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Clusterin facilitates stress-induced lipidation of LC3
and autophagosome biogenesis to enhance cancer
cell survival
Fan Zhang1,*, Masafumi Kumano1,*, Eliana Beraldi1, Ladan Fazli1, Caigan Du1, Susan Moore1, Poul Sorensen1,2,

Amina Zoubeidi1 & Martin E. Gleave1

We define stress-induced adaptive survival pathways linking autophagy with the molecular

chaperone clusterin (CLU) that function to promote anticancer treatment resistance. During

treatment stress, CLU co-localizes with LC3 via an LIR-binding sequence within autophago-

some membranes, functioning to facilitate LC3–Atg3 heterocomplex stability and LC3

lipidation, and thereby enhance autophagosome biogenesis and autophagy activation. Stress-

induced autophagy is attenuated with CLU silencing in CLU� /� mice and human prostate

cancer cells. CLU-enhanced cell survival occurs via autophagy-dependent pathways, and is

reduced following autophagy inhibition. Combining CLU inhibition with anticancer treatments

attenuates autophagy activation, increases apoptosis and reduces prostate cancer growth.

This study defines a novel adaptor protein function for CLU under stress conditions, and

highlights how co-targeting CLU and autophagy can amplify proteotoxic stress to delay

cancer progression.
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A
nticancer treatments induce stress responses that inhibit
apoptosis and promote emergence of an acquired
treatment-resistant phenotype. Molecular chaperones

have key roles in these stress responses, helping maintain protein
homeostasis (proteostasis) and regulating signalling and tran-
scriptional survival networks. Chaperones, for instance, help
mediate endoplasmic reticular (ER) stress1,2 and unfolded protein
response (UPR) pathways, tailored to re-establish proteostasis by
inhibiting translation and promoting proteasome-mediated ER-
associated protein degradation (ERAD) and autophagy. While
these adaptive responses are cytoprotective, cell death can occur
when misfolded protein burden overwhelms the degradation
capacity of the proteasome or autophagy3,4. Co-targeting these
stress-induced survival pathways regulating proteostasis may
better manipulate cancer cell sensitivity to therapy.

Clusterin (CLU) is a stress-activated chaperone that is
transcriptionally regulated by multiple stress-associated factors.
CLU expression is stimulated by Egr-1 via IGF-1R–Src–Mek–Erk
pathway upon ionizing radiation5, and by HSF-1 (ref. 6) and
YB-1 (ref. 7) following other cancer treatments. Under stress
conditions, CLU retro-translocates from the ER to cytosol8 to
inhibit apoptosis by suppressing protein aggregation9, p53-
associated stress signals10 and Bax10,11, while enhancing Akt
phosphorylation12 and trans-activation of NF-kB13, YB-1 (ref. 14)
and HSF-1 (ref. 6). CLU is implicated in the pathogenesis of
protein aggregopathies and cancer, being highly expressed in
Alzheimer’s and treatment-resistant cancer15,16. In keeping with
its anti-apoptotic functions, CLU confers treatment resistance in
cancer, while CLU inhibition potentiates activity of anticancer
therapies in preclinical models17,18. The CLU inhibitor, OGX-011
(custirsen, OncoGenex Pharmaceuticals), is in Phase III trials of
castrate-resistant prostate cancer (CRPC) and lung cancer after a
randomized phase II study in CRPC reported 7-month gain in
overall survival and 50% reduced death rate when combined with
docetaxel19.

Treatment stress can also lead to autophagy activation, an
evolutionarily conserved process designed to degrade long-lived
proteins and organelles to maintain protein and metabolic
homeostasis20,21. During autophagy, protein aggregates or
organelles are sequestered in autophagosomes and degraded in
lysosomes to provide recycled building blocks for anabolism and
energetics22. Although cytoprotective under stress conditions,
excessive autophagy can lead to type II programmed cell death22.
Both CLU and autophagy are associated with protein homeostasis
and aggregopathies, tumour suppression in early carcinogenesis,
and stress tolerance and treatment resistance in advanced
cancer23,24. Recently, we observed that anticancer treatment
induces CLU expression coincident with autophagy activation;
however, mechanisms linking stress-induced CLU and autophagy
to stress tolerance and treatment resistance are undefined. In this
study, we discover that CLU directly interacts with LC3 protein, a
key component of autophagy pathway via LC3-interacting region
and promotes Atg3–LC3 heterocomplex stability and LC3
lipidation. Furthermore, CLU forms ring-like structures with
LC3 on the autophagosome/autolysosome membrane during
autophagy biogenesis. Our study defines a novel adaptor protein
function of CLU during autophagy activation to support tumour
cell survival under cancer treatment stresses.

