THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 46, pp. 40002-40012, November 18,2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Inhibition of mTOR Kinase by AZD8055 Can Antagonize
Chemotherapy-induced Cell Death through Autophagy
Induction and Down-regulation of p62/Sequestosome 1°
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Background: The dual mMTORC1/mTORC?2 inhibitor AZD8055 can induce autophagy.

Results: Autophagy induction by AZD8055 antagonizes chemotherapy-induced cell death in association with inhibition of
ULK1 phosphorylation at Ser’>” and down-regulation of p62/sequestosome 1.

Conclusion: AZD8055 induces pro-survival autophagy that attenuates cell death by down-regulating p62.

Significance: mTOR kinase inhibition may reduce the efficacy of cytotoxic chemotherapy.

AZD8055 is an ATP-competitive inhibitor of mammalian tar-
get of rapamycin (mTOR) that forms two multiprotein com-
plexes, mTORC1 and mTORC2, and negatively regulates
autophagy. We demonstrate that AZD8055 stimulates and
potentiates chemotherapy-mediated autophagy, as shown by
LC3I-II conversion and down-regulation of the ubiquitin-bind-
ing protein p62/sequestosome 1. AZD8055-induced autophagy
was pro-survival as shown by its ability to attenuate cell death
and DNA damage (p-H2AX), and to enhance clonogenic sur-
vival by cytotoxic chemotherapy. Autophagy inhibition by
siRNA against Beclin 1 or LC3B, or by chloroquine, partially
reversed the cytoprotective effect of AZD8055 that was inde-
pendent of cell cycle inhibition. The pro-survival role of
autophagy was confirmed using ectopic expression of Beclin 1
that conferred cytoprotection. To determine whether
autophagy-mediated down-regulation of p62/sequestosome 1
contributes to its pro-survival role, we generated p62 knock-
down cells using shRNA that showed protection from chemo-
therapy-induced cell death and DNA damage. We also overex-
pressed wild-type (wt) p62 that promoted chemotherapy-
induced cell death, whereas mutated p62 at functional domains
(PB1, UBA) failed to do so. The ability of ectopic wt p62 to pro-
mote cell death was blocked by AZD8055. AZD8055 was shown
to inhibit phosphorylation of the autophagy-initiating kinase
ULK1 at Ser”® and inhibited known targets of mTORC1
(p-mTOR Ser***%, p70S6K, p-S6, p4EBP1) and mTORC2
(p-mTOR Ser?*®!, p-AKT Ser?”?). Knockdown of m TOR, but not
Raptor or Rictor, reduced p-ULK1 at Ser”®>” and enhanced che-
motherapy-induced autophagy that resulted in a similar cyto-
protective effect as shown for AZD8055. In conclusion,
AZD8055 inhibits mTOR kinase and ULK1 phosphorylation to
induce autophagy whose pro-survival effect is due, in part, to
down-regulation of p62.
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Mammalian target of rapamycin (mTOR)? kinase is a down-
stream effector of phosphoinositide 3-kinase (PI3K/Akt) sig-
naling that has been shown to regulate colorectal tumorigenesis
(1). Furthermore, targeted inhibition of mTORCI1 and
mTORC2 was shown to prevent the establishment of colorectal
cancer metastases in vivo (2), suggesting the rationale for eval-
uating inhibitors of mTOR kinase for the therapy of this malig-
nancy. AZD8055 is an ATP-competitive inhibitor of mTOR
kinase activity. mTOR is a serine/threonine kinase and thera-
peutic target in cancer cells that serves as a sensor of mitogenic
signals, nutrient availablility, and energy levels and regulates
cell growth (3) (4). Mitogenic signals are transduced to mTOR
via upstream PI3K/AKT (5, 6). mTOR kinase forms two distinct
multiprotein complexes known as mTORC1 (contains Raptor,
mLSTS, and PRAS40) and mTORC?2 (contains Rictor, mLSTS,
and Protor). mTORC1 phosphorylates p70S6K and 4E-BP1
that regulate protein translation (7), whereas mTORC2 phos-
phorylates AKT on Ser®”® that enhances its enzymatic activity
(8, 9). Raptor is essential for the efficient phosphorylation of
mTORC1 downstream targets whereas Rictor is critical
for mTORC2 function(10). In contrast to AZD8055 and other
mTOR kinase inhibitors, rapamycin is an allosteric inhibitor of
mTOR that, in association with FKBP12, binds mTOR adjacent
to its catalytic domain and therefore, leads to incomplete inhi-
bition of mTOR activity. Furthermore, rapamycin-resistant
functions of mMTORCI can lead to increased AKT signaling that
may be overcome by dual mTORC1/mTORC?2 inhibition (11—
13). In this regard, AZD8055 inhibits the phosphorylation of
mTORCI substrates p70S6K and 4E-BP1 as well as phospho-
rylation of the mTORC2 substrate AKT and downstream pro-
teins (13), thereby blocking the negative feedback that can acti-
vate AKT (12). AZD8055 is a more potent inhibitor of cell
proliferation than is rapamycin and has also been shown to
inhibit the growth of xenografts representing a broad range of
human tumor types (13). AZD8055 is currently being studied in
phase I clinical trials, and its combination with cytotoxic chem-
otherapy or targeted agents is a promising therapeutic strategy.

