), and 430/535
nm (for FRET). Results are net FRET ratios (n = 3) normalized with background (set BKG = 1), which is the fluorescence cross-talk (leak-through) from the
cells separately transfected with Bcl-xL-CFP and Bax-YFP or Bad-YFP. C, FL5.12/Neo and FL5.12/Bcl-xL cells were cultured in the presence or absence of
IL-3. The cell numbers were counted daily by trypan blue exclusion. Bcl-xL expression protected the cells from cell death induced by IL-3 withdrawal. D,
FL5.12/Neo and FL5.12/Bcl-xL cells were treated with the indicated concentrations of (-)-gossypol in the presence or absence of IL-3 for 48 h, and the
viable cells were counted. These experiments were repeated two to four times with consistent results. Representative results.

results were shown when 10 mg/kg (-)-gossypol was
administrated (Supplementary Fig. S2A).”> Tumor growth
delay analysis (Fig. 6B) showed that docetaxel combined
with (-)-gossypol was more effective in inhibiting tumor
growth compared with either treatment alone (P < 0.05
versus docetaxel alone; P < 0.01 versus (-)-gossypol alone).
Supplementary Table S1° summarizes the tumor growth
inhibition values, calculated from the median tumor size of
the treatment group divided by that of the control group on
day 32. The combination of docetaxel with (-)-gossypol 10
and 20 mg/kg had tumor growth inhibition values of 37.3%
and 29.4%, both of which are <42%, a value considered
efficacious according to the National Cancer Institute
criteria (34). It is worth noting that (-)-gossypol alone at
10 and 20 mg/kg showed similar but limited effects on PC-
3 tumor growth (P > 0.05); neither is active as single
treatment according to National Cancer Institute criteria,
consistent with our earlier study (20). The animal body
weight loss was moderate, transient, and tolerable and
recovered to normal soon after docetaxel treatment was
complete (Supplementary Fig. S2B), indicating that the
observed toxicity in the combination therapy was reversible
and can be managed.

(-)-Gossypol Increases Docetaxel-Induced Apoptosis
of PC-3 Tumors In vivo

Because our in vitro study showed that (-)-gossypol
increased the docetaxel-induced apoptosis, we also sought
to determine whether this is still the case in vivo. We
randomly picked one mouse from each group at the end of
docetaxel treatment (week 3) and took the tumor tissues to
perform terminal deoxynucleotidyl transferase—mediated
dUTP nick end labeling staining for apoptosis. Results are
shown in Fig. 6C. (-)-Gossypol plus docetaxel induced
significantly more apoptosis than either (-)-gossypol or
docetaxel alone. Quantification of terminal deoxynucleo-
tidyl transferase—mediated dUTP nick end labeling—
positive cells clearly showed that (-)-gossypol enhanced
the apoptotic effect of docetaxel in a dose-dependent
manner (Fig. 6D). The effects of combination therapy were
also evaluated on the proteins related to the apoptosis
signaling pathway. Western blot analysis was done on PC-3
tumor xenografts treated with 3 weeks of (-)-gossypol and
docetaxel. (-)-Gossypol- and docetaxel-treated tumors
showed poly(ADP-ribose) polymerase cleavage [(-)-gossypol
10 mg/kg] and caspase-3 cleavage [(-)-gossypol 20 mg/kg;
Supplementary Fig. S2C].
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Discussion

In this study, we have employed (-)-gossypol, a small-
molecule inhibitor of Bcl-2/Bcl-xL/Mcl-1, to investigate
whether (-)-gossypol potentiate the response of prostate
cancer to chemotherapy and whether this potentiation is
accompanied with an increase of drug-induced apoptosis.
Our in vitro and in vivo data show that (-)-gossypol inhibits
tumor growth and induces apoptosis in human prostate
cancer PC-3 cells with high levels of Bcl-2/Bcl-xL proteins.
The FRET assay confirmed that (-)-gossypol potently blocks
the interactions of Bcl-xL with Bax or Bad in live cells in a
dose-dependent manner. In Bcl-xL-transfected model cell
lines, (-)-gossypol overcomes the Bcl-xL-mediated protec-

tion of FL5.12 cells on IL-3 withdrawal. The data support
that (-)-gossypol exerts its antitumor activity, at least in
part, through functional inhibition of the antiapoptotic
protein Bel-xL, although other targets might also be
involved. More importantly, (-)-gossypol significantly
improved the antitumor activity of current chemothera-
peutic agent docetaxel in PC-3 cells both in vitro and in vivo
in a nude mice xenograft model. This enhanced response to
chemotherapy is correlated with increased induction of
apoptosis in vivo by the combination therapy.
(-)-Gossypol has recently been reported as a natural BH3
mimetic small-molecule inhibitor of both Bcl-2 and Bcl-xL
and induces apoptosis in multiple cancer cell lines with
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Figure 6. (-)-Gossypol potentiates docetaxel in inhibiting tumor growth and inducing apoptosis in xenograft model of human prostate cancer PC-3. A,
PC-3 xenograft tumor growth curves. PC-3 cells (5 x 10°) were s.c. injected into the flanks on both sides of each mouse. When the tumors reached
50 mm?, the mice were randomized into 5 to 8 mice per group and treated with 20 mg/kg (-)-gossypol, 7.5 mg/kg docetaxel, or combination of both.
(-)-Gossypol was administrated p.o. via oral gavage g.d.; docetaxel was administrated i.v. once weekly for 3 wk. The average tumor sizes were shown
(n =10-16). *, P < 0.05; **, P < 0.01; ***, P < 0.001, compared with docetaxel alone, two-way ANOVA (n = 14-18). Representative results of at least
four independent animal experiments. B, tumor growth delay (T-C) analysis. T is the median time (in days) required for the treatment group tumors to reach
750 mg, and C is the median time (in days) for the control group tumors to reach 750 mg (T-C value for control group is zero). C and D, tumor tissues from
each treatment group were taken at the end of the third week and fixed in 10% formalin. The tumor sections were stained for terminal deoxynucleotidyl
transferase —- mediated dUTP nick end labeling using the ApopTag kit. The apoptotic cells have DNA fragmentation and are stained positive as brown nuclei.
C, representative pictures: C, control; TXT, docetaxel; G(-), (-)-gossypol; TXT + G(-), docetaxel + (-)-gossypol. Original magnification, x400. D,
quantification of terminal deoxynucleotidyl transferase — mediated dUTP nick end labeling staining positive cells. Positive cells were counted under X400
magpnification at eight different fields, and the average numbers were calculated and plotted. ***, P < 0.001, compared with docetaxel alone, t test.
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high levels of Bcl-2/Bcl-xL (19, 35). These studies show that
(-)-gossypol as a potent inducer of apoptosis in these cancer
cells is well tolerated and is clinically safe. Oliver et al. (36)
showed that (-)-gossypol acts directly on the mitochondria
to overcome Bcl-2- and Bcl-xL-mediated apoptosis resis-
tance. Reports have shown that (-)-gossypol has a signif-
icant antitumor activity as a potential novel therapy for the
treatment of lymphoma in vitro and in vivo (29) as well as
head and neck cancer cells in vitro (37). We have shown
previously that (-)-gossypol potently enhanced radiation-
induced apoptosis and growth inhibition of human
prostate cancer PC-3 cells and improved antitumor activity
of X-ray irradiation to PC-3 cells in vivo, resulting in tumor
regression even in large tumors (20). Interestingly, the (-)-
gossypol dose of 1 to 5 pmol/L used in the current study is
the dose that can block Bcl-xL-Bax and Bcl-xL-Bad protein-
protein interactions in our FRET assay, whereas the same
doses of (-)-gossypol potently and specifically overcome the
Bcl-xL protection of FL5.12-Bcl-xL cells from cell death
induced by IL-3 withdrawal. The same doses of (-)-
gossypol also inhibited cell growth of PC-3 and LNCaP
cells that have high levels of Bcl-xL in the current study and
potently radiosensitized these cells in our earlier publica-
tion (20). Taken together, our data support that (-)-gossypol
can kill cancer cells, at least in part, through inhibiting the
antiapoptotic function of Bcl-xL. Our results show that Bcl-
xL is one of the major targets of (-)-gossypol in prostate
cancer cell growth inhibition.

The Bcl-2 family of proteins, which includes >17
members in mammalian cells, functions as a “life/death
switch” that integrates diverse intercellular and intracellu-
lar cues to determine whether a cell should undergo
apoptosis in response to diverse damage signals (38). The
switch operates through the interactions between the
proteins within three subfamilies of the Bcl-2 protein
family. The prosurvival subfamily (Bcl-2, Bcl-xL, Bcl-w,
Mcl-1, A1, and also Bcl-B in humans) protects cells exposed
to diverse cytotoxic conditions, whereas two other sub-
families, many members of which were identified as Bcl-2-
binding proteins, instead promote cell death (38). They are
the Bax-like apoptotic subfamily (Bax, Bak, and Bok) and
the BH3-only protein subfamily (includes at least eight
members: Bik, Bad, Bid, Bim, Bmf, Hrk, Noxa, and Puma;
refs. 16, 39). Earlier studies with Noxa- and Puma-knock-
outs show that Noxa and Puma are critical mediators of the
apoptotic responses induced by p53 and cytotoxic drugs.
BH3-only proteins Noxa, Puma, and Bim have both
overlapping and specialized roles as death initiators in
either p53-dependent or p53-independent apoptosis (39). In
the current study, (-)-gossypol dose-dependently increased
the protein levels of proapoptotic Noxa and Puma
independent of p53 (PC-3 is p53 null). This effect on Puma
was augmented by combination with docetaxel. Noxa and
Puma knockdown by siRNA attenuated the (-)-gossypol-
induced cell death and growth inhibition in PC-3 cells,
indicating that Noxa and Puma are involved in (-)-
gossypol-mediated growth inhibition and cell death in
PC-3 cells. Thus, our study provides first proof that (-)-
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gossypol exerts its antitumor activity not only through
inhibition of antiapoptotic protein Bcl-xL (as well as Bcl-2
and Mcl-1) but also through a p53-independent induction
of proapoptotic BH3-only proteins Noxa and Puma.

