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Abstract
There is overwhelming evidence that tyrosine kinases play an important role in cancer development.
As a prototype of targeted therapy, tyrosine kinase inhibitors are now successfully applied to cancer
treatment. However, as single agents, tyrosine kinase inhibitors have not achieved satisfactory results
in the treatment of prostate cancer, principally due to their inability to efficiently kill tumor cells.
The authors’ laboratory has been interested in the role of the Src complex in prostate cancer
progression, including the induction of androgen independence and metastasis. Previously, the
authors reported that Src inhibitors such as saracatinib and PP2 caused G1 growth arrest and
diminished invasiveness in prostate cancer cells but rarely apoptosis. Here, they have shown that Src
family kinase (SFK) inhibitors can induce a high level of autophagy, which protects treated cells
from undergoing apoptosis. Src siRNA knockdown experiments confirmed that autophagy was
indeed caused by the lack of Src activity. The SFK inhibitor-induced autophagy is accompanied by
the inhibition of the PI3K (type I)/Akt/mTOR signaling pathway. To test whether autophagy blockade
could lead to enhanced cell death, pharmacological inhibitors (3-methyladenine and chloroquine)
and a genetic inhibitor (siRNA targeting Atg7) were used in combination with SFK inhibitors. The
results showed that autophagy inhibition effectively enhanced cell killing induced by SFK inhibitors.
Importantly, the authors showed that a combination of saracatinib with chloroquine in mice
significantly reduced prostate cancer (PC3) xenograft growth compared with the control group.
Taken together, these data suggest that (1) autophagy serves a protective role in SFK inhibitor-
mediated cell killing, and (2) clinically acceptable autophagy modulators may be used beneficially
as adjunctive therapeutic agents for SFK inhibitors.
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Introduction
Prostate cancer (PCa) is the most frequently diagnosed cancer in American men and the third
leading cause of cancer mortality in the United States.1 Currently, the most common form of
treatment for metastatic PCa is androgen ablation therapy via chemo-castration, which
unfortunately is not curative, as hormone-refractory or castration-resistant tumors eventually
develop.2 Thus, there is a need to develop novel and effective therapy for metastatic PCa.3
Molecularly targeted therapies, especially tyrosine kinase inhibitors, have lately achieved
remarkable success in the treatment of certain types of cancers, including chronic myelogenous
leukemia and lung adenocarcinoma.4–7 Effective therapeutic strategies for PCa based on
tyrosine kinase inhibitors have yet to be developed.8

Src is the most extensively characterized member of the largest family of nonreceptor tyrosine
kinases. Although Src is rarely found as a mutated oncogene in human malignancies, elevated
expression and activation of Src family kinases (SFKs) have been implicated in a variety of
cancers, including glioblastoma, colon, lung, breast, and prostate cancers.9 Among SFK
members, Src10,11 and Lyn12 have been functionally linked to prostate carcinogenesis, and
Fyn has been found to be overexpressed in PCa.13 Upregulated Src activity correlates with the
development of castration-resistant PCa and is involved in promoting cell growth, survival,
metastasis, and angiogenesis.14–17 We and others have reported the role of Src tyrosine kinase
in the androgen-independent activation of androgen receptor, mediated by neuropeptides,
interleukin-8, and epidermal growth factor.18–21 Recently, Src kinase has been reported to
physically associate with and directly phosphorylate AR at residue Y534, resulting in the
nuclear translocation, stabilization, and enhancement of AR transactivation function under
androgen-deficient conditions.21 The studies reported by Park et al.12 and by us22 further
demonstrated the role of SFK members in lymph node metastasis. Thus, SFK members
represent themselves as important targets for castration-resistant and metastatic PCa.23–25

There are several SFK inhibitors in clinical development—notably, dasatinib, bosutinib, and
saracatinib (formerly AZD0530).26 Previously, we demonstrated that saracatinib can inhibit
PCa cell proliferation and migration in vitro and lymph node metastasis in an orthotopic nude
mouse model.11,22 Flow cytometric analysis of the treated cells revealed significant growth
arrest with only marginal apoptosis, a phenomenon also associated with other SFK inhibitors.
27–29 In an effort to search for strategies that could enhance cancer cell killing mediated by
SFK inhibitors, we looked for possible pro-survival pathways that are activated in response to
the drugs. Here we report the induction of pronounced macroautophagy or autophagy by
saracatinib.

