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Modulation of autophagy is a new paradigm in cancer therapeutics. Recently a novel function of chloro-
quine (CLQ) in inhibiting degradation of autophagic vesicles has been revealed, which raises the question
whether CLQ can be used as an adjuvant in targeting autophagic pro-survival mechanism in prostate can-
cer (PCa). We previously showed that autophagy played a protective role during hormone ablation ther-
apy, in part, by consuming lipid droplets in PCa cells. In addition, blocking autophagy by genetic and
pharmacological means in the presence of androgen deprivation caused cell death in PCa cells. To further
investigate the importance of autophagy in PCa survival and dissect the role of CLQ in PCa death, we trea-
ted hormone responsive LNCaP cells with CLQ in combination with androgen deprivation. We observed
that CLQ synergistically killed LNCaP cells during androgen deprivation in a dose- and time-dependent
manner. We further confirmed that CLQ inhibited the maturation of autophagic vesicles and decreased
the cytosolic ATP. Moreover, CLQ induced nuclear condensation and DNA fragmentation, a hallmark of
apoptosis, in androgen deprived LNCaP cells. Taken together, our finding suggests that CLQ may be an
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useful adjuvant in hormone ablation therapy to improve the therapeutic efficacy.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Prostate cancer (PCa) is the most common cancer among men of
all races in the United States [1,2]. About 1 in 6 men will be diag-
nosed of PCa in his lifetime. There are three standard types of treat-
ment in prostate cancer: surgical resection, radiation therapy and
hormone ablation therapy. In general, surgical resection and radio-
therapy are conducted when the tumor is localized [3]. However,
once metastasized, prostate tumors are hard to cure and bear poor
prognosis [1-3]. It is well known that androgens are essential for
survival, proliferation, and progression of PCa cells [4,5]. Androgen
ablation induces apoptosis and regression of hormone responsive
PCa cells [6,7], and thus is a treatment option when PCa cells
metastasize. However, unfortunately, some PCa cells can escape
and survive the treatment and subsequently develop hormone/cas-
tration resistant phenotype [8,9]. Developing combinational ther-
apy that would enhance the therapeutic effectiveness of
hormone ablation is crucial for PCa treatment.

We previously reported that during hormone ablation, autoph-
agy was induced in two different hormone sensitive PCa cell lines,
LNCaP and LAPC4 cells [1]. Autophagy is a cytosolic mechanism in
which a portion of the cytosol constituents including protein aggre-
gates, aberrant organelles and lipid droplets (LDs) is enwrapped by
newly formed organelles, known as autophagic vesicles (AVs), and
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targeted to lysosomes for hydrolysis [10-12]. These AVs can be in-
duced during androgen deprivation and can sequester LDs, a mech-
anism known as lipophagy [1,13-15]. As PCa cells are rich in LDs
and rely predominantly on B-oxidation for their bioenergetic needs,
this alternate pathway of lipolysis is crucial for their survival during
hormone ablation therapy [1,16,17]. We have demonstrated that
inhibition of autophagy by 3-Methyladenine (3-MA) or si-ATG5 sig-
nificantly killed more cells growing in the absence of androgen than
cells growing in regular medium, suggesting that autophagy pro-
tects LNCaP cells during androgen deprivation [1]. Similar results
were reported in two other studies where genetic knockdown of
autophagy caused more cell death in the absence of androgen
[18,19]. In addition, modulation of autophagy in cancer therapeu-
tics is promising and inhibition of autophagy by either 3-MA or
chloroquine (CLQ) has been shown to sensitizes LNCaP cells to Src
kinase inhibitors, such as saracatinib [20]. 3-MA is a PI3-kinase
inhibitor which blocks the early stage of autophagosome formation,
whereas CLQ, a lysosomotropic drug which inhibits the function of
autolysosomes [21], causes accumulation of AVs, and prevents the
breakdown of enwrapped materials in AVs. Furthermore, CLQ has
been used widely as an effective anti-malarial and anti-rheumatoid
drug [24]. Interestingly, CLQ has been shown to potentiate the cyto-
toxic effects of 5-fluorouracil, Akt inhibitors, and other drugs in can-
cer cells [21-24]. Taken together, these reports suggest that CLQ is a
potential candidate to enhance the anti-cancer effect of androgen
deprivation in PCa. As autophagy induction during androgen abla-
tion helps protect LNCaP cells, we hypothesized that CLQ would
augment the apoptotic effect of androgen deprivation in LNCaP
cells. In this study, we treated LNCaP cells with CLQ in the absence
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of androgen and characterized the cell death pathway that was
activated.

