
A natural BH3 mimetic induces autophagy in
apoptosis-resistant prostate cancer via modulating
Bcl-2–Beclin1 interaction at endoplasmic reticulum
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A natural BH3-mimetic, small-molecule inhibitor of Bcl-2, (�)-gossypol, shows promise in ongoing phase II and III clinical trials
for human prostate cancer. In this study we show that (�)-gossypol preferentially induces autophagy in androgen-independent
(AI) prostate cancer cells that have high levels of Bcl-2 and are resistant to apoptosis, both in vitro and in vivo, but not in
androgen-dependent (AD) cells with low Bcl-2 and sensitive to apoptosis. The Bcl-2 inhibitor induces autophagy through
blocking Bcl-2–Beclin1 interaction, together with downregulating Bcl-2, upregulating Beclin1, and activating the autophagic
pathway. The (�)-gossypol-induced autophagy is dependent on Beclin1 and Atg5. Our results show for the first time that
(�)-gossypol can also interrupt the interactions between Beclin1 and Bcl-2/Bcl-xL at endoplasmic reticulum, thus releasing the
BH3-only pro-autophagic protein Beclin1, which in turn triggers the autophagic cascade. Oral administration of (�)-gossypol
significantly inhibited the growth of AI prostate cancer xenografts, representing a promising new regimen for the treatment of
human hormone-refractory prostate cancer with Bcl-2 overexpression. Our data provide new insights into the mode of cell death
induced by Bcl-2 inhibitors, which will facilitate the rational design of clinical trials by selecting patients who are most likely
to benefit from the Bcl-2-targeted molecular therapy.
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Androgen deprivation therapy is the cornerstone treatment for
men with de novo or recurrent metastatic prostate cancer.1

Unfortunately, it is primarily palliative, with nearly all patients
progressing to an androgen-independent (AI) 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 o50%
and no shown survival benefit.2 Thus, AI 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 specifically targeting the fundamental molecular
basis of progression to androgen independence and the
resistance of AI disease to therapy.
Small-molecule inhibitors of anti-apoptotic Bcl-2 family

members have shown promise in overcoming chemo/
radioresistance in various tumor models including prostate
cancer.4,5 (�)-Gossypol, a natural product from cottonseed,
has been identified as a BH3-mimetic small-molecule pan-
inhibitor of pro-apoptotic Bcl-2 family members, including
Bcl-2, Bcl-xL, and Mcl-1, and induces apoptosis in various
types of cancer.6–11 (�)-Gossypol is now in phase II and IIb

clinical trials for hormone-refractory prostate cancer and other
types of cancer with promising initial results (http://Clinical
Trials.gov).12 We have previously shown that (�)-gossypol
sensitized AI prostate cancer cells to radiation and chemo-
therapy both in vitro and in vivo, and it induces apoptosis,
or type I programmed cell death, by blocking the interaction
of Bcl-xL with Bax and Bad in prostate cancer cells.13,14

However, our results also suggested that mechanisms other
than apoptosis might have an important role.
Autophagy or type II programmed cell death is a major

intracellular pathway for the degradation and recycling of
proteins, ribosomes, and entire organelles.15 In normal cells,
autophagy functions to maintain homeostasis by eliminating
excessive or unnecessary proteins and injured or aged
organelles. In addition, autophagy is observed under physio-
logical conditions such as nutrient starvation, and in some
pathological conditions, including myopathy, neuronal
degeneration, infectious disease, and cancer.16–18 These
findings have shed light from different directions on the role
of autophagy in these diseases and on the potential
of modulating autophagy as a novel therapeutic strategy.
For example, MCF7 breast carcinoma cells undergo
autophagic cell death rather than apoptosis after treatment
with the anti-estrogen agent, tamoxifen.19 Recently, the roles
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of Bcl-2 family members in autophagy have drawn more
attention. The anti-apoptotic Bcl-2 family members and
pro-apoptotic BH3-only proteins may participate in the
inhibition and induction of autophagy, respectively. Thus,
they have been proposed as dual regulators of apoptosis and
autophagy.20 This relatively neglected crosstalk between the
core machineries regulating both autophagy and apoptosis
may redefine the role of Bcl-2 family proteins in oncogenesis
and tumor progression.20

