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Macroautophagy (autophagy) is a process wherein bulk cyto-
solic proteins and damaged organelles are sequestered and
degraded via the lysosome. Alterations in autophagy-associated
proteins have been shown to cause neural tube closure defects,
neurodegeneration, and tumor formation. Normal lysosome
function is critical for autophagy completion and when altered
may lead to an accumulation of autophagic vacuoles (AVs) and
caspase activation. The tumor suppressor p53 is highly ex-
pressed in neural precursor cells (NPCs) and has an important
role in the regulation of both autophagy and apoptosis. We
hypothesized that altered lysosome function would lead to NPC
death via an interaction between autophagy- and apoptosis-as-
sociated proteins. To test our hypothesis, we utilized FGF2-ex-
panded NPCs and the neural stem cell line, C17.2, in combina-
tion with the lysosomotropic agent chloroquine (CQ) and the
vacuolar ATPase inhibitor bafilomycin Al (Baf Al). Both CQ
and Baf Al caused concentration- and time-dependent AV
accumulation, p53 phosphorylation, increased damage regula-
tor autophagy modulator levels, caspase-3 activation, and cell
death. Short hairpin RNA knockdown of Atg7, but not Beclinl,
expression significantly inhibited CQ- and Baf Al-induced cell
death, indicating that Atg7 is an upstream mediator of lysosome
dysfunction-induced cell death. Cell death and/or caspase-3
activation was also attenuated by protein synthesis inhibition,
p53 deficiency, or Bax deficiency, indicating involvement of the
intrinsic apoptotic death pathway. In contrast to lysosome dys-
function, starvation-induced AV accumulation was inhibited by
either Atg7 or Beclin1 knockdown, and Atg7 knockdown had no
effect on starvation-induced death. These findings indicate that
Atg7- and Beclinl-induced autophagy plays a cytoprotective
role during starvation but that Atg7 has a unique pro-apoptotic
function in response to lysosome dysfunction.

Neural stem cell death is critical for normal development of
the nervous system (7, 8). Programmed cell death in the ner-
vous system is classically defined as either apoptotic (type I) or
autophagic (type II) depending on the ultrastructural features
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of the degenerating cell (9). Apoptosis is regulated by Bcl-2
family members, which have either pro- or anti-apoptotic prop-
erties depending in part on the number and types of Bcl-2
homology domains they possess. At base line, the pro-survival
Bcl-2 family members such as Bcl-2 and Bcl-x;, negatively reg-
ulate the multi-Bcl-2 homology domain pro-apoptotic proteins
Bax and Bak by direct interaction (10, 11). A subclass of Bcl-2
proteins called the Bcl-2 homology 3 domain-only proteins may
be up-regulated in response to specific death stimuli and shift
the balance between multidomain Bcl-2 family proteins leading
to apoptosis (12—15).

Autophagy is a homeostatic process that is responsible for
sequestering long-lived proteins and damaged organelles for
subsequent degradation upon fusion with the lysosome (16).
Alterations in basal autophagy may cause “autophagic stress,”
where the number of AVs® is increased over basal conditions
(17). Autophagic stress can result from either increased synthe-
sis or decreased lysosomal breakdown of AVs. Autophagic
stress may lead to autophagic cell death, which is defined by the
presence of large numbers of AVs in a cell concomitant with
features of apoptosis and/or necrosis (18). Autophagy is regu-
lated by a series of Atg proteins including Atg5 and Atg7. Neu-
ron specific gene disruptions of atg7 and atg5 in mice result in
defective autophagosome formation, increased neuronal ubiq-
uitin aggregates, and neurodegeneration (19, 20). Beclinl, the
mammalian homolog of atg6 and a Bcl-2 homology 3-only pro-
tein, is an important component in the initiation of the pre-
autophagosome membrane. Beclinl interacts with vacuolar
protein sorting 34 (VPS34), a class III phosphoinositide 3-ki-
nase (PI3K), and knockdown of its expression has been shown
to inhibit AV accumulation and in some cases, inhibit cell death
(21, 22). Beclinl-deficient mice die early in embryogenesis,
whereas beclinl™’~ embryonic stem cells display defects in
autophagy (1). In addition, Ambral-(activating molecule in
Beclinl-regulated autophagy)-deficient mice have increased
ubiquitinated proteins, excessive cell death, and defects in neu-
ral tube closure and autophagy (2), suggesting autophagy has a
prominent role during nervous system development.

3 The abbreviations used are: AV, autophagic vacuole; NPC, neural precursor
cell; CQ, chloroquine; PI3K phosphoinositide 3-kinase; DRAM, damage reg-
ulator autophagy modulator; FGF2, fibroblast growth factor-2; GFP, green
fluorescent protein; LAMP1, lysosome-associated membrane protein 1;
PBS, phosphate-buffered saline; PBS-BB, PBS-blocking buffer; IC,immuno-
cytochemical; UT, untreated; IR, immunoreactivity; HI, hypoxia ischemia;
AMC, amidomethylcoumarin; CHAPS, 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonic acid; shRNA, short hairpin RNA; ANOVA,
analysis of variance.
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The tumor suppressor p53 is a potent inducer of NPC apo-
ptosis (23, 24) and has recently been suggested to be an impor-
tant regulator of autophagy. p53 has been implicated in both
the suppression and activation of
autophagy depending on the cell A
type and stimulus. p53-mediated
gene transcription has been shown
to induce AV synthesis, whereas
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Starvation is a potent stimulus for
autophagy induction and efficient AV
formation, and clearance may pro-
mote cell survival when nutrients are
limited. In contrast, defective lyso-
some degradation of AV content can
lead to massive AV accumulation and
promote cell death. To explore the
potential interaction between auto- C L.C
phagic and apoptotic pathways in
neural stem cells under different
autophagic stress inducing condi-
tions, we compared the response of
neural stem cells to starvation versus
lysosome “dysfunction” caused by
either CQ or Baf A1. CQ, a weak base,
localizes to acidic vesicles, leading to
an increase in their intracellular pH
and lysosomal dysfunction (10). Baf
Al, a macrolide antibiotic, causes
lysosomal dysfunction by inactivating
lysosomal vacuolar ATPases with a
resultant increase in lysosomal pH
(26). We found that both starvation
and lysosome dysfunction were able
to increase Beclinl and LC3-II pro-
tein levels and that AV accumulation
was Atg7-dependent. In addition,
starvation-induced, but not CQ-in-
duced AV accumulation was Beclin1-
dependent. Lysosomal dysfunction-
induced NPC death occurred through
an Atg7-, Bax-, p53-, and caspase-de-
pendent pathway, whereas starva-
tion-induced death was Atg7- and
caspase-independent. In total, these
studies indicate that lysosomal dys-
function may promote cell death in
part via Atg7-dependent macroauto-
phagy induction.
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MATERIALS AND METHODS

