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Malignant peripheral nerve sheath tumors (MPNSTs)
are rapidly progressive Schwann cell neoplasms. The
erbB family of membrane tyrosine kinases has been
implicated in MPNST mitogenesis and invasion and,
thus, is a potential therapeutic target. However, tyrosine
kinase inhibitors (TKIs) used alone have limited tumor-
icidal activity. Manipulating the autophagy lysosomal
pathway in cells treated with cytostatic agents can
promote apoptotic cell death in some cases. The goal
of this study was to establish a mechanistic basis for for-
mulating drug combinations to effectively trigger death
in MPNST cells. We assessed the effects of the pan
erbB inhibitor PD168393 on MPNST cell survival,
caspase activation, and autophagy. PD168393 induced
a cytostatic but not a cytotoxic response in MPNST
cells that was accompanied by suppression of Akt and
mTOR activation and increased autophagic activity.
The effects of autophagy modulation on MPNST sur-
vival were then assessed following the induction of
chloroquine (CQ)–induced lysosomal stress. In CQ-
treated cells, suppression of autophagy was accompan-
ied by increased caspase activation. In contrast,
increased autophagy induction by inhibition of mTOR
did not trigger cytotoxicity, possibly because of Akt ac-
tivation. We thus hypothesized that dual targeting of
mTOR and Akt by PD168393 would significantly in-
crease cytotoxicity in cells exposed to lysosomal stress.
We found that PD168393 and CQ in combination sig-
nificantly increased cytotoxicity. We conclude that com-
binatorial therapies with erbB inhibitors and agents

inducing lysosomal dysfunction may be an effective
means of treating MPNSTs.
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A
utophagy is a ubiquitously occurring physiologic-
al process by which long-lived proteins and orga-
nelles are engulfed in membrane-bound vacuoles

(autophagosomes) and delivered to lysosomes for deg-
radation. Autophagy is traditionally considered to be a
cellular response to nutrient stress and is negatively regu-
lated by mTOR. Therefore, deactivation of the mTOR
signaling cascade stimulates autophagic vacuole (AV)
formation.1 It is now well established that there is a
complex cross-talk between autophagy and apoptosis
that can determine cell fate. Depending on the cellular
context and stress stimulus, autophagy may be pro-
survival and antagonize apoptosis or may cooperate
with the apoptotic death program to potentiate death.
Recently, therapy-induced autophagy in cancer cells
has drawn significant attention. This underscores the
need to supplement studies of drugs manipulating cell
death pathways with a careful analysis of their impact
on autophagy. Moreover, this interplay between apop-
tosis and autophagy affords an opportunity to tailor
drug combinations to efficiently induce tumor cell death.

Malignant peripheral nerve sheath tumors (MPNSTs)
are highly aggressive sarcomas that arise from Schwann
cell–like elements in plexiform and intraneural neuro-
fibromas. Approximately half of MPNSTs occur in
patients with neurofibromatosis type 1 (NF1), an auto-
somal dominant cancer predisposition syndrome. NF1
is the most common genetic disease affecting the
human nervous system, occurring in 1 of 3500 indivi-
duals.2,3 The NF1 gene encodes a tumor suppressor
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protein called neurofibromin.4 Patients with NF1
develop several types of neoplasms, with neurofibromas
being the most common. However, MPNSTs remain
the primary cause of NF1-related mortality, primarily
because few therapeutic options are available to these
patients beyond surgery; current chemotherapeutic
and radiation regimens have no effect on the survival
of patients with MPNSTs.5 The poor prognosis asso-
ciated with MPNSTs underscores the need to develop
new therapeutic approaches, including combinatorial
therapies.