The BH3-mimetic compound ABT-737 induces autophagy
through binding to the BH3-binding groove of Bcl-2 or Bcl-xL
and releasing Beclin1, a BH3-only protein involved in
autophagy.21,22 In our previous studies, we noticed that
AI prostate cancer cells with higher level of Bcl-2 were
more resistant to apoptosis induced by (�)-gossypol. How-
ever, (�)-gossypol induced similar levels of total cell death in
both androgen- (AD) and AI cells; it killed AD cells mainly
through apoptosis but in AI cells, the mode of cell death
was not fully understood. In this study, we investigated
(�)-gossypol-induced cell death in human AI prostate cancer
cells in vitro and in vivo. Indeed, our data show that
(�)-gossypol preferentially induces autophagy in AI prostate
cancer cells that have high Bcl-2/xL and are resistant to
apoptosis. Delineating the mode of cell death induced by the
Bcl-2 inhibitor will not only facilitate the rational design of
clinical trials, but also redefine the selection criteria for
patients who will benefit the most from the Bcl-2-targeted
molecular therapy.

Results

(�)-Gossypol preferentially induces apoptosis in human
prostate cancer cells with low Bcl-2 but not in cells with
high Bcl-2, although it is equally potent in inducing total
cell death to the latter. We first verified the expression
levels of Bcl-2 family proteins in a series of human prostate
cancer cell lines by both western blot (Figure 1a) and
quantitative real-time PCR (qRT-PCR; Figure 1b). PC-3 is
AI and has much higher level of Bcl-2 and Bcl-xL than that
of AD LNCaP. CL-1 is an AI clone from LNCaP and has
overexpression of Bcl-2. C4-2B is another AI clone from
LNCaP but has loss of Bcl-2. Bax and Bak levels were
roughly equivalent between CL-1, C4-2B, and LNCaP cells,
whereas PC-3 and DU-145 had lower expression of either
Bak or Bax, respectively (Supplementary Figure 1). We next
compared the responses of these cells with (�)-gossypol
treatment in terms of total cell death (Figure 1c,
Supplementary Figure 2), cell growth inhibition (Figure 1d),
and apoptosis (Figures 1e–g). (�)-Gossypol induced similar
levels of total cell death in these prostate cancer cell lines
regardless of their expression of Bcl-2 family of proteins
(Figure 1c). However, the effect of (�)-gossypol on apoptosis
in these cells lines was distinctly different. Both AI lines
(PC-3 and CL-1) were highly resistant to apoptosis induced
by (�)-gossypol, as assayed by the sub-G1 population,
caspase-3 analysis, and PARP cleavage (Figures 1e–g and
Supplementary Figure 3). In contrast, LNCaP and C4-2B with
low Bcl-2 were very sensitive to (�)-gossypol-induced
apoptosis. DU-145 has low Bcl-2 and low Bax; its response

to (�)-gossypol was in between these two groups.
Our results show that (�)-gossypol preferentially induces
apoptosis in prostate cancer cells with low levels of Bcl-2 but
is equally potent in inducing total cell death in cells with high
levels of Bcl-2. Interestingly, the percentage of total cell
death was significantly inhibited by the pan-caspase inhibitor
Z-VAD in LNCaP, DU-145, and C4-2B cells (low Bcl-2 cell
lines), but Z-VAD minimally affected cell death in CL-1
and PC-3 cells (Figure 1h). In addition, Z-VAD inhibited
the percentage of apoptotic cells, caspase 3 activation, and
PARP cleavage in all cell lines tested, but these indicators
of apoptosis were low and barely detectable in PC-3 and
CL-1 cells (Supplementary Figure 4). These data suggest
that (�)-gossypol causes cell death by a mechanism other
than apoptosis in AI prostate cancer cells with high levels
of Bcl-2.