Animals—C57BL/6] mice were
used in all experiments. Mice were
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eration of Bax-deficient mice have been described previously
(27). p53*/~ mice were purchased from Taconic (German-
town, NY). The genotypes for gene-disrupted mice were deter-
mined from tail DNA extracts by PCR.

Cell Culture—Fibroblast growth factor-2 (FGF2) has been
previously demonstrated to stimulate NPC proliferation while
maintaining their undifferentiated state. NPC cultures were
obtained from the cerebellum of postnatal day 6 -7 mice as
previously published (28). Cells were incubated at 37 °C in
humidified 5% CO,, 95% air atmosphere which allowed glia and
post-mitotic neurons to adhere, whereas non-adherent cell
populations floated in the supernatant. 24h later, non-adherent
cells were transferred to a poly-L-lysine (Sigma) and laminin
(BD Biosciences)-coated flask. Poly-L-lysine/laminin allows
cerebellar NPCs to form an adherent monolayer. Media were
replaced with fresh FGF2 every 3—4 days. Cells were plated
once 75% confluent, and a small aliquot of cells was stained with
trypan blue and counted. 30,000 cells were plated per well in a
48-well plate and were allowed to grow for 2—4 days in FGF2-
containing media. CQ and Baf A1 were added to FGF2-contain-
ing media for experimentation.

C17.2 Cells—The C17.2 cell line was a generous gift from Dr.
Evan Y. Snyder. Generation of these cells was described previ-
ously (29). C17.2 cells were cultured in high modified Dulbec-
co’s modified Eagle’s medium (Invitrogen) containing 1% pen-
icillin/streptomycin, 1% L-glutamine (Sigma), 5% horse serum,
and 10% fetal calf serum (Invitrogen). C17.2 cells were passaged
every other day by trypsinization and the addition of a tenth of
the cells to a new flask. Cells were plated on 48-well plates at a
density of 15,000 cells per well. Cultures were incubated for 1
day before being used because C17.2 cells have a doubling rate
of 24 h. CQ and Baf A1 were dissolved in 3% (horse and fetal calf
serum) media to keep C17.2 cells in a proliferative state. For
serum starvation, NPCs were washed twice with 1 X phosphate-
buffered saline (PBS) and kept in Dulbecco’s modified Eagle’s
medium minus serum.

Cell Transfection and LAMPI-cherry Generation—C17.2
cells were transfected with Lipofectamine 2000 (Invitrogen)
and DNA constructs containing LC3 fused to a green fluores-
cent protein (GFP) and a cherry-labeled lysosome-associated
membrane protein 1 (LAMP1). The GFP-LC3 was a generous
gift from Dr. Mizushima. The LAMP1fusion protein was gener-
ated by PCR amplification of lampI from a mouse brain cDNA
library. The lamp1 product was inserted into the CherryN1 (Clon-
tech) vector at EcoR1 and BamHI1 restriction sites.

Cell Viability and Caspase Assays—Cell viability assays were
performed as follows. Cells were washed in Locke’s buffer (154
mM NaCl, 5.6 mm KCl, 3.6 mm NaHCO,, 2.3 mm CaCl,, 1.2 mMm
MgCl,, 5.6 mm glucose, 5 mm HEPES, pH 7.4), and 5 uMm calcein

AM (Molecular Probes, Eugene, OR) was diluted in Locke’s
buffer and incubated with the cells at 37 °C for 30 min. Calcein
AM conversion was measured using a fluorescence plate reader
(excitation 488 nm, emission 530 nm). Casapase-3-like enzy-
matic activity can be detected in vitro by cleavage assays on
AMC-labeled DEVD. After treatment, cells were lysed in 100 ul
of buffer A (10 mm HEPES, pH 7.4, 42 mm KCl, 5 mm MgCl,, 1
mM dithiothreitol, 0.5% CHAPS, 10% sucrose, 1 mm phenyl-
methylsulfonyl fluoride, and 1 ug/ml leupeptin) and 150 ul of
buffer B (25 mMm HEPES, pH 7.4, 1 mM EDTA, 0.1% CHAPS, 10%
sucrose, and 3 mM dithiothreitol) containing 10 um DEVD-
AMC (Biomol, Plymouth Meeting, PA) followed by incubation
at 37°C for 30 min. Production of the fluorescent AMC
caspase-3 product was measured with a fluorescent plate reader
(excitation 360 nM, emission 460 nm). Both assays were
expressed in comparison to untreated controls.