The molecular mechanism(s) underlying the (-)-gossypol-
induced, p53-independent increase of Noxa and Puma are
not yet clear. Our data show that (-)-gossypol-induced
Noxa and Puma increase appears to be post-translational,
without significant change of mRNA levels. The interaction
of Mcl-1 with Noxa and Puma in the apoptosis process
draws increasing attention recently (40). Mcl-1 stability is
tightly regulated; BH3-only proteins Noxa and Bim
preferentially bind to Mcl-1 and also target it for protea-
somal degradation (41). A recent study (40) using a novel
BH3 ligand that selectively binds to Mcl-1 showed that
apoptosis can proceed without Mcl-1 degradation. This
BH3 mimetic ligand, derived from Bim BH3 mutation,
preferentially binds to and stabilizes Mcl-1 and promotes
cell death only when Bcl-xL is absent or neutralized (40).
Blockage of BH3 domain-containing E3 ubiquitin ligase,
Mule, which regulates the basal level of Mcl-1 by targeting
it for proteasomal degradation, might be involved in this
apparent Mcl-1 stabilization (40). This might account for
our results that (-)-gossypol dose-dependently increased
Mcl-1 protein level. Based on our data and other reports
(42, 43), we propose that the BH3 mimetic (-)-gossypol
might work in the same way as this unique BH3 ligand: (a)
binds to and inactivates the antiapoptotic function of Bcl-xL
(and/or Bcl-2), (b) binds to Mcl-1, blocks and displaces
Noxa (and/or Puma), thus blocks Noxa-Mule-mediated
Mcl-1 degradation, stabilizes Mcl-1, and increases both full-
length and shortened form Mcl-1 (the latter is proapop-
totic); and (c) the displaced Noxa and Puma accumulate
and promote apoptosis. This mode of action by (-)-gossypol
lies upstream of Bax/Bak in the mitochondrial apoptosis
pathway. Indeed, a recent report with melanoma cells (43)
lends support to this action by (-)-gossypol, which showed
that (-)-gossypol was effective in Kkilling cancer cells
dependent on Mcl-1/Bcl-xL for survival. This effect was
enhanced when the proteasome was blocked and accom-
panied with increase of Noxa (43). We are currently
carrying out detailed studies to delineate the mechanism
of Mcl-1 increase and Noxa increase induced by (-)-
gossypol.

In conclusion, our study shows that (-)-gossypol signif-
icantly enhances the antitumor activity of docetaxel in
human prostate cancer both in vitro and in vivo and may
represent a promising new adjuvant therapy with a novel
molecular mechanism for the treatment of hormone-
refractory human prostate cancer with Bcl-2/Bcl-xL/Mcl-
1 overexpression. (-)-Gossypol is now in phase II clinical
trials for hormone-refractory prostate cancer. Our results
provide insight into how (-)-gossypol works with chemo-
therapy in prostate cancer cells. Our finding contributes to
the rational design of coming clinical trials and refines the
selection of patients who will benefit the most from Bcl-2
molecular therapy as a promising novel strategy for
overcoming chemoresistance of human prostate cancer.
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Abstract: Chemo- or radioresistance markedly impairs the efficacy of cancer therapy and involves anti-apoptotic
signal transduction pathways that prevent cell death. In resistant cancer cells, both inhibitors of apoptosis
proteins (IAPs) and nuclear factor-kappa B (NF-kB) play a pivotal role in preventing apoptosis triggered by a variety
of stresses, facilitating them as potential targets in cancer treatment. Furthermore, mounting evidences have
established the crosstalks between IAPs (eg. XIAP, clAP-1, clAP-2) and proteins involved in NF-xB signaling (eg.
TRAF2, RIP1, TAB1). Second mitochondria-derived activator of caspases (Smac) is a mitochondrial protein that
released into cytoplasm upon apoptotic stimuli. As Smac functions as an endogenous IAP inhibitor, small
molecule Smac-mimetics are believed to neutralize IAPs function that results in liberating caspase activity and
promoting apoptosis. Moreover, recent studies show that Smac-mimetics may kill cancer cells in a different
manner, which involves inducing ubiquitination of clAPs, regulating NF-xB signaling and facilitating TNFa-
triggered, caspase-8-mediated apoptosis in a certain cancer cell types. In other cancer cells that are resistant to
TNFo or chemo/radiotherapy, Smac-mimetic IAP-inhibitors can enhance ionizing radiation or tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)-induced apoptosis, indicating the potential role of Smac-mimetics
in overcoming acquired therapy-resistance. Such findings provide important impetus for utilizing IAP-inhibitors as
novel adjuvant therapy for the TNFa-resistant, NF-kB constitutively active cancers that account for the majority of
patients who are refractory to current therapeutic approaches.

Key Words: Chemoresistance, inhibitors of apoptosis proteins, NF-kB, small molecule inhibitors

The aggressive cancer cell phenotype is the [9-11]. For example, primary or acquired

result of a variety of genetic and epigenetic
alterations leading to deregulation of
intracellular signaling pathways, including an
impaired ability of the cancer cell to undergo
apoptosis [1, 2]. Most of the current
anticancer therapies work, at least in part,
through inducing apoptosis in cancer cells [3-
6]. Lack of appropriate apoptosis due to
defects in the normal apoptosis machinery
plays a crucial role in the resistance of cancer
cells to a wide variety of current anticancer
therapies [7, 8]. Chemo- or radioresistance
markedly impairs the efficacy of cancer
therapy and involves anti-apoptotic signal
transduction pathways that prevent cell death

resistance of hormone-refractory prostate
cancer to current treatment protocols has
been associated with apoptosis-resistance of
cancer cells and is linked to the failure of
therapies [12-14].

Current and future efforts toward designing
new therapies to improve survival and quality
of life of cancer patients must include
strategies that specifically target cancer cell
resistance to current chemo/radiotherapies
[13, 15]. In this review article, we will
summarize the state of our knowledge for the
role of both IAPs and NF-xB in relation to
cancer therapeutics resistance. Furthermore,
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Table 1. The inhibitor of apoptosis proteins

family

Gene Protein

BIRC 1 NAIP

BIRC 2 clAP-1

BIRC 3 ClAP-2

BIRC 4 XIAP (ILP1)

BIRC 5 Survivin

BIRC 6 Bruce (Apollon)
BIRC 7 ML-IAP (livin, K-IAP)
BIRC 8 ILP2 (TslAP)

we will discuss the potential role of small
molecule candidates that target apoptosis
and/or NF-«xB signaling pathway on the
sensitization of conventional cancer therapy.

The inhibitor of apoptosis proteins are potent
negative regulators of apoptosis and related to
apoptosis-resistance

Cancer cells will acquire resistance to
apoptosis by upregulating multiple pro-survival
factors. The inhibitors of apoptosis proteins
(IAPs) are a pivotal class of intrinsic cellular
inhibitors of apoptosis [16-19]. IAPs widely
and potently suppress apoptosis against a
large variety of apoptotic stimuli, including
chemotherapeutic agents, radiation and
immunotherapy in cancer cells [20, 21]. In
human, eight IAPs were identified so far (Table
1), all can block caspase cascade, but only
some of them directly interact with caspases
[22]. IAPs are characterized by the presence of
one to three domains known as baculoviral IAP
repeat (BIR) domains and belong to a larger
family of proteins, called the BIR-domain-
containing proteins (BIRPs) [16].

Since the IAPs function at the convergence of
both mitochondria pathway and death
receptor pathway, they are described as an
apoptosis “brake” and I|AP antagonists
function to release the “brake” [14, 23]. Most
components of the major cell death regulatory
pathways have been implicated in radiation-
induced cell death [24]. Some of these
apoptosis pathway proteins have overlapping
functions and compensatory pathways, and
these apoptosis pathways have extensive
cross-talks [24]. Inside a live cell upon
irradiation, multiple apoptosis pathway

proteins are involved in the shifting of the
balance of life and death signals. In the
context of IAP-inhibitor treatment and most
conventional therapy, the relative levels of
individual apoptosis pathway proteins and
their roles in the process of irradiation-induced
cell death dictate the outcome of the cell's
response to therapy. Therefore, investigation
of the potential role of apoptosis pathway
proteins in IAP-inhibitor-mediated sensitization
will provide critical information as to how the
IAP-inhibitors work in the context of radiation,
and what types of cells may respond better to
the therapy. The latter has clear clinical
relevance in that the information will be useful
to predict or select the patients who will
benefit the most from the molecular therapy
targeting IAPs [14, 23].

Although these BIRP proteins were all initially
called IAP proteins, it is apparent that they are
divided into two distinct groups based upon
their binding properties to caspases and
inhibition of caspase activity. The first group of
mammalian BIRPs includes XIAP (BIRC4), clAP-
1 (BIRC2), clAP-2 (BIRC3), ML-IAP (BIRC7),
NAIP (BIRC1) and ILP2 (BIRC8) (Table 1).
These IAP proteins potently bind to and inhibit
caspase-3, -7 and -9 and function as potent
apoptosis inhibitors (Figure 1). The second
group of BIRPs includes the mammalian
proteins Survivin (BIRC5) and Bruce (BIRC6) as
well as BIR-containing proteins in yeasts and
C. elegans [16] (Table 1). In contrast to the
first group of BIRPs, these Survivin-like BIRPs
don’t bind to caspases. In addition to their
potent anti-apoptotic activity, these Survivin-
like BIRPs also regulate cytokinesis and
mitotic spindle formation [25, 26].

X-linked IAP protein (XIAP) is the first well-
characterized IAP family member due to its
potent anti-apoptosis activity [17, 19, 27].
XIAP protein was found to be expressed in
most of the NCI 60 human cancer cell lines
[28]. Analysis of tumor samples in 78
previously untreated patients showed that
those with lower levels of XIAP had significantly
longer survival [28]. Two regions in XIAP
confer different specificity in the inhibition of
caspase-3, -7, and -9. The third BIR domain
(BIR3) of XIAP selectively targets caspase-9,
whereas the linker region between BIR1 and
BIR2 of XIAP inhibits both caspase-3 and
caspase-7, the effector caspases that triggers
downstream apoptosis [23, 29] (Figure 1).

Am J Transl Res (2009) 1: 4-18
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Figure 1: Apoptosis pathways in mammalian cells. Apoptosis activation by the extrinsic pathway involves the
binding of extracellular death ligands (such as TNF ligand/TRAIL) to death receptors, provoking the
recruitment of adaptor proteins, such as the Fas-associated death domain protein (FADD) and recruiting
caspase-8. Active caspase-8 then activates effector caspase-3 and/or -7. In some situations, extrinsic death
signals can crosstalk with the intrinsic pathway through caspase-8-mediated proteolysis of BID (BH3-
interacting domain death agonist). Truncated BID (tBID) can promote mitochondrial cytochrome c release and
assembly of the apoptosome. In the intrinsic pathway, stresses such as radiation or chemotherapeutic agents
target mitochondria and induce efflux of intermembrane space proteins, such as cytochrome ¢ and
Smac/DIABLO, into the cytosol, by the formation of BAK-BAX oligomers on mitochondrial outer membranes.
On release from mitochondria, cytochrome ¢ can join the apoptosome assembly. Active caspase-9 then
propagates a cascade of further caspase activation events. The inhibitors of apoptosis proteins (IAPs) is an
important class of intrinsic cellular apoptosis inhibitors that function as potent endogenous apoptosis
inhibitors by directly binding to and effectively inhibiting both initiator caspase-9 and effector caspases -3/-7.
Smac can neutralize IAP inhibition of caspases thus functions as an endogenous IAP-antagonist. Functional
blockade of IAPs by Smac results in facilitating caspase activation and apoptosis.