Compared with Schwann cells, MPNSTs display sig-
nificant alterations in their expression of members of the
epidermal growth factor receptor (EGFR/erbB) family
of receptor tyrosine kinases.6 Furthermore, the erbB
receptors expressed by MPNST cells are constitutively
activated (phosphorylated).7 The EGFR family, which
has been implicated in the pathogenesis of numerous
tumor types, is thus an attractive therapeutic target in
MPNSTs. Although specific targeting of EGFR with
drugs, such as gefitinib, only marginally decreases prolif-
eration in human MPNSTs,8 pan-erbB inhibitors (e.g.,
PD168393 and Cl-1033) effectively shut down mitogen-
esis in these cells.7,8 However, tyrosine kinase inhibitors
(TKIs), such as PD168393, primarily exert a cytostatic
effect and are relatively poor inducers of cell death.

In addition to their cytostatic action, TKIs can acti-
vate autophagy by inhibiting the PI3K-mTOR-Akt
axis.9 This raises the question of whether TKIs in com-
bination with agents blocking the autophagy lysosomal
pathway might effectively induce MPNST cell death.
The use of lysosomotropic agents as adjuvant therapeut-
ic agents provides an excellent example of this strategy.
Lysosomotropic agents accumulate in acidic compart-
ments, such as lysosomes, altering the functioning of
lysosomal enzymes and preventing degradation of AVs,
thereby leading to AV accumulation.10 The prototypical
lysosomotropic agent chloroquine (CQ) blocks autop-
hagy completion and induces death in glioma cells.11

CQ-induced lysosomal dysfunction also circumvents re-
sistance to TKIs, such as imatinib, in a Myc-induced
model of lymphoma and sarcatinib in prostate cancer
xenografts.9,12 However, it is not known whether a
similar strategy will be effective against MPNSTs.

The goal of this study was to determine the effects of
pan erbB inhibition and lysosomal dysfunction on apop-
tosis and autophagy in MPNST cells and to test the hy-
pothesis that modulating autophagy will trigger
increased cytotoxicity in these cells. We first assessed
the effect of the pan erbB inhibitor PD168393 on autop-
hagy and observed that, similar to other TKIs, PD168393
increases autophagy in human MPNST cell lines. As
expected, PD168393 inhibits MPNST cell proliferation
but does not induce caspase activation and cell death.
We then assessed the ability of CQ to trigger death in
MPNST cells and found that CQ induces death that has
apoptotic features and is attenuated by broad caspase in-
hibition. Next, we examined the effects of modulating
autophagy in MPNST cells exposed to lysosomal stress.
In contrast to previous observations in glioma cells,11

suppression of autophagy induction in CQ-treated

MPNST cells does not provide significant protection,
possibly because of a compensatory upregulation in
caspase activation. On the other hand, increasing autop-
hagy induction via mTOR inhibition does not result in
increased cytotoxicity, possibly because of concurrent
Akt activation. Because of the ability of PD168393 to
suppress Akt activation and induce autophagy, we
tested the hypothesis that PD168393 may trigger
increased apoptosis when administered in combination
with CQ. We found that addition of PD168393 to
CQ-treated MPNST cells leads to enhanced apoptosis
and cytotoxicity. We thus conclude that combinatorial
therapy with pan erbB inhibitors and lysosomal
dysfunction-inducing agents, such as CQ, may represent
an attractive new approach to MPNST treatment.

Materials and Methods

Chemicals

CQ, 3-methyladenine (3-MA), rapamycin, and
staurosporine (STS) were purchased from Sigma.
BOC-aspartyl(Ome)-fluoromethyl ketone (BAF) was
purchased from MP Biomedicals, and bafilomycin A1
(BafA1) was from A.G. Scientific. PD168393 was from
Enzo Life Sciences.