Results
Autophagy-inducing stress stimulates CLU expression. To
evaluate coordinate changes in CLU expression and autophagy
activation after anticancer treatment, levels of CLU and markers
of autophagy were initially defined in prostate cancer PC3 cells
treated with several known autophagy-inducing agents, including

inhibitors of the proteasome (MG132), mTOR (rapamycin) and
AKT (AZD5363). Androgen receptor (AR)-positive LNCaP cells
were used to assess effects of AR suppression using steroid
deprivation with charcoal-stripped serum. Autophagy activity was
assessed by western blot for LC3II protein levels in the presence
of chloroquine (CQ), which is used to block LC3II degradation in
lysosome and, therefore, allow accurate measurement of autop-
hagy flux25. In addition to this known effect on autophagy, CQ
may also alter proteasome activity. This appearance of
phosphatidylethanolamine (PE)-conjugated LC3II protein as
puncta or on western blot are established markers of autophagy
activity26. LC3II protein levels, in parallel with CLU protein
(Fig. 1a) and mRNA (Fig. 1b) levels, were induced under all
treatment conditions. Induction of CLU in parallel with
autophagy activation was also observed in UMUC-urothelial,
MCF7-breast and A549-lung cancer cells (Fig. 1c). Autophagy
activity was further assessed by visualizing stress-induced LC3
puncta in PC3 cells using confocal microscopy; all treatments not
only induced LC3-puncta formation, but also triggered co-
localization of CLU with LC3 puncta (Fig. 1d).

CLU silencing attenuates autophagy activation. To define
functional interactions between stress-induced CLU and autop-
hagy, CLU was silenced in PC3 cells and autophagy activity was
evaluated after treatment with nutrient starvation, MG132,
rapamycin or AZD5363. CLU siRNA (siCLU) significantly
reduced stress-induced LC3II protein levels (Fig. 2a) and LC3-
puncta formation (Fig. 2b) under all treatment conditions.
Similarly, the antisense CLU inhibitor, OGX-011, blocked treat-
ment-induced CLU and LC3II protein levels (Supplementary
Fig. 1a). To assess the effects of CLU silencing on physiologic
autophagy induction, CLU� /� and wild-type mice were treated
with rapamycin plus CQ for 6 h and heart tissues were excised for
western blot and transmission electron microscopy (TEM) ana-
lysis27. Compared with wild-type mice, autophagy activation was
dramatically reduced in CLU� /� mice, as measured by lower
levels of LC3II protein on western blot (Fig. 2c) and number of
autophagic vacuoles on TEM (Fig. 2d). In addition, the GFP–LC3
cleavage assay, which measures the degradation of autophagy
substrate proteins28, also demonstrated significantly reduced
generation of free GFP (and hence lower autophagy activity) in
PC3 cells after CLU silencing (Fig. 2e). The effect of CLU
silencing on autophagy activity was also evaluated in vivo in
GFP–LC3 mice27,29,30 crossed with CLU� /� mice. Treatment
with rapamycin plus CQ induced GFP–LC3 puncta in wild-type
mice; in contrast, GFP–LC3þ /þCLU� /� mice displayed lower
basal level of LC3 puncta, as well as a negligible induction by
rapamycin (Fig. 2f). Western blot against GFP protein further
confirmed that GFP–LC3II (the lower band on the GFP image)
was less induced in CLU� /� mice (Supplementary Fig. 1b).
Collectively, these cell line and in vivo physiologic data indicate
that stress-induced autophagy is attenuated when the CLU levels
are suppressed.

CLU overexpression enhances autophagy activity. To further
assess the role of CLU in autophagy activation, autophagy activity
was measured in LNCaP cells (which express low basal levels of
endogenous CLU) stably expressing CLU or vector alone. In the
presence of CQ, higher induction of LC3II-protein levels (Fig. 3a)
and LC3-puncta formation (Fig. 3b) were observed in CLU-
overexpressing LNCaP cells. In addition, the GFP–LC3 cleavage
assay also showed increased generation of free GFP when CLU is
overexpressed (Fig. 3c), suggesting that increased CLU facilitates
autophagy activation. We also investigated the role of CLU in
mitophagy, a selective autophagy pathway that supports cell
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survival31. CLU was silenced in PC3 cells or overexpressed in
LNCaP cells, and then cells were treated with carbonyl cyanide
m-chlorophenylhydrazone to induce mitophagy. Our data
indicate that autophagy activity directly correlates with CLU
levels (Supplementary Fig. 2a,b), implicating an additional role
for CLU in selective autophagy. These findings are congruent
with CLU loss-of-function data in Fig. 2, and support a functional
role for CLU in stress-induced autophagy activation.