Autophagy is an evolutionarily conserved process designed to degrade long-lived proteins and
organelles to maintain homeostasis.30,31 Under cellular stress conditions, autophagy is rapidly
upregulated, providing an alternative source of energy to enable continuous cell survival.32

Excessive or unquenched autophagy, however, can lead to type II programmed cell death (PCD
II), which is morphologically distinct from apoptosis and usually caspase independent.32 A
hallmark of autophagy is the formation of a double-membrane cytosolic vacuole, the
autophagosome, which sequesters cytoplasmic “retired” proteins and organelles and delivers
them to the lysosome for degradation.33 Upon induction of autophagy, microtubule-associated
protein light chain 3 (LC3) is conjugated to phosphatidylethanolamine for insertion into
autophagic membranes, and its eGFP-fusion derivative has been effectively used as a visual
marker for autophagosome formation.34

The regulation of autophagy is complex. The PI3K (type I)/Akt pathway is known to inhibit
autophagy through the activation of mammalian target of rapamycin (mTOR), which serves
as a gatekeeper for autophagy initiation.35,36 AMP kinase (AMPK), sensing cellular AMP/
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adenosine triphosphate (ATP) ratios, can also inhibit mTOR through activation of tuberous
sclerosis 2 (TSC2).37 The role of autophagy in cancer remains unclear.38–40 Defective
autophagy may contribute to tumorigenesis, while functional autophagy in response to
chemotherapy may lead to chemoresistance of different carcinoma cells.41–43 Accordingly, in
the context of SFK inhibitors and PCa, it is not clear whether the induced autophagy contributes
to the demise or survival of the treated cells.

In this study, we show that SFK inhibitors such as PP2 and saracatinib effectively induce
autophagy in PCa cells, as does siRNA-targeted inhibition of Src expression. These data
suggest a role for Src activity in the suppression of autophagy. We also identify Src-induced
and autophagy-related signaling pathways, which are affected by SFK inhibitors. Importantly,
we demonstrate that inhibition of autophagy using either pharmacological inhibitors or RNA
interference of essential autophagy genes promotes cell death induced by Src inhibitors.
Notably, the combination of saracatinib with chloroquine (CQ), an inhibitor of autophagy,
resulted in 64% tumor growth inhibition and enhanced apoptosis in a xenograft mouse model.
Taken together, these findings strongly suggest that inhibition of autophagy may enhance the
therapeutic efficacy of SFK inhibitors in the treatment of prostate cancer.

Results and Discussion
Inhibition of Src kinase induces autophagy in prostate cancer cells

Previously, we reported that saracatinib-treated PCa cells were growth arrested but did not
undergo extensive apoptosis.11 As autophagy is known to modulate apoptosis, we analyzed
the occurrence of autophagy in these cells. PC3 and LNCaP cells were stably transfected to
express eGFP-LC3, and they were examined by fluorescent microscopy with or without
treatment with the SFK inhibitors, PP2, or saracatinib. Under normal conditions, LC3-I is
evenly distributed throughout the cytoplasm. Upon induction of autophagy, a significant
fraction of LC3-I undergoes lipidation and is converted into LC3-II (a nonsoluble form),44