2 The abbreviations used are: mTOR, mammalian target of rapamycin; PI3K,
phosphoinositide 3-kinase; CQ, chloroquine; 5-FU, 5-fluorouracil.
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mTOR has been shown to negatively regulate autophagy
(14-16), which involves the direct phosphorylation of the
autophagy-initiating serine/threonine kinase ULK1 (Unc51-
like kinase; hATG1) on Ser”®” (17) to prevent formation of its
complex with Atgl3, FIP200, and Atgl01 (18). AZD8055 has
been shown to be a more potent inducer of autophagy com-
pared with rapamycin (13) and its analogs (7, 19) that may be
due to its more complete inhibition of mMTORCI1 and/or inhibi-
tion of mMTORC?2. Under conditions of cellular stress (nutrient
deprivation, hypoxia, or cytotoxic stress), tumor cells induce
autophagy to maintain energy metabolism and to enable cell
survival. Therefore, autophagy serves as a mechanism of stress
tolerance that can protect tumor cells from anti-cancer therapy
(20) (21). In some cellular contexts, sustained or prolonged
autophagy may trigger cell death although its relevance in
tumors remains unknown (22). Autophagy is regulated by
Beclin 1 that forms a complex with a class III PI3 kinase, Vps34,
that is involved in autophagosome formation (19) during which
the cytosolic microtubule-associated protein light chain 3
(LC3-1) is converted to the membrane-bound LC3-II form (23).
LC3-1I is known to bind to the ubiquitin-binding protein p62/
sequestosome 1 (SQSTM 1) that transports protein aggregates
to the lysosome for their degradation by autophagy (24).
Autophagy induction is associated with down-regulation of
p62, whereas autophagy-deficient mice show p62 accumulation
(25). Evidence suggests that p62 acts as a signaling hub through
its ability to recruit and oligomerize important signaling mole-
cules into cytosolic aggregates to control cell survival and apo-
ptosis (26) (27).

We studied the ability of AZD8055-induced autophagy to
modulate chemotherapy-induced DNA damage and cell death,
and determined the role of autophagy-mediated down-regula-
tion of p62 in this process. AZD8055 was shown to significantly
attenuate chemotherapy-induced DNA damage and cell death
that was independent of cell cycle inhibition and was associated
with induction of pro-survival autophagy. Genetic or pharma-
cological inhibition of autophagy partially reversed AZD8055-
mediated cytoprotection. Autophagy induction by AZD8055
was due to direct inhibition of mTOR kinase and the dephos-
phorylation of ULK1 at Ser”®”. Furthermore, autophagy-medi-
ated down-regulation of p62/sequestosome 1 was shown to
contribute to the pro-survival effect of autophagy.

EXPERIMENTAL PROCEDURES

Cell Culture and Drugs—Colon carcinoma cell lines (HT-29,
DLD-1) were cultured as monolayers in RPMI 1640 (Invitro-
gen, Carlsbad, CA) supplemented with 10% (v/v) FBS and 2
mmol/L of L-glutamine. Cells were treated with AZD8055
[5-{2,4-Bis[(3S)-3-methylmorpholin-4-yl]pyrido[2,3-d]pyrimi-
din-7-yl}B-2-methoxyphenyl)methanol], obtained from Dr. C.
Yu (Roswell Park, Buffalo, NY), or rapamycin (LC Lab.,
Woburn, MA), alone and in combination with 5-fluorouracil or
CPT-11 (both from Sigma) in the presence or absence of chlo-
roquine (Sigma). AZD8055 and rapamycin were prepared as 10
mmol/liter stock solutions in DMSO and stored at —20 °C.

Immunoblotting—Protein samples were prepared in a lysis
buffer (5 mmol/liter MgCl,, 137 mmol/liter KCl, 1 mmol/liter
EDTA, 1 mmol/liter EGTA, 1% CHAPS, 10 mmol/liter HEPES
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(pH 7.5)) containing a protease inhibitor mixture (Sigma), and
were normalized using nanodrop measurement (Thermo Sci-
entific, Franklin, MA) or a protein assay kit (Bio-Rad). The sam-
ples were boiled in LDS sample buffer (Invitrogen) and loaded
onto a 14% SDS-PAGE gel for protein separation with electro-
phoretic transfer onto a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad). Membranes were blocked in 0.2%
I-Block (Applied Biosystems, Foster City, CA) in 1X PBS/0.1%
Tween 20 and then probed with the respective primary anti-
bodies overnight at 4 °C. After washing and incubation with
secondary antibodies, the immunoblotted proteins were visu-
alized using the CDP-star alkaline phosphatase chemilumines-
cence substrate (Applied Biosystems). All primary antibodies
were obtained from Cell Signaling (Boston, MA) with the
exception of antibodies against p62/SQSTM 1 (MBL, Woburn,
MA) and tubulin (Sigma). Experiments were repeated and
results from representative immunoblots are shown.