(�)-Gossypol preferentially induces autophagic cell
death in AI prostate cancer cells with high levels of
Bcl-2 but not in cells with low Bcl-2. To investigate
whether (�)-gossypol induced cell death is because
of autophagy, we examined LC3-II conversion by immuno-
blotting and fluorescent microscopy in (�)-gossypol-treated
prostate cancer cells. LC3-II is widely used as a marker of
autophagy because its lipidation and specific recruitment to
autophagosomes provides a shift from diffuse to punctate
staining of the protein and increases its electrophoretic
mobility on gels compared with LC3-I.21 Significant
conversion of LC3-I to LC3-II was detected in apoptosis-
resistant, AI cells with high Bcl-2 (PC-3 and CL-1) treated
for 24 h with 10 mM (�)-gossypol (Figure 2a). (�)-Gossypol-
induced LC3-II conversion in PC-3 and CL-1 cells was dose
and time dependent (Figures 2b and c) and was blocked by
the autophagy inhibitor, 3-methyl adenine (3-MA; Figure 2a).
LC3-II conversion was observed neither in the AD LNCaP
cells nor the AI DU-145 and C4-2B cells with low Bcl-2, nor in
normal human prostate epithelial cells. However, rapamycin
induced autophagy in all cell lines except DU-145, indicating
that the autophagy machinery is intact in LNCaP and C4-2B
cells (Figure 2a). We also used electron microscopy to
analyze (�)-gossypol-induced autophagy. We found that
more autophagic vacuoles with cellular contents resembling
autophagosomes appeared in (�)-gossypol-treated PC-3
and CL-1 cells compared with DMSO-treated controls
(60–70% versus o5%; Figure 2d, black arrows).
We next examined the (�)-gossypol-induced autophagy by

LC3-GFP and acridine orange staining. Recruitment of LC3-II
to the autophagosomes is characterized by a punctate
pattern of its subcellular localization.21 Autophagic cells
show processing and recruitment of LC3 and appearance
of red/orange acidic vesicular organelles (AVOs), which
are hallmarks of autophagy.23,24 In CL-1 and PC-3 cells
transfected with LC3-GFP, (�)-gossypol treatment induced
autophagy as evidenced by a punctate pattern of green
fluorescent LC3-GFP (Figure 3a, yellow arrows). Other cell
lines showed very few cells containing either LC3-GFP
puncta or AVOs. The DMSO control cells showed diffuse
LC3-associated green fluorescence. Similar results were
observed with acridine orange staining (Supplementary
Figure 5A, B). The percentage of cells with the punctate
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pattern signifying either LC3-GFP (Figure 3b) or AVOs
(Supplementary Figure 5B) was significantly increased in
(�)-gossypol-treated CL-1 and PC-3 cells with high Bcl-2,
but not in the cells with low Bcl-2, for example, DU-145,
LNCaP, and C4-2B.
The prevalence of autophagic indicators between cells that

showed high versus low levels of apoptotic cell death was
vastly different. As autophagy can either be a protective
response or lead to cell death, we next determined whether or

not knocking down essential autophagic proteins or inhibiting
autophagy with 3-MA affected cell death in CL-1 cells versus
LNCaP cells. Total (�)-gossypol -induced cell death was
markedly decreased in CL-1 cells either transfected with
shRNAs that targeted Atg5 or Beclin1 or treated with 3-MA
(Figure 3c). LNCaP cells tested in the samewaywere killed by
(�)-gossypol at a slightly higher rate when autophagy was
inhibited (Figure 3d). Collectively, these observations show
that (�)-gossypol induces autophagic cell death preferentially
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Figure 1 (�)-Gossypol preferentially induces apoptosis in human prostate cancer cells with low Bcl-2, but is equally potent in inducing non-apoptotic cell death in cells with
high levels of Bcl-2. (a) Western blot analysis of the protein levels of Bcl-2, Bcl-xL, Mcl-1, and Beclin1 in prostate cancer cell lines and normal prostate epithelial cells (PrECs);
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in AI human prostate cancer cells with high Bcl-2 but not
in cells with low Bcl-2.

(�)-Gossypol induces autophagy in prostate cancer
cells through modulating Bcl-2–Beclin1 interaction. To
investigate the mechanism of autophagy induced by
(�)-gossypol, we used a co-immunoprecipitation (Co-IP)
pull-down assay. IP of Beclin1 with specific antibodies pulled
down Bcl-2 from whole-cell lysates (WCLs), mitochondrial
fractions, and the fractions with enriched endoplasmic
reticulum (ER) (Figure 4). This indicated that Bcl-2 and
Beclin1 were bound to each other at both mitochondria
and ER in the cells, consistent with previous studies.25,26

IP of Beclin1 could also pull down Bcl-xL but not Mcl-1

(Figure 4 and data not shown). Treatment with 10 mM
(�)-gossypol abolished this Bcl-2–Beclin1 interaction, as
indicated by the disappearance of the specific pull-down
bands (Figure 4). (�)-Gossypol also abrogated the binding of
Bcl-xL with Beclin1 (Figure 4). It has been shown that Beclin1
can be cleaved by the activated caspase-3.27 Interestingly,
Beclin1 cleavage was evident in WCLs and in ER-enriched
fraction, but not in mitochondria, after treatment with
(�)-gossypol (Figure 4). These data suggest a multifaceted
BH3-mimetic capacity for (�)-gossypol, as an earlier
report6 showed that (�)-gossypol was a potent inhibitor of
pro-apoptotic proteins binding to the BH3-binding groove
in Bcl-2/Bcl-xL. Our data show for the first time that
(�)-gossypol can also interrupt the interactions between
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Beclin1 and Bcl-2/Bcl-xL at ER, thus releasing the BH3-only
pro-autophagic protein Beclin1, which in turn triggers the
autophagic cascade.