CLU forms ring-like structures with LC3 puncta on autopha-
gosome. GFP–LC3 protein, which is quenched within the acidic

lysosome environment and therefore is only visible in autopha-
gosomes32, was used as autophagosome marker to further
evaluate the role of CLU in stress-induced autophagosome
formation. CLU silencing in PC3 cells reduced, while CLU
overexpresson in LNCaP cells enhanced, autophagosome
formation as measured by the percentage of GFP–LC3 puncta-
containing cells (Fig. 4a and Supplementary Fig. 3a).
Furthermore, endogenous CLU in PC3 cells redistributed and
co-localized with GFP–LC3 in punctated autophagosomes
following treatment stress (Fig. 4b), corroborating findings in
Fig. 1d. Interestingly, higher resolution images (Fig. 4c) showed
that CLU (in green) forms a ring-like structure surrounding LC3
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Figure 1 | Autophagy-inducing stress triggers CLU expression and co-localization with LC3. (a) Autophagy-inducing treatments were applied to PC3
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lung-A549 cancer cell lines were treated with 10mM MG132 ±CQ for indicated time points. CLU and LC3II protein levels were analysed from whole

lysates. (d) Double immunofluorescence staining for CLU and LC3 was performed in PC3 or LNCaP cells (CSS) treated as in a for 6 h. Images were taken
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(in red), suggesting that CLU may localize in the membrane of
the autophagosome or autolysosome. To explore this possibility,
double immunofluorescence stainings for CLU, LC3 and
lysosome-associated membrane protein LAMP1 were performed
in MG132- and CQ-treated PC3 cells. High-resolution confocal
microscopy clearly illustrated that LAMP1 co-localized with CLU
in the ring-like structures (Fig. 4d), confirming CLU localization
within autolysosome membranes. In addition, LAMP1 also
formed a ring-like structure surrounding LC3 (Fig. 4d), similar
to that observed between CLU and LC3 (Fig. 4c). To corroborate
these findings, gel filtration analysis on lysates from PC3 cells
revealed that CLU co-shifted with LC3 and LAMP1 to large
protein complexes (left side of panel) after MG132 treatment
(Fig. 4e). In addition, live cell imaging (Supplementary Fig. 3b,
Supplementary Movie 1) clearly illustrated dynamic interaction
between CLU and LC3 under stress conditions. Collectively, these
findings indicate that CLU interacts with LC3 in the regulation of,
and integration into, autophagosome membranes.

Next, to assess whether CLU shuttles out of, or stays within, the
autophagosome, fluorescence-recovery after bleach assays were
performed to characterize the movement of GFP–CLU and GFP–
LC3 proteins. Neither CLU nor LC3 recovered after bleaching,
indicating that both proteins remain within the autophagosomes

(Supplementary Fig. 3c, top panel). Analysis on mobile factors
further confirmed similar movements between CLU and LC3
(Supplementary Fig. 3c, lower panel).

To determine the fate of CLU within autophagosomes and
whether it is an autophagy substrate, CLU degradation in the
lysosome was investigated using a lysosomal protease inhibitor
CQ with or without cycloheximide to block de novo synthesis of
proteins. CLU protein, but not mRNA level, was increased in PC3
cells within 6 h treatment with CQ (Supplementary Fig. 3d),
suggesting that CLU is degraded by the lysosome. In contrast, the
proteasome inhibitor MG132 increased CLU at both mRNA and
protein levels, and this induction was blocked when protein
translation was prevented by cycloheximide (Supplementary
Fig. 3d), suggesting that MG132 induces CLU at mRNA level
and that CLU is not degraded via proteasome pathway under the
tested conditions. Collectively, these biochemical and cell imaging
data identify key interactions between CLU and LC3 during
autophagosome and autolysosome biogenesis, with subsequent
degradation of both proteins via the autolysosome.

CLU regulates Atg3–LC3 heterocomplex stability. During
autophagy induction, LC3I is conjugated with PE to form LC3II,
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a key step for autophagosome membrane biogenesis33. To define
how CLU modulates LC3II conversion and autophagy activity
(Figs 2a and 3a), effects of CLU on the expression of Atg family
proteins involved in LC3 lipidation was examined. CLU silencing
selectively reduced protein level of Atg3, but not other Atg family,
in both PC3 cells and heart tissues from CLU� /� mice (Fig. 5a).
Atg3 rescue experiments failed to reverse siCLU-reduced LC3II
protein levels, suggesting that lower levels of CLU, rather than
Atg3, controlled the reduction of autophagosome formation
(Fig. 5b). As Atg3 functions as an E2-like enzyme to facilitate the
PE-conjugation to LC3 (ref. 34), and CLU can facilitate SCF-
bTrCP E3 ligase activity13, we next tested if CLU affects Atg3–
LC3 interaction. LNCaP cells were co-transfected with CLU, Atg3
and LC3 plasmids and then treated with MG132þCQ for 4 h.
Co-immunoprecipitation (IP) using Atg3 antibody indicated that
CLU overexpression increased Atg3–LC3 interaction (Fig. 5c, left
panel); moreover, Atg3 also interacted with CLU in co-IP blots
(Fig. 5c, right panel), and this was confirmed using reverse IP
with CLU antibody (Fig. 5c, right panel). In addition, IP with
CLU antibody also revealed interaction of CLU with LC3,
consistent with confocal images demonstrating CLU co-localizing
with LC3 puncta (Figs 1d and 4c). In contrast, CLU silencing
decreased Atg3–LC3 interaction (Fig. 5d). These data suggest that
CLU facilitates LC3 lipidation by regulating Atg3–LC3
heterocomplex stability.