2. Materials and methods
2.1. Chemicals and reagents

Charcoal-filtered fetal bovine serum (CFM) was purchased from
Hyclone (Thermo Fisher, MA, USA), RPMI 1640, and regular FBS
was from Gibco/Invitrogen (Eugene, OR, USA). Chloroquine diphos-
phate salt was purchased from Sigma Aldrich (St Louis, MO, USA)
and dissolved in H,O. Trihydrochloride trihydrate was purchased
from Molecular Probe (Eugene, OR, USA). Si-ATG5 duplexes
(SR306286) were purchased from Origene (Rockville, MD, USA)
as previously described [1].

2.2. Cell culture and transfection with pEGFP-LC3

Human LNCaP cell line was grown in control medium (CM,
RPMI medium with 10% fetal bovine serum) at 37 °C and 5% COs.
LNCaP.EGFP-LC3 cells, LNCaP stably transfected with pEGFP-LC3,
were generated as previously described [1]. To investigate the ef-
fect of androgen deprivation, cells were grown in CFM (RPMI med-
ium with 10% charcoal-filtered fetal bovine serum). CLQ was added
at the indicated concentration.

2.3. Cell viability assay and ATP measurement

LNCaP cells were seeded in equal number (10,000 cells/well) in
96-well plates and cultured in CM or CFM overnight. CLQ was
added at indicated concentration and incubated for 24 h or other
time points where specified. The cell viability was then examined
by using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay according to manufacturer’s instructions (Vy-
brant, Invitrogen, Eugene, OR, USA). Intracellular ATP levels were
measured using a colorimetric assay kit (Abcam, San Francisco,
CA, USA) followed the manufacturer’s instruction.

2.4. LC3-II translocation assay

LNCaP.EGFP-LC3 cells were grown on cover slips, washed in 1X
PBS and then incubated in CM or CFM in the presence or absence of
CLQ for 24 h, and then observed under a LSM 510 confocal micro-
scope. Number of cells and distinct puncta were counted from 10
random visual fields for each slide. The number of puncta per cell
was used as a measure of autophagic activity as previously de-
scribed [1,25,26].

2.5. Annexin-v/propidium iodide (PI) assay

Cells were treated with CLQ for 36 h in CM or CFM. Both, the
floating cells and the attached cells were harvested. Cell pellets
were washed twice with 1X DPBS and then resuspended in 1X
Binding buffer at a concentration of 1 x 10° cells/ml. One hundred
microliter of the suspension was used to label with Annexin V-
FITC and PI (BD Biosciences, San Diego, CA, USA) and analyzed by
flow cytometry as previously described [25].

2.6. Hoechst nuclear staining

Cells were inoculated on coverslips in 6 well plates, cultured,
and treated with CLQ for 36 h, or transfected with 10 nM Si-
ATG5 duplexes for for 36 h as previously described [1]. Attached
cells were washed and stained with Hoechst 33342 and observed
under a Zeiss Axioskop microscope as previously described [25].

2.7. DNA fragmentation assay

Cells were seeded in equal number and cultured in CM or CFM
and then treated with CLQ for another 36 h. The floating cells were
collected, washed with 1X PBS, lysed with lysis buffer [10 mM Tris
(pH7.4), 5 mM EDTA, and 1% Triton X-100] for 20 min on ice, and
centrifuged at 11,000xg for 20 min. The supernatant was collected
and treated with RNase A and Proteinase K for 1 h at 37 °C. DNA
was extracted using phenol-chloroform method, resuspended in
equal volume of 1 x TE, and then electrophoresed in 0.8% agarose
gel. DNA was visualized using ethidium bromide staining.

2.8. Statistical analysis

Each experiment was performed in triplicate and the data are
presented as the mean + standard deviation (SD). Data were ana-
lyzed by Student’s t test. A value of P < 0.05 was considered statis-
tically significant.