Lentiviral Expression—The lentiviral shRNA for mTOR
(plasmid 1855 and 1856) and a scramble shRNA (plasmid 1864)
were obtained from Addgene (Cambridge, MA). For p62
knockdown, a shRNA targeting sequence (GCATTGAAGTT-
GATATCGAT) was cloned into pSIH1-puro, as previously
described (28). A non-targeting control sequence (CAACAA-
GATGAAGAGCACCAA; Sigma) was also cloned into pSIH1-
puro. The p27 cDNA (Origene, Rockville, MD) was cloned into
alentiviral cDNA expression vector pCDH1-puro (System Bio-
sciences, Mountain View, CA), as previously described (29).
Each of the lentiviral expression constructs was then mixed
with two packaging plasmids (Addgene plasmids 12259 and
12260) and transfected into HEK293T cells using Lipofac-
tamine/PLUS reagent (Invitrogen) to produce lentivirus. The
resultant lentivirus-containing medium was concentrated by
incubating with 10% PEG-8000 (Sigma) and centrifuged at
1,500 X g for 10 min. The virus-containing pellet was then
resuspended in a small volume of OPTI-MEM medium (Invit-
rogen) and directly added to the target cells in the presence of 8
pg/ml polybrene (Sigma).

Transfection of siRNA—siRNA oligonucleotides for mTOR,
Beclin 1, and LC3B (all from Cell Signaling) and Raptor or Ric-
tor siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) were
transfected into target cells using Lipofectamine™ RNAIMAX
Reagent (Invitrogen), per the manufacture’s protocol. Briefly,
cells were seeded onto 6-well plates at ~50% confluence in 2.5
ml complete medium without antibiotics and incubated over-
night. A total of 75-300 nmol siRNA was diluted into 0.5 ml of
OPTI-MEM medium (Invitrogen) containing 7.5 ul of
RNAiIMAX reagent and incubated at room temperature for 20
min. The siRNA/RNAiIMAX complex formed was directly
added into the 6-well plates to produce a final concentration of
25-100 nm siRNA. Cells were then returned to incubation and
knockdown efficiency was determined at least 72 h post-trans-
fection by immunoblotting.

Retroviral Overexpression of Beclin 1 and p62/Sequestosome 1—
Beclin 1 (Origene) or p62 (gift of Dr. S. V. Reddy, Medical Uni-
versity of South Carolina, Charleston, SC) cDNA was cloned
into a retroviral expression vector containing an N-terminal
3-tandem tag (s-tag, 2X FLAG and streptavidin-binding pro-
tein tag; 3-tag) that was derived from a parent empty vector
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(30). Using site-directed mutagenesis, p62 mutants were gener-
ated at UBA or PB1 domains containing mutations of [431A or
D69A sites, respectively, that have been shown to impair the
ability of p62 to be sequestered into aggregates (31) (32). The
resultant retroviral vectors encoding Beclin 1, p62 (WT or
mutant), or empty vector were individually mixed with packag-
ing plasmids and retrovirus was generated, as previously
described (30). Retrovirus-containing supernatant was concen-
trated and utilized to transduce the target cells, as previously
described (30). Ectopic expression of the 3-tag proteins was
detected using an anti-FLAG antibody or by a size shift from
endogenous proteins.

Confocal Immunofluorescence—Cells were plated onto Lab-
Tek® I1 CC*™ chamber slides, incubated overnight in media,
and then fixed with 4% paraformaldehyde for 10 min at room
temperature. Cells were rinsed with PBS X2 and then permea-
bilized with 0.5% Triton X-100 in PBS at room temperature for
10 min. Cells were incubated with the primary antibody (anti-
FLAG, Cell Signaling) diluted in 1% BSA in PBS at room tem-
perature for 1 h. After rinsing in PBS X3, a fluorescence dye-
conjugated secondary antibody (AF594, Invitrogen) diluted in
1% BSA in PBS was added and incubated at room temperature
for 30 min. Slides were rinsed with PBS and mounted. Immu-
nofluorescence was visualized and captured using an inverted
LSM 5 Pascal Laser Scanning Microscope (Carl Zeiss) with
appropriate filter and detector combinations according to the
spectrum of the fluorochrome used.