which marks autophagosome membranes and is detected as bright puncta in the presence of
eGFP-LC3.30 This was clearly seen in cells treated with either 10 μM PP2 or 1 μM saracatinib
(Fig. 1A). The fraction of cells that underwent autophagy (as reflected by autophagosome
formation) significantly increased after treatment with either PP2 or saracatinib (Fig. 1B). The
degree of autophagy induction was comparable to that induced by rapamycin, an mTOR
inhibitor and a known autophagy inducer.36 Additional evidence of autophagy induction came
from Western blot analysis in the conversion of LC3-I to LC3-II. The ratio of LC3-II to LC3-
I increased in a time-dependent manner after PP2 treatment, showing a 19-fold increase at 72
h posttreatment (Fig. 1C). Furthermore, transcriptional upregulation of autophagy genes (i.e.,
PI3KC3; Atg3, 5, and 7) was also detected (Fig. 1E). To ensure the autophagy induction was
indeed due to the inhibition of Src activity, we silenced the expression of Src with specific
small interfering RNA (siRNA) targeting Src. Western blotting with a Src antibody showed a
distinct reduction in the level of Src protein, which was accompanied by an increase in LC3-
II protein levels (Fig. 1D). In addition to LC3, it is reported that p62/SQSTM1, a link between
LC3 and ubiquitinated substrates, can be used as a marker for monitoring autophagic flux.45

Concomitant with an increase in the ratio of LC3-II to LC-I is a decrease of p62 protein levels
upon Src siRNA knockdown (Fig. 1D). These data indicate that inhibition of Src activity leads
to autophagy induction. While this is the first time such a phenomenon has been reported for
PCa, the results are consistent with recent reports that dasatinib and imatinib, a Bcr/Abl
inhibitor, induce autophagy in glioblastoma and chronic myelogenous leukemia, respectively.
29,46
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Src inhibitors induce autophagy by inhibiting the Akt/mTOR/p70S6K signaling pathway in
PC3 cells

Having demonstrated autophagy induction by Src inhibitors, we investigated the potential
signaling pathways involved. Because the PI3K (type I)/Akt/mTOR/p70S6K axis is the main
regulatory pathway by which autophagy is suppressed and is also activated by Src (Fig. 2C),
47–49 we asked whether Src inhibitors may inactivate this pathway, thereby inducing
autophagy. For these experiments, parental PC3 cells were treated with 10 μM PP2 or 1 μM
saracatinib, and the cell lysates were subjected to immunoblot with antibodies specific for the
signaling molecules as well as their phospho-counterparts (activated forms). We first
confirmed that PP2 and saracatinib indeed inhibited Src activity by immunoblotting with a-
pSrc (Y416), which is specific for the activated form of SFKs. As expected, phosphorylation
of SFK was significantly reduced by both PP2 and saracatinib in a dose-dependent manner
(Fig. 2A). Reduced phosphorylation of Akt and mTOR was evident after treatment with either
inhibitor, although the kinetics of shutdown differed (Fig. 2B). Likewise, the level of phospho-
S6 ribosomal protein, a substrate of p70S6K and an indicator of p70S6K activity, also
decreased.50 The total amounts of nonphosphorylated proteins remained similar throughout
the treatment duration (Fig. 2B). Alternatively, mTOR can be suppressed by the activation of
Ras/Raf-1/MEK1/2/Erk1/2, AMPKa/TSC, and JNK pathways, resulting in autophagy
induction.35 None of these kinases were activated upon treatment with SFK inhibitors (see Fig.
2B for phospho-AMPKa and unpublished data). These results point to mTOR inhibition by
SFK inhibitors as a potential pathway involved in autophagy induction.