To further delineate the role of Beclin1–Bcl-2 interaction
in (�)-gossypol-induced autophagy, we modulated their
intracellular protein levels by either siRNA knockdown or
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exogenous overexpression in independent experiments.
We used plasmid-encoded shRNA or siRNAs to knockdown
Bcl-2 or Beclin expression, respectively, in PC-3 and CL-1
cells. The relative amount of LC3-II induced by (�)-gossypol
increased upon Bcl-2 knockdown and decreased upon Bcl-2
overexpression in PC-3 and CL-1 cells (Figures 5a and c).
(�)-Gossypol -induced total cell death increased when Bcl-2
was knocked down and decreased when it was exogenously
overexpressed (Figures 5b and d). In contrast, Beclin1 knock-
down by siRNA resulted in a decrease in (�)-gossypol-
induced LC3-II and the latter was increased when Beclin1 was
overexpressed (Figures 5e and f). Interestingly, overexpres-
sion of Bcl-2 in DU-145 cells that lack Bcl-2 did not increase
the LC3-II (data not shown). These results show that the
interaction and balance of Bcl-2 and Beclin1 have a key role
in triggering autophagy by (�)-gossypol. More specifically,
(�)-gossypol induces autophagy through modulating the
interaction of Bcl-2 and Beclin1 and this process was further
enhanced by either exogenously expressing Beclin1 or
knocking down Bcl-2 protein levels in cells with high Bcl-2.

(�)-Gossypol regulates autophagy pathway-associated
genes in prostate cancer cells. To investigate the effects
of (�)-gossypol on genes associated with the autophagy
pathway, we carried out Human Autophagy PCR Array
analysis in CL-1 cells treated with either DMSO or 10 mM
(�)-gossypol. As shown in Figure 6a, 10 mM (�)-gossypol
treatment for 24 h upregulated autophagy-associated genes
including atg12, atg5, becn1 (the gene for Beclin1),
map1lc3b, and vps34. On the other hand, certain anti-
autophagic genes were downregulated, namely akt1s1 and
bcl2 (for full array data set, see Supplementary Table 1).
Figure 6b shows the qRT-PCR validation of Bcl-2 and
Beclin1 expression, which again demonstrates that
(�)-gossypol upregulates Beclin1 and downregulates
Bcl-2 mRNA levels. Finally, immunoblotting showed that
(�)-gossypol indeed increased protein levels of Beclin1,
Atg5-Atg12, Vps34, and LC3-II when compared with DMSO
control, but reduced the relative amount of Bcl-2
(Figure 6c), whereas no effect on the expression levels of
Bcl-xL and Mcl-1 was observed (Supplementary Figure S6).
Our data show that (�)-gossypol upregulates the genes

involved in the autophagy process and downregulates Bcl-2,
which is an important anti-autophagy gene.
To determine whether (�)-gossypol affects Beclin1

upregulation and Bcl-2 downregulation at the level of
transcription, translation, or both, we blocked protein synth-
esis with cycloheximide (CHX) and assessed relevant protein
levels in CL-1 cells with or without (�)-gossypol treatment. In
a time course experiment, (�)-gossypol increased Beclin1
protein levels at all time points tested with an apparent peak
at 24 h. This is correlated with the time course of (�)-gossypol-
induced autophagy shown in Figure 1c. (�)-Gossypol also
accelerated the degradation of Beclin1 after protein synthesis
was inhibited, with the Beclin1 protein half-life reduced from
61h (CHX) to 42 h (CHXþG) (Supplementary Figure 7A).
On one hand, (�)-gossypol reduced Bcl-2 protein level at 16 h
with a half-life (T1/2) of 60 h, and on the other, it decreased
the degradation of Bcl-2 after protein synthesis was inhibited,
with the protein half-life increased from 31h (CHX) to 36 h
(CHXþG) (Supplementary Figure 7B). Together with qRT-PCR
data, these results suggest that the transcriptional effects
of (�)-gossypol treatment (increased Beclin1 and decreased
Bcl-2) most likely overshadow any post-translational affect
on their protein levels.