Cell Cultures

We previously described the sources of the human
MPNST lines used in this study (ST88-14, T265, S462,
and 90-8).7,13 The identity of these cell lines was rou-
tinely verified in accordance with the specifications out-
lined in the ATCC Technical Bulletin 8. In brief,
morphology and doubling times of all cell lines were
routinely assessed. Identity of the cell lines was verified
by STR analysis. Cells were also regularly tested for
Mycoplasma infection. Cells were cultured in DMEM
(Invitrogen) containing 1% penicillin/streptomycin
(Invitrogen), 1% L-glutamine (Sigma), and 10% fetal
bovine serum (Hyclone) and were incubated at 378C in
humidified 5% CO2, 95% air atmosphere. Cells were
plated onto uncoated 48-well plates at a density of
15 000 cells/well. Cultures were then incubated for
48 h before being used in experiments. During treat-
ments, cell culture medium was switched to DMEM
without fetal bovine serum. However, assessment of
effects of PD168393 on mTOR and Akt activity was per-
formed on cells in serum containing medium.

Cell Viability and In Vitro Caspase Cleavage Assays

Calcein-AM conversion was used to measure cell viabil-
ity. Caspase activation was assessed by the in vitro
caspase-3 cleavage assay using the chemical substrate
DEVD-7-amino-4-methylcoumarin (BIOMOL). We
previously described both of these methods.11
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Cell Proliferation Assays

Incorporation of 3H-thymidine was used to quantify
DNA synthesis and was performed in accordance with
our previously described methodology.7

Immunocytochemistry

Primary antibodies and their sources and working con-
centrations were as follows: LC3 (Abgent; 1:2000),
cathespin D (Santa Cruz Biotechnology; 1:500), and
Lamp1 (1D4B; John Hopkins University School of
Medicine; 1:1000). The sources and working concentra-
tions of the secondary antibodies used in this study were
horseradish peroxidase (HRP)–conjugated anti-rabbit
Super Picture (Invitrogen; 1:100) for LC3, HRP-conju-
gated donkey anti-goat polyclonal antibody (Jackson
Immunoresearch; 1:2000) for cathepsin D, and anti-
mouse ImmPRESS (Vector Laboratories; 1:100) for
Lamp1. Immunoreactivity was detected using a tyramide
signal amplification system (Perkin-Elmer Life Science
Products). Bisbenzimide (2 mg/mL; Hoechst 33258;
Sigma) was used for nuclear counterstaining. Samples
were examined using a Zeiss Axioskop fluorescent micro-
scope equipped with an AxioCam digital camera. Images
were captured and analyzed using Axio Vision Rel. 4.8
software (Carl Zeiss MicroImaging).

Western Blot

Whole cell lysates were prepared by washing cells with
phosphate-buffered saline, scraping them with cell scra-
pers, and resuspending pelleted cells in lysis buffer con-
taining 20 mM Tris-HCl (pH, 7.4), 150 mM NaCl,
2 mM EDTA, 1% Triton X-100, 10% glycerol, protease
inhibitor cocktail (Sigma), and phosphatase inhibitor
cocktails 1 and 3 (Sigma). Primary antibodies were used
against the following proteins: b-tubulin and cathepsin
D (Santa Cruz Biotechnology); cleaved caspase-3
(Asp175), Akt, phospho-Akt (Ser473), mTOR,
phospho-mTOR (Ser2448), GAPDH, poly-ADP ribose
polymerase (PARP), and Atg7 (Cell Signaling); and LC3
(Abgent). Secondary antibody was HRP-conjugated
goat anti-rabbit antibody (Biorad). Signals were detected
using ECL Western blotting analysis system (GE
Healthcare) or Supersignal chemiluminescence (Pierce).

RNAi

Lentiviral shRNA constructs (Atg7) were purchased
from Open Biosystems. Lentiviruses were packaged as
previously described.14 ST88-14 cells were plated in
6-well dishes and subjected to infection in the presence
of Polybrene overnight. After 48 h, cells were passaged
and plated in the presence of 1.5 mg/mL puromycin.
Individual clones were selected and transferred to
24-well plates. After subsequent expansion in 60 mm
dishes, cells were allowed to grow to confluence before
collecting lysates for assessment of protein levels.