Immunocytochemistry—NPC cultures were mixed in 4%
paraformaldehyde for 20 min at 4 °C followed by a PBS wash.
Cells were permeabilized with PBS-blocking buffer (PBS-BB:
PBS with 0.1% bovine serum albumin, 0.3% Triton X-100, and
0.2% nonfat powdered milk) for 30 min at room temperature.
Primary antibodies were incubated overnight at 4 °C in PBS-BB
without detergent. The primary antibodies used were rabbit
anti-Atg5 (FL-275) (Santa Cruz, Santa Cruz, CA) and rabbit
anti-microtubule-associated protein light chain-3 (2775), anti-
rabbit cleaved caspase-3 (9661) (both from Cell Signaling Tech-
nologies, Danvers, MA), and anti-mouse LC3 (Nanotools).
Plates were washed with 1X PBS three times, and secondary
antibody was applied, either horseradish peroxidase-conju-
gated horse anti-rabbit SuperPicture (Zymed Laboratories Inc.,
South San Francisco, CA) or goat anti-mouse Vector Impress
(Vector Laboratories, Burlingame, CA) in PBS-BB without Tri-
ton for 1 h at room temperature. Plates were washed with PBS,
and immunostaining was detected using the Tyramide Signal
Amplification system (PerkinElmer Life Sciences, Boston, MA).
After PBS washes, cells were counterstained with bisbenzimide
(2 wg/ml; Hoechst 33 258; Sigma). Plates were examined with a
Zeiss Axioskop microscope equipped with epifluorescence.
Images were captured using Axiovision® software.

Confocal Laser Scanning Microscopy—For dual labeling
of LC3 and Atg5, immunocytochemical (IC) analysis was
performed as described above. After Tyramide Signal
Amplification detection of mouse anti-LC3 (0260/LC3-2G6,
nano Tools), 0.3% H,O, was added for 10 min to destroy any
residual horseradish peroxidase activity followed by a PBS
wash. Cells were then incubated for 30 min in PBS-BB con-
taining Triton followed by diluted rabbit anti-Atg5 (FL-275,
Santa Cruz) in PBS-BB without Triton overnight. The next day,
goat anti-rabbit Vector Impress (Vector Laboratories) was

FIGURE 1.€Q, Baf A1, and starvation result in elevated autophagy-associated proteins. A, whole cell lysates from C17.2 cells were changed to fresh media
with or without CQ for 6, 12, and 24 h followed by Western blot analysis. CQ exposure resulted in increased LC3-Il levels as early as 6 h and continued to increase
over time compared with UT cells. B, Beclin1 levels were assessed via Western blot analysis on C17.2 whole cell lysates that were treated with CQ as described
above. CQ-treated cells at 24 h contained elevated Beclin1 protein levels compared with UT, 6-h, and 12-h lysates. Western blots were digitized by UN-SCAN-IT
software, averages for LC3-Il/B-tubulin and Beclin1/B-tubulin pixel totals were calculated, and the data points were expressed in -fold change. Data points in
A and B represent the mean = S.E, with n = 4. * p < 0.01 by one-way ANOVA/Bonferroni’s post hoc test versus untreated controls. C, C17.2 NPCs were
co-transfected with LC3-GFP and LAMP1-cherry and treated for 6 h with lysosomal dysfunction-inducing agents CQ or Baf A1 or subjected to serum starvation
for 3 h. Autophagic stress leads to the accumulation of autophagosomes as evidenced by the presence of intense, punctate GFP-LC3 in NPCs treated with CQ,
Baf A1, or starvation (Stv) compared with the weak, diffuse GFP-LC3 signal observed in UT cells. CQ and starvation resulted in increased dual LC3-GFP and
LAMP1-cherry co-labeled autophagolysosomes (white arrowheads) in contrast to Baf A1 and untreated NPCs. Scale bar, 20 pm.
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FIGURE 2. Lysosomal dysfunction and serum starvation cause decreased cell viability. A, C17.2 cells were
treated with 25 and 50 um CQ or 10 nm Baf A1 in 3% fetal bovine serum for 12, 24, 36, and 48 h. Viability was
assessed by measuring the fluorescence produced from the cleavage of calcein AM by intracellular esterases.
CQandBaf A1 caused a time-dependent decrease in cell viability. B, C17.2 cells exposed to Dulbecco’s modified
Eagle’s medium minus fetal bovine serum showed decreased cell viability as early as 2 h after serum withdraw,
and viability progressively declined over time. Data points for A and B represent the mean * S.E.,, withn = 6. %,
p < 0.01 by one-way ANOVA/Bonferroni’s post hoc test versus untreated controls.
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FIGURE 3.CQ- and Baf A1- but not starvation-induced death is partially caspase-dependent. A, lysosomal
dysfunction and starvation led to increased cleaved caspase-3 IR (red) in NPCs treated with CQ, Baf A1, and
starvation in comparison to UT controls. B, C17.2 cells were treated as above and then tested for caspase-3-like
enzymatic activity by measuring fluorescence produced by DEVD-AMC cleavage. CQ (25 um), Baf A1 (10 nm),
and starvation caused a time-dependent increase in caspase-3-like activity. *, p < 0.01 by one-way ANOVA/
Bonferroni’s post hoc test versus untreated controls. C, C17.2 cells were treated with CQ (25 or 50 um for 24 h)
or starvation (6 and 8 h) alone or in the presence of a broad caspase inhibitor (t-butoxycarbonyl-Asp-fluorom-
ethyl ketone (Boc-Asp-FMK)). Broad caspase inhibition significantly attenuated CQ-induced NPC death but not
starvation-induced NPC death. *, p < 0.01 by two-way ANOVA/Bonferroni post-test for CQ-treated versus CQin
the presence of t-butoxycarbonyl-Asp-fluoromethyl ketone. D, protein synthesis inhibition significantly atten-
uated caspase-3-like activation after 12 h of CQ, Baf A1, starvation, or AraC exposure. *, p < 0.01 by two-way
ANOVA/Bonferroni post-test treated versus treated in the presence of cycloheximide (CHX).

applied for 1 h followed by Tyramide Signal Amplification
detection (PerkinElmer Life Sciences). Chamber slides were
stained with bisbenzimide, coverslipped, and imaged using a
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Leica Confocal TCS SP1 UV unit
with a Coherent Laser Group Enter-
prise UV laser for blue fluoro-
chromes, argon laser for green fluo-
rochromes, and helium/neon laser
for far red fluorochromes. Filter sets
for fluorescein and Cy3 were used
(Chroma Technology Corp., Brattle-
boro VT). Fluorochrome excitation
and emission was controlled by
using an accusto optical tunable fil-
ter (AOTF) and prism spectropho-
tometer. The 100X objective and
Leica confocal software were used
to acquire images from UT- and
CQ-treated C17.2 cells.