3. Results
3.1. CLQ and androgen deprivation synergistically kills LNCaP cells

To study the effect of CLQ on the survival of LNCaP cells,
10,000 cells were seeded in 96-well plates in regular medium
(CM) or androgen deprived medium (CFM). Both groups were trea-
ted with increasing concentrations of CLQ (0-1,000 uM) for 24 h.
Viable cells were quantified using MTT assay. The cytotoxicity of
CLQ was observed that was correlated with concentrations of
CLQ in both CM and CFM (Fig. 1). When cells were treated with
200 uM of CLQ for 24 h, there was little effect on cells grown in
CM, whereas there was 20% reduction in cell grown in CFM. Inter-
estingly, at 400 M, CLQ had greater cytotoxicity (~2 folds) in cells
treated with CFM than with CM. At 600-1,000 uM, CLQ had in-
creased cytotoxicity effect on cells grown in either CM or CFM,
however, CLQ caused more cell death (approximately 30% greater)
in CFM, demonstrating that CLQ and androgen deprivation syner-
gistically killed LNCaP cells. Because CLQ has a long half life
(t'/, =2-6 days) [22,27] and 200 uM of CLQ showed cytotoxicity
on cells grown in CFM, we looked at the time dependent effect of
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Fig. 1. Survival effect of chloroquine (CLQ) on LNCaP cells. Cells were incubated in
the presence (CM) or absence of androgen (CFM). (A) CLQ was added at increasing
concentration (0-100 uM) and treated for 24 h. Viable cells were quantified by MTT
assay. Bars represent mean + SEM (n =4, *P < 0.05, **P < 0.01, significant difference
comparing to the indicated sample by Student’s t-test).
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200 uM of CLQ during androgen deprivation. LNCaP cells treated
with CFM in the presence of 200 uM CLQ reduced the number of
viable cells by 30%, whereas treatment for 3 days reduced the
number by more than 50% compared to cells grown in CFM
(Fig. 2 A and B).

3.2. CLQ blocks autophagic degradation and reduces cytosolic ATP in
LNCaP cells

To investigate if CLQ affected the maturation of autophagic vesi-
cles (AVs), we incubated LNCaP.EGFP-LC3 cells with CLQ (200 puM)
in the presence or absence of androgen. We previously showed that
incubation of LNCaP cells in CFM induced translocation of cytosolic
EGFP-LC3 to puncta like AVs. We also showed that blocking of
autophagy by genetic (si-ATG5) of pharmacological (3-MA) means in-
duced cell death in PCa cells grown in CFM [1]. As shown in Fig. 3A
and B, CLQ also induced increase of puncta in cells cultured in CM
(>2 folds); however the accumulation of puncta was even greater
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(>7 folds) in cells cultured in CFM, suggesting that CLQ blocked deg-
radation of AVs (Fig. 3A, panels c and d; B, columns 3 and 4).

To study the effect of CLQ on bioenergetics, the cytosolic ATP
was measured in LNCaP cells treated with CLQ in CM or CFM. Inter-
estingly, without CLQ, there was no change in the amount of ATP in
cells cultured in CM and CFM (Fig. 3C, column c and a). However,
CLQ alone decreased the cytosolic ATP by 20% in cells grown in
CM (Fig. 3C, column b), whereas combinational treatment of CLQ
and CFM decreased the cytosolic ATP level by 38% (Fig. 3C, column
d), suggesting that autophagy dependent metabolism is more
prominent in androgen-deprived LNCaP cells.

3.3. CLQ induces DNA fragmentation and nuclear condensation,
hallmarks of apoptosis, in LNCaP cells

To characterize the death pathway during CLQ treatment, cells
were incubated in CM or CFM in the presence or absence
of 200 uM CLQ. Cells were harvested at 36 h time point and

Fig. 2. Time dependent effect of 200 M CLQ on the proliferation of LNCaP cells. (A). Equal number of cells were seeded and incubated in CM or CFM. CLQ (200 uM) was added
to the medium and cells were treated for 1-3 days. Viable cells were quantified by MTT assay at each time point. Bars represent mean + SEM (n = 4). (B). Light microscopic

view of cells taken from day 1 and day 3. Scale bar = 30 um.
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Fig. 3. Effect of CLQ on autophagic vesicles. LNCaP.EGFP-LC3 cells were incubated in CM or CFM as indicated. CLQ (200 pM) was added in the medium and incubated for 24 h.
(A). Cells were fixed and observed under a confocal microscope. Numbers of cells and intracellular puncta were counted from 10 random visual fields for each group. Average
numbers of puncta per cell were plotted and shown in (B. C). Intracellular ATP level was measured. Scale bar =30 um. B. Bars represent mean + SEM (n =4, **P<0.01,

significant difference comparing to the indicated sample by Student’s t-test).