Pharmacological and genetic inhibitors of autophagy enhance SFK inhibitor-induced
apoptosis in PC3 cells

Several studies have demonstrated that autophagy may serve as a protective mechanism in
tumor cells and that therapy-induced cell death can be potentiated through autophagy
inhibition.31,51 To investigate whether autophagy serves as a survival mechanism in our
system, we inhibited autophagy by 3 independent approaches and evaluated its impact on cell
killing induced by PP2 or saracatinib. We first tested 2 pharmacological inhibitors, 3-MA and
CQ. 3-MA inhibits the catalytic activity of PI3KC3, an enzyme involved in the initiation of
autophagosome formation,52 whereas CQ disrupts the function of lysosomes, thus acting at a
later stage.51 While 3-MA is primarily a research agent, CQ has been clinically approved as
an antimalaria agent. As shown in Figure 3A and B, under the conditions tested, neither 3-MA
nor CQ induced any significant level of cell death. They, however, both augment cell killing
induced by either PP2 or saracatinib. The increased cell killing is largely due to enhanced
apoptosis, as evidenced by a pronounced increase in caspase-3/7 activity within 24 h after
combined treatment (Fig. 3A, right panel and 3B, right panel). While 3-MA and CQ each may
have other nonspecific effects on cells, the congruent results obtained argue that inhibition of
autophagy is the cause of enhanced cell killing induced by SFK inhibitors.

To further confirm that inhibition of autophagy enhances SFK inhibitor-induced cell death, we
used siRNA, siAtg7, to knockdown Atg7, a key autophagy gene essential for autophagosome
formation.53 Transfection of siAtg7 effectively knocked down the expression of endogenous
Atg7 (Fig. 3D, upper panel). Flow cytometric analysis of the siAtg7-treated populations
revealed a significant increase of the sub-G1 fraction as compared to the control siRNA-treated
samples, when combined with PP2 treatment (Fig. 3C and D). The sub-G1 fraction represents
cells with fragmented chromosomes, thus a measure of apoptosis. The results presented in this
section, taken together, strongly suggest that autophagy induced by SFK inhibitors protects
tumor cells from apoptosis and that autophagy blockade will abrogate the apoptosis resistance
associated with SFK inhibitor treatment.
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Chloroquine enhances the therapeutic efficacy of saracatinib in a prostate xenograft mouse
model

Encouraged by the above in vitro results, we assessed whether treatment with CQ would
potentiate the effects of saracatinib in vivo. Nude mice were implanted subcutaneously with 1
× 106 GFP-LC3-PC3 cells and randomly divided into 4 groups with 8 mice in each group: (a)
control-treated mice, (b) mice treated with CQ only, (c) mice treated with saracatinib only, and
(d) mice treated with saracatinib and CQ. At 14 days, when tumors were palpable, mice were
treated daily with vehicle control, 50 mg/kg CQ, 25 mg/kg saracatinib, or the saracatinib/CQ
combination. As expected, saracatinib treatment resulted in a decrease in tumor growth by 26%
compared to control-treated mice. This decrease was even more marked in the mice treated
with saracatinib and CQ, which inhibited tumor growth by 64% (Fig. 4A and B). To determine
whether saracatinib effectively inhibited activation of Src and that CQ blocked autophagy in
vivo, tumor tissues were harvested, fixed or snap frozen, and prepared for
immunohistochemical analysis, TdT-mediated dUTP nick end labeling (TUNEL) staining, or
fluorescence analysis. As represented in Figure 4C (upper and middle panel, respectively),
saracatinib effectively inhibited Src phosphorylation, and CQ blocked autophagosome fusion
with lysosome, resulting in an increased number of autophagosomes. In addition, we further
determined the number of apoptotic cells by TUNEL staining of fixed tissues. We observed
an at least 2-fold increase in the number of apoptotic tumor cells in the group treated with both
saracatinib and CQ (Fig. 4C, lower panel and summary diagram in Fig. 4D). These data
confirmed our in vitro results and support our hypothesis that suppression of autophagy
sensitizes the killing effect of saracatinib on PCa cells.