Lysate Preparation—Preparation
of whole cell lysates was performed
as follows. Briefly, cells were sus-
pended in lysis buffer (20 mm Tris-
HCI, pH 7.4, 150 mm NaCl, 2 mm
EDTA, 1% Triton X-100, 10% glyc-
erol) with 1% phenylmethylsulfonyl
fluoride, 1% protease inhibitor
mixture (Sigma), and 1% phospha-
tase inhibitor mixture protease and
incubated on ice for 30 min with
vortexing every 10 min. Samples
were centrifuged at 13,000 X g for
15 min. The supernatant was
transferred to a fresh tube, and the
protein concentrations were deter-
mined via Pierce BCA assay kit
(Pierce).

Western Blot—Equal amounts of
whole cell lysates (25 ug) were
resolved by SDS-PAGE and trans-
ferred to polyvinylidene difluoride
membranes. Blots were blocked
for 1 h at room temperature, 5%
milk in wash buffer (200 mm Tris
base, 1.37 M NaCl, 1% Tween 20,
pH 7.6) followed by overnight in-
cubation with primary antibodies.
Blots were probed for either p53
(2524), phosho-p53 (9284), and
cleaved caspase-3 (9661) (Cell
Signaling), DRAM (4033, ProSci,
Poway, CA), and LC3 (AP-1802,
Abgent, San Diego, CA) or Beclin
(H-300, Santa Cruz), p62/SQSTM1
(Abnova, Jhongli, Taiwan), and Apg7/
Atg7 (Abcam, Cambridge, MA)
with B-tubulin (sc9104, Santa Cruz)
serving as a loading control. After

primary antibody incubation, all blots were washed with 1X
Tris-buffered saline containing 0.1% Tween 20, then incubated
with secondary antibody, either goat anti-rabbit IgG (Bio-Rad)
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or anti-mouse (Cell Signaling), for 1 h at room temperature and
washed. Signal was detected using Supersignal (Pierce) or ECL
(Amersham Biosciences) chemiluminescence. Western blots
were scanned into Adobe Photoshop and digitized for quanti-
fication with the UN-SCAN-IT software, Version 6.1 (Orem,
UT).

RNAi—Lentiviral sShRNA (Atg7 and Beclinl) constructs were
purchased from Open Biosystems (RMM4534_019584 and
RMM4534_028835). shRNAs were cotransfected into 293FT
cells together with packaging plasmids by following the manu-
facturer’s protocol (Invitrogen ViraPower™ Lentiviral Expres-
sion Systems kit, Carlsbad, CA). C17.2 cells were passaged and
plated in a 6-well plate and allowed to adhere for 24 h before
infection. C17.2 cells were subjected to lentiviral infection in
the presence of Polybrene overnight, and the following day
media were replaced by fresh media. After 24 h cells were
selected by treating with media containing 1.5 ug/ml puromy-
cin. Protein levels and experiments were assessed after 72 h.

Statistics—For experiments involving quantification, the S.E.
was determined from at least three independent experiments,
with an 7 of 1 representing one gene disrupted mouse accom-
panied by 1 wild-type littermate control. Effects of genotype
were analyzed for significance using two-way ANOVA followed
by Bonferroni’s test for all pairwise comparisons. In all cases, a
p value of =0.05 was considered significant.

RESULTS

Lysosome Dysfunction and Cell Starvation Induce an Increase
in Autophagy-associated Proteins—To determine whether
lysosomal dysfunction results in increased AV accumulation in
NPCs, we monitored the appearance of LC3, the mammalian
homolog to the yeast Atg8 gene, via Western blots, GFP-LC3
transfection, and IC analysis. During autophagic stress, the
16-kDa cytosolic form (LC3-I) is cleaved and post-translation-
ally modified (LC3-II, 14 kDa) and translocated to the autopha-
gosome. Whole cell lysates from C17.2 neural stem cells treated
with CQ or Baf Al were subjected to Western blot analysis to
confirm AV accumulation. C17.2 cells treated with either CQ
or Baf Al demonstrated a time-dependent increase in LC3-II
compared with untreated cells (Fig. 1A and data not shown).
CQ treatment resulted in increased LC3-II levels as early as 6 h
after addition and then continued to increase over a 24-h
period. Inhibition of Beclinl expression by siRNA knockdown
or 3-methyladenine inhibition of VPS34 has been previously
shown to inhibit AV production (1, 30). Western blot analysis
revealed a significant increase in Beclinl levels at 12 and 24 h
after CQ treatment, suggesting AV induction (Fig. 1B).

LC3-GFP and LC3 immunoreactivity (IR) appears diffuse
under normal conditions but during autophagic stress
becomes clumped or punctate, suggesting an increase in the
autophagosome-associated LC3-II form (31). For autophagy
completion to occur, AVs must first fuse with the lysosome
to form an autophagolysosome before degradation of AV
content. To detect AV and lysosome co-localization after
experimental treatment, suggesting the accumulation of
autophagolysosomes, C17.2 cells were co-transfected with
GFP-LC3 and LAMP1-cherry labeled fusion proteins. GFP-
LC3 was diffuse in appearance in untreated cells, whereas
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FIGURE 4.Lysosomal dysfunction-induced NPC death and caspase activa-
tion is Bax-dependent. A, FGF2-expanded NPCs from wild-type and Bax-
deficient mice were treated with CQ or Baf A1 for 24 h or starvation for 12 h.
CQ-, Baf A1-, and starvation-induced death was significantly attenuated in
Bax-deficient compared with wild-type NPCs (¥, p < 0.01 by one-way ANOVA/
Bonferroni’s post hoc test versus untreated controls or **, p < 0.01, by two-
way ANOVA/Bonferroni post hoc test of treated Bax-deficient versus treated
wild-type groups). B, wild-type and Bax-deficient NPCs were treated with
standard media (UT) or 25 um CQ for 24 h. Bax-deficient NPCs exposed to CQ
revealed a significant decrease in cleaved caspase-3 compared with wild-
type NPCs. The data represent mean * S.E., withn = 5.*%,p < 0.01 by two-way
ANOVA/Bonferroni’s post hoc test Bax-deficient versus the wild-type treated
group. Stv, starvation.