Statistics

All data points represent mean+ standard deviation (6
wells for all experiments). All experiments were repeated
at least 3 times unless stated otherwise. Representative
data are shown. Statistical significance was determined
by analysis of variance and post-hoc analysis with use
of Bonferroni’s test, in which P , .05 was considered
to be statistically significant.

Results

Inhibition of erbB Signaling Pathway Blocks
Mitogenesis

PD168393 is a 6-acrylamido-4-anilinoquinazoline com-
pound that irreversibly inhibits erbB receptors.15 The
effect of pan erbB inhibition on viability was examined
in human MPNST cells after PD168393 treatment. This
assessment showed a decrease in the number of live
cells relative to untreated controls (Fig. 1A). The
decrease in MPNST cell number after PD168393 treat-
ment could reflect decreased proliferation and/or
increased cell death. To distinguish between these pos-
sibilities, we first examined the effect of PD168393 on
DNA synthesis. PD168393 inhibited mitogenesis in
MPNST cells, as evidenced by decreased tritiated thy-
midine incorporation in treated cells (Fig. 1B). To
assess whether PD168393 induced apoptosis, we
assessed the cleavage of DEVD-7-amino-4-methylcou-
marin, a fluorogenic caspase-3 substrate, in
PD168393-treated MPNST cells. Activation of execu-
tioner caspases, such as caspase-3, is a major hallmark
of apoptotic cell death. PD168393-treated cells demon-
strated no change in levels of caspase-3–like activity
relative to untreated cells (Fig. 1C). Taken together,
these data indicate that PD168393-induced block in
erbB signaling is largely cytostatic and has no effect
on MPNST cell apoptosis.

Inhibition of erbB Signaling Pathway Triggers
Autophagy

The erbB receptor family feeds into a number of down-
stream signaling cascades, with the PI3K-mTOR-Akt
axis being among the most prominent. Classically,
TKIs are thought to stimulate autophagy by virtue of
their effect on the PI3K-Akt-mTOR axis.9 To examine
the ability of PD168393 to induce autophagy,
MPNST cells were treated with PD168393 and lysed.
Whole cell lysates were immunoblotted and probed
for levels of LC3-II, a widely accepted surrogate
marker for AVs. LC3-II is an AV-associated form of
the LC3/Atg8 protein, which is formed by cleavage
and subsequent lipidation of LC3-I (soluble form of
LC3).16 As expected, PD168393-treated cells displayed
an increase in levels of LC3-II relative to untreated cells
(Fig. 2A). LC3-I could not be visualized in the MPNST
cells at the same exposure, in accordance with what has
been reported previously.17 However, increased LC3-II
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levels may result from either increased AV formation or
decreased AV degradation. To distinguish between
these possibilities, autophagic flux was measured by
collecting lysates from cells exposed to bafilomycin
A1 during the last 4 hours of their respective treat-
ments. Bafilomycin A1 (inhibitor of vacuolar ATPase)
blocks AV clearance, and thus, any increase in AVs
may be attributed to increased induction.18

PD168393-treated cells demonstrated an increase in
autophagic flux (Fig. 2B). Because increased AV forma-
tion is often associated with a block in mTOR and Akt
activation,1 we examined the levels of phosphorylated
mTOR and Akt in lysates of PD168393-treated cells.
We found that levels of phosphorylated forms of
mTOR and Akt decreased in a time-dependent
manner, suggesting that the increase in autophagy
induction in PD168393-treated cells resulted from
decreased negative regulation of mTOR and Akt
(Fig. 2C). To determine whether the PD168393-
induced accumulation of AVs was associated with in-
hibition of lysosomal function, lysates from
PD168393-treated cells were probed with an antibody
against cathepsin D (the principal lysosomal aspartate
protease mediating long-lived protein degradation).
This antibody recognizes all 3 forms of cathepsin D
(the 50 kDa inactive pre-pro molecule, the 47 kDa pro
form, and the 28 kDa active form). No change was
seen in levels of the active form in PD168393-treated
cells (Fig. 2D), indicating that the increase in AVs was
not attributable to impaired lysosomal function.