CLU interacts with LC3 through LC3-interacting region. LC3-
interacting regions (LIR) with the core consensus sequence, W/Y/
FxxL/I/V35, have been identified in several LC3-interacting
proteins such as p62, NDP52, NBR1, Nix, BNIP3 and
TP53INP1 (refs 35–37). We identified five LIR-like sequences
in the CLU-a-chain, and alignment analysis indicated high
conservation for all five regions (Fig. 6a). Next, wild-type CLU

and five LIR mutants were subcloned into DsRed-expressing
vector (Supplementary Table 1) and their co-localization with
LC3 and LAMP1 were examined in MG132-treated PC3 cells.
Among the five mutants, only Y341A/L344A displayed diffuse
cytoplasmic imaging that did not co-localize with LC3 puncta
(Fig. 6b) or LAMP1 (Supplementary Fig. 4). Expression of this
Y341A/L344A mutant failed to enhance LC3II protein levels
(Fig. 6c) and LC3-puncta formation (Fig. 6d) post stress
compared with wild-type CLU and other LIR mutants. These
findings identify the 341YNEL region as a CLU–LIR that
mediates CLU–LC3 interaction and facilitates autophagy
activation.

CLU promotes cell survival in part via autophagy pathway.
Both autophagy and CLU are induced during stress to degrade
toxic protein aggregates and support survival signalling path-
ways18,38. To determine whether CLU-promoted cytoprotection
relies, in part, on the activation of autophagy, cell viability assays
were performed in LNCaP–CLU-overexpressing cells treated with
proteotoxic stress (MG132) combined with autophagy inhibition
(3-methyladenine, 3MA). While MG132-mediated cell death was
partially reduced in LNCaP–CLU-overexpressing cells compared
with the vector cells, this cytoprotective effect was attenuated
when autophagy was inhibited using 3MA (Fig. 7a, left panel). As
3MA (and other autophagy inhibitors like CQ) may have non-
specific actions unrelated to autophagy, siRNA targeting Atg3 was
used to specifically inhibit autophagy. Atg3 silencing similarly
erased the cell survival gains afforded by CLU under MG132
treatment (Fig. 7a, right panel), indicating that CLU mediates
cytoprotection under these conditions in an autophagy-
dependent manner. In long-term cell viability assays, CLU
overexpression also enhanced survival after MG132 treatment
for up to 5 days, and this benefit was attenuated when autophagy
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was impaired by silencing Atg3 (Fig. 7b, left panel). In addition,
clonogenic assays demonstrated more colony formation in
LNCaP–CLU-overexpressing cells after MG132 treatment for
up to 10 days, and again this effect was blocked when Atg3 was
silenced (Fig. 7b, right panel). Concordant with these
observations, the CLU Y341A/L344A LIR mutant that failed to
trigger autophagy (Fig. 6) also failed to protect cells from MG132-
mediated cell death, as shown in cell viability, FACS assays, as
well as evaluation of cleaved PARP (Fig. 7c and Supplementary
Fig. 5a). CLU inhibition sensitizes autophagy-inducing

treatments, as co-targeting CLU (using siCLU or OGX-011)
with AZD5363 or MG132 decreased PC3 cell growth and
increased apoptotic rates compared with monotherapy (Fig. 7d,
Supplementary Fig. 5b). Serum starvation-induced cell death was
also increased when CLU was silenced (Supplementary Fig. 5c,
left panel), which is similar to the effects of autophagy inhibition
using Atg3 siRNA (Supplementary Fig. 5c, right panel).

Previously, we reported that the orally bioavailable Akt
inhibitor, AZD5363, potently induces autophagy39 and hence is
used here to assess in vivo effects of CLU inhibition (with
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OGX-011) on treatment-induced autophagy and tumour growth.
While AZD5363-monotherapy delayed PC3 tumour growth
compared with controls, combination treatment with OGX-011
significantly delayed tumour growth further (Po0.05, Fig. 7e).
While AZD5363-monotherapy increased LC3II levels, this effect
was attenuated when combined with OGX-011 (Fig. 7f).

Similar effects were also observed when OGX-011 was
combined with paclitaxel chemotherapy; repression on CLU
expression further delayed tumour growth (Supplementary
Fig. 5d) and prolonged survival rate compared with control
oligonucleotides (Supplementary Fig. 5e). Evaluation of CLU and
LC3II protein levels from these PC3 tumours confirmed that
OGX-011 suppressed autophagy activation associated with

paclitaxel (Supplementary Fig. 5f). Collectively, these in vitro
and in vivo cell-based studies indicate that co-targeting
treatment-induced CLU can suppress stress-induced autophagy
activation and delay tumour growth.