Atg5 is required for (�)-gossypol-induced autophagy.
It has been reported that Atg5 is required for formation of
autophagosomes, and Atg5-deficient mouse embryonic stem
cells show significantly diminished numbers of autophagic
vesicles.28 Immunoblotting showed a 60–80% reduction of
Atg5–Atg12 in CL-1 and PC-3 cells transiently transfected
with a pool of three Atg5-targeted siRNAs, confirming
knockdown of this protein (Figure 6d). Knocking down
Atg5 in CL-1 and PC-3 cells suppressed the conversion
of LC3-I to LC3-II that normally ensues after a 24-h
exposure to (�)-gossypol (Figure 6d), whereas little effect
was observed in nonspecific siRNA-transfected cells.
In addition, (�)-gossypol treatment (10 mM, 24 h) of control
siRNA-transfected cells caused a significant increase in the
fraction of cells with punctate LC3 over DMSO-treated
control. No significant puncta were observed in cells
transfected with Atg5-siRNA and treated with (�)-gossypol
(Figure 6e). Together, these results indicate that Atg5 is
required for the (�)-gossypol-induced autophagy.

(�)-Gossypol inhibited CL-1 and PC-3 xenograft tumor
growth in vivo in association with increased autophagy
in the tumors. We carried out animal experiments to
examine whether (�)-gossypol induces autophagy in vivo.
As shown in Figure 7a, oral administration of (�)-gossypol
daily at 20mg/kg dose significantly inhibited xenograft growth
(Po0.001 versus vehicle control, n¼ 10). The animal body
weights of the control and (�)-gossypol-treated mice did
not differ significantly throughout the experimental protocol
(data not shown). A vast majority of the tumor cells (B80%)
from the (�)-gossypol treatment group showed obvious
membranous vacuoles resembling autophagosomes
compared with an insignificant percentage of control tumor
cells (Figure 7b). During the treatment course, tumors
from (�)-gossypol-treated mice showed increased LC3-II
conversion together with increased Beclin1 and decreased
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Bcl-2 protein levels (Figure 7c, Supplementary Figure 8).
Human Autophagy PCR Array analysis of the tumors
(Figure 7d) showed upregulation of the autophagy-associated
genes, including atg5, atg12, becn1, map1lc3b, vps34, and so
on, and downregulation of bcl2, analogous to our in vitro data.
Similar results were observed in another AI tumor model, the
PC-3 xenograft model in nude mice, in which orally active
(�)-gossypol also induced autophagy in vivo (Figures 7e
and f). These results show that (�)-gossypol potently inhibited
the growth of AI prostate tumor with high levels of Bcl-2,
accompanied by autophagy induction in vivo.

Discussion

In this study, we investigated the mechanisms of cell
death induced by (�)-gossypol, a natural BH3-mimetic
small-molecule inhibitor of Bcl-2, in human prostate cancer.
Our in vitro and in vivo studies show that (�)-gossypol

preferentially induces autophagic cell death in apoptosis-
resistant AI prostate cancer CL-1 and PC-3 cells with high
levels of Bcl-2/xL but not in apoptosis-sensitive cells with
low Bcl-2/xL. Meanwhile, (�)-gossypol preferentially induces
apoptosis in human prostate cancer LNCaP (AD with low
levels of Bcl-2/xL), DU-145, and C4-2B cells (AI but lacking
Bcl-2). (�)-Gossypol potently blocks the Bcl-2–Beclin1 inter-
action at ER, downregulates Bcl-2, and upregulates
Beclin1. (�)-Gossypol-induced autophagic cell death is Atg5
dependent, and can be attenuated by Bcl-2 overexpression
and enhanced by Beclin1 overexpression. Treatment with
(�)-gossypol also upregulated the expression of autophagy-
related genes in CL-1 and PC-3 cells both in vitro and in vivo.
Taken together, our data show that this pan-Bcl-2 inhibitor
exerts its antitumor activity by preferentially inducing auto-
phagy in the apoptosis-resistant, AI prostate cancer cells with
high levels of Bcl-2, through modulation of Bcl-2–Beclin1
interactions at the ER.
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Targeting the autophagic pathway to kill cancer cells has
emerged as a promising new avenue for drug discovery and
cancer therapy. Although BH3 mimetics were originally
designed to stimulate apoptosis, their potential as inducers
of autophagy has recently come to light. For example, ABT-737
has been shown to inhibit the interaction of Bcl-2 and Bcl-xL
with pro-apoptotic proteins as well as the pro-autophagic
protein Beclin-1.29,30 The ability of ABT-737 to stimulate
apoptosis has been associated with high levels of Bcl-2 in
lymphoma and has been extensively studied in many other
cancer cell types.31 Concomitant stimulation of apoptosis and
autophagy with BH3-mimetic ABT-737 and rapamycin,
respectively, along with IR gave promising results in a lung
cancer model.32 Our study shows for the first time that BH3-
mimetic (�)-gossypol can induce autophagy versus apoptosis
depending on cellular context, and we have associated
different modes of cell death with low Bcl-2 AD prostate
cancer cells or high Bcl-2 AI ones. On the basis of our
data, we propose a working model, as illustrated in Figure 8,
on the potential molecular mechanism of action of
(�)-gossypol-induced autophagic cell death in AI prostate
cancer cells with high Bcl-2.