Therapeutic implications
A major conclusion of this study is that SFK inhibitors engender autophagy responses in PCa
cells, which are apparently protective, thus lowering the therapeutic efficacy of the inhibitors.
We suggest that a combination of autophagy inhibitors such as CQ and SFK inhibitors will
provide improved benefits. To our knowledge, this is the first time that autophagy induction
is reported for saracatinib and that autophagy blockade is shown to be effective in enhancing
cell killing mediated by SFK inhibitors both in vitro and in vivo. While our molecular studies
have focused on Src tyrosine kinase, saracatinib inhibits all SFKs, and thus the effects we
detected are likely to be a combination of inhibition of Src, Lyn, and Fyn, 3 members reported
to be present in PCa. Although saracatinib also inhibits Abl and Arg at a higher concentration,
54 these kinases are not activated in PC3 cells11 and thus unlikely to be the targets.

Clinical trials involving SFK inhibitors as an adjunctive therapy for PCa are under way,55 and
the inclusion of CQ may be considered. As single agents, SFK or other tyrosine kinase
inhibitors have been ineffective in eradicating cancer cells.56–58 The induction of the pro-
survival autophagic process in response to tyrosine kinase inhibitors could be one of the
underlying reasons for tumor resistance. As illustrated by our study, disrupting autophagy in
PCa cells treated with saracatinib, either by pharmacological or genetic inhibitors, resulted in
cell death. Our data are in good agreement with the recent report that autophagy blockade
potentiates imatinib-induced cell death in chronic myeloid leukemia (CML)46 but are in
contrast to the report by Milano et al.,29 where autophagy induction by a combination of
dasatinib and temozolomide contributed to cell death in glioma. Perhaps the most striking
aspect of our data is the effective inhibition in vivo of PC3 xenograft growth by a combination
of saracatinib and CQ. Immunohistochemical studies of the recovered tissues clearly indicated
the diminishing signals of activated Src and the increased level of apoptotic cells. An earlier
study suggested that CQ promotes cell death by a p53-dependent pathway.59 Since PC3 has a
p53-null background, the cause of apoptosis in this case is unlikely due to the intrinsic toxicity
of CQ but rather its ability to inhibit autophagic flux. This also suggests that the present protocol
should be effective in PCas with either p53+ or p53− status. In addition to CQ, other autophagy
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inhibitors can potentially be used to enhance the therapeutic efficacy of tyrosine kinase
inhibitors. The present study motivates us to develop and characterize other autophagy
inhibitors as modulators of targeted therapy.

Materials and Methods
Reagents

Saracatinib was obtained from AstraZeneca International (Alderley Park, UK). 4-Amino-5-(4-
chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2) and rapamycin were purchased
from Calbiochem (San Diego, CA). Chloroquine (CQ), 3-methyladenine (3-MA), and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (Saint Louis, MO). Saracatinib and
PP2 were dissolved in DMSO. CQ and 3-MA were dissolved in phosphate-buffered saline
(PBS).

Cell culture
Prostate cancer cell lines LNCaP and PC3 were purchased from the American Type Culture
Collection (ATCC; Manassas, VA) and maintained in RPMI 1640 containing 10% fetal bovine
serum and 1% penicillin/streptomycin/glutamine. LNCaP and PC3 cells stably expressing
eGFP-LC3 (LNCaP-eGFP-LC3 and PC3-eGFP-LC3) were generated as described
previously60 and selected with 400 μg/mL and 500 μg/mL of G418 (Sigma-Aldrich),
respectively.

Fluorescent microscopy
LNCaP-eGFP-LC3 and PC3-eGFP-LC3 were seeded on poly-lysine-coated coverslips and
treated with 10 μM PP2 or 1 μM saracatinib for 48 h or 2 μM rapamycin for 4 h, followed by
4% paraformaldehyde fixation and mounting with SlowFade with DAPI (Invitrogen, Carlsbad,
CA). eGFP-LC3 images were examined under a 60x lens on an Olympus BX61 motorized
reflected fluorescence microscope with FITC filter (excitation, 480 nm; emission, 535 nm) by
using SlideBook4.1 software (Intelligent Imaging Innovations, Denver, CO).