Am J Transl Res (2009) 1: 4-18
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While XIAP prevents the activation of all three
caspases, it was shown that the interaction of
XIAP with caspase-9 is the most critical for its
inhibition of apoptosis [16].

In contrast to XIAP, clAP-1 and clAP-2 are weak
caspase inhibitors in vitro [30]. Although the
role of clAP-1 and -2 in apoptosis is less
defined, their function on the cellular
responses other than apoptosis are widely
reported. Over ten years before, several
studies have proposed that both clAP-1 and
clAP-2 were associated with the TNF receptor
1 signaling complex [31-33]. Moreover, the
clAP-1 and -2 do not directly contact TNF-
receptor 2, but rather physiologically interact
with TNF-receptor associated factors (TRAFs)
[32], and regulate their function by mutually
ubiquitination [34, 35]. Through binding to
TRAF2, clAPs are recruited to TNFR signaling
complexes where they regulate the activation
of caspase-8 [32, 36]. Also, clAP-1 and clAP-2
directly ubiquitinate RIP1 and induce
constitutive RIP1 ubiquitination in cancer cells
and demonstrate that constitutively
ubiquitinated RIP1 associates with the
prosurvival kinase TAK1 [37]. Collectively,
these studies elucidate the potential role of
clAPs on regulating TNFa-induced both
apoptosis and NF-«xB signaling.

Second mitochondria-derived activator of
Caspases (Smac) was identified as a pro-
apoptotic factor released from mitochondria
into the cytosol triggered by multiple apoptosis
stimuli [38-41]. Upon stimulation, the released
Smac physically interacts with XIAP through
the N-terminal four conserved amino acid
residues (AVPI) that bind to the baculoviral IAP
repeat 3 (BIR3) domain of XIAP, and eliminate
the inhibitory effect of XIAP on caspase
activation [42-44]. Therefore, Smac functions
as an endogenous IAP-antagonist. Due to the
potent pro-apoptotic role of Smac, synthetic
small molecule Smac-mimicking compounds
(Smac-mimetics) are being developed to
sensitize apoptosis-resistant cancer cells to
various apoptotic stimuli [45, 46]. Smac-
mimetic  |AP-antagonists  induce  TNFa-
dependent apoptosis in several transformed
cell lines [47-49]. Other reports show that
small molecule Smac-mimetics successfully
sensitize TRAIL-induced apoptosis by blocking
functions of IAPs in multiple cancer cells [38,
50-52]. Also, Smac-mimetic tetrapeptide
pSmac-8c significantly sensitized androgen-

independent prostate cancer cells to
chemotherapeutic agents [53, 54]. These
studies manifest that mimicking Smac may
represent a promising strategy for restoring
defective apoptosis signaling in human cancer
therapy. Furthermore, it has recently been
reported that Smac can potentiate apoptosis
by simultaneously antagonizing caspase-IAP
interactions and repressing IAP ubiquitin ligase
activities [55]. Yoon, et al [56] identified a
Smac-binding protein, NADE. The interaction
between Smac and NADE regulates apoptosis
through the inhibition of Smac ubiquitination
[56]. Dr. Duckett’s group reported that some
cytoprotective 1APs can inhibit apoptosis
through the neutralization of IAP antagonists,
such as Smac, rather than by directly inhibiting
caspases [27]. These recent studies suggest
that endogenous Smac protein plays more
complicated roles than expected in apoptosis.
In a subset of highly sensitive tumor cell lines,
activity of Smac mimetic compounds is
dependent on TNFa signaling. Mechanistic
studies indicate that in the system they tested,
XIAP is a positive modulator of TNFa induction
whereas CcIAP-1 negatively regulates TNFo-
mediated apoptosis, indicating the opposite
effect of XIAP versus clAP-1 on modulation
TNFa signaling [57]. Also, Smac-mimic IAP-
antagonists sensitize TRAIL-induced apoptosis
by blocking XIAP function in multiple tumor
models, including breast cancer [50], multiple
myeloma [52], glioblastoma [38], and ovarian
cancer [51].

Inhibitor of apoptosis proteins are attractive
molecular targets for designing novel therapy
for human cancers

XIAP is so far the most potent inhibitor of
apoptosis among all the IAP proteins [17]. XIAP
effectively inhibits both intrinsic and extrinsic
apoptosis pathways by binding and inhibiting
the initiator caspase-9 and effector caspases
(caspase-3 and -7), whose activity is crucial for
the execution of apoptosis [17, 58]. Because
effector caspase activity is both necessary and
sufficient for irrevocable programmed cell
death, XIAP functions as a gatekeeper to this
final stage of the process [38]. XIAP is
overexpressed in many cancer cell lines and
tumor tissues but not in normal cells, and a
high level of XIAP results in apoptosis-
resistance of cancer cells to a wide variety of
therapeutic agents [59]. The multiple

Am J Transl Res (2009) 1: 4-18
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biological activities of XIAP, its unique
translational and post-translational control and
the centrality of the caspase cascade make
XIAP an exceptionally promising molecular
target for modulating apoptosis [14, 19, 60].
For example, overexpression of XIAP increases
resistance to tumor necrosis factor-related
apoptosis-inducing  ligand  (TRAIL)-induced
apoptosis, while downregulation of XIAP
restores cell response to TRAIL [61-63].

Since IAPs block apoptosis at the down-stream
effector phase, a point where multiple
apoptosis  signaling pathways converge,
strategies targeting IAP may prove to be highly
effective for overcoming apoptosis-resistance
in human cancers that overexpress IAPs. The
link between therapy resistance and IAPs is
supported by recent studies in which the
suppression of XIAP levels by RNA interference
or antisense indeed sensitized XIAP-
overexpressing cancer cells to death receptor-
induced apoptosis as well as radiation [64,
65]. Combination of irradiation and inhibition
of XIAP through the antisense approach
resulted in improved tumor control by
radiotherapy in vivo [66], advocating a distinct
role for XIAP in radiation resistant phenotype
of human cancers, and providing a proof-of-
concept that IAPs may be a novel and
promising target for chemo/ radiosensitization
of human cancers. Loss of XIAP by RNAi also
sensitized cancer cells to a certain
chemotherapeutic agents and TRAIL, and the
increased sensitivity of the XIAP shRNA cells
was correlated with enhanced Caspase
activation [67]. We have found that embelin,
the first non-peptidic natural XIAP inhibitor
identified by us, induces apoptosis in prostate
cancer cells [68]. Embelin sensitized TRAIL-
induced apoptosis in pancreatic cancer cells
[69]. These findings provide a strong rationale
that downmodulation of overexpressed XIAP
will  achieve sensitization on  current
therapeutic modality.

Through computational structure-based 3D-
database search and rational design, a series
of small molecule inhibitors of IAPs have been
discovered and synthesized, which show
potent therapeutic activity to overcome
apoptosis-resistance in vitro in cancer cells
overexpressing IAPs while minimize side-effect
on normal cells with relative low level of IAPs
[38, 51]. Based on the high-resolution
experimental 3D structure of Smac in complex
with the XIAP BIR3 domain, Wang and his

colleagues have designed and synthesized a
group of potent non-peptidic compounds that
mimic the tetra-peptide at the N-terminal of
natural Smac [53, 54]. These cell-permeable
compounds show at least 20-fold more
potential than the natural Smac peptide in
binding to the XIAP BIR3 domain in a cell-free
system [53, 54, 70]. It has been shown that
SH130, one of the most potential compounds,
enhances ionizing radiation-induced apoptosis
in vitro and combination therapy achieves
significant tumor regression in hormone-
refractory prostate cancer models [71]. Also,
SH122, another potential compound,
promotes TRAIL-mediated cell death in several
human prostate cancer cell lines (Dai et al.,
manuscript submitted). These findings suggest
that Smac-mimetic  IAP-antagonist  can
sensitize cell-killing effect by either radiation or
death-receptor therapy.

However, little is known about the role of
endogenous Smac in cells treated with Smac-
mimetic |AP-inhibitors and irradiation. In
multiple human cancer models, full-length
Smac enhanced gamma-irradiation-induced
apoptosis by loss of mitochondrial membrane
potential, cytochrome c release, and activation
of a serial of caspases [72]. Takasawa et al.
shows that the sustained release of
Smac/DIABLO from mitochondria is an
important event for the onset of apoptosis in
keratinocytes exposed to UVB irradiation [40].
In hormone refractory prostate cancer, small
molecule AP inhibitors exhibit a promising
therapeutic potential to overcome resistance
of prostate cancer cells to radiation-induced
growth inhibition, both in vitro and in vivo in
xenograft tumor models, suggesting that
targeting IAPs may be a promising approach
for radiosensitization of human prostate
cancer with high levels of IAPs [71], and
provides important impetus for utilizing IAP-
inhibitors as an adjuvant therapy for the
TNFa-resistant cancers that account for the
majority of patients who are refractory to
radiation/chemotherapy.

NF-xB is a pro-survival factor that blocks
apoptosis and promote therapeutic resistance

The transcription factor NF-xB pathway plays
important roles in the control of cell
proliferation, apoptosis, inflammation, cell
signaling transduction, and other physiological
processes [73, 74]. Because the disorder of
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these physiological processes has been linked
with the onset of cancers, NF-xB has been
described as a major culprit in cancer [74].
Current evidences have also shown that NF-xB
participates in the processes of angiogenesis,
invasion, and metastasis [73, 75, 76].
Moreover, NF-xB is critically involved in the
processes of development and progression of
cancers, raising its importance in cancer
research [77]. NF-kB is constitutively activated
in most of human cancers, suggesting that the
activation of NF-kB is involved in the process
of carcinogenesis. Therefore, targeting NF-xB
is attracting more attention as a novel
preventive and therapeutic strategy against
human cancers.