Bcl-xL and Bcl-2 are anti-apoptotic and anti-autophagic
proteins, mainly residing on the mitochondrial and
ER membranes. Under normal growth conditions, they
repress the induction of both apoptosis and autophagy.33 As
illustrated in our working model (Figure 8), (�)-gossypol-
induced mode of cell death is cellular context dependent.
When the expression levels of Bcl-2/xL are low, such as in
LNCaP, DU-145, and C4-2B cells, (�)-gossypol preferentially
induces apoptosis. On the other hand, when Bcl-2 is highly
expressed, such as in AI prostate cancer PC-3 and
CL-1 cells, (�)-gossypol preferentially induces autophagy.
Bcl-2 and Bcl-xL bind to Bad, Bak, or Bax on mitochondria.
When cells are exposed to (�)-gossypol, it binds to Bcl-2/Bcl-xL,
thus liberating Bax and/or Bak to homo-oligomerize and
trigger apoptosis.34 In AI prostate cancer cells that are
resistant to apoptosis because of high levels of Bcl-2, the
overexpressed Bcl-2 binds to Beclin1 at ER, and sequesters
Beclin1 from inducing autophagy. In this study we uncover a
novel function for (�)-gossypol as a BH3-mimetic inhibitor.
By blocking the BH3-domain-dependent interaction between
Bcl-2/Bcl-xL and Beclin1, Atg5- and Beclin1-dependent
autophagy ensues. Further study is required to determine
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why (�)-gossypol induces autophagy when Bcl-2 levels are
superphysiological compared with normal prostate epithe-
lium. Regardless of this, the finding that inhibition of Bcl-2/
Bcl-xL binding to Beclin1 at the ER by BH3mimetics, including
(�)-gossypol, can stimulate autophagic cell death in certain
situations will undoubtedly influence Bcl-2 drug design/
discovery and the mechanistic study of cancer cell death.
The connection between apoptotic (type I cell death) and

autophagic cell death (type II cell death) in the context
of cancer-relevant stimuli is still unresolved, but a compensa-
tory relationship may exist. For example, inhibition of
autophagy by chloroquine has been shown to increase
vorinostat-mediated apoptosis in colon cancer cells.35

Furthermore, the autophagy inhibitors 3-MA and chloroquine

have been shown to synergistically augment the pro-apoptotic
response to a histone deacetylase inhibitor.36 Conversely,
inhibiting the activity of caspase-3 enhanced autophagic cell
death in lung cancer cells.37 The results of the present study
are unique in that either apoptosis or autophagy can be
induced by BH3-mimetic (�)-gossypol in prostate cancer
cells, depending on cellular context, that is, AD and Bcl-2
levels. In cells with low Bcl-2, decreasing Bcl-2 levels along
with inhibiting the interaction of Bcl-2 with pro-apoptotic
BH3-containing proteins may be enough to tip the
scale toward apoptosis. On the other hand, in cells with
excess Bcl-2, perhaps the induction of autophagy occurs
more quickly when Beclin1 binding to Bcl-2/xL is blocked
by the BH3-mimetic (�)-gossypol. Beclin1 localizes mainly
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at ER,21,22 in which it is sequestered by excessive Bcl-2, and
we have shown that Beclin-1 is intrinsic to autophagy
induction by (�)-gossypol. In this study we show for the
first time that, in AI prostate cancer cells with high Bcl-2,
(�)-gossypol can indeed act at the ER to block the
Beclin1–Bcl-2 interaction. As autophagy induction is thought
to occur mostly at the ER, the fact that (�)-gossypol acts
on mitochondria-associated Beclin1 seems most likely incon-
sequential. Previous reports on ABT-737 have shown that in
certain contexts it can affect Beclin1–Bcl-2/xL interactions
specifically at the ER.21,22 This difference highlights the fact
that in addition to Bcl-2 family member binding specificity
(pan versus Bcl-2/xL specific), not all Bcl-2 inhibitors have the
same subcellular mechanisms of action.