LAMP1-cherry, a lysosome marker, appeared punctate. CQ
concentrates in lysosomes and inhibits the degradation of AVs
that have reached the lysosome, whereas Baf Al has been
reported to prevent the fusion of AVs with the lysosome. CQ,
Baf A1, and starvation exposure resulted in increased punctate
GFP-LC3 in C17.2 neural stem cells compared with untreated
cells (Fig. 1C). CQ treatment and starvation resulted in
increased co-localization of LC3 and LAMP1 fluorescence, sug-
gesting increased numbers of autophagolysosomes. In contrast,
the addition of Baf Al resulted in minimal co-localization of
LC3 and LAMPI fluorescence, suggesting a failure to form
autophagolysosomes (Fig. 1C).

Lysosome Dysfunction and Cell Starvation Lead to Increased
Caspase-3-like Activity and NPC Death—To delineate the
pathways associated with lysosomal dysfunction and starva-
tion-induced cell death in NPCs, NPCs were exposed to CQ,

JOURNAL OF BIOLOGICAL CHEMISTRY 10501



Lysosome Dysfunction Triggers Atg7-dependent Neural Apoptosis

A *

> 6- T
&
S 54
PhoSphO-pS3 e e 2. .
£ -
: 3
B'tubU—hn S — \a—\a— 2,
=
UT 6h 12h 24h B g
uT 6 12 24
CQ (25uM)
25uM CQ (h)
B C
1.09 - . = .
> * Cwild-type >
% 0.8+ W 53-/- % ol Cwild-type
S « fh e 30 - 53 -
% 0.6+ ;T 2.5+
o 3 2,04
ﬁ 04‘ g * *
S 2 15
B 0.2 S 107
i 2 054
0.0 ; 0.04
UT 25,M 50pM 5nM 0.5.M 12h 50 7" 8 Badl B

cQ BafA1 AraC  Stv

D pB-tubulin [

LC3-1 ol -
LC3-II - -

UT CQUT CQ
WT p53 ko
- 35y \PCs
g Cwild-type "
23] mmmps: ko
= 25 %
9 204
g 20
£ 154
S
£ 10- .
:l — 1
©°
L o r

1]

ut caQ
FIGURE 5. p53 plays a role in lysosomal dysfunction-induced NPC apoptosis. A, whole cell lysates from C17.2 cells in normal media (UT) or subjected to CQ
for 6,12, and 24 h were prepared. Immunoblot detection revealed a significant increase in p53 phosphorylation at serine 15 at 12 and 24 h compared with UT
cells. There was no change detected in total p53 levels after CQ exposure (not shown), and B-tubulin was used as a loading control. B, wild-type and
p53-deficient NPCs were treated with CQ, Baf A1, and AraC for 24 h, and cell viability was assessed. p53 deficiency significantly attenuated CQ-, Baf A1-, and
AraC-induced NPC death (¥, p < 0.01 by two-way ANOVA/Bonferroni’s post hoc test, treated wild-type versus p53~'"). C, whole cell lysates were prepared from
wild-type and p53-deficient NPCs treated with 25 um CQ or control media for 24 h. CQ treatment results in increased levels of cleaved caspase-3, which is
attenuated in p53-deficient versus wild-type NPCs. Western blots for A and C were digitized by UN-SCAN-IT software, and data represent the mean = S.E., with
n=3.% p<0.01 by two-way ANOVA/Bonferroni’s post hoc test, wild-type-treated versus the p53-deficient treated group. D, Western blot analysis showed
similar LC3-Il levels on whole cell lysates from both wild-type (WT) and p53-deficient NPCs treated with CQ for 24 h.*, p < 0.01 by one-way ANOVA/Bonferroni’s
post hoc test versus untreated wild type. ko, knock-out.

Baf A1, or serum starvation, and cell viability was assessed. CQ, Lysosomal dysfunction has recently been shown to cause
Baf A1, and starvation all produced a time-dependent decrease  apoptosis in neuronal and non-neuronal cell types (10, 26);
in cell viability (Fig. 2, A and B). therefore, IC analysis was performed to determine whether CQ,
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positive control because it induces
caspase-3 in a protein synthesis-de-
pendent fashion (12). We measured
the in vitro enzymatic cleavage of
DEVD-AMC, which indicated lyso-
somal dysfunction-, starvation-, and
AraC-induced caspase-3-like activ-
ity were all attenuated by inhibiting
new protein synthesis (Fig. 3D).
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NPC Death Requires Bax—Autoph-
agic cell death may display markers
of both apoptotic and necrotic cell
death (32). CQ- and starvation-in-
duced NPC death of immature neu-
rons have previously been shown to
be Bax-dependent (4, 10). To deter-
mine whether lysosomal dysfunc-

CQ (25 uM)

* *

L T

tion or starvation activate the
intrinsic apoptotic death pathway,
we treated wild-type and Bax-defi-
cient NPCs with CQ (25 uM) or Baf

uT

FIGURE 6. p53-dependent up-regulation of DRAM in response to CQ. A, whole cell lysates were processed
from wild-type and p53-deficient NPCs maintained in media with or without 25 um CQ for 24 h. CQ caused an
increase in both the DRAM dimer (32 kDa) and monomer (16 kDa) compared with untreated controls. Western
blots were digitized by UN-SCAN-IT software, and data represent the mean = S.E.,, with n = 3; *, p < 0.01 by
one-way ANOVA/Bonferroni’s post hoc test control versus the treated group. DRAM levels were significantly
attenuated in p53-deficient NPCs compared with wild-type CQ-treated group. **,p < 0.01 by two-way ANOVA/
Bonferroni post-test compared with the wild-type-treated group and the knock-out-treated group. ct/, control.
B, C17.2 cells were treated with CQ for 6, 12, and 24 h, and DRAM protein levels were assessed via Western blot.
DRAM protein levels were significantly increased at both 12 and 24 h after CQ exposure. Western blots were
digitized as described above, and data represent the mean = S.E., withn = 3.*,p < 0.01 by one-way ANOVA/

Bonferroni’s post hoc test control versus the treated group.