Besides death receptors, genotoxic stress also
activates NF-xB signaling pathway that
attenuates apoptotic responses. Blocking NF-
kB pathway can sensitize cancer cells to
chemotherapeutic agents and radiation [78-
82]. It has been shown that NF-xB is activated
by ionizing radiation (IR)-induced double-
strand breaks (DSB) [81-84] (Figure 2). IR-
induced DSB directly activates ATM and PIDD
(p53-inducible death domain -containing
protein), which further recruit NEMO, a
member of IKKs signalsome, by serial of
posttranslational modification [85, 86].
Modified NEMO participates to the formation
of IKK complex, and thus activates
downstream NF-«xB pathway  through

Figure 2: Crosstalk between ionizing radiation-induced apoptosis and NF-kB pathway. IR activates both
apoptosis and NF-kB signaling pathway. IR triggers instrinsic apoptosis pathway as described in Figure 1.
Simultaneously, NF-kB pathway is activated by IR-induced DNA damage. IR induced double-strand breaks
(DSB) directly activates initiator kinase ATM and PIDD, which further recruit NEMO, also known as IKKy, by
multiple steps of posttranslational modification. Modified NEMO joins formation of IKKs signalosome and
further activates classical NF-kB pathway. Upon apoptotic stimuli (IR or TNF«), natural Smac can bind to both
XIAP and clAPs, and predominantly neutralize the suppression effect of XIAP on caspases. It has been shown
that clAP-1 physically binds to TRAF2 and regulates its function through ubiquitination in TNFa signaling.
Smac-mimetics that function as IAP-antagonists, not only promote caspase activation by neutralizing IAPs, but
also interferes the stability and interaction between clAP-1/2 and TRAF2, thus modulate the balance between

apoptosis and NF-kB signaling pathway.
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degradation of IkBa and liberate NF-xB
heterodimer from cytosol into nucleus [87,
88]. On the other side, IR can directly trigger
intrinsic apoptosis pathway through activation
of pro-apoptotic Bcl-2 family members Bax and
Bak [89, 90], and activates downstream
caspase cascade and apoptosis (Figure 2).

It has been established that NF-kB is the major
survival factor in preventing apoptosis, and
inhibition of this transcription factor may
improve the efficacy of apoptosis-inducing
cancer therapies [74, 91, 92]. Due to its
constitutive or treatment-induced activity, NF-
kB functions mainly as an inhibitor of
apoptosis and is prerequisite for cell survival.
NF-kB-mediated protection of lymphoid cells
from antigen receptor- and death receptor-
induced apoptosis plays an instrumental role
in activation of the immune response [93]. In
addition, NF-kB may also protect cells from
cellular stresses, such as DNA damage, which
activate the mitochondrial-dependent
“intrinsic” pathway [93-96]. Suppression of
NF-kB by genetic or chemical inhibitors
induces the apoptosis and/or restores the
apoptotic response after treatment with
chemotherapeutic agents or radiation in
various tumor cells, thus overcoming NF-kB-
mediated chemo-/radioresistance [95, 97,
98]. Moreover, the mechanisms of action of
several more ancient drugs have been re-
evaluated and some of them were discovered
to act at least partially through NF-kB
inhibition. However, the role of NF-kB in the
control of apoptosis is not unambiguous and
this factor is also, in some experimental
conditions, required for the induction of
apoptosis either of mutated cells or in
response to anti-cancer agents [98-101].
Therefore, a precise knowledge of the
signaling pathways controlling NF-kB as well as
of the NF-kB target genes is essential in order
to define who will benefit the most from the
anti-NF-kB therapies. More preclinical studies
are needed to determine a tolerable and
efficacious dose and schedule for NF-«kB
inhibitors  [73, 102-104]. Other NF-«kB
inhibitors might also have a greater effect on
sensitizing anticancer agents. It is important to
clarify what type of NF-kB inhibitors is most
effective and least toxic.

Molecular targeting of NF-xB pathway in
sensitization of conventional therapies
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Many chemotherapeutic agents trigger the
cell-death process through activation of the
tumor-suppressor protein p53 [105]. However,
NF-xB is also activated in response to
treatment that attenuates p53-medieated cell
death [106] with chemotherapy and radiation
therapy. The NF-xB pathway thus impinges on
many aspects of cell survival. Recent studies
indicate that the effects of conventional
cancer therapeutics could be enhanced by
natural and synthetic NF-xB inhibitors,
suggesting that down-regulation of NF-«B
could sensitize cancer cells to conventional
therapeutics [74, 103]. For example,
genistein, one of three main isoflavones found
in soybeans, inactivates NF-kB and leads to
increased growth inhibition and apoptosis
induced by various chemotherapeutic agents
and promote drug-induced cell-killing effect in
many types of cancers [107, 108]. Indole-3-
carbinol that is produced from cruciferous
vegetables, significantly inhibited NF-xkB DNA
binding activity in prostate and breast cancer
cells, corresponding with the inhibition of cell
proliferation and the induction of apoptosis
[109, 110].

As it is well-established that in classical NF-xB
pathway, proteasomes are responsible for
IkBo. degradation, which facilitates NF-xB
nuclear translocation and activates multiple
target gene expression [111], modulation of
proteasomal function with specific inhibitors
has been demonstrated as a promising
strategy for the treatment of human cancers,
presumably by suppression NF-xB [112, 113].
In preclinical cancer models, proteasome
inhibitors alone induce apoptosis [113-115],
as well as overcome radioresistance of tumor
cells and enhance radiation-mediated
response, typically apoptosis [114].
Bortezomib (Velcade; PS-341), the first
proteasome inhibitor to be used in clinical
applications, has demonstrated impressive
antitumor activity, both as a single agent and
in combination with conventional therapies
[116-118]. More significantly, in preclinical
studies, bortezomib in combination with
radiation therapy has been shown to achieve
potential therapeutic benefits in various
cancers [119, 120]. Besides bortezomib,
many other proteasome inhibitory candidates
are under investigation in preclinical models,
either alone or in combination with
conventional therapies [121, 122]. We have
found that Celastrol, a natural proteasome
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inhibitor, enhances therapeutic efficacy of
ionizing radiation both in vitro and in vivo,
typically by increasing apoptosis and
decreasing both primary and acquired NF-xB
activity (Dai et al., manuscript in revision).
These studies provide substantial evidence
that proteasome inhibitors can potentiate
response of cancer cells to chemotherapeutic
agents or radiation.

Crosstalks between apoptosis and NF-xB
signaling by IAP-antagonist

As NF-xB has been proved to play a pivotal
role in mediating cell survival, blockade of NF-
kB activation can shift the tumor
survival/death balance towards apoptosis,
suggesting that targeting IAPs and/or NF-xB
may become a potential approach to
overcoming resistance of human cancer.

The cytokine TNFa elicits a wide range of
biological responses, including inflammation,
cell proliferation, differentiation, and
apoptosis. Although the molecular
mechanisms of TNF signaling have been
largely elucidated, the principle that regulates
the balance of life and death is still unknown.
Several reviews have focused on the crosstalk
that exists between proteins of the TNF
receptor (TNF-R) which are involved in the
initiation of NF-xB activation or apoptosis
[106, 123, 124]. At least three different
mechanisms  of  regulation can be
distinguished: (i) NF-xB-mediated recruitment
of TNF-R complex [125]; (i) NF-xB-
independent protection against apoptosis by
the TRAF2-mediated recruitment of
antiapoptotic  proteins [126]; (iii) dual
activation of apoptosis and NF-«xB by a single
molecule, such as TNFa, TRAIL and radiation
[74, 98]. Overall, the multiple facets of

Figure 3: Crosstalk between apoptosis and NF-kB signaling by IAP-antagonist. TNFa induces both apoptosis
and NF-kB activation in cancer cells. TNFa induces extrinsic apoptosis via activation of caspase cascade that
involves initiator Caspase-8 and effector Caspase-3. IAPs (XIAP, clAP-1 and clAP-2) are anti-apoptotic proteins
that block caspase- mediated apoptosis. Paradoxically, TNFa still activates NF-kB and promotes cell survival
that counteracts with apoptosis. The classical NF-kB pathway that is mediated by IKKs signalosome can be
triggered either by TNFa via TRAF2 and RIP1, or alternatively, by TGFB via TAB1 and TAK1. Multiple studies
have established crosstalk between IAPs and proteins that mediate NF-kB signaling pathway (see text). Smac
mimetics that function as IAP antagonists can modulate the interaction between IAP proteins and NF-«kB
signaling proteins, which leads to TNFo-triggered apoptosis primarily via an autocrine manner (see text).
TNFa, tumor necrosis factor alpha; TGFB, transforming growth factor beta; TRAF2, TNF receptor-associated
factor 2; RIP1, receptor interacting protein 1; TAK1, TGFP activated kinase 1; TAB1, TAK1 bind protein 1; IKK,

IkBa kinase.
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crosstalk have been established between the
apoptosis and NF-xB signaling pathways. A
direct evidence is that clAP-1 physically binds
to TRAF2 through its BIR1 domain and
regulates its biological function through
ubiquitination [32, 127-130], suggesting a
potential role of clAP-1 on linking apoptosis
and NF-xB pathways (Figure 2). Interestingly, a
recent study shows that TRAF2-knockdown by
siRNA indeed radiosensitizes cancer cells via
reduced NF-kB activation, suggesting that
TRAF2 is an attractive drug target for
anticancer therapy and radiosensitization
[131]. Function as an adaptor protein in NF-xB
signaling, TRAF2 may thus play a potential role
in protecting radiation-induced cell death, and
establish the crosstalk between NF-xB and
DNA damage-induced apoptosis (Figure 2).