In conclusion, our study shows that the BH3-mimetic
(�)-gossypol potently induces autophagic cell death in human
AI prostate cancer with a high level of Bcl-2 both in vitro and
in vivo. This may represent a novel molecular mechanism for
the treatment of hormone-refractory prostate cancer with
Bcl-2 overexpression. In fact, based on the positive results
from Phase II trials in patients with castration-resistant
prostate cancer, (�)-gossypol is now in Phase IIb clinical
trials for advanced prostate cancer. Our results provide
new insights into how (�)-gossypol can induce cell death
by different mechanisms, and highlight the importance of
the interplay between apoptosis and autophagy. Defining the
molecular profile of tumors in each cancer patient and
exploiting the potential of autophagy to kill cancer cells may
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lead to rationally designed molecularly targeted therapies that
ultimately improve patient outcomes.

Materials and Methods
Cell culture and reagents. Cell culture reagents and fetal bovine serum
(FBS) were purchased from HyClone (Waltham, MA, USA). Human prostate
cancer cell lines were obtained from American Type Culture Collection except the
LNCaP-derived sublines CL-1 and C4-2B. AI prostate cancer cell line CL-1 was
derived from its parental AD cells LNCaP and was provided by Dr. Arie Belldegrun
at the University of California–Los Angeles.38 C4-2B cell line was provided by
Dr. Kenneth Pienta at the University of Michigan and maintained in T-medium
supplemented with 10% (v/v) FBS and antibiotics. LNCaP, CL-1, PC-3, and DU-145
cells were cultured in DMEM nutrient mixture supplemented with 10% FBS and
antibiotics. Normal human prostate epithelial cell line (PrEC) was purchased
from Clonetics (Walkersville, MD, USA) and maintained in PrEBM (Cambrex).
(�)-Gossypol was purified from natural racemic gossypol as we previously
described,14,39 and dissolved in DMSO at 20 mM as stock solution. 3-MA,
rapamycin, and acridine orange were from Sigma-Aldrich (Louis, MO, USA);
caspase-3/CPP32 fluorometric assay kit was from Biovision (Mountain view, CA,
USA); antibodies against microtubule-associated protein 1 light chain 3 (LC3),
PARP, Atg5, Atg10, and Bcl-xL were from Cell Signaling (Boston, MA, USA); and
the antibodies against Bcl-2, Mcl-1, and Beclin1 were from Santa Cruz (Santa Cruz,
CA, USA). The antibody against PIK3C3 was from AbCam (Cambridge, MA, USA).
LC-3 cDNA was kindly provided by Drs. N Mizushima and T Yoshimori at Osaka
University, Japan. Beclin1 and Bcl-2 expression vectors were purchased from
OriGene (Rockvill, MD, USA).

GFP-LC3 analysis. Cells were transfected with GFP-LC3 vector using
Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA). After
24 h, cells were treated with DMSO (control), (�)-gossypol (10mM), or rapamycin
(0.5mM) for 24 h, and then fixed in 4% formaldehyde for 10 min. Cells were then
washed thrice with PBS and stained with DAPI, and observed under a fluorescence
microscope (OLYMPUS IX71, Center Valley, PA, USA) with � 60 lens.

Transmission electron microscopy (TEM). Cells (1� 106) were
seeded in 10 cm dishes and allowed to attach overnight. The cells were treated
with either DMSO (final concentration, o0.1%) or 10mmol/l (�)-gossypol for 24 h
at 371C. Cells were fixed in ice-cold 2.5% electron microscopy grade glutaraldehyde
(in 0.1 mol/l PBS (pH 7.3)), rinsed with PBS, postfixed in 1% osmium tetroxide
with 0.1% potassium ferricyanide, dehydrated through a graded series of ethanol
(30–90%), and embedded in Epon. Semithin sections (300 nm) were cut using a
Reichart Ultracut (Leica Microsystems Inc., Chicago, IL, USA), stained with 0.5%
toluidine blue, and examined under a light microscope. Ultrathin sections (65 nm)
were stained with 2% uranyl acetate and Reynold’s lead citrate and examined using
JEOL 1210 transmission electron microscope (Tokyo, Japan).