Baf Al, and starvation induced caspase activation in NPCs.
C17.2 cells were treated with CQ or Baf A1 (12 h) or starved
(3 h), and cleaved caspase-3 IR was assessed. C17.2 cells
exhibited increased cleaved caspase-3 IR after treatment with
lysosomal dysfunction-inducing agents and starvation com-
pared with control cells (Fig. 34). ADEVD-AMC cleavage assay
for caspase-3-like enzymatic activity revealed an increase in
caspase-3-like activity after CQ, Baf A1, and starvation, which
was confirmed by Western blot analysis of cleaved caspase-3
levels (Fig. 3B and data not shown). To determine whether cell
death was caspase-dependent, we treated C17.2 neural stem
cells with CQ, Baf A1, or starvation alone and in combination
with a broad caspase inhibitor, ¢-butoxycarbonyl-aspartyl-
(OMe)-fluoromethyl ketone. Our results revealed that broad
caspase inhibition significantly attenuated CQ but not starva-
tion-induced cell death (Fig. 3C).

Previous studies from our laboratory have shown that
caspase-3 activation in NPCs can occur through either trans-
cription-dependent or -independent pathways depending on
the death stimulus (3, 4). To test whether lysosome dysfunc-
tion- or starvation-induced caspase-3 activation requires new
protein synthesis, we treated C17.2 neural stem cells with CQ,
Baf Al, or starvation alone or in the presence of the protein
synthesis inhibitor cycloheximide for 12 h. AraC was used as a
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12 24

o=

A1l (5 nMm) for 24 h or starvation (12

h) and assessed cell death. Bax defi-
ciency significantly attenuated lyso-
somal dysfunction- and starvation-
induced NPC death compared with
wild-type treated NPCs (Fig. 4A).
Furthermore, Bax deficiency signif-
icantly attenuated CQ and Baf Al
caspase-3-like activity, which was
confirmed by Western blot analysis
(Fig. 4B).

p53 Regulates Lysosomal Dys-
function-induced Caspase Activation and NPC Death—p53 is
an important cell death regulator of genotoxic- and staurospo-
rine-induced NPC death (12, 28). To determine whether CQ
caused p53 stabilization, Western blot analysis was performed
to assess phosphorylation of p53 at serine 15, an indicator of
p53 activation, and total p53 levels. p53 phosphorylation was
significantly increased at 12 and 24 h compared with starvation
and untreated cells (Fig. 54 and data not shown). Total p53
levels remained unchanged relative to untreated cells (data not
shown). To test whether p53 regulates autophagic stress-in-
duced NPC death, we measured the viability of wild-type and
p53-deficient NPCs after CQ, Baf A1, or AraC exposure. p53-
deficient NPCs showed significant protection from CQ-, Baf
Al-, and AraC-induced death compared with wild-type NPCs
(Fig. 5B). The CQ- and Baf Al-induced increase in caspase-3-
like activity was attenuated in p53-deficient NPCs relative to
wild-type treated NPCs (Fig. 5C). p53-deficient NPCs were not
protected from serum starvation-induced caspase-3 activation
or death (Fig. 5).

Recent studies have identified p53 as a potential inducer of
AV accumulation; therefore, we tested whether p53 deficiency
would attenuate LC3-II levels after CQ exposure via Western
blot analysis. Our results revealed p53 deficiency had no effect
on LC3-I or LC3-1I levels after CQ exposure (Fig. 5D).

25,M CQ (h)
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that Beclinl is critical for CQ and
starvation-induced AV accumula-
tion, lentivirus containing Beclinl
shRNA was generated. C17.2 cells
. containing Beclinl knockdown were
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CQ Induces pS53-dependent Up-regulation of DRAM—To
better understand the role of p53 in the response to lysosomal
dysfunction, we measured the levels of the p53 target gene
DRAM, a potential mediator of p53-induced cell death. West-
ern blot analysis was performed on lysates from control NPCs
and NPCs treated with CQ (25 um). CQ exposure resulted in a
4-fold increase in DRAM protein levels compared with
untreated NPCs (Fig. 6A). p53-deficient NPCs exhibited signif-
icantly decreased DRAM levels after CQ treatment compared
with wild-type NPCs (Fig. 64), indicating that DRAM induc-
tion was p53-dependent. We detected the monomeric (16 kDa)
and dimeric (32 kDa) forms of DRAM in NPCs in contrast to
the C17.2 cells, which only exhibited the monomeric form. CQ
also induced significant and temporal increases in DRAM pro-
tein levels in C17.2 cells (Fig. 6B).