Discussion
Autophagy is a highly conserved degradative pathway that helps
cells maintain homeostasis and adapt to proteotoxic, metabolic
and other stress26,40. The relationship between autophagy and
cancer is complex and contextual. Early in carcinogenesis,
autophagy is tumour-suppressive, reducing accumulation of
damaged proteins and genes38,41. Indeed, defective autophagy
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can lead to tumour development; for example ATG6/ beclin1, a
key gene required for autophagy, is monoallelically deleted in
some human breast and ovarian cancers and functions as a haplo-
insufficient tumour suppressor in mice42. However, autophagy is
cytoprotective in established cancer, particularly under stress
conditions, facilitating cell survival and adaptation by eliminating
toxic protein aggregates and providing sources of nutrients38,41.
Autophagy is induced by physiologic stressors like starvation and
hypoxia39,43 and many anticancer therapies44 such as AR
pathway inhibition in prostate cancer45. In preclinical models,
inhibition of autophagy can enhance chemosensitivity and
tumour cell death46 and clinical studies using the autophagy
inhibitor, hydroxychloroquine, are underway47,48.

Molecular chaperones work in concert with the ubiquitin–
proteasome system and autophagy as key regulators of cellular
proteostasis mechanisms, assisting misfolded protein refolding or
degradation. Consistent with their shared roles in proteostasis,
CLU and autophagy are associated with aggregopathies and
cancer49. CLU is potent inhibitor of protein aggregation50 that
has an integral part of protein quality-control system regulating
recognition and disposal of misfolded proteins. CLU contains
amphipathic and coiled-coil helices in addition to large intrinsic
disordered regions, properties shared with heat-shock chaperones
associated with tissue injury and pathology51. CLU is induced by
Egr-1, YB-1 and HSF-1 and functions to suppress stress-induced
apoptosis5–7. Moreover, in cancer, CLU shares with autophagy
the paradox of tumour suppressor activity in early-stage
carcinogenesis23 and promotion of progression of established
treatment-resistant cancers18,38,41.

Despite these co-associations, mechanisms linking CLU and
autophagy activation to stress tolerance and cancer treatment
resistance are undefined. Here, we show that diverse anticancer
treatments coincidently induce CLU and autophagy, and CLU
silencing in prostate cancer cell lines significantly inhibited stress-
induced autophagy and enhanced cell death. Moreover, inhibition
of autophagy attenuated CLU-mediated cytoprotection in pros-
tate cancer cell lines, suggesting that CLU supports cancer cell
survival partially via autophagy-dependent pathways. Autophagy
biogenesis is characterized by the induction, nucleation, extension
and completion of an isolation membrane phagophore, regulated
by autophagy-related (Atg) genes through ubiquitination-like
conjugation steps29,33. Our studies identify CLU as a key
regulator of Atg3-mediated PE-conjugation of LC3I and
formation of autophagosome under stress conditions, which is
analogous to its role in ubiquitination of COMMD1 and IkB to
increase NF-kB activity13.

Imaging and biochemical studies demonstrate that upon
autophagy activation, CLU co-localizes with LAMP1 in a ring-
like structure surrounding LC3. A novel finding in this study is
the identification of a functionally relevant LIR in CLU that
interacts with LC3. Mutation of this 341YNEL–LIR abrogated
stress-induced CLU–LC3 and CLU–LAMP1 co-localization, and
LC3 lipidation. Instead of co-localizing with LC3 punta after
treatment stress, this CLU–LIR mutant remained dispersed and
failed to cytoprotect cancer cells. Specific LIR-containing adaptor
proteins, such as p62, function to link ubiquitinated cargoes
marked for degradation with autophagosome membranes31.
Although p62 is the best characterized adaptor protein, others
(for example, Nbr1) can also mediate selective autophagy in
response to different signals52. Indeed, lack of autophagy
activation can result from failure to sequester a target protein
or adaptor53,54. Like p62, CLU is associated with autophagy, has a
functional LIR site and modifies the activity of other signalling
molecules (for example, AKT, NF-kB55,56).

This study defines a novel adaptor protein function for CLU
that enhances autophagy biogenesis under stress conditions by

scaffolding LC3I and Atg3 to facilitate PE-conjugation to form
LC3II and autophagosomes. Indeed, autophagy induction was
dramatically reduced in CLU� /� mice, while CLU silencing in
prostate cancer cell lines significantly inhibited stress-induced
LC3 puncta and enhanced treatment-induced apoptosis. Further-
more, CLU-mediated cytoprotection involves autophagy activa-
tion, since the cytoprotective effect of CLU in prostate cancer cells
was lost when autophagy was inhibited. CLU has been reported to
retrotranslocate from ER during stress to inhibit bax8,11, but can
also promote autophagosome formation to facilitate stress
tolerance to anticancer treatment18,49. Suppression of CLU
amplifies proteotoxic stress by reducing treatment-induced
autophagy to enhance cell death, illustrating how selective
manipulation of stress-induced survival responses can guide
biologically rational co-targeting combination strategies.