Cell Cycle and Cell Death Assays—For cell cycle analysis,
cells were detached with trypsin, washed once with cold PBS,
and then counted. An aliquot of 0.5-1 X 10° cells was centri-
fuged and pelleted, then resuspended in 0.5 ml of PBS. Cells
were fixed by adding 0.5 ml of 100% cold ethanol while vortex-
ing, followed by incubation at —20 °C overnight. Cells were
centrifuged, pelleted, and resuspended in 0.5 ml of PI-RNase
solution (50 wg/ml propidium iodide (PI) plus 100 ug/ml
RNase A (Sigma) in PBS). Cells were stained with PI for at least
20 min at room temperature and then analyzed by flow cytom-
etry. Cell cycle distribution was determined using ModFit LT
(Verity Software House, Topsham, ME). Cell death was meas-
ured with the annexin V assay (BD Biosciences, San Jose, CA),
as previously described (30). After drug treatment, adherent
cells were detached from culture dishes by trypsinization for 3
to 5 min and then combined with floating cells. The extent of
apoptosis was indicated as the percentage of Annexin VP~
cells, whereas cells labeled Annexin V*PI* were interpreted to
represent late apoptosis or necrosis.

Colony Formation Assay—Cells were plated in 6-well plates
and treated with the study drugs for 3 days. Cells were then
lifted using TrypLE™ Express (Invitrogen), a trypsin replace-
ment that is stable at RT, and counted with a cell counter (Bio-
Rad). Then, 20 X 10* cells for each condition were plated onto
10-cm dishes and incubated. Cells carrying ectopic Beclin 1
were directly seeded (200 cells/well) onto 6-well plates, allowed
to attach overnight, and then treated with the study drugs for 3
days. After incubating in drug-free medium at 37 °C for 7 to 14
days, colonies were fixed and stained with crystal violet. Excess
dye was rinsed off with tap water, and the plates were air dried.
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Statistical Analysis—The statistical significance of the differ-
ences between experimental variables was determined using
the Student’s ¢ test. The values shown represent the mean =
S.D. for triplicate experiments. p < 0.05 was considered as sta-
tistically significant.

RESULTS

AZD8055 Attenuates Chemotherapy-induced Cell Death and
DNA Damage—We determined whether AZD8055 can modu-
late cell death induction by cytotoxic drugs in human colon
cancer cell lines (HT-29, DLD1). While AZD8055 alone did not
induce cell death, AZD8055 was shown to significantly reduce
5-FU-induced cell death by 41 to 46% as shown by annexin V"
labeling (Fig. 1A4), and attenuated 5-FU-induced caspase-9 and
-3 cleavage (Fig. 1B) compared with 5-FU alone. AZD8055
treatment was also shown to reduce 5-FU-induced DNA dam-
age in both cell lines, as shown by expression of p-H2AX, a
marker of DNA double-strand breaks (Fig. 1C). To demon-
strate that the protective effect of AZD8055 was not limited to
5-FU, we utilized the topoisomerase 1 inhibitor CPT-11 (irino-
tecan) and found that AZD8055 can similarly attenuate CPT-
11-induced caspase cleavage and DNA damage (Fig. 1, Band C).
We then studied the effect of AZD8055 alone and in combina-
tion with 5-FU on long-term cell viability in a clonogenic sur-
vival assay. While AZD8055 did not inhibit clonogenic survival
in contrast to 5-FU, AZD8055 was shown to significantly atten-
uate the ability of 5-FU to inhibit colony formation (Fig. 1D).

Because AZD8055 is known to potently inhibit cell prolifer-
ation (13), we examined the ability of AZD8055 to modulate
expression of the cyclin-dependent kinase (cdk) inhibitor,
p27""P! that inhibits G1 cyclin/cdk complexes to produce cell
cycle arrest (33, 34). AZD8055 was shown to induce
p27"""1protein expression in both cell lines (Fig. 2A). To deter-
mine whether p27°'P! can contribute to cytoprotection, we
generated DLD1 cells that overexpress a lentiviral p27 con-
struct. Stable overexpression of p27*'P! increased accumula-
tion of cells in G, compared with control cells (62.9 * 0.5%
versus 52.9 = 0.6%). Cells were then treated with 5-FU or
oxaliplatin, an alkylating agent whose cytotoxic effect is inde-
pendent of the cell cycle (35). Overexpression of p27*'P! failed
to attenuate 5-FU- or oxaliplatin-induced caspase cleavage or
DNA damage (Fig. 2B). Furthermore, AZD8055 was shown to
block oxaliplatin-induced DNA damage and caspase cleavage
(Fig. 2C). Together, these data suggest that the cytoprotective
effect of AZD8055 is unrelated to cell cycle inhibition.