Western blotting and antibodies
Western blotting was performed as described previously.61 Proteins were detected by the
following antibodies: β-actin (Sigma-Aldrich), p62 (Santa Cruz Biotechnology, Santa Cruz,
CA), phospho-Src (Tyr416), Src, LC3, phospho-Akt (Ser473), Akt, phospho-mTOR
(Ser2448), mTOR, phospho-S6 (Ser235/236), S6, phospho-AMPKa (Thr172), and AMPKa
(Cell Signaling Technology, Beverly, MA).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
PC3 cells were seeded in 96-well plates and cultured overnight, followed by treatment with
0.1% DMSO as vehicle control, 10 μM CQ or 1 mM 3-MA, 5 μM PP2 or 1 μM saracatinib
alone or in combination with 10 μM CQ, or 1 mM 3-MA for 48 h. The cell viability was then
examined by MTT assay (Roche Diagnostic, Mannheim, Germany) according to the
manufacturer’s instructions.

Reverse transcription and quantitative real-time PCR (qRT-PCR)
Reverse transcription and qRT-PCR were done as described previously.60 Primer sequences
used to amplify PI3KC3, Atg3, Atg5, and Atg7 fragments are listed as follows: PI3KC3 (F)
5′-CTGCGAAGGTATTCTAAT CTG-3′ and (R) 5′-GGTCTAAGCGGAATTTATCCT-3′;
Atg3 (F) 5′-ATCACAACACAGGTATTACAG-3′ and (R) 5′-TCCTTCATCTTC
ATCTTCTTCC3′; Atg5 (F) 5′-GCAAGCCAGACAGGAAAAAG-3′ and (R) 5′-GA
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CCTTCAGTTGGTCCGGTAA-3′; and Atg7 (F) 5′-CAGGAGA TTCAACCAGAGAC-3′ and
(R) 5′-AGATACCATCAAT TCCACGG-3′.

Flow cytometry
PC3 cells were transfected with negative control siRNA or Atg7 siRNA and incubated for 72
h. The cells were then treated with 5 μM PP2 or 0.1% DMSO (vehicle control) for an additional
72 h. The DNA content of the cells was determined by propidium iodide (Sigma-Aldrich)
staining.60 Cells were analyzed using a Coulter Epics XL flow cytometer (Beckman Coulter,
Miami, FL).

RNA interference
PC3 cells were seeded in 60-mm dishes and transiently transfected with 100 pmol negative
control siRNA (Ambion, Foster City, CA) or Src siRNA ON-TARGETplus SMARTpool
(Thermo Scientific, Bellefonte, PA) using DharmaFECT reagent (Thermo Scientific). Cell
lysates were prepared and then analyzed by Western blot as described previously. To inhibit
autophagy, PC3 cells were transfected with negative control siRNA or Atg7 siRNA as
described above. Cells were then treated with DMSO as vehicle control or 5 μM PP2 for 72 h
and analyzed by fluorescence-activated cell sorting (FACS) analysis for sub-G1 content.

Analysis of caspase-3/7 activities
Caspase-3/7 activities were measured by using the Apo-ONE Homogeneous Caspase-3/7
Assay kit (Promega, Madison, WI) according to the manufacturer’s protocol. PC3 cells were
plated in triplicate in 96-well cell culture plates (Costar, Corning, Inc., Corning, NY). The
following day, the cells were treated with 0.1% DMSO as vehicle control, 10 μM CQ, 5 μM
PP2, or 1 μM saracatinib alone or in combination with 10 μM CQ for 24 h. The cells were then
incubated at room temperature with a mixture of substrate and reaction buffer for 30 min prior
to analysis. Caspase-3/7 activities were measured by using a fluorescence microplate reader
(Tecan Systems, San Jose, CA). Results are presented as the mean ± SE.