Studies in recent two years tend to elucidate
the potential mechanism in TNFa signaling by
Smac-mimetics in cancer cells. It has been
demonstrated that Smac-mimetics stimulate
autoubiquitination of clAPs, resulting in their
proteasomal degradation [30, 48] (Figure 3).
This in turn leads to NIK stabilization and
facilitates RIP1 recruitment [49, 132] (Figure
3). Moreover, clAP-1 and clAP-2 promote
cancer cell survival by functioning as E3
ubiquitin ligases that maintain constitutive
ubiquitination of the RIP1 adaptor protein,
suggesting that constitutively ubiquitinated
RIP1 associates with the prosurvival kinase
TAK1 [37]. Collective reports demonstrate that
either clAP-1 or 2 is required for proper RIP1
polyubiquitination and NF-kB activation upon
TNFo. treatment [37, 132] (Figure 3). This
results in the activation of the noncanonical
and canonical NF-kB pathways, causing
autocrine TNFa production in a substantial
number of tumor cells. Besides clAPs, a recent
study proposes that BIR1 domain of XIAP,
which has no previously ascribed function,
directly interacts with TAB1 to induce NF-xB
activation [133] (Figure 3). Smac, the
antagonist for caspase inhibition by XIAP, also
inhibits the XIAP/TAB1 interaction. Disruption
of BIR1 dimerization abolishes XIAP-mediated
NF-xB activation, implicating a proximity-
induced mechanism for TAK1 activation [133].
Taken together, mounting experimental
evidence indicate that IAPs function as
“bridging” molecules that mediate cross-talk
between the apoptosis pathway and NF-kB
pathway.
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As multiple recent studies suggest the role of
IAPs on the crosstalks between apoptosis and
NF-xB pathway [37, 47-49, 57, 132-134]
(Figure 3), it is reasonable to speculate that an
IAP inhibitor may also function as a modulator
in regulating such crosstalk. Indeed, several
Smac-mimetic IAP-inhibitors can induce TNFa-
dependent apoptosis in several transformed
cell lines, via clAP-1 down-regulation and NF-
kB activation [47-49]. Blocking NF-«xB
activation reduced TNF production and
protected cells from Smac-mimetics-induced
cell death (Figure 2). Ahn et al. suggests that
embelin sequentially inhibits NF-kB activation
induced by TNFa at the IkBa kinase (IKK), IkBa
degradation, and RelA nuclear translocation
levels in several cancer cell lines [135]. Other
studies show that Smac mimetics lead to
sensitivity to TNFa-induced cell death, likely
through the degradation of clAPs and by
favoring the formation of a RIP1-dependent
caspase-8-activating complex [136].
Highlighting the potential of Smac mimetics for
clinical application will validate that cancer
cells that are sensitive to Smac-mimetic
treatment in vitro are also responsive to the
same treatment in an in vivo mouse model.
AEG40730, a Smac mimetic dimer compound,
binds to clAP-1 and clAP-2, facilitates their
autoubiquitination and proteasomal
degradation, and causes a dramatic reduction
in RIP1 ubiquitination [37]. When
deubiquitinated by AEG40730 treatment, RIP1
binds caspase-8 and induces apoptosis in
cancer cells [37]. In addition, in Smac-mimetic
sensitive cell lines, apoptosis caused by Smac-
mimetics is blocked by the caspase-8 inhibitor
crmA and that IAP antagonists activate NF-xB
signaling via inhibition of clAP-1 [48]. In those
transformed tumor lines, I|AP antagonist
induced NF-xB-stimulated production of TNFo
that killed cells in an autocrine fashion.
Inhibition of NF-xB reduced TNFo production,
and blocking NF-kB activation or TNFo allowed
tumor cells to survive Smac-mimetic-induced
apoptosis [48]. Moreover, in a subset of highly
sensitive tumor cell lines, XIAP is a positive
modulator of TNFa production whereas clAP-1
negatively regulates TNFo-mediated apoptosis
[57]. It is interesting that Smac mimetics
induced degradation of clAPs in certain types
of cancer cell lines, suggesting that additional
switch points control the sensitivity to Smac
mimetics [30].

In a vast amount of solid tumors that are
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resistant to therapeutics, for example, most of
androgen-independent human prostate
cancers exert highly constitutive NF-kB activity
[75, 137] that may result in resistance to
TNFa. How these majority resistant cancer
cells respond to IAP-inhibitors remains to be
investigated. In our recent publication [71], we
found that those androgen-independent
prostate cancer cells are highly resistant to
Smac-mimetics, which has a IAP-binding
affinity comparable to that of the compounds
used in other reports [47-49]. Surprisingly,
although Smac-mimetics alone hardly show
any cell-killing effect both in vitro and in vivo,
they potently sensitize those TNFa-resistant
cells to radiation-induced growth inhibition and
apoptosis, which might involve blocking
radiation-induced NF-kB activation [71].
Moreover, such Smac-mimetic compound
treatment does not induce clAP-1 degradation,
TNFa upregulation and NF-kB activation when
used alone in those resistant cells [71]. This
mode of action of Smac-mimetic IAP-inhibitor
is distinct from that in TNFa-sensitive cells
reported recently [47-49] . Similarly, another
study indicates that blockade of IAPs by a
small molecule Smac-mimetic compound
promotes TRAIL-induced apoptosis in TRAIL-
resistant prostate cancer cells, via modulating
both the apoptosis pathway and NF-«B
pathway (Dai et al, manuscript submitted).
This discrepancy of the mechanisms of Smac-
mimetic IAP-inhibitors in
chemo/radiosensitization has  significant
clinical implications and provides important
impetus for utilizing IAP-inhibitors as an
adjuvant therapy for the TNFa-resistant, NF-
KB constitutively active cancers that account
for the majority of patients who are refractory
to current therapeutic approaches.

Conclusion and perspective

Conventional chemo/radiotherapies the most
commonly used current therapies for cancer
patients, however primary or acquired
resistance remains to be a major challenge in
clinic and is emerging as a significant
impediment to effective cancer treatment.
Although both IAPs and NF-xB pathways have
been subjected to intense preclinical and
clinical studies, the detailed clinically relevant
correlation between these two classes of
proteins still remains unclear. Answers to such
question will provide a clear rationale for
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combining Smac-mimetic IAP-antagonists with
conventional therapy that will achieve a
significantly improved therapeutic outcome.

Mounting evidences have established the
potential crosstalks between IAPs (eg. XIAP,
clAP-1, clAP-2) and the proteins that are
involved in NF-xB signaling (eg. TRAF2, RIP1,
TAB1). As Smac functions as an endogenous
IAP inhibitor, small molecule Smac-mimetics
are believed to neutralize IAPs function that
promotes apoptosis. However, Smac-mimetics
may Kkill cancer cells in a different manner,
which involves inducing ubiquitination of
clAPs, regulating NF-xB signaling and
facilitating TNFo-triggered, caspase-8-
mediated apoptosis in a certain cancer cell
types. In other cancer cells that are resistant
to TNFo or chemo/radiotherapy, exhibit a
promising therapeutic potential to overcome
resistance of cancer cells to radiation therapy,
at least in part, by suppressing NF-«xB
activation. For example, in hormone-refractory
prostate cancer, molecular modulation of IAPs
and/or NF-xB has been proven to be a novel
adjuvant approach to enhance the efficacy of
radiation therapy [14, 15, 71, 73, 75, 138].
Therefore, IAP antagonists may be developed
as a personalized medicine in IAP-targeting
molecular therapy and establish promising
novel strategy to overcome the resistance to
current therapies, with the ultimate goal of
improving the survival of cancer patients who
will benefit the most from the individualized
therapy modality. This strategy may also
benefit patients of other malignancies with
high levels of IAPs and high constitutive NF-xB
activity in a clinical setting.

In the clinic, continued treatment with potent
IAP-inhibitors  throughout the cycles of
chemo/radiotherapy may help to further
reduce or eliminate the “minimal residual
disease”, thus may reduce the risk of tumor
local recurrence as well as metastasis. A
rationale patient screen based on individual
genetic background will help to optimize the
personalized therapeutic advantage.
Therefore, the combination of I|AP-targeting
molecular therapy and conventional chemo/
radiotherapy may become a promising novel
strategy to enhance the efficacy of current
cancer treatments and ultimately improve the
survival of cancer patients.
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Abstract

Background: Although tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a promising
agent for human cancer therapy, prostate cancer still remains resistant to TRAIL. Both X-linked inhibitor of
apoptosis (XIAP) and nuclear factor-kappa B function as key negative regulators of TRAIL signaling. In
this study, we evaluated the effect of SH122, a small molecule second mitochondria-derived activator of
caspases (Smac) mimetic, on TRAIL-induced apoptosis in prostate cancer cells.

Methods: Binding potential of Smac-mimetics on XIAP or cIAP-1 was examined by pull-down assay.
Cytotoxicity of TRAIL and/or Smac-mimetics was determined by a standard cell growth assay. Silencing
XIAP or cIAP-1 was achieved by transient transfection of short hairpin RNA. Apoptosis was detected by
Annexin V-PI staining followed by flow cytometry, and Western Blot analysis of caspases, PARP and Bid.
NF-kappa B activation was determined by subcellular fractionation and real time RT-PCR.

Results: SH122, but not its inactive analog, effectively bind to XIAP and cIAP-1. SH122 significantly
sensitized prostate cancer cells to TRAIL-mediated cell death. Moreover, SH122 enhanced TRAIL-induced
apoptosis via both death receptor and mitochondrial pathway. Knockdown of both XIAP and cIAP-1
sensitized cell response to TRAIL, however, XIAP-knockdown attenuated sensitivity of SH122 on TRAIL-
induced cytotoxicity, confirming that XIAP is an important target for [AP-inhibitor-mediated TRAIL
sensitization. SH122 also suppressed TRAIL-induced NF-kappa B activation by preventing cytosolic
IkappaBalpha degradation and RelA nuclear translocation, as well as suppressing NF-kappa B target gene
expression.

Conclusion: These results demonstrate that functioning as a potential Smac-mimetic, SH122 sensitizes
human prostate cancer cells to TRAIL-induced apoptosis via blocking both IAPs and NF-kappa B.
Modulating IAPs may represent a promising approach to overcoming TRAIL-resistance in human prostate

cancer with constitutively active NF-kappa B signaling.



Background

Primary or acquired resistance of prostate cancer to current treatment protocols has been associated
with apoptosis-resistance in cancer cells, leading to therapy failure [1, 2]. Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) is a member of the TNF family that is in clinical trials for the treatment
of prostate cancer, either alone or in combination with other treatments [3]. TRAIL is demonstrated to
selectively induce apoptosis in prostate cancer cells other than normal prostate epithelial cells [4]. The
relative resistance of normal cells to TRAIL has been explained by the lower expression levels of functional
death receptors relative to cancer cells [5, 6]. Hence, TRAIL exerts a selective antitumor activity without
eliciting systemic toxicity in multiple preclinical models, and is considered to be a prime candidate for

prostate cancer therapy [3].

Mechanistically, TRAIL triggers apoptosis via binding to its functional death receptors DR4 and
DRS, and activating both death receptor (extrinsic) and mitochondria (intrinsic) apoptosis pathways [7].
Ligation of DR4/DRS by TRAIL results in caspase-8 activation and directly cleaves downstream effector
caspases [8]. Signals originating from death receptors can be linked to mitochondria via Bid, which causes
mitochondrial cytochrome c release and caspase-9 activation. The mitochondria pathway is engaged by the
release of multiple pro-apoptotic factors from mitochondria into the cytosol, such as cytochrome ¢, Smac
and apoptosis inducing factor (AIF). These apoptogenic factors execute cells to apoptosis in either a

caspase-dependent or independent manner [9].

Despite the fact that TRAIL selectively induces apoptosis in cancer cells, TRAIL-resistance still
challenges its clinical application as a therapeutic agent in a substantial number of cancers, including prostate
cancer [10]. It is widely accepted that the inhibitor of apoptosis proteins (IAP) functions as a key negative
regulator in TRAIL resistance [11, 12]. Mounting evidence confirms that XIAP, the most potent anti-apoptotic
protein among IAPs, is unequivocally responsible for primary or acquired TRAIL resistance in tumor cells [13-
16]. Overexpression of XIAP increases resistance to TRAIL-induced apoptosis, while downregulation of XIAP

3



restores cell response to TRAIL [17, 18]. At the transcriptional level, almost all IAP proteins are driven by the
upstream transcription factor -- NF-kappa B (NF-kB), which can be stimulated by multiple stimuli, including
TRAIL [19]. TRAIL-induced NF-kB activation attenuates apoptosis, predominantly by upregulating various
anti-apoptotic proteins, including IAPs [20, 21]. Therefore, NF-xB functions as an upstream regulator of IAPs
and negatively regulates TRAIL signaling. The role of NF-kB in the anti-apoptotic process has been studied in
prostate cancer cells both in vitro and in vivo. In prostate cancer cell lines, there seems to be an inverse
correlation between androgen receptor (AR) status and constitutive NF-kB activity [22]. Thus it is tempting to
speculate that the constitutive activation of NF-kB may contribute to prostate cancer cell survival following

androgen ablation and, consequently, become resistant to treatment [22].