AZD8055 Induces Autophagy to Confer Drug Resistance—
Whereas mTOR is known to negatively regulate autophagy
(19), the effect of autophagy induction on chemotherapy-in-
duced cell death is poorly defined. We demonstrate that
AZD8055 can induce autophagy and potentiate autophagy
induction by 5-FU, CPT-11 (Fig. 3, A and B), or oxaliplatin (Fig.
2C), as shown by LC3I-II conversion and reduced expression of
the autophagy substrate, p62/SQSTM1. To confirm that down-
regulation of p62 was mediated by autophagy, we utilized the
anti-malarial drug CQ that prevents lysosomal acidification to
block autophagic catabolism (21). Treatment of cells with CQ
or CQ plus AZD8055 and 5-FU was shown to accumulate p62
consistent with inhibition of autophagy (Fig. 3, A and C).
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FIGURE 1. AZD8055 treatment attenuates 5-FU-induced cell death in human colon cancer cell lines. A, AZD8055 (1 um) attenuates cell death induced by
5-FU (6 um: HT-29; 100 um: DLD1). Cells were incubated with study drugs for 3 days and annexin V/Pl labeling was performed. Apoptosis is indicated by annexin
V* PI”-labeled cells and late apoptosis/necrosis is shown by annexin V*PI™ cells. Columns, mean of experiments conducted in triplicate; bars, S.D. B and C,
AZD8055 attenuates caspase-9 and -3 cleavage (B) and DNA damage (C) induced by 5-FU (5 days) or CPT-11 (3 days) in HT-29 and/or DLD1 cells. DNA damage
was measured by expression of p-H2AX that detects DNA double-stranded breaks. Tubulin served as a control for protein loading. D, suppression of colony
formation by 5-FU is reduced by co-treatment with AZD8055 in both cell lines. Cells were incubated with drugs for 3 days and equal numbers of cells were
replated and grown for 14 days in drug-free media. Colonies were visualized by staining with crystal violet.

AZD8055 was shown to induce autophagy to a greater extent
than did rapamycin (Fig. 3B). In contrast to AZD8055 (Fig. 1),
rapamycin at equivalent doses induced caspase-3 cleavage (Fig.
3B) and failed to confer cytoprotection against 5-FU (Fig. 3B).
To determine whether pro-survival autophagy can account
for the cytoprotective effect of AZD8055, we inhibited
autophagy using CQ or by gene knockdown. The addition of
CQ to AZD8055 plus 5-FU resulted in the accumulation of
LC3II and p62 and enhanced both DNA damage (p-H2AX) and
caspase cleavage (Fig. 3C). Furthermore, knockdown of LC3B
or Beclin 1 by siRNA attenuated LC3I-II conversion and poten-
tiated caspase cleavage and DNA damage induced by 5-FU
alone or combined with AZD8055 (Fig. 3C). To further support
autophagy as the mechanism of AZD8055-mediated cytopro-
tection, we generated HT-29 cells that constitutively express
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Beclin 1. Overexpression of Beclin 1 (versus vector control) was
shown to increase LC3I-II conversion in the presence of CQ or
combined with 5-FU (Fig. 4A4), indicating the ability of Beclin 1
to increase autophagic flux. Beclin 1 overexpression-protected
cells from 5-FU-induced caspase-9 and -3 cleavage and from
DNA damage, (p-H2AX) [Fig. 4A]. Furthermore, ectopic Beclin
1 was shown to significantly attenuate the ability of 5-FU or
oxaliplatin to reduce colony formation in a clonogenic survival
assay (Fig. 4B). Taken together, these data indicate that
AZD8055 induces pro-survival autophagy that underlies its
ability to attenuate chemotherapy-mediated cell death.

Role of p62/SQSTM 1 Down-regulation in AZD8055-medi-
ated Cytoprotection—AZD8055 was shown to stimulate
autophagy and enhance chemotherapy-induced autophagy
that were associated with a reduction in p62/SQSTM 1 expres-
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FIGURE 2. AZD8055-mediated cytoprotection is independent of cell cycle arrest. A, DLD1 and HT-29 cells were treated with rapamycin or AZD8055 at the
indicated doses for 48 h and p27“"P" expression levels were analyzed by immunoblotting. 8, DLD1 cells were transduced with a lentivirus encoding GFP or
p27P1, Cells were then treated with 5-FU or oxaliplatin for 5 days, and expression of p-H2Ax and cleaved caspase-9 and -3 proteins were measured by
immunoblotting. C, AZD8055 enhances oxaliplatin-induced autophagy, as shown by LC3I-Il conversion and reduced p62/SQSTM 1 expression, which is
associated with attenuated DNA damage and caspase cleavage. DLD1 cells were treated with increasing doses of oxaliplatin alone or combined with AZD8055
for 5 days and expression of LC3, p62, p-H2Ax, and cleaved caspase-9 and -3 were analyzed by immunoblotting.