In vivo tumor biology
Animal housing and experimental conditions were in accordance with the protocol approved
by the Institutional Animal Care and Use Committee at the University of California, Davis.
Then, 1 × 106 PC3-eGFP-LC3 cells were mixed with an equal volume of Matrigel (Becton
Dickinson, San Jose, CA) and injected subcutaneously into the flanks of 5- to 6-week-old male
nude mice. Mice were randomly divided into 4 groups and treated with buffer only (control),
50 mg/kg/d CQ, 25 mg/kg/d saracatinib, or a combination of CQ and saracatinib. Saracatinib
was resuspended in 0.5% hydroxymethylcellulose and 0.1% Tween-80 and administered
orally. CQ was dissolved in PBS and injected intraperitoneally. Mice were treated daily,
starting from 17 days after injection of PC3-eGFP-LC3 cells. The size of tumors was measured
by a caliper on the fifth day of each week. After 53 days treatment, mice were sacrificed and
tumors were harvested. Half of the tumor sample was fixed in 10% neutral buffered formalin,
and the other half was snap frozen in liquid nitrogen and stored at −80°C.

Paraffin-embedded tumor tissues were sectioned to 5-μm thickness and mounted on positively
charged microscope slides, and 1 mM EDTA (pH 8.0) was used for antigen retrieval.
Immunohistochemistry was performed by an UltraVision LP Detection system HRP Polymer
and DAB Plus Chromagen (Thermo Scientific) using 1:100 dilution of phospho-Src (Tyr416)
antibody (Cell Signaling). Sections were counterstained with hematoxylin (American Master
Tech Scientific, Lodi, CA). For TUNEL assay, paraffin-embedded sections were stained by
the Apoptag Peroxidase In Situ Apoptosis Detection Kit (Millipore, Temecula, CA) following
the manufacturer’s instructions. For eGFP-LC3 images, snapfrozen tumor tissues were
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embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA) using chilled
isopentane for further section. Then, 7-μm cryostat sections were fixed in 4%
paraformaldehyde in PBS for 10 min and analyzed as described previously.

Statistics
Paired Student t test was used for statistics.
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Figure 1.
Src inhibitors, PP2 and saracatinib, induce autophagy in prostate cancer cell lines LNCaP and
PC3. (A) Representative micrographs of PC3-eGFP-LC3 and LNCaP-eGFP-LC3 cells
showing GFP-LC3 localization. PC3-eGFP-LC3 (upper panel) and LNCaP-eGFP-LC3
(lower panel) stable cell lines expressing eGFP-LC3 were treated with DMSO (vehicle
control), 10 μM PP2, or 1 μM saracatinib for 48 h and were then analyzed by fluorescence
microscopy. Puncta represent autophagosome formation. PC3-eGFP-LC3 and LNCaP-eGFP-
LC3 cells treated with 2 μM rapamycin for 4 h were used as a positive control. Scale bar = 30
μm. (B) Quantification plot of autophagic cell numbers in (A). The percentage of autophagic
cells was determined by randomly counting 200 cells under the fluorescent microscope. Data

Wu et al. Page 12

Genes Cancer. Author manuscript; available in PMC 2010 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