Atg7 Plays an Important Role in Lysosome Dysfunction-
induced AV Accumulation and NPC Death—To test the
hypothesis that Atg7 or Beclinl is critical for CQ and star-
vation-induced AV accumulation and caspase-3 cleavage,
lentiviruses containing Atg7 or Beclinl shRNAs were gener-
ated. C17.2 cells were infected with lentiviruses containing
either the control vector PLKO, Atg7 shRNA, or shRNA for
Beclin1 followed by puromycin selection for 48 h. Atg7 lentivi-
rus was generated, and Western blot analysis was performed to
confirm Atg7 knockdown compared with PLKO controls (Fig.
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FIGURE 7. Atg7 knockdown attenuates AV accumulation and molecular markers for apoptosis. A, C17.2
cells were infected with lentiviruses containing PLKO (control (Ctl)) empty vector or Atg7 shRNA followed by
puromycin selection for 72 h. Control and Atg7 shRNA-transformed cells were treated with CQ followed by
Western blot analysis of phosphorylated p53 (serine 15), p62, Atg7, LC3-Il, and cleaved caspase-3. B, C, and
D, LC3-l, cleaved caspase-3, and phospho-p53 levels were significantly decreased in Atg7 knockdowns in
contrast to PLKO controls. Western blots were digitized by UN-SCAN-IT software, LC3-Il, cleaved caspase-3, and
phospho-p53/B-tubulin pixel totals were determined, and values were expressed as -fold change. The data
represent the mean = S.E., withn = 3.%,p < 0.01 by two-way ANOVA/Bonferroni post-test versus the untreated
control. **, p < 0.01 by two-way ANOVA/Bonferroni post test, Atg7 shRNA-treated versus controls.

cQ treated with CQ (24 h) followed by
Western blot analysis. In contrast to
Atg7 knockdown, our results re-
vealed Beclinl knockdown did not
attenuate CQ-induced LC3-II ac-
cumulation. To detect whether
Beclinl or Atg7 was critical for star-
vation-induced LC3-II accumula-
tion, Atg7 or Beclinl knockdown
cells were subjected to starvation and assessed for LC3-II accu-
mulation in comparison to control (serum-enriched) treat-
ment. Both Beclinl and Atg7 knockdown attenuated starva-
tion-induced LC3-II accumulation compared with control
treated cells (Fig. 8, A and B).

Induction of autophagy has been proven to be survival-
promoting under starvation conditions (35). To determine
whether Atg7 or Beclinl regulates lysosomal dysfunction- or
starvation-induced death, C17.2 control cells or cells contain-
ing Atg7 or Beclinl shRNAs were subjected to CQ (25 um) or
Baf Al (10 nm) for 24 h, or 12 h starvation and viability was
assessed. Knockdown of Atg7 but not Beclinl attenuated lyso-
somal dysfunction-induced death compared with control-
treated cells (Fig. 8C). However, neither Atg7 nor Beclinl
knockdown inhibited starvation-induced NPC death (Fig. 8C).
These results suggest a unique pro-apoptotic role for Atg7 in
lysosomal dysfunction-induced death.

DISCUSSION

In this report we investigated the role of apoptosis and auto-
phagy-associated proteins in regulating lysosomal dysfunction-
and starvation-induced NPC death. We showed that treatment
of NPCs with lysosomal dysfunction-inducing agents or starva-
tion resulted in the accumulation of AVs followed by caspase
activation. In addition, we found that broad caspase or new
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FIGURE 8. Role of Atg7 and Beclin1 in starvation- and CQ-induced LC3-Il accumulation and NPC death.
A, C17.2 cells were infected with lentiviruses containing PLKO (control (Ctl)) empty vector or shRNAs for Beclin1
or Atg7 followed by puromycin selection for 72 h. Control, Beclin1, and Atg7 shRNA- transformed cells were
subjected to starvation for 3 h. Starvation-induced LC3-Il accumulation was attenuated by Beclin1 and Atg7
knockdown compared with controls. Control and Beclin1 knockdowns were also subjected to CQ treatment for
24 h. Ctl and Beclin1 knockdowns exhibited robust LC3-Il levels after 24 h of CQ treatment. B, Western blots
were digitized by UN-SCAN-IT software, LC3-1l/B-tubulin pixel totals were determined, and values were
expressed as -fold change. The data represent the mean = S.E., with n = 4. *, p < 0.05 by two-way ANOVA/
Bonferroni’s post hoc test versus untreated controls. **, p < 0.01 by two-way ANOVA/Bonferroni post-test
compared with the control-treated group. C, control cells or Atg7 knockdowns were treated with CQ (25 um),
Baf A1 (10 nm) for 24 h, or starvation (STV) for 12 h, and viability was assessed. Atg7 knockdown cells were
protected against lysosomal dysfunction-induced NPC death compared with treated control cells. Beclin1
knockdowns and control cells subjected to 25 um CQ and 10 nm Baf A1 for 24 h contained similar amounts of
cell death. Control, Beclin1, and Atg7 knockdown cells all contained similar amounts of cell death after starva-
tion. The data represent the mean = S.E., with n = 8.%*, p < 0.05 by two-way ANOVA/Bonferroni'’s post hoc test
versus untreated controls. **, p < 0.01 by two-way ANOVA/Bonferroni post-test compared with the control-
treated group.

reveal a novel death-promoting
effect of Atg7 in response to lyso-
some dysfunction.

Relative to other cell types, neural
cells are more susceptible to nutri-
ent stress, as their energy consump-
tion needs rely heavily on oxidative
metabolism. Therefore, neuronal
starvation models have proved use-
ful in defining the interaction
between autophagic and apoptotic
pathways. It is well established that
PI3K signaling, Beclinl, Atg5, and
Atg7 are important for AV forma-
tion in many cell types after serum
or growth factor deprivation (34,
36). However, the role of these
Atg proteins in the regulation of
neural cell death is not fully under-
stood. It has been shown that
nutrient starvation increases pro-
tein levels of Bcl-2-associated
death protein levels, which resulted
in decreased interaction between
Beclinl and Bcl-2 and the promo-
tion of both apoptosis and autoph-
agy (37). Another study showed
3-methyladenine was capable of
inhibiting serum deprivation-in-
duced neuronal cell death, suggest-
ing that PI3K may play a role in ini-
tiating caspase-3 activation and
apoptotic cell death (38). However,
PI3K inhibitors may affect both the
class I and class III PI3K, which are
involved in many biological pro-
cesses (39). Therefore, we generated
knockdowns for Atg7 or Beclinl,
which attenuated starvation-in-
duced AV accumulation but not
starvation-induced death, suggest-
ing PI3K inhibitors may inhibit star-
vation-induced cell death via an
alternative mechanism.