sion levels (Fig. 3 A). Evidence suggests that p62 acts as a sig-
naling hub through its ability to recruit and oligomerize impor-
tant signaling molecules into cytosolic aggregates to regulate
cell survival and apoptosis (26, 27). To determine whether
autophagy-mediated down-regulation of p62 can contribute to
the cytoprotective effect of AZD8055, we generated cells with
knockdown of p62 by shRNA. Suppression of p62 was shown to
significantly attenuate 5-FU-induced apoptosis, as shown by
annexin V' PI" labeling (Fig. 5A) and caspase-8, -9, -3 cleavage
(Fig. 5B). Furthermore, suppression of p62 also attenuated
5-FU-induced DNA damage (Fig. 5, C and D). Despite the abil-
ity of the autophagy inhibitor CQ to accumulate p62 (Fig. 3, A
and C), attenuation of 5-FU-induced apoptosis by p62 knock-
down was maintained in the presence of CQ (Fig. 5, A and B).
Next, we generated cells with ectopic wild-type (WT) or
mutant p62 proteins that can mimic the accumulation of p62
that occurs when autophagy is disabled. Using site-directed
mutagenesis, we generated mutations in p62 at the ubiquitin-
associated (UBA: I431A) and PB1 (PB1: D69A) domains (31,
32). To demonstrate loss of function of these p62 mutants, we
determined their cellular staining pattern using immunofluo-
rescence microscopy. Cells with ectopic WT p62 exhibited
punctate staining indicating the formation of p62 aggregates,
whereas cells expressing p62 mutants showed diffuse p62 stain-
ing indicating the inability to form aggregates (Fig. 6A4). We
then determined whether ectopic p62 can promote 5-FU-in-
duced apoptosis and whether p62 mutants retain this ability.
Ectopic WT p62 was shown to sensitize DLD1 cells to 5-FU-
induced caspase-9, -3 cleavage (Fig. 6B) and apoptosis induc-
tion, as shown by annexin V" PI™ labeling compared with con-
trol cells (Fig. 6C). In contrast, p62 mutants at UBA and PB1
domains lacked the ability to enhance 5-FU-induced caspase
cleavage or apoptosis (Fig. 6, B and C). This finding indicates
that both p62 functional domains are required for the apopto-
sis-promoting effect of p62. Importantly, the addition of
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AZD8055 was shown to reduce ectopic p62 protein expression
(Fig. 6B) consistent with the ability of AZD8055 to down-regu-
late p62 because of autophagy induction. Moreover, treatment
with AZD8055 was shown to abrogate the ability of WT p62 to
enhance 5-FU-induced caspase cleavage (Fig. 6B). Taken
together, these data suggest that p62 can mediate chemothera-
py-induced cell death and DNA damage.

AZD8055 Inhibits mTORCI and mTORC2 Downstream Sig-
naling Events—Studies indicate that mTORC1 contains pri-
marily mTOR phosphorylated on Ser****, whereas mTORC2
contains mTOR phosphorylated on Ser**®*! (36). Phosphoryla-
tion of mTOR on Ser***! is a marker for the presence of
mTORC2 complexes (36). We detected phosphorylation of
mTOR on Ser***® and Ser**®! in untreated colon cancer cell
lines, indicating the presence of both mTORC1 and mTORC2
complexes (Fig. 7A). Treatment of cells with AZD8055 inhib-
ited phosphorylation of mTOR on Ser***® and Ser**®!, consist-
ent with inhibition of both mTORC1 and mTORC?2 activity.
Rapamycin primarily inhibited p-mTOR on Ser***® although
inhibition of p-mTOR on Ser***! was also observed at a longer
time point (Fig. 7A), as previously described (36). Recent evi-
dence indicates that mTOR kinase can directly phosphorylate
the mammalian autophagy-initiating kinase ULK1, a homo-
logue of yeast ATG1, on Ser”®” thereby disrupting its associa-
tion with AMPK and inhibiting autophagy (17). Accordingly,
we studied that ability of AZD8055 to inhibit phosphorylation
of ULK1 and demonstrate that AZD8055 can potently inhibit
p-ULK1 at Ser”®” as early as 2 h after treatment (Fig. 7A). This
finding provides a mechanism by which AZD8055 can stimu-
late autophagy. We then confirmed that AZD8055 inhibits both
mTORC1 and mTORC2 downstream targets. AZD8055 was
shown to potently inhibit the mTORCI1 substrate P70S6K and
its kinase target ribosome protein S6, as well as 4E-BP1 (eukary-
otic initiation factor 4E-binding protein 1) at Thr*”/*¢ (Fig. 7B).
In contrast to the ATP competitive mTOR kinase inhibitor
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AZD8055, the allosteric mTOR inhibitor rapamycin failed to
inhibit p-4E-BP1 on Thr®”/*® consistent with more complete
mTORCI1 inhibition by AZD8055. Inhibition of mTORC2 by
AZD8055 was shown by probing for phosphorylation of AKT
on Ser*”® that is a known mTORC2 substrate. AZD8055 was
found to inhibit p-AKT Ser*”® whereas rapamycin did not (Fig.
7B). By suppressing mTORC2, AZD8055 may block the nega-
tive feedback resulting from mTORCI inhibition that can acti-
vate AKT (12).