Methods
Cancer cell lines. Human cancer cell lines PC3, MCF7, UM-UC-3 and A549 cells
were from the American Type Culture Collection. LNCaP cells were kindly
provided by Dr. Leland W. K. Chung (Emery University). LNCaP and UM-UC-3
cells were maintained in RPMI-1640 media (Invitrogen Life Technologies,
Burlington, ON) containing 5% heat-inactivated fetal bovine serum (Invitrogen
Life Technologies). PC3, MCF7 and A549 cells were maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen Life Technologies) containing 5% fetal
bovine serum. LNCaP cells stably expressing CLU or empty vector were generated
as previously reported57. Briefly, LNCaP cells were transfected with CLU-
expressing pRC-CMV plasmid or pRC-CMV vector alone, and then selected with
300 mgml� 1 of Geneticin (Sigma Chemical Co., St. Louis, MO) for 2 weeks.

Reagents and antibodies. MG132 was from Calbiochem (Darmstadt, Germany).
Chloroquine (CQ), paclitaxel and 3-methyladenine (3MA) were purchased from
Sigma-Aldrich. Rapamycin was purchased from LC Laboratories. Akt inhibitor,
AZD5363, was kindly provided by AstraZeneca.

Primary antibodies used in this study were: anti-CLU (sc-6419) and anti-
LAMP1 (sc-17768) from Santa Cruz Biotechnology; anti-GFP (#2956), anti-cleaved
PARP (#5625), anti-Atg3 (#3415), anti-Atg5 (#2630), anti-Atg7 (#2631) and anti-
LC3 (LC3B, #2775) from Cell Signaling Technology; and anti-vinculin (V9131) and
anti-b-actin (A3853) from Sigma-Aldrich. Secondary antibodies were: anti-goat
IgG HRP (sc-2020), anti-mouse IgG HRP (sc-2314) and anti-rabbit IgG HRP
(sc-2313) were from Santa Cruz Biotechnology. Secondary antibodies for immuno-
fluorescence staining: donkey anti-rabbit ALexa Fluor 594 (A-21207), donkey
anti-goat ALexa Fluor 488 (A-11055) and donkey anti-rabbit ALexa Fluor 488
(A-21206) were all from Invitrogen Life Technologies. Antibodies used for IP were
same as above except the one for Atg3 (M133-3) was from Medical &Biological
Laboratories (Nagoya, Japan). The dilutions of antibodies are 1:1,000 for primary anti-
bodies and 1:3,000 for secondary antibodies for western blot; and 1:200 for primary
antibodies and 1:500 for secondary antibodies for immunofluorescence staining.

Quantitative reverse transcription PCR. RNA extraction and reverse transcrip-
tion PCR (RT–PCR) were performed as described previously6. Real-time
monitoring of PCR amplification of cDNA was carried out using the following
primer pairs and probes: CLU (Hs00156548_m1) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Hs03929097_g1; Applied Biosystems) on the ABI
PRISM 7900 HT Sequence Detection System (Applied Biosystems) with TaqMan
Gene Expression Master Mix (Applied Biosystems). Target gene expression was
normalized to GAPDH levels in respective samples as an internal control. The
results are representative of at least three independent experiments.

Transfection. For transfection of plasmids, X-treme GENE9 DNA transfection
reagent (Roche, Mannheim, Germany) and Lipofectin 2000 (Invitrogen Life
Technologies) was applied for PC3 and LNCaP cells, respectively, according to
manufacturer’s user guides. For transfection of siRNA or antisense OGX-O11,
oligofectamine (Invitrogen Life Technologies) was used according to the user guide.
GFP–CLU plasmid was generated in the lab8. The siRNAs used in the study were:
human CLU: 50-GCAGCAGAGUCUUCAUCAU-30 (Dharmacon); scramble:
50-CAGCGCUGACAACAGUUUCAU-30 (Dharmacon); and ATG3: 50-GGAAU
CAAAGUUUAAGGAAACAGGU-30 (Invitrogen Life Technologies). CLU
antisense oligonucleotide (ASO) OGX-011 was kindly provided by OncoGenex
Pharmaceuticals (Vancouver, BC). The sequence of OGX-011 corresponds to the
human CLU translation initiation site in exon ll (50-CAGCAGCAGAGTCTTCA
TCAT-30). A scrambled (ScrB, 50-CAGCGCTGACAACAGTTTCAT-30) control
oligonucleotide was generously provided by ISIS Pharmaceuticals (Carlsbad, CA).