Based on our findings and others,
we conclude that autophagy and
Atg proteins are typically survival-
promoting during serum starva-
tion (40). However, autophagy may

protein synthesis inhibition attenuated caspase activation
and/or death after lysosomal dysfunction. Lysosome dysfunc-
tion-induced autophagic stress led to an Atg7-, p53-, Bax-, and
caspase-dependent apoptotic NPC death. Our data further
revealed Atg7-dependent but Beclinl-independent accumula-
tion of AVs after lysosome dysfunction with subsequent p53
phosphorylation, caspase activation, and NPC death. Atg7
knockdown attenuated starvation-induced AV accumulation
but had no effect on starvation-induced cell death. Our results
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prove to be detrimental to a cell that has altered lysosome func-
tion. For example, mice deficient in cathepsin D, an essential
lysosomal protease, contain massive numbers of AVs and dis-
play increased neuronal death due to altered lysosome function
(41). This neuronal phenotype is identical to that observed in
human neuronal ceroid lipofuscinosis patients (Batten disease)
(42). Our laboratory recently generated dual cathepsin D /Bax-
deficient mice and found that Bax deficiency was capable of
attenuating cleaved caspase-3 but not AV accumulation and
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neurodegeneration in cathepsin D-deficient brain (42). In addi-
tion, a npcl gene-disrupted mouse model for Niemann-Pick
Type C disease showed neurodegeneration, increased numbers
of AVs, and increased levels of cathepsin D and cathepsin B in
the brain, indicating that cholesterol accumulation results in
altered lysosome function and neuronal cell death (43). These
studies support our findings that lysosomal dysfunction results
in reduced turnover of AVs leading to autophagic stress-in-
duced neuronal death, an effect that can be attenuated by
blocking AV synthesis.

Neonatal hypoxia ischemia (HI) has also been shown to cause
an increase in neuronal AVs followed by increased markers for
apoptosis (44). HI has been shown to cause both caspase-de-
pendent and -independent neuronal cell death, and Koike et al.
(45) showed central nervous system-specific Atg7-deficient
mice subjected to neonatal HI were resistant to HI-induced
caspase activation and pyramidal neuron death. Another recent
study showed that ischemia leads to lysosome membrane per-
meabilization and cathepsin release followed by pyramidal neu-
ron death (46). These results together with our findings suggest
that HI may compromise normal lysosome function, thus, pre-
venting autophagy completion resulting in caspase activation
and cell death.

Investigating interactions between autophagic and apoptotic
pathways has identified cross-talk between these pathways (47).
Recent investigations have linked autophagy-associated pro-
teins to apoptotic cell death. Atg5 cleavage was shown to pro-
mote cell death by translocating to the mitochondria where it
interacts with Bcl-x; to trigger cytochrome c release (47). Sim-
ilarly, the Beclin1/Bcl-2 or Bcl-x; interaction has been shown to
be disrupted during starvation conditions (48, 49). However,
this interaction may also interrupt the rheostat between Bcl-2
and Bax, thereby promoting apoptosis (50). In addition, endo-
plasmic reticulum stress induced by tunicamycin has been
shown to result in an Atg5- and Beclinl-dependent cell death
when combined with caspase-3 depletion (51). Ectopic Beclinl
expression may be survival-promoting, whereas Beclin1 knock-
down sensitizes cells to apoptosis, indicating that Beclinl plays
an important role in regulating both autophagy and apoptosis.

Here we utilized potent inducers of autophagic stress, star-
vation, and lysosomal dysfunction-inducing agents to study cell
death responses in NPCs. We found that Atg7, but not Beclin1,
was important for lysosomal dysfunction-induced AV accumu-
lation, p53 phosphorylation, caspase activation, and neural
death. Atg7 is an important El-activating enzyme that helps
facilitate post-translational modifications in the ubiquitina-
tion-like process that is essential for autophagosome forma-
tion. Our results reveal Atg7 knockdown is important for lyso-
some dysfunction-induced phosphorylation of p53, suggesting
Atg7 may have alternative functions and substrates outside of
the autophagic signaling pathway. In addition, these studies
show Atg7 may promote cell death when normal lysosome
function is compromised.

We found that caspase-3 activation and NPC death after CQ
or Baf A1 was attenuated by protein synthesis inhibition or p53
deficiency and that p53 up-regulates DRAM in response to
autophagic stress. The neuroprotective effect of p53 deficiency
in NPCs is interesting considering the recent investigations
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implicating p53 in autophagic cell death (52). Although in other
systems p53 has been reported to regulate autophagy induction,
itis noteworthy that p53-deficient NPCs showed robust LC3 IR
and LC3-II accumulation on Western blots after CQ and star-
vation exposure, similar to what was observed in wild-type
NPCs, suggesting that AV accumulation occurs upstream, not
downstream, of p53. In addition, Atg7 knockdown attenuated
phosphorylation of p53, suggesting autophagic stress triggers
p53-dependent apoptosis.

The present study examined the role of autophagy-associ-
ated proteins in the NPC response to serum starvation- and
lysosomal dysfunction-inducing agents. Our results indicate
that both starvation and lysosomal dysfunction cause AV accu-
mulation but that cell death is differentially regulated by these
two stimuli. Unlike for starvation-induced cell death, Atg7
knockdown provided significant protection from lysosome dys-
function-induced caspase-3 activation and cell death, indicat-
ing a pro-apoptotic function for Atg7 under this condition.
Thus, induction of autophagy in cells with diminished lysoso-
mal capacity may convert this normally cytoprotective re-
sponse into a potent death stimulus.
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