Subcellular fractionation and co-IP experiments. CL-1 cells
(5� 106) were plated on 15 cm dishes and allowed to attach overnight.
After treatment with either DMSO or 10 mM (�)-gossypol for 6 h at 371C, the
mitochondria fractions and enriched ER fractions were separated by differential
centrifugation after hypotonic lysis and dounce homogenization in 20 mM Hepes-
KOH pH 7.5, 10 mM KCL, 1.5 mM MgCl2, 1 mM sodium EDTA, 1 mM sodium EGTA,
1 mM DTT, and 250 mM sucroseþ complete cocktail protease inhibitors. WCL was
generated by collecting the supernatant of a low speed spin (1000� g) to pellet
nuclei. The mitochondrial pellet was resuspended in the same hypotonic lysis buffer
and all fractions were supplement with CHAPS to a final concentration of 2%. WCL
and fractions were pre-cleared with protein A-agarose, and then mixed with Beclin1
antibodies or control IgG for 1 h at 41C (each IP reaction consisted of 1 mg total
protein). The immunoprecipitates were captured on protein A-agarose and analyzed
by immunobloting with antibodies against Beclin1, Bcl-2, or Bcl-xL, respectively.

PCR array and qRT-PCR. Total RNA was extracted from the treated
cells using TRIZOL (Invitrogen, Carlsbad, CA, USA). Reverse transcription was
performed using Super-Script III First-Strand kits (Invitrogen). For PCR array, we
used human autophagy primer library (HATPL-1) from RealTime Primers LLC
(Elkins Park, PA, USA) and SYBR green PCR master mix (Applied Biosystems,
Foster city, CA, USA), according to the manufacturer’s instruction. The PCR array
data were validated by qRT-PCR using TaqMan Universal PCR Master Mix

(Applied Biosystems; 951C for 10 min, 40 cycles of 951C for 15 s, and 601C for
1 min).40 Primers were designed as Beclin1 forward 50-CAAGATCCTGGAC
CGTGTCA-30 and reverse 50-TGGCACTTTCTGTGGACATCA-30, Bcl-2 forward
50-TGCACCTGACGCCCTTCAC-30 and reverse 50-AGACAGCCAGGAGAAATCAAA
CAG-30, and b-actin forward 50-GCCAACACAGTGCTGTCTGG-30 and reverse
50-GCTCAGGAGGAGCAATGATCTTG-30.

Small interfering RNA transfection. siRNAs to Beclin1, Bcl-2, Atg5,
or control siRNA were obtained from Dharmacon (Lafayette, CO, USA). Cells
were plated in six-well plates and transfected with siRNA (100 pmol/well) by
Lipofectamine 2000 according to the manufacturer’s manual. (�)-Gossypol was
added to the cells 24 h after transfection. For western blot, cells were collected after
an additional 24 h culture.

Animal studies. In vivo experiments were carried out with 5- to 6-week-old
female NCr-nu/nu nude mice purchased from the National Cancer Institute
(Bethesda, MD, USA). Mice were inoculated s.c. with 0.2 ml CL-1 cell suspension
(2� 106 cells) using a sterile 22-gauge needle. When tumors reached 100 mm3, the
mice were randomized into two groups with 5–8 mice per group. Group 1 was given
carboxymethyl cellulose (CMC) as vehicle control; group 2 was given (�)-gossypol
in CMC, 20 mg/kg, p.o. daily for 3 weeks. The tumor sizes and animal body weights
were measured twice weekly and plotted as we previously described.14 At 1, 2, and
3 weeks, one mouse from each group was killed and the tumors were dissected.
Tumor tissues were processed for western blot.14 All animal experiments were
carried out according to the protocol approved by the University of Michigan
Guidelines for Use and Care of Animals.

Statistical analysis. Two-tailed Student’s t-test and two-way ANOVA were
used to analyze the in vitro and in vivo data, respectively, using Prism 5.0 software
(GraphPad Prism, San Diego, CA, USA). A threshold of Po0.05 was defined as
statistically significant.
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