Western blot analysis. Whole protein lysates were collected using 1� sample
buffer (50mM Tris-HCl, pH6.8, 2% SDS, 10% glycerol, 0.1M DTT and 0.02%

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6775

10 NATURE COMMUNICATIONS | 5:5775 | DOI: 10.1038/ncomms6775 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


bromophenol blue) and then separated on 15% (for LC3) or 10% (for all other
proteins) polyacrylamide gels. Proteins were transferred to nitrocellulose
membranes (Bio-Rad Laboratories, Mississauga, ON) and incubated with 5%
skimmed milk to block unspecific signals. Membranes were then incubated with
relevant primary antibodies and secondary antibodies as described in ‘Reagents and
antibodies’ section, and enhanced chemiluminescence (ECL) were carried out using
the reagents from Thermo Scientific (Rockford, IL). For any experiment, when cell
death was observed, all floating cells and attaching cells were collected together for
lysates preparation. Molecular weight markers are included in all the blots. Full
images for key blots were shown in Supplementary Fig. 6.

Immunoprecipitation. Cells were lysed in NP40 lysis buffer containing protease-
inhibitor cocktail (Roche, Indianapolis, IN) and 800mg proteins were pre-cleared
with protein-A/G sepharose (Invitrogen) for 1 h at 4 �C and immunoprecipitated
with 4 mg of antibody or immunoglobulin G (IgG) as a negative control for
overnight at 4 �C. The immune complexes were recovered with protein-A/G
sepharose for 2 h and then washed with NP40 lysis buffer at least three times.
The precipitates were boiled with sample buffer for 5min and proceeded for
western blot.

Immunofluorescence staining and confocal microscopy. Cells grown on glass
coverslips were fixed with 3.5% paraformaldehyde and then permeabilized with
0.5% NP40. After blocking with 3% skimmed milk, cells were incubated with
primary antibody diluted in 3% milk for 1 h at 37 �C followed by 1 h incubation of
the secondary antibody in dark. Coverslips were then mounted on slides with
DAPI-containing mounting medium (VECTOR, Burlingame, CA) and stored at
þ 4 �C in dark until being examined with a microscope. Fluorescence images were
obtained using a Zeiss LSM 780 confocal microscope (Carl Zeiss, Thornwood, NY).
Images were collected using a � 63 1.40 oil Plan-Apochromat DIC M27 Zeiss
objective with the confocal pinhole set to 1 Airy unit. For presentation purposes,
images were exported as TIFF files. For LC3 puncta, 100 to 200 cells were analysed
for each sample from 3 independent experiments. Cells displaying more than 15
bright fluorescent LC3 puncta were counted as positive.

Transmission electron microscopy. Mice heart tissues were harvested and
immediately put into the fixation solution (2.5% glutaraldehyde in 0.1M sodium
cacodylate, pH 7.4). Tissues were cut into 1mm3 tissue blocks under the fixation
solution and fixed for another 30min. After fixation, tissues were maintained in the
sodium cacodylate solution until they were processed. Tissues were then post-fixed
in 1% osmium tetroxide, dehydrated and embedded in epoxy resin. Ultrathin
(90 nm) sections obtained from a Leica UCT ultramicrotome were mounted on
formvar carbon-coated cupper grids (Agar Scientific) and stained with uranyl
acetate and lead citrate for conventional TEM. All TEM specimens were observed
and photographed with a Hitachi H7600 Transmission Electron Microscope.
Quantification of autophagic vacuoles was carried out systematically under
� 40,000 (refs 58,59), and images were taken under � 80,000.

Gel filtration analysis. After treatments, PC3 cells were collected and homo-
genized in homogenization buffer (40mM Tris-HCl pH 7.5, 150mM NaCl and a
protease inhibitor mixture from Roche Applied Science) by repeatedly passing
(15 times) through a 1ml syringe with a 23-gauge needle. The homogenate was
centrifuged at 13,000g for 30min. The resulting supernatants (2.0mg protein in
500ml) were then applied to a Superdex 200 10/300 GL gel filtration column
(GE Healthcare) and eluted at a flow rate of 0.5mlmin� 1 with 40mM Tris-HCl,
pH 7.5 and 150mM NaCl. Fractions of 500 ml were collected and 20ml from each
fraction was analysed by western blot.

Site-directed mutagenesis. QuikChange II XL site-directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA) was used to generate CLU mutants according to the
instruction manual. Primers used are listed in Supplementary Table S1. The
presence of the desired mutations was confirmed by DNA sequencing.

Flow cytometry analysis. After treatments, cells were collected in phosphate-
buffered saline (PBS) and fixed with 70% ethanol for 20min and then stained with
50mgml� 1 Propidium iodide (PI) in the presence of 0.1mgml� 1 RNase A and
0.05% Triton X-100 for 30min at 37 �C. Cells were then washed with PBS and
applied for flow cytometry analysis (FACSCanto II flow cytometer). The Pre-G1
population was quantified with BD FACSDiva software (version 5.0.3.).

Cell viability assay. Cell viability assays were performed as described before55.
Briefly, in the 12-well plates, cells were fixed with 1% glutaradehyde (Sigma,
St. Louis, MO) and stained for 5min with 0.5% crystal violet (Sigma). Plates were
washed and air dried, and the dye was eluted with Sorenson’s solution
(30mmol l� 1 sodium citrate, 0.02mol l� 1 HCl and 50% ethanol). Absorbance was
determined with a microculture plate reader (Becton Dickinson Labware) at
560 nm, and normalized to values obtained from the vehicle-treated cells to
determine percentage change in cell density. Each assay was performed in triplicate.