Smac is identified as a pro-apoptotic factor released from mitochondria into the cytosol triggered by
TRAIL [23]. Upon stimulation, the released Smac physically interacts with XIAP through the N-terminal
four conserved amino acid residues (AVPI) that bind to the baculoviral IAP repeat 3 (BIR3) domain of
XIAP, and eliminate the inhibitory effect of XIAP on caspase activation [24-26]. Therefore, Smac functions
as an endogenous [AP-antagonist. Due to the impressive pro-apoptotic role of Smac, synthetic small
molecule Smac-mimicking compounds (Smac-mimetics) are being developed to sensitize apoptosis-
resistant cancer cells to various apoptotic stimuli [3, 27]. Smac-mimetic IAP-antagonists induce TNFo.-
dependent apoptosis in several transformed cell lines [28-30]. Other reports show that small molecule Smac-
mimetics successfully sensitize TRAIL-induced apoptosis by blocking functions of IAPs in multiple cancer
cells [11, 16, 31, 32]. These studies provide a solid foundation for our assertion that mimicking Smac may
represent a promising strategy for restoring defective apoptosis signaling triggered by TRAIL in human
prostate cancer therapy.

Based on the high-resolution experimental 3D structure of Smac in complex with the XIAP BIR3
domain, we have designed and synthesized a group of potent non-peptidic mimetics of Smac that mimic the

tetra-peptide at the N-terminal of the Smac protein, called SH-compounds [33, 34]. These cell-permeable



compounds show at least 20-fold more potential than the natural Smac peptide binding to the XIAP BIR3
domain in a cell-free system [33-35]. In the current study, we evaluated the sensitizing potential of one of
these compounds, SH122, on TRAIL-mediated cell death in several human prostate cancer cell lines. We
also investigated potential molecular targets and the mechanism of action involved in SH122-mediated

TRAIL sensitization.

Methods

Cell Culture and Reagents

Human prostate cancer DU145 and LNCaP cells were obtained from the American Type Culture
Collection. Androgen-independent prostate cancer cell line CL1 derived from its androgen-dependent cell
line LNCaP was kindly provided by Dr. Arie Belldegrun (University of California, Los Angeles). Cells were
routinely maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) with 10% fetal bovine serum

(FBS) and 2 mM L-glutamine. Cultures were maintained in a humidified incubator at 37°C with 5% CO,.

Small molecule Smac-mimetic SH122 as well as its inactive analogs SH123 and SH110 were kindly
provided by Dr. Shaomeng Wang (University of Michigan). TRAIL was purchased from Cell Sciences
(Canton, MA). Antibodies against XIAP and cIAP-1 were purchased from BD Biosciences (San Jose, CA).
Antibodies against PARP, RelA and IkappaBalpha (IxBa) were purchased from Santa Cruz (Santa Cruz,
CA). Other antibodies include: anti-caspase-3 (BioVision, Mountain View, CA), anti-caspase-8
(Calbiochem, San Diego, CA), anti-caspase-9 (Novus Biologicals, Littleton, CO), anti-Bid (Cell Signaling,

MA), and anti-B-actin (Sigma, MO). Chemicals were from Sigma unless otherwise indicated.

Cytotoxicity Assay



To detect the survival of cells after treatment, a standard cell growth assay was performed using the
CCK-8 detection kit (Dojindo Molecular Technologies, Gaithersburg, MD) following the manufacturer’s
instructions. Absorbance was detected at 450 nm and 650 nm respectively, using a microplate reader
(TECAN ULTRA, Research Triangle Park, NC). Cell viability (%) was normalized by dividing normalized
absorbance of treated samples by that of the untreated control. Inhibitory concentration 50% (ICsp) was

calculated by GraphPad Prism 5.0 (San Diego, CA).

Pull-down Assay

Cells (1.0x107) were disrupted in a lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate), with freshly added protease inhibitor cocktail (Roche). Cells
lysates were homogenized by passing through a 27-1/2G syringe needle (BD). After centrifugation at
10,000xg for 15 min at 4°C, the supernatant was harvested and incubated with biotin-labeled Smac-mimetic
compounds with or without non-labeled compounds, for 1 hour at 4°C. Lysates were incubated with pre-
cleared Streptavidin-Agarose beads (Invitrogen) by gently rotating for 2 hours at 4 °C. The beads were
collected and washed with washing buffer (Roche) and eluted in 60 pl of loading buffer (Bio-Rad). After
boiling for 5 min, the eluents were analyzed by immunoblotting to detect proteins that interacted with the

compounds.

Apoptosis Assay

For apoptosis analysis by flow cytometry, DU145 cells were treated with SH122 and TRAIL, alone
or in combination, with SH110 used as a negative control. Cells were harvested by trypsinization and
washed twice with ice-cold PBS. After centrifuge, cells were stained with 100 pl Annexin V-FITC diluted
in binding buffer (10 mM HEPES,100 mM NacCl, 10 mM KCl, 1mM MgCl, , 1.8 mM CaCl,) containing
propidium iodide (50 pg/ml). Cells were incubated for 15 min at room temperature before analyzed by flow
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cytometry with FACScan (BD) using 488-nm laser line. Data were analyzed using WinMDI 2.8 software

(Purdue University Cytometry Laboratory).

shRNA Transfection

The shRNA specific for XIAP in plasmid pRS-shXIAP29 was purchased from OriGene (Rockville,
MD). The shRNA specific for cIAP-1 in plasmid pGB-shcIAP-1 was purchased from BioVision (Mountain
View, CA). shRNA plasmids (2.0 png) were transfected into DU145 cells using Lipofect AMINE 2000
(Invitrogen, Carlsbad, CA), following the manufacturer’s instruction. Forty-eight hours after transfection,
cells were treated with Smac-mimetic compounds and/or TRAIL and processed for cytotoxicity analysis.

Knockdown effect was detected by Western blot.

Western Blot Analysis

Whole cell proteins were isolated by RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1%
SDS, 1% NP-40, 0.25% Sodium deoxycholate and 1 mM EDTA) with freshly added protease inhibitor
cocktail (Roche). Whole cell lysates were clarified by centrifugation at 10,000xg for 10 minutes at 4°C.
Total protein concentrations were determined by BCA Protein assay (Pierce, Rockford, IL). Equal amounts
of proteins were loaded to pre-cast 4-20% SDS-PAGE gels (Invitrogen). Proteins resolved on gels were
transferred to PVDF membranes (Bio-Rad). After electro-transfer, membranes were blocked with 5% nonfat
milk in TBS-T buffer (20 mM Tris-HCI, pH 8.0, 150 mM NacCl, 0.05% Tween 20), and probed with the
desired primary antibodies. Blots were then incubated with horseradish-conjugated secondary antibodies
and detected with the SuperSignal West Pico chemiluminescence substrate (Pierce), and exposed to an X-
ray film (Kodak, Rochester, NY). Intensity of the desired bands was analyzed using TotalLab software

(Nonlinear Dynamics, Durham, NC).



Cytosol and Nuclei Fractionation

To detect subcellular redistribution of NF-xB proteins, cytoplasmic and nuclear fractions were
prepared according to the method reported [36] with modifications. Briefly, treated cells (5x10° cells) were
resuspended in 200 pl of hypotonic buffer (10 mM HEPES, 5 mM KCI, 1.5 mM MgCl,, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and protease inhibitors), mixed well,
and incubated with constant rotation at 4°C for 15 min. Nonidet P-40 (10%) was then added to reach the
final concentration of 0.5%. Cytosolic extract were cleared by centrifugation at 12,000 rpm for 1 min. The
pellets were washed once with hypotonic buffer, and resolved in nucleus extraction buffer (20 mM HEPES,
50 mM KCl, 300 mM NaCl, 1 mM PMSF, 1 mM DTT, and protease inhibitors), with constant rotation at 4
°C for 45 min. Nuclear extracts were harvested after centrifuging for 10 min at 12,000 rpm. Subcellular

proteins were quantified by BCA assay before employed to Western blot analysis.

Quantitative Real-time PCR (qRT-PCR)

gRT-PCR was performed to determine the NF-«xB target gene expression level [37]. Total RNA was
extracted from DU145 cells using TRIzol (Invitrogen). Reverse transcription reaction with 1 pg of total
RNA in 100 pl was carried out following the instructions of the TagMan Reverse Transcription Kit (Applied
Biosystems, Foster City, CA). For quantitative PCR, 1 pl of gene primers with SYBR Green (Applied
Biosystems) in 20 pl of reaction volume was applied. Primers were designed as: TNF, forward,
5’CCAGGGACCTCTCTCTAATCAGC3’, reverse, S’CTCAGCTTGAGGGTTTGCTACAA3Z’; ILS,
forward, 5’CGTGGCTCTCTTGGCAGC3’, reverse, S’TCTTTAGCACTCCTTGGCAAAAC3’; Actin (as
an internal control): forward, 5’ ATGCAGAAGGAGATCACTGC3’, reverse,
S’TCATAGTCCGCCTAGAAGCA3Z’. BIRC4, forward, 5’ AGTGGTAGTCCTGTTTCAGCATCA3’,

reverse, S’CCGCACGGTATCTCCTTCA3’. FAM probed ICAM-1 primers were commercially obtained



from Applied Biosystems. All reactions with TagMan PCR Master Mix (Applied Biosystems) were
performed on the Mastercycler realplex’ S (Eppendorf, Westbury, NY). Target gene mRNA levels were
normalized to Actin mRNA according to the following formula: [2* —(Cr target — Ct Actin)] x 100%, where
CT is the threshold cycle. Fold increase was calculated by dividing the normalized target gene expression of

the treated sample with that of the untreated control.

Statistical Analysis

Two-tailed Student’s t-test was employed, using GraphPad Prism 5.0 software (San Diego, CA). A
threshold of P < 0.05 was defined as statistically significant.