co-stained with Annexin V-FITC and Propidium iodide (PI), and
analyzed by flow cytometry. Data displayed in Fig. 4A were 2-color
dot plots with FITC-Annexin V (green fluorescence, X axis) vs. PI
(red fluorescence, Y axis). Previously, we and others observed that
~3% of LNCaP cell population underwent spontaneous apoptosis in
regular medium [1,5,28]. Thus, we first set the line thresholds to
reflect 3% cell population undergone apoptosis in the lower right
quadrant of CM (panel a, Fig. 4A). We then applied the same line
thresholds to calculate apoptosis in the other treatments. We ob-
served that CFM or CM #* CLQ had little effect on apoptosis as com-
pared to the control (7.04, 13.5 and 3.1% in CFM, CM + CLQ and CM,
respectively; Fig. 4A panels a, b and d). CLQ, however, caused more
synergistically with androgen deprivation (CFM + CLQ; 35.9%, ~12-
fold increase; Fig. 4A, panel c). Notably, CLQ also caused increased
necrosis in both medium as shown in the upper right quadrants of
panels ¢ and d (panel c vs. panel b; panel d vs. panel a).

To further confirm CLQ-induced cell death during androgen
deprivation was apoptosis, we investigated nuclear/chromatin
condensation and DNA laddering, two other hallmarks of apopto-
sis. Fig. 4B showed that combined treatment of LNCaP cells with
CLQ and androgen deprivation (CFM + CLQ) or si-ATG5 and andro-
gen deprivation (CFM + siATG5) caused significant alterations in
nuclear morphology, known as nuclear condensation/fragmenta-
tion (Fig. 4B, panels c and e, respectively). Approximately 30% of

the nuclei in cells treated with CFM + CLQ or CFM + siATG5 showed
nuclear condensation. In contrast, nuclei in cells cultured in other
media (CM (a), CFM (b), CM + CLQ (d), and CM + siATG5 (f)) were
healthy. Moreover, Fig. 4C demonstrated that genomic DNA iso-
lated from cells treated with CLQ + CFM was systematically frag-
mented in laddered pattern (lane 3), but not in samples from
cells treated with androgen deprivation or CLQ alone (lane 2 and
4, respectively), demonstrating that blocking autophagy by CLQ
or si-ATG5 in the presence of androgen deprivation resulted in
apoptosis in LNCaP cells.

4. Discussion

In this study, we showed that combinational treatment of CLQ
and androgen deprivation had better efficacy in killing LNCaP cells:
CLQ synergistically killed LNCaP cells that were cultured in andro-
gen-deprived medium in a dose- and time-dependent manner. We
also observed that CLQ blocked the degradation of autophagic ves-
icles and therefore the completion of autophagy. Furthermore, we
confirmed that autophagy is important for the generation of bioen-
ergetic precursors as CLQ treatment lowered the cytosolic ATP.
Moreover, CLQ treatment resulted in chromatin condensation
and DNA degradation in androgen deprived LNCaP cells, as
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Fig. 4. CLQ treatment induces apoptosis in LNCaP cells during androgen deprivation. (A). Cells were incubated in CM or CFM and treated with CLQ (200 nM) for 36 h. Cells
were harvested, double-labeled with Annexin-V-FITC (X axis) and PI (Y axis), and analyzed by flow cytometer. The number in the lower right quadrant of each panel
represented the percentage of apoptotic cells, i.e., 3.1, 7.04, 35.9, and 13.5% in CM (a), CFM (b), CFM + CLQ (c), and CM + CLQ (d), respectively. (B). Cells grown on coverslips
were treated with CLQ (200 uM) or si-ATG5 (10 nM) in CFM for 36 h. The attached cells were stained with Hoechst nuclear dye and observed under a fluorescent microscope.
Panels were CM (a), CFM (b), CFM + CLQ (c), CM + CLQ (d), CFM + si-ATG5 (e), and CM + si-ATG5 (f). Scale bar = 10 um. (C). DNA gel electrophoresis. DNA was extracted from
the floating cells treated with CM (a), CFM (b), CFM + CLQ (c), and CM + CLQ (d) for 36 h and separated in 0.8% agarose gel. Lane c, representing the DNA isolated from (c),
showed DNA laddering, a hallmark of apoptotic cell death. Sizes of DNA molecular weight (MW) makers were also indicated.

evidenced by the increase of Annexin V-positive and Pl-negative,
DNA laddering and nuclear abnormality in dying/dead cells. Our
results are consistent with other reports that autophagy inhibition
by CLQ or other autophagy inhibitors (e.g., si-ATG5) induces cell
death in cancer cell types [1,29-38]. However, to our best knowl-
edge, this is the first report that demonstrates a synergistic killing
effect of CLQ and androgen deprivation in hormone-responsive PCa
cells.