For clonogenic assay, LNCaP cells (3� 105) overexpressing CLU or vector
alone were seeded in 6-well plates and transfected with siAtg3 or siScramble (siScr).
After 2 days of transfection, cells were re-plated in 60mm tissue culture dishes and
then treated with 1 mM of MG132 for 10 days. Culture medium was changed every
5 days. Colonies were visualized by crystal violet staining and relative colony
formation was measured at absorbance 560 nm after resolving colonies in
Sorenson’s solution, as described above. Three independent experiments have been
carried out.

Assessment of GFP–LC3 puncta in vivo. GFP–LC3 mice were kindly provided by
Dr. Mizushima (Tokyo Medical and Dental University, Japan)30. CLU knockout
(CLU� /� ) mice in B6 background (males, 8–10 weeks old) were obtained from a
breeding colony at the Vancouver Prostate Centre (Vancouver, BC)60. GFP–LC3
and CLU� /� mice were crossed and genotyped using: LC3 primer 1 (50-ATAA
CTTGCTGGCCTTTCCACT)-30 , Primer 2 (50-CGGGCCATTTACCGTAAGTT
AT-30) and Primer 3 (50-CAGCTCATTGCTGTTCCTCAA-30); CLU primer 1
(50-ACGATGTGGAAGGATGTGGAAGATGAACATG-30), Primer 2 (50-TGGT
GATGGGGCTCTAGTCACCTCCCACTTC-30) and Primer 3 (50-CTGCTAAAG
CGCATGCTCCAGACTGCCTTG-30). After treatment, mice heart tissues were
collected and fixed with 4% paraformaldehyde dissolved in 0.1M Na-phosphate
buffer (pH 7.4) for 4 h, incubated overnight with 15% sucrose/PBS, and 30%
sucrose/PBS for 4 h. Tissues were then embedded in OCT compound (Tissue-Tek)
and stored at � 80 �C. Sections (5–7 mm) were prepared with a cryostat and air
dried at room temperature for 30min. Images were captured using confocal
microscope. Tissues were kept in the dark for most of the steps. All animal
procedures were performed according to the guidelines of the Canadian Council on
Animal Care and with appropriate institutional certification.

Assessment of autophagy in vivo. Wild-type (wt) C57BL/6j (B6) mice (males, 8
to 10 weeks old) were purchased from the Jackson Laboratory (Bar Harbour, ME),
and CLU� /� mice were from the Vancouver Prostate Centre (Vancouver, BC)60.
Mice were randomly selected for treatments of CQþPBS, rapamycinþPBS or
rapamycinþCQ, respectively. Rapamycin (10mg kg� 1) and CQ (10mg kg� 1)
were injected intraperitoneally and heart tissues were collected 6 h later for
evaluation by western blot analyses for LC3 and TEM analysis for autophagic
vacuoles. All the animal procedures were performed according to the guidelines of
the Canadian Council on Animal Care with appropriate institutional certification.

Assessment of in vivo tumor growth. For in vivo xenograft studies, PC3 cells
were inoculated subcutaneously in the flank of 6- to 8-week-old male athymic nude
mice (Harlan Sprague Dawley, Inc.) via a 27-gauge needle under isoflurane
anaesthesia. When PC3 tumours reached 100mm3, mice were randomly selected
for treatments of ScrBþ control diluent, ScrBþAZD5363 or OGX-011þ
AZD5363. AZD5363 (100mg kg� 1) was given orally twice a day for 5 days per
week, and OGX-011 or ScrB (15mg kg� 1) were injected intraperitoneally once
daily for 7 days and three times per week thereafter. Tumour volume measure-
ments were performed twice weekly and calculated by the formula length�
width� depth� 0.5236. Data points were expressed as average tumour
volume±s.e.m. All the animal procedures were performed according to the
guidelines of the Canadian Council on Animal Care and with appropriate
institutional certification.

Assessment of in vivo tumor pharmacodynamic analysis. PC3 cells were
inoculated as described above. When PC3 tumours reached 100mm3, mice were
randomly selected for treatments of ScrBþ control diluent, ScrBþAZD5363 or
OGX-011þAZD5363. AZD5363 (100mg kg� 1) was given orally twice a day for
7 days per week, and OGX-011 or ScrB (15mg kg� 1) injected intraperitoneally
once daily for 7 days. After the treatment, mice were killed and tumours were
harvested for the evaluation of protein expression by western blot analyses. All the
animal procedures were performed according to the guidelines of the Canadian
Council on Animal Care and with appropriate institutional certification.

Statistical analysis. All the data were analysed by Student’s two-tailed t-test.
Levels of statistical significance were set at Po0.05 or 0.01 as indicated.
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