Results

Validation of interactions between Smac-mimetic compound SH122 and IAPs

Based on 3-D rational design and computational modeling, SH122 (Fig. 1A) was synthesized and
developed as a non-peptide small molecule IAP-antagonist that is 20~30-fold more potent than the N-
terminal tetrapeptide of Smac in binding to IAPs, while inactive analogs SH123 and SH110 showed 200
folds less potent [34]. To verify the specific binding of SH122 to IAPs, we employed a pull-down assay
with biotin-labeled SH122 (SH122BL) in human prostate cancer cells. As shown in Fig. 1B, both XIAP and
cIAP-1 were pulled down by SH122 in DU145 cells. Furthermore, pre-incubation with 10-fold excess of
non-biotin-labeled SH122 blocked the binding of SH122BL to XIAP/cIAP-1 for more than 90%, suggesting
that the binding was specific. In other androgen-independent prostate cancer CL1 cells, 1 uM of SH122 was
sufficient to pull down both XIAP and cIAP-1 (Fig. 1C), and similar as DU145, the binding effect was
effectively competed by a 10-fold excess of non-labeled SH122. By contrast, negative control compound

SH123BL hardly showed binding effect on either XIAP or cIAP-1, as evidenced in the previous report [38].



These results demonstrate that Smac-mimetic SH122 potently and specifically interacts with XIAP and

cIAP-1 in human prostate cancer cells.

SH122 sensitizes TRAIL-induced prostate cancer cell growth inhibition

To detect the combination effects of a Smac-mimetic and TRAIL, cytotoxicity was tested after
concurrent treatment of TRAIL with SH122. In DU145 cells, while TRAIL alone showed a minor effect on
decreasing cell viability, 5 pM and 10 uM of SH122 showed 100- and 600-fold sensitization comparing to
TRAIL alone, respectively (Fig. 2A). By contrast, the negative compound SH110 did not produce
sensitization. Similar results were observed in two other prostate cancer cell lines. As shown in Fig. 2B,
SH122, but not SH110, potentiated TRAIL-induced cell growth inhibition in LNCaP cells. In CL1 cells that
were derived from LNCaP, SH122 showed dose-dependent effects on TRAIL sensitization, although the
dose used was approximately 10-fold less than that for LNCaP cells (Fig. 2C). Notably, CL1 seemed to be
more sensitive to TRAIL compared with LNCaP, as shown by ICsy, suggesting that ablation of androgen-
receptor may result in upregulation of TRAIL receptor expression. These data demonstrate that the Smac-
mimetic compound SH122 potentiates TRAIL-mediated cytotoxicity in both TRAIL-resistant and TRAIL-

sensitive prostate cancer cell lines and shows a synergistic effect in combination with TRAIL.

SH122 enhances TRAIL-induced apoptosis

To determine whether apoptosis was involved in TRAIL-induced cell death, we examined apoptosis
induced by TRAIL in combination with SH122, with Annexin V-FITC and PI staining by flow cytometry
analysis. As shown in Fig. 3, SH122 increased TRAIL-induced apoptosis in a dose-dependent manner. Even
at a lower dose (2.5 uM), SH122 enhanced TRAIL-induced total apoptosis as compared with TRAIL and
SH122 alone (Fig. 3). In contrast, TRAIL alone (50 ng/ml) moderately induced apoptosis, and SH122 alone
showed a minor effect on apoptosis, with a slightly increased apoptotic cell population compared with the

control even at the highest dose (Fig. 3).

10



Both the death receptor pathway and mitochondrial pathway are involved in SH122-sensitized, TRAIL-

induced apoptosis

Based on TRAIL-induced apoptotic signaling, we examined the expression of caspases treated with
SH122 and TRAIL. Casapase-8 was cleaved into fragments (p43/41 and p18) as early as 4 h with TRAIL
alone, while cleavage of caspase-8 became more intense with increased doses of SH122, especially at 6 h
after treatment (Fig. 4A). Similar tendency was observed on casapse-3. Activation of caspase-3 was further
confirmed by poly(ADP-Ribose) polymerase (PARP) cleavage, a typical feature of caspase-dependent
apoptosis. PARP was cleaved by TRAIL alone at 4 h (Fig. 4A), while in combination with SH122, cleaved
PARP lasted up to 8 h. These results suggest that SH122 enhances TRAIL-induced apoptosis by activating

caspases and promoting PARP cleavage.

To determine the combination effect of TRAIL and SH122 on the mitochondrial pathway, caspase-9
and Bid activation were examined. As shown in Fig. 4B, Bid levels did not change at 4 h or 6 h, while at 8 h,
Bid levels decreased in combination treatment, but not by TRAIL alone. Furthermore, caspase-9 cleavage
could be detected as early as 4 h by either TRAIL alone or in combination with SH122, as evidenced by the
appearance of its cleaved forms, p35 and p17. Interestingly, both pro- and cleaved caspase-9 were
diminished at 8 h, indicating that caspase-9 activation was an early event with Bid cleavage (Fig. 4B). These
data suggest that the mitochondria pathway is also involved in TRAIL-induced, SH122-mediated apoptosis.
Taken together, these in vitro apoptosis data reveal that SH122 potentiates TRAIL-induced apoptosis by
activating both the extrinsic death receptor pathway and the intrinsic mitochondrial pathway, typically
through activation of caspase cascade. More importantly, SH-122 combined with TRAIL induced apoptosis

in a longer term than TRAIL alone (8 h vs. 4 h), showing an enhanced effect on TRAIL treatment.

Downregulation of XIAP and cIAP-1 sensitizes TRAIL-induced cell death
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It is well established that IAPs (especially XIAP) are responsible for blocking TRAIL-induced apoptosis by
inhibiting caspases functions [11, 14, 39]. To investigate the potential link between the IAPs and TRAIL-
resistance, short-hairpin RNA (shRNA) of XIAP or cIAP-1 was transfected into DU145 cells, and cytoxicity
was examined. As shown in Fig. 5, XIAP or cIAP-1 knockdown shifted the cytotoxicity curve to the left, i.e.,
sensitized the cells to TRAIL. Based on ICsy, a more than 300-fold sensitization was observed in the cells
transfected with XIAP shRNA as compared with vector control (Fig. SA and B). Similarly, in cIAP-1-
shRNA transfected cells, an approximately 100-fold sensitization was achieved as compared with that of
vector control (Fig. 5C and D). These results demonstrate that knockdown of XIAP and cIAP-1 effectively
sensitizes the cells to TRAIL, indicating that both XIAP and cIAP-1 are involved in TRAIL-resistance, and

silencing XIAP and/or c-IAP1 can overcome such resistance in prostate cancer cells.

Downregulation of XIAP attenuates sensitization potential of SHI122 on TRAIL-induced cell death

It had been shown that both XIAP and cIAP-1 are specific targets of SH122 (Fig. 1B and C), and
knockdown XIAP/cIAP-1 resulted in significant TRAIL-sensitization (Fig. 5). To evaluate the role of XIAP
in SH122-mediated TRAIL sensitization, we treated XIAP-knockdown cells with SH122 and TRAIL. In
vector ShRNA (shControl) -transfected cells, although negative compound SH110 showed moderate
sensitive effect, SH122 dramatically synergized TRAIL-induced cell death in a dose-dependent manner.
Even at the lowest dose (0.1 uM), SH122 exhibited 22-fold more potent in sensitizing TRAIL comparing
with high dose of SH110 (10 uM) (Fig. 6A). However, in XIAP shRNA-transfected cells, sensitizing
potential of SH122 showed 10%~10" folds less potent than that in shControl cells (Fig. 6B). These results
demonstrate that silencing XIAP dramatically attenuates SH122-mediated sensitization of TRAIL-induced

cytotoxicity, suggesting that XIAP is an important target of [AP-inhibitor involved in TRAIL sensitization.

SH122 inhibits TRAIL-induced NF-xB activation
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Because NF-kB activation is known to play a crucial role in inhibiting apoptosis [19, 21], we
thought it was important to evaluate the effect of SH122 on NF-kB activity by TRAIL. First, we treated
cells with TRAIL alone in the dose that achieved apoptosis, to create optimal conditions for NF-xB
activation in our system. TRAIL induced IkxBa degradation by 60% at 40 min post-treatment, and
concomitantly, nuclear RelA expression increased over 3-fold at 40 min and lasted for 3 h treatment (Fig.
7A). This revealed that TRAIL induced NF-xB activation via classic pathway by degrading cytosolic IkBa
and promoting RelA nuclear translocation. It is worth noting that at 120 min post treatment, cleaved PARP
was observed in the nuclei extracts, suggesting a quick apoptosis induced by TRAIL along with NF-xB
activation, also reflecting a balance of cell death and cell survival triggered by the same stimuli (Fig. 7A).
Consistently, TRAIL induced multiple NF-kB target gene expression. For the four target genes examined,
TNF and IL8 expression reached their peaks at 2 h post treatment, while ICAM-1 and BIRC4 expression

keep increasing during treatment (Fig. 7B).

Next, we pretreated DU145 cells with different doses of SH122 or SH-123 to evaluate the effect of
the IAP-antagonist on TRAIL-induced NF-kB activation. Pre-treatment of SH122 potently suppressed IkBa
degradation and RelA translocation in a dose-dependent manner (Fig. 7C). Consistently, at the same time
point, SH122 was shown to suppress expression of all three NF-kB target genes by 30-80% (P<0.01 vs.
control) even at a lower dose (Fig. 7D). In comparison, even high concentrations of the negative compound
SH123 altered neither NF-kB protein redistribution (Fig. 7C) nor NF-«xB target gene expression (Fig. 7D).
These results demonstrate that SH-122 exhibits a promising effect on blocking TRAIL-induced NF-xB

activation.
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Discussion

In this study, we found that small molecule Smac-mimetic SH122 potently sensitized TRAIL-
induced apoptosis in multiple human prostate cancer cell lines. We also found that although downregulation
of either XIAP or cIAP-1 sensitized TRAIL-mediated cytotoxicity, XIAP-knockdown attenuated SH122-
mediated TRAIL sensitization. Our results demonstrate that IAPs are valid molecular targets for modulating
TRALIL sensitivity in prostate cancer cells, and blocking IAPs achieves improved efficacy and overcomes
resistance to TRAIL. In addition, our results disclose that NF-kB is involved in regulating sensitivity of
prostate cancer cells to TRAIL, and Smac-mimetic can augment TRAIL-induced apoptosis by blocking both

IAPs and NF-xB (Fig. 8).