represented as mean ± SE. (C) A time-dependent increase in the ratio of LC3-II/LC3-I under
the treatment of 10 μM PP2. PC3 cells were treated with 10 μM PP2, and cell lysates were
harvested at different time points as indicated and analyzed by Western blotting for LC3-I and
LC3-II. β-actin was used as the loading control. (D) PC3 cells were collected at 72 h after being
transfected with the negative control siRNA or 100 pmol of Src siRNA oligonucleotides. Cell
lysates were then subjected to immunoblot analysis with the antibodies indicated. β-actin was
detected as loading control. (E) Induction of PI3KC3, Atg3, Atg5, and Atg7 expression in PC3
cells. PI3KC3, Atg3, Atg5, and Atg7 mRNA levels were measured by quantitative real-time
PCR in cells treated for 24, 48, and 72 h with 10 μM PP2. The expression levels were compared
to the vehicle control DMSO-treated expression levels. Values represent mean ± SE.
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Figure 2.
PP2 and saracatinib inhibit mTOR signaling pathway through the PI3K (type I)/Akt pathway.
(A) Src phosphorylation in PC3 cells was inhibited in a dose-dependent manner by PP2 and
saracatinib following a 30-min treatment. Cell lysates were analyzed by immunoblotting with
antibodies indicated. β-actin was detected as loading control. (B) PC3 cells were treated with
10 μM PP2 (left panel)/1 μM saracatinib (right panel) for 0.5, 1, 2, 4, 8, and 24 h. Cell lysates
were analyzed by immunoblotting with antibodies as indicated. Controls were treated with
vehicle alone. β-actin was detected as loading control. (C) A model depicting Src-mediated
signal pathway, involved in the suppression of autophagy.

Wu et al. Page 14

Genes Cancer. Author manuscript; available in PMC 2010 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Inhibition of autophagy enhances PP2 and saracatinib-induced PC3 cell death. (A, B, left and
middle panels) PC3 cells were seeded in 96-well plates and cultured overnight. The following
day, the cells were treated with 0.1% DMSO as vehicle control, 10 μM CQ or 1 mM 3-MA, 5
μM PP2 or 1 μM saracatinib alone or in combination with 10 μM CQ, or 1 mM 3-MA. After
48 h, cell viability was assessed by MTT assay. Significant difference between PP2/Sa and
PP2/Sa plus 3-MA/CQ (P < 0.0005). Values represent mean ± SE. (A, B, right panel) PC3
cells were treated with DMSO (vehicle control), 10 μM CQ, 5 μM PP2, or 1 μM saracatinib
alone or in combination with 10 μM CQ. After 24 h, the cultured cells were assayed for
caspase-3/7 activity. Significant difference between PP2/Sa and PP2/Sa plus CQ (P < 0.05).
Values represent mean ± SE. (C) PC3 cell death was assessed by propidium iodide (PI) staining
and flow cytometry analysis after treatment with DMSO (vehicle control), 5 μM PP2, Atg7
siRNA, or 5 μM PP2 plus Atg7 siRNA for 72 h. Fluorescence-activated cell sorting (FACS)
analysis shows sub-G1 content. (D, upper panel) Immunoblot for cell lysates from PC3 cells
transiently transfected with negative control siRNA or Atg7 siRNA indicating the knockdown
of Atg7 in PC3 cells. (D, lower panel) The percentage of sub-G1 content for (3C).
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Figure 4.
Combination treatment of CQ and saracatinib synergistically inhibits tumor growth in vivo.
(A) Mice with PC3-eGFP-LC3 implants were treated with vehicle, 50 mg/kg CQ, 25 mg/kg
saracatinib, or CQ plus saracatinib daily. Mice were euthanized after 53 days. Tumor volumes
are reported as mean ± SE. (B) Representative tumor samples, including combined treatment
of 50 mg/kg CQ with 25 mg/kg saracatinib (upper panel) and vehicle control group (lower
panel). (C) Representative micrographs of immunohistochemistry using anti-pSrc antibody
(upper panel). Scale bar = 50 μm. Representative fluorescent microscope images of frozen
tumor tissue sections for eGFP-LC3 (middle panel). Scale bar = 30 μm. Representative TdT-
mediated dUTP nick end labeling (TUNEL) staining of tumor tissues (lower panel). TUNEL-
positive cells are indicated by arrows. Scale bar = 50 μm. (D) Tumor sections were analyzed
for percentage of apoptotic cells by TUNEL assay. Average numbers of TUNEL-positive cells
were counted in 4 randomly selected fields in 3 tumor samples from each group; values
represent mean ± SE.
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