To confirm that autophagy induction and cytoprotection by
AZD8055 are due to mTOR inhibition, we generated cells with

pCEVEON
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knockdown of mTOR using lentiviral shRNA. Two different
shRNA targeting sequences were shown to suppress mTOR
expression compared with scramble shRNA (Fig. 7C). Suppres-
sion of mTOR was shown to enhance 5-FU-induced LC3I-II
conversion (Fig. 7C), consistent with negative regulation of
autophagy by mTOR (19). Furthermore, mTOR knockdown
was shown to protect cells from 5-FU-induced caspase-9, -3
cleavage and from DNA damage, with the extent of cytoprotec-
tion shown to correlate with the relative level of mTOR sup-
pression (Fig. 7C). To determine the contribution of mMTORC1
and mTORC?2 to the observed cytoprotection, we suppressed
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Raptor and Rictor that are essential components of mTORC1
and mTORC2 complexes, respectively. Raptor siRNA was
shown to inhibit p-mTOR at Ser***® and p-S6, but not p-4EBP1
(Fig. 7D), that was similar to the allosteric inhibition of these
targets by rapamycin (Fig. 7B). Rictor knockdown by siRNA was
shown to inhibit p-mTOR on Ser***! and p-AKT at Ser*”?, con-
sistent with the known ability of Rictor to modulate mTORC2.
However, neither suppression of Raptor nor Rictor in DLD1
cells was able to inhibit p-ULK1 at Ser”””?, suggesting their
inability to directly regulate the initiation of autophagy. In con-
trast, knockdown of mTOR by siRNA was shown to signifi-
cantly attenuate p-ULK1 at Ser’®” (Fig. 7D), indicating the
direct role of mTOR kinase in this autophagy-initiating event.
Consistent with this finding, suppression of mTOR (Fig. 7C),
but not Raptor nor Rictor, was able to potentiate autophagy and
to attenuate 5-FU-induced apoptosis and DNA damage (Fig.
7D).

DISCUSSION

We studied the ability of AZD8055, an ATP-competitive and
dual mTORC1 and mTORC2 inhibitor, to modulate chemo-
therapy-induced cell death and studied the effect of AZD8055-
induced autophagy on this process. Using clinically achievable
doses, AZD8055 was shown to significantly attenuate chemo-
therapy-induced DNA damage and cell death and to promote
long-term clonogenic survival. This effect was observed using

40008 JOURNAL OF BIOLOGICAL CHEMISTRY

anti-cancer drugs with diverse mechanisms of action. The cyto-
protective effect of AZD8055 was not due to cell cycle inhibi-
tion since overexpression of the cdk inhibitor p27, that arrests
cells in G1, did not protect cells from 5-FU-induced DNA dam-
age or apoptosis, and AZD8055 conferred similar cytoprotec-
tion against the cell cycle-independent drug, oxaliplatin.

We determined whether AZD8055-induced autophagy
underlies its cytoprotective effect. AZD8055 was shown to
stimulate autophagy and to potentiate autophagy induction by
5-FU, CPT-11, or oxaliplatin. AZD8055 was a more potent
inducer of autophagy compared with rapamycin, as has also
been shown using other dual mTOR kinase inhibitors (Torin 1
and pp242) (13). Recent data indicate that mTOR kinase can
directly phosphorylate the mammalian autophagy-initiating
kinase ULK1 on Ser”®” to prevent its activation (17), suggesting
that mTOR inhibition inhibits ULK1 activation to induce
autophagy. We demonstrate for the first time that AZD8055
more potently inhibits ULK1 phosphorylation on Ser”>” com-
pared with rapamycin that may contribute to its more potent
effect on autophagy stimulation. In this regard, rapamycin
failed to protect cells from 5-FU-induced DNA damage and
apoptosis compared with AZD8055. Consistent with our data is
the finding that the dual mTOR kinase inhibitor OSI-027 can
induce autophagy that limited the extent of apoptosis induction
in Bcr-Abl expressing leukemic cells and was reversed using
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chloroquine (37). To demonstrate the potential role of
autophagy in conferring cytoprotection by AZD8055, we inhib-
ited autophagy with siRNA knockdown of Beclin 1 or LC3B, or
using chloroquine. We found that both strategies were able to
partially restore the ability of 5-FU to induce DNA damage and
to trigger apoptosis. In contrast, ectopic expression of Beclin 1
was shown to confer cytoprotection as did AZD8055. While
AZD8055-mediated cytoprotection was observed in colon can-
cer cell lines, we cannot exclude the possibility that autophagy-
mediated cytoprotection by this drug is tumor cell
type-dependent.