CLQ has been used to treat various diseases (e.g., malaria, rheu-
matoid arthritis and lupus) for more than 6 decades [22,39,40]. The
application of CLQ as an adjuvant in cancer therapeutics has just
emerged because it works as a weak intercalating agent of DNA
and thus can halt the DNA repair process [41]. This function has
been found useful in potentiating the killing effect of radiated can-
cer cells [22]. In addition, CLQ is a weak base that would be widely
distributed in human body if administrated. At the cellular level,
CLQ in its unprotonated form can diffuse through the plasma mem-
brane. When CLQ gets into the acidic organelles (late endosomes
and lysosomes), it is protonated and trapped inside the lumen of
these organelles [22,27,28], causing increase in the pH, inactivating

the lysosomal hydrolases, and thus lysosomal function. Dysfunc-
tional lysosomes inhibit the maturation of autophagic vesicles
(amphisomes and autolysosomes), and increase the accumulation
of autolysosomes in human cells [27,29-33].

Effects of CLQ on autophagic vesicles are potentially important
in cancer therapies where cells induce autophagy as a survival
mechanism. It has been shown that in HT-29 colorectal cancer
cells, treatment with 5-fluorouracil induces autophagy, however,
in the presence of CLQ, autophagosomal degradation is inhibited
and therefore potentiates the anti-cancer effect of 5-FU [21]. In an-
other study, CLQ was shown to induce dose-dependent cell death
in 5 different glioblastoma cell lines independent of p53 status
suggesting that CLQ also affects cell death beyond its effect in
DNA repair process. In addition, CLQ elevated accumulation of
autophagic vesicles in glioblastoma cells, similar to that in colorec-
tal cancer cells, and affected the levels and subcellular distribution
of Cathepsin D [33]. These findings suggest that disrupted lyso-
somal function may play a role in CLQ-induced cell death. In an-
other study, Wu and colleagues [20] showed that inhibition of
autophagy by CLQ sensitized PCa cells to the treatment of Src
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family kinase (SFK) inhibitors. Interestingly, SFK inhibitors have
been shown to induce autophagic survival in PCa cells. Blocking
autophagic survival by CLQ redirected SFK inhibitor-treated cells
to apoptosis [42]. Importantly, similar to SFK inhibitors, many can-
cer therapeutics induce both apoptosis and autophagy in treated
cells, and in most cases autophagy, functioning as a survival mech-
anism, counteract apoptotic cell death, resulting in drug treatment
failure. Thus, a new paradigm in cancer therapeutics would be to
develop drug modalities that can simultaneously induce apoptosis
and inhibit autophagic survival.

We and others demonstrated that autophagy is induced in hor-
mone-sensitive prostate cancer cells either by incubation in andro-
gen deficient medium or treatment of an androgen inhibitor,
Casodex [1,18,19]. Chemical inhibition of autophagy by 3-MA or
genetic ablation of autophagy machinery (si-BECLIN1, si-ATG5)
causes more cell death, suggesting that autophagy protects PCa
cells during androgen deprivation. We also observed that one sur-
vival mechanism of autophagy is to sequester lipid droplets and
target to lysosomes for the generation of precursors for cellular
bioenergetic needs [1]. Lysosomes are cellular digestive organelles
critically regulate the pH-dependent catabolism of extracellular
and intracellular macromolecules delivered from the endocytic/
heterophagy and autophagy pathways, respectively. The unique
ability of lysosomes to compartmentalize degradation within their
lumen protects the rest of the cell from the induction of oxidative
stress, the accumulation of aggregated macromolecules and organ-
elles, and the random degradation of cytosolic constituents. Under
conditions of cell stress, for example, change of intracellular pH,
however, lysosome function and integrity may become compro-
mised and can trigger apoptosis [13-15].

Androgen ablation therapy is one of the major treatment
modalities in PCa. However, it relapses as hormone/castration
resistant phenotype in many patients by some poorly defined
mechanisms [1,4,8,9]. CLQ is a drug already in clinical usage, repur-
posing it and its analogs as a new adjuvant in hormone ablation
therapy is practical and cost effective. Further study, for example,
in pre-clinical trial using PCa animal models of hormone sensitive
PCa is required to test the efficacy and efficiency of CLQ in vivo.
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