CQ-Induced Lysosomal Dysfunction Blocks Autophagy
Completion in MPNST Cells

CQ has been shown to block autophagy completion and
enhance accumulation of AVs in several cell types, in-
cluding neurons and glioma cells.11,19 To validate the
effects of CQ on autophagy in human MPNST cells,
whole cell lysates from CQ-treated cells were immuno-
blotted and probed for LC3-II. We found that CQ
induced a time-dependent increase in levels of LC3-II
in all cell lines (Fig. 3A). To confirm these results immu-
nocytochemically, the subcellular distribution of LC3
immunoreactivity in CQ-treated cells was examined.
Untreated cells demonstrated relatively weak cytoplas-
mic LC3 immunoreactivity typical of LC3-I, whereas
CQ-treated cells showed clumped LC3 immunoreactiv-
ity, indicative of LC3-II association with AVs
(Fig. 3B). CQ-treated cells displayed no change in
autophagic flux (Fig. 2B). To determine whether the
CQ-induced accumulation of AVs was associated with
inhibition of lysosomal function, CQ-treated cells were
stained with antibodies recognizing cathepsin D and
Lamp 1, a marker of lysosomal membranes. In untreat-
ed cells, cathepsin D immunoreactivity appeared to be
clumped and colocalized with Lamp1, consistent with
its presence in lysosomes. In contrast, cells treated
with CQ displayed a diffuse cytoplasmic cathepsin D
immunoreactivity with decreased colocalization with
Lamp1 immunoreactivity (Fig. 3C). This nonlysoso-
mal-associated cathepsin D distribution is consistent

Fig. 1. PD168393 blocks mitogenesis in malignant peripheral nerve sheath tumor (MPNST) cells. Exposure to PD168393 (2 mM; 24–48 h)

induced a decrease in (A) the number of viable cells and (B) incorporation of tritiated thymidine. * P , .05 relative to untreated. (C) No

change was detected in levels of caspase-3–like activity, relative to untreated cells.
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with disruption of lysosome membrane integrity and/or
abnormal subcellular trafficking and processing of
cathepsin D.20 To determine whether CQ had any
effect on the processing of cathepsin D, whole cell
lysates were prepared from CQ-treated cells and
probed with the cathepsin D antibody. We found that
CQ treatment decreased the levels of the active form
of cathepsin D (Fig. 3D), suggesting a direct or indirect
effect on its processing. Taken together, changes in sub-
cellular localization and processing of cathepsin D are
indicative of dysfunctional lysosomal activity.20 Thus,
these results support the conclusion that CQ-induced
lysosomal dysfunction blocks autophagy at a late stage
in MPNST cells.

CQ-Induced Lysosomal Dysfunction Triggers
Apoptotic Death in MPNST Cells

Lysosomal dysfunction has been shown to be a trigger for
cell death in several experimental settings.14 To determine

whether CQ-induced lysosomal dysfunction is cytotoxic
in MPNST cells, the effect of CQ treatment on the viability
of MPNST cells was assessed. CQ induced a concentra-
tion-dependent decrease in cell viability in MPNST cells
(Fig. 4A). We have previously shown that CQ-treated
glioma cells demonstrate apoptotic features.11 To deter-
mine whether CQ similarly triggers MPNST cell
apoptosis, we assessed the cleavage of DEVD-7-amino-4-
methylcoumarin and observed a concentration-dependent
increase in caspase-3–like activity in CQ-treated MPNST
cells (Fig 4B). Inaddition, immunoblot analysesperformed
on whole cell lysates collected from CQ-treated cells
revealed an increase in levels of cleaved caspase-3
(Fig. 4C). In contrast to our previous studies in cultured
glioma cells and telencephalic neurons,11,19 treatment of
the human MPNST cell lines with the broad caspase in-
hibitor BAF significantly attenuated CQ-induced death
(Fig. 4D). This indicates that CQ has cytotoxic actions in
human MPNST cells and that its mechanism of cell
death is, at least in part, caspase-dependent apoptosis.