AZDB8055 induced autophagy and enhanced chemotherapy-
induced autophagy that were associated with reduced p62/
SQSTM 1 expression. p62 binds ubiquitinated proteins and
transports them to lysosomes for autophagic degradation (24).
Autophagy is the main mechanism of p62 turnover in tumor
cells, and data indicate that p62 may regulate cell death and/or
cell survival due to its ability to recruit and oligomerize impor-
tant signaling molecules into cytosolic aggregates (26) (27).
Specifically, p62-mediated aggregation of caspase-8 resulted in
its activation and mediated apoptosis induction by a protesome

NOVEMBER 18,2011+ VOLUME 286+NUMBER 46

inhibitor (38)and a death receptor agonist(27). We detected
p62 aggregates in untreated human colon cancer cells and dem-
onstrate that these aggregates are lost when functional domains
of p62 are inactivated by single-site mutations. Mutations
within p62 in the UBA domain impair its ability to bind ubiq-
uitin (31) and mutations in PB1 disrupt p62 polymerization
(32). We found that ectopic p62 expression increased 5-FU-
induced apoptosis indicating a pro-death role for this protein.
AZD8055 was also shown to reduce the level of ectopic p62
proteins, compared with untreated cells, that was associated
with abrogation of 5-FU-induced apoptosis. Given that muta-
tions at functional domains of p62 resulted in the inability to
form p62 aggregates, we determined whether these mutants
retain a pro-death function as was seen for WT p62. We found
that both p62 mutants can disrupt the ability of p62 to enhance
5-FU-induced apoptosis, indicating that formation of p62
aggregates are critical to the pro-apoptotic function of p62. The
mechanism by which p62 can promote cell death is unknown
and studies are ongoing in our laboratory to examine the asso-
ciation between the formation of p62 aggregates with their pro-
apoptotic function. Taken together, these data suggest that p62
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can promote chemotherapy-induced apoptosis, and that
autophagy-mediated down-regulation of p62 levels may con-
tribute to the ability of autophagy to attenuate cell death.
AZD8055 is a small molecule that is known to more com-
pletely suppress mTORC1 than does allosteric inhibition by
rapamycin. AZD8055 inhibited the phosphorylation of the
mTORCI1 substrates 4E-BP1 at positions 37 and 46 sites which
are resistant to rapamycin, in addition to the P70S6K down-
stream target. Consistent with its dual inhibition of mMTORC1/
mTORC2, AZDS8055 inhibited phosphorylation of the
mTORC?2 substrate, p-AKT at Ser*”?. We confirmed that
AZD8055-mediated cytoprotection is due to mTOR kinase
inhibition and not off-target effects using cells with mTOR

40010 JOURNAL OF BIOLOGICAL CHEMISTRY

knockdown. Suppression of mTOR was shown to potentiate
5-FU-induced autophagy and to attenuate 5-FU-induced DNA
damage and apoptosis. Knockdown of mTOR in human glioma
cell lines (39) or in TSC-deficient fibroblasts (40) was also
shown to reduce cell death that may be related to autophagy
induction and related cytoprotection. Activation of mTOR,
which forms the catalytic core of multiprotein complexes
mTORC1 and mTORC?2, is modulated by Raptor and Rictor,
respectively. To determine the relative contributions of
mTORC1 and mTORC?2 inhibition to the cytoprotective effect
of AZD8055, we suppressed the expression of Raptor or Rictor
that are essential components of mTORC1 and mTORC?2,
respectively. As expected, suppression of Raptor or Rictor was

S
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measured.

shown to inhibit mMTORC1 and mTORC2 substrates, respec-
tively. However, we found that suppression of mTOR, but not
Raptor or Rictor, was able to inhibit p-ULK1 Ser”®” indicating
the central role of mTOR Kkinase in the direct regulation of
autophagy initiation. Specifically, suppression of mTOR but
not Raptor or Rictor increased LC3 conversion and con-
ferred protection against 5-FU-induced DNA damage and
apoptosis, suggesting that AZD8055-induced autophagy and
cytoprotection result from direct inhibition of mTOR kinase

NOVEMBER 18,2011+ VOLUME 286+NUMBER 46

activity, although a potential contribution by downstream
targets of mTOR cannot be excluded. In this regard, S6K is a
downstream target of mTORCI that was potently inhibited
by AZD8055 in this study and has been shown to negatively
regulate autophagy (41).

In conclusion, we demonstrate that AZD8055 treatment at
clinically relevant doses induces pro-survival autophagy that
can antagonize DNA damage and cell death induction by cyto-
toxic anti-cancer drugs with the potential to reduce treatment
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efficacy. Induction of autophagy by AZD8055 was associated
with dephosphorylation of ULK1 kinase at Ser’®” which is
known to regulate the initiation of autophagy. Furthermore, the
ability of AZD8055 to antagonize chemotherapy-induced cell
death involves p62 down-regulation since p62 knockdown con-
ferred chemoresistance, whereas ectopic expression of wild-
type, but not mutant, p62 was shown to enhance chemothera-
py-induced apoptosis that was abolished by AZDS8055
treatment. These novel findings suggest important mecha-
nisms by which AZD8055 can induce autophagy and antago-
nize cell death which may have important implications in vivo
for cancer therapy. Taken together, our findings provide a
mechanism by which AZD8055-induced autophagy can regu-
late chemosensitivity in human cancer cells.
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