Smac-mimic IAP-antagonists sensitize TRAIL-induced apoptosis by blocking XIAP function in
multiple tumor models, including breast cancer [31], multiple myeloma [16], glioblastoma [11] and ovarian
cancer [32]. Embelin, a natural XIAP inhibitor [40], sensitized TRAIL-induced apoptosis in pancreatic
cancer cells [41]. These findings provide a strong rationale that downmodulation of overexpressed XIAP by
Smac-mimetics will achieve TRAIL-sensitization. To our knowledge, there are limited reports on
combining small molecule Smac-mimetic candidates with TRAIL in prostate cancer therapy. Interestingly,
in prostate cancer cell lines, no strict correlation has been observed between XIAP expression and TRAIL
responsiveness [3]. This discrepancy indicates that XIAP is not the only determinant of TRAIL-resistance in
prostate cancer. Nevertheless, blocking XIAP function by transient overexpression of Smac achieved
promising enhanced efficacy in combination with TRAIL in prostate cancer cell lines [42], indicating that
XIAP is a predominant target for TRAIL sensitivity. In our system, we found that the IAP-antagonist alone
did not induce apoptosis [34], however potently sensitized TRAIL-induced cytotoxicity in TRAIL-resistant
DU145 and LNCaP cells, as well as in relatively TRAIL-sensitive CL1 cells. Our finding, consistent with

other reports [17, 43, 44], suggests that the IAP-antagonist exerts a potent sensitization effect independent of
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cell responsiveness to TRAIL, and provides an attractive strategy for using IAP-antagonists in the

combination modality in human cancer therapy.

NF-«B is another well documented pro-survival factor that is involved in mediating resistance to
TRAIL-induced apoptosis in tumor cells, in addition to IAPs [45]. It has been reported that constitutively
active NF-kB signaling leads to TRAIL-resistance by upregulating XIAP in multiple human cancer cells
[46], and in a certain tumor cell types, NF-kB is the primary cause for TRAIL resistance [10]. Moreover,
there is mounting evidence that cIAP-1 physically interacts with adaptor proteins in TNFo/TRAIL-mediated
NF-kB signaling [47-49], suggesting that IAPs appears to be a “bridging” molecule between apoptosis
pathway and NF-kB pathway triggered by TRAIL (Fig. 8). Thus it is reasonable to postulate that the pro-
apoptotic [AP-antagonists may modulate NF-xB. Indeed, several recent studies reveal that Smac-mimetics
(IAP-antagonists) can induce TNFa-dependent apoptosis in Smac-sensitive cell lines by degrading cIAPs
and regulating NF-xB signaling [28-30]. These findings indicate that in cell lines that are sensitive to both
Smac and TNFa, an IAP-antagonist itself is sufficient to induce cell death, at least by autocrine TNFa
signaling and caspase-8-dependent apoptosis [30, 49].

Apart from these findings, our study show that Smac-mimetics as a single agent induce neither cell
death nor NF-xB activation in androgen-independent prostate cancer cells [38], suggesting that both
apoptosis and NF-kB failed to be activated by Smac-mimetic alone in chemo- or radioresistant cells with
constitutively active NF-kB signaling. The mechanism underlying such a discrepancy in different cell types
remains to be investigated. However, our data provide the first evidence that a potent Smac-mimetic IAP-
antagonist directly blocks TRAIL-induced NF-kB activation in prostate cancer cells. In fact, at the same
doses that efficiently suppressed NF-kB activation, SH-122 significantly sensitized TRAIL potential by
hundreds of folds, suggesting that blocking NF-kB by Smac-mimetic is sufficient for TRAIL sensitization.
Additionally, SH122-mediated inhibition of IxBa degradation reflects an effect at the level of the IkBa

kinase (IKK) complex that is in agreement with others’ observation in different systems [11, 50], indicating
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the activation of the canonical NF-kB pathway. Furthermore, SH122 was indeed shown to suppress XIAP
mRNA (BIRC4) expression driven by NF-kB, demonstrating that TRAIL-mediated sensitization by small
molecule Smac-mimetic is associated with functional inhibition of both XIAP and NF-kB, especially in
androgen-independent prostate cancer. Future work will focus on evaluating the response to TRAIL and
IAP-antagonist in androgen-dependent (AD) LNCaP cells and their androgen-independent (Al) derivative
CL1 cells. Expected data on this isogenic (for hormone dependence) cell model will further support our
assertion that NF-xB may play an essential role in the transition from AD to Al prostate cancer, and that
overcoming resistance of TRAIL-induced apoptosis can be achieved by downregulating NF-xB —-IAP

signaling pathway.

Conclusions

Resistance to chemo- or radiotherapy, which is often associated with recurrence after prior androgen
deprivation therapy in human prostate cancer, remains a severe clinical problem [51]. TRAIL is currently
evaluated in phase I/II clinical trials, alone or in combination with other therapies for the treatment of
prostate cancer [3, 10]. Our study indicates that blockade of IAPs by a small molecule Smac-mimetic
promotes TRAIL-induced apoptosis in prostate cancer cells via modulating both the apoptosis pathway and
NF-kB pathway. As IAPs are key molecular targets for the development of cancer cell-selective
therapeutics, our findings reveal a potential mechanism for a Smac-mimetic IAP-antagonist on TRAIL-
mediated signaling, and suggest that modulating IAPs may contribute to enhanced TRAIL efficacy,
especially in androgen-independent prostate cancer with high levels of IAPs and constitutively active NF-
kB. Therefore, small molecule Smac-mimetics that specifically target IAPs may yield a potential therapeutic

benefit with TRAIL-based therapy in chemo- or radioresistant prostate cancer.
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Figure Legends

Figure 1. Smac-mimetic compound interacted with XIAP and cIAP-1 in human prostate cancer cells.
A. structure of the Smac-mimetic compound SH122, and its inactive control compounds SH123 and SH110.
B. DU145 cells were colleted and disrupted in a lysis buffer. Biotin-labeled SH122 (SH122BL, 20 pM) was
incubated with whole cell lysates with or without 10-fold excess of non-labeled SH122, followed by
incubation with precleared Streptavidin agarose beads. Eluted beads were employed to Western blot
analysis. Samples were incubated with anti-XIAP or cIAP-1 antibody. Data shown represent one of at least
three independent experiments. SH122BL, Biotin-labeled SH122. C. CL1 cell lysate was incubated with 1
uM and 2.5 uM of SH122BL, or 2.5 uM of SH-123BL, with or without 10-fold excess of their unlabeled

forms. Pull-down assay was performed as B. SHI123BL, Biotin-labeled SH123.

Figure 2. SH122 promoted TRAIL-induced cell death in prostate cancer cell line DU145 (A), LNCaP
(B) and CL1 (C). Cells (5,000 cells/well in 96-well plates) were treated with different concentrations of
TRAIL and SH122, alone or in combination, with SH110 as a negative control. After incubation for 96 h,
cells were stained with Cell Counting kit-8 reagent. The optical density of each sample was measured. Data

were normalized as described in Materials and Methods. Data were presented as mean+ SD (n=3).

Figure 3. SH122 enhanced TRAIL-induced apoptosis. DU145 cells were seeded into 6-well plates at the
concentration of 2><105/m1, and exposed by 2.5, 5 and 10 uM of SH122, with or without TRAIL (50 ng/ml).
Eighteen hours after incubation, cells were harvested and processed for Annexin V-FITC and PI (Trevigen)
staining by flow cytometry. Numbers represented total apoptosis (Annexin V positive cell population). Data

represented one of three independent experiments.

Figure 4. SH122 potentiated TRAIL-induced apoptosis by activating both the death-receptor

pathway (A) and mitochondrial pathway (B). DU145 cells were treated with 10 and 20 uM of SH122, in
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the presence or absence of 300 ng/ml of TRAIL, with or without pretreatment with zVAD (2 pM), for 4 h, 6
h, and 8 h, respectively. Whole-cell lysates (30 pg) were subjected to Western blot analysis, and membranes
were probed with antibodies against caspase-8, caspase-3, caspase-9, PARP and Bid. Actin was shown as a

loading control.

Figure 5. Downregulation of XIAP or cIAP-1 sensitized TRAIL-induced cell death. DU145 cells were
transfected with ShARNA of XIAP (shXIAP) (A, B) or cIAP-1 (shcIAP-1) (C, D), or the vector control
(shVector), and knockdown effect was measured 48 h after transfection (A, C). Transfected cells were
treated with TRAIL, and cytotoxicity was determined by CCK-8 detection kit (B, D). Normalized data were

presented as mean+SD (n=3).

Figure 6. Downregulation of XIAP attenuated sensitization effect of SH122 on TRAIL-induced cell
death. Cells transfected with either XIAP shRNA (A) or the vector control ShARNA (B) were treated with
serial diluted TRAIL, alone or in combination with 0.1, 1 and 10 uM of SH122, respectively, with 10 uM of
SH110 as a negative control. Cytotoxicity was determined by CCK-8 detection kit. Normalized data were

presented as mean+SD (n=3). Sensitization fold was calculated by dividing ICsy of compound-treated group

by that of DMSO control.

Figure 7. SH122 suppressed TRAIL-induced NF-kB activation. A. DU145 cells were continuously
treated with 300 ng/ml of TRAIL for 20, 40, 60, 120, and 180 min. Cytosol and nuclei subcompartments
were fractionated for detection of IkBa and RelA, with Actin and PARP used as markers of cytosolic and
nuclear extracts, respectively. Relative expression of IkBa and RelA was shown by dividing band intensity
by that of Actin and PARP, respectively. CE, cytosolic extract; NE, nuclear extract. B. After treatment as
described in A, cells were harvested for total RNA extraction. cDNA was synthesized and quantitative PCR

was performed to detect four NF-kB target genes: TNF, IL8, ICAM-1 and BIRC4. Fold increase of gene
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expression was calculated by dividing the normalized gene expression activity by that of the untreated
control. Columns, mean; bars, SD (n=3). C. Cells were pre-treated with compounds [SH122: 1, 5, and 10
uM; SH-123: 10 uM; MG132 (10 uM): positive control] for 1 h, and challenged with TRAIL (300 ng/ml)
for 40 min. Cytosol and nuclei subcellular compartments were fractionated for detection of IkBa and RelA,
respectively, as described in A. C, vehicle control. D. After treatment as described in C, cells were
harvested for total RNA extraction. cDNA was synthesized and quantitative PCR was performed to detect

three NF-kB target genes: TNF, IL8 and BIRC4. C, vehicle control. Columns, mean; bars, SD (n=3).

Figure 8. Working model of Smac-mimetic IAP-antagonist sensitizing TRAIL-induced apoptosis by
suppressing NF-kB. TRAIL triggers apoptosis via both death-receptor (DR4/DRS) and mitochondrial
pathway, by activating initiator caspase-8 and -9, and effector caspase-3. Furthermore, both Bid and PARP
are cleaved by caspases, which are typical predictors of TRAIL-mediated apoptosis. A Smac-mimetic
effectively blocks IAPs (XIAP/cIAP-1) function and facilitates caspase activation. Simultaneously, the
Smac-mimetic suppresses TRAIL-induced classical NF-kB activation by preventing IkBa degradation and
RelA nuclear translocation. Blockade of NF-«xB — XIAP signaling by small molecule Smac-mimetic

abolishes counteraction of pro-survival factors on TRAIL-mediated apoptosis.
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