Fig. 2. PD168393 induces autophagy in malignant peripheral nerve sheath tumor (MPNST) cells. Whole cell lysates from PD168393-treated

cells (2 mM; 24 h) demonstrated an increase in (A) levels of LC3II and (B) autophagic flux and (C) a decrease in levels of phospho-mTOR

(Ser2448) and phospho-Akt (Ser473). (D) No change was seen in the levels of the active form of cathepsin D.
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Inhibition of Autophagy Induction Coupled with
Lysosomal Dysfunction Leads to a Further Increase in
Caspase Activation

As described above, dying MPNST cells displayed a dra-
matic accumulation of AVs after CQ treatment.

Therefore, we assessed the effects of modulating AV for-
mation in cells exposed to CQ-induced lysosomal stress.
First, the effects of suppressing autophagy in CQ-treated
MPNST cells were assessed using 3-MA, a class III-PI3K
inhibitor that blocks pre-autophagosome formation. It
has been reported previously that blocking autophagy

Fig. 3. Chloroquine (CQ)–induced lysosomal stress blocks autophagy completion in malignant peripheral nerve sheath tumor (MPNST) cells.

(A) CQ -treated cells (50 mM) demonstrated a time-dependent increase in levels of LC3II, as assessed by immunoblot anlaysis. (B) Cells exposed

to CQ (25 mM; 24 h) demonstrated significantly higher levels of autophagic vacuole (AV)–associated LC3 immunoreactivity (red), relative to

untreated (UT) cells. (C) UT cells showed discrete Lamp1-associated (green) cathepsin D immunoreactivity (red), whereas CQ–treated cells

(50 mM; 24 h) exhibited diffuse cytoplasmic cathepsin D immunoreactivity. Cell nuclei were counterstained with bisbenzimide (blue). Scale

bar equals 20 microns. (D) CQ (50 mM; 24 h) induced a decrease in levels of active cathepsin D, as assessed by immunoblot analysis.
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induction in cells that have impaired ability to clear AVs
may provide protection from lysosomal dysfunction–
induced death.11,14 However, we found that a 1-h pre-
treatment with 3-MA did not protect MPNST cells
from CQ-induced death (Fig. 5A).

Autophagy and apoptosis can occur simultaneously in a
dying cell, and suppression of one pathway can lead to a
compensatory upregulation of the other. To test the possi-
bility that autophagy inhibition can trigger apoptosis,
caspase-3–like activity was assessed in MPNST cells pre-
treated with 3-MA prior to CQ treatment. Increased
levels of caspase-3–like activity were observed in cells
treated with both 3-MA and CQ, compared with cells
treated with CQ or 3-MA alone (Fig. 5B). Similar results
were obtained when autophagy induction was suppressed
in MPNST cells by lentiviral-mediated knockdown of
Atg7, a critical regulator of autophagy initiation (Fig. 5C
and D). These findings indicate that blockingautophagy in-
duction leads to a compensatory upregulation of caspase
activation in MPNST cells exposed to lysosomal stress.

Autophagy Induction by mTOR Inhibition Alone Does
Not Induce Increased Apoptosis in Combination with
Lysosomal Dysfunction

We hypothesized that, because continued induction of
autophagy in combination with blocked AV degradation
triggers death,21 pretreatment with the mTOR inhibitor
rapamycin would increase the sensitivity of MPNST
cells to CQ-induced cell death. To test this hypothesis,
cells were pretreated for 1 h with rapamycin, followed
by addition of CQ, and viability was assessed. Dual
treatment with rapamycin and CQ did not lead to
increased cytotoxicity, compared with cells receiving
CQ alone (Fig. 6A). Rapamycin-induced suppression
of mTOR activity has been reported to trigger a feed-
back mechanism that results in upregulation in the activ-
ity of the Akt survival pathway.22 This was confirmed by
immunoblot analyses indicating that, in addition to
autophagy, rapamycin-treated cells also activate Akt
(Fig. 6B).

Fig. 4. Chloroquine (CQ) triggers apoptotic death in malignant peripheral nerve sheath tumor (MPNST) cells. CQ (24–48 h) induced a

concentration-dependent (A) decrease in number of viable cells and (B) an increase in levels of caspase-3–like activity. * P , .05 relative

to untreated. (C) Levels of cleaved caspase-3 were found to be elevated concentration-dependently following CQ treatment (24 h). (D)

Broad caspase inhibition by BAF (50 mM, 1 h pretreatment) attenuated CQ-induced death (24–48 h). * P , .05 relative to cells treated

with CQ alone.
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Coupling Lysosomal Dysfunction with pan erbB
Inhibition Leads to Increased Cytotoxicity

We hypothesized that, because PD168393 blocks both
mTOR and Akt activation and triggers an increase in
autophagy induction, pretreatment with PD168393
would increase the sensitivity of MPNST cells to
CQ-induced cell death. To test this hypothesis,
MPNST cells were subjected to 1 h of pretreatment
with PD168393, followed by addition of CQ, and the
number of viable cells assessed. A significant decrease
in the number of viable cells was observed in cultures re-
ceiving both drugs, compared with cells receiving either
of the 2 drugs alone (Fig. 6C). To assess whether this was
attributable to increased apoptosis, cell lysates were sub-
jected to immunoblot analyses and probed for levels of
cleaved caspase-3. Cells receiving dual treatment dis-
played increased levels of cleaved caspase-3, compared
with cells receiving either drug alone (Fig. 6D). To
further test the effects of dual treatment on caspase-3 ac-
tivity, levels of cleaved PARP (a known physiological
substrate for active caspase-323,24) were assessed.
Immunoblot analyses of PD168393-treated cells with
use of an antibody recognizing both unmodified and
cleaved forms of PARP demonstrated an increase in the
levels of cleaved PARP in cells receiving dual treatment,
compared with cells receiving either treatment alone

(Fig. 6E). This finding indicates that, although pan
erbB inhibition by PD16839 is not especially cytotoxic,
it can trigger death in cells with ongoing lysosomal dys-
function. However, in addition to inducing lysosomal
stress, CQ is a genotoxic stress-inducing agent.25 To
confirm that increased CQ cytotoxicity in combination
with pan erbB inhibition is attributable to autophagy
blockade by CQ, analogous experiments were repeated
using bafilomycin A1 in place of CQ. Increased cell
death was observed in cells after combined treatment
with PD168393 and bafilomycin A1 (Fig. 6F). In con-
trast, combining PD168393 with the genotoxic agents
cytosine arabinoside or doxorubicin did not affect the
viability of cells relative to either agent alone (Fig. 6G).
This demonstrates that the increased cytotoxicity result-
ing from combined CQ and PD168393 therapy can be
attributed to a lysosomal dysfunction–induced block
in autophagy completion.

Discussion

In the present study, we investigated the hypothesis that
manipulation of the autophagy lysosomal pathway
could be used to enhance drug-induced MPNST cell
death. We assessed the effect of pan erbB inhibition on
autophagy and observed an increase in AV

Fig. 5. Inhibition of autophagy induction in chloroquine (CQ)–treated cells leads to increased caspase activation. Treatment with 3-MA

(3 mM; 1 h pretreatment) (A) did not significantly affect CQ-induced death (50 mM; 48 h) but (B) induced an increase in levels of

caspase-3 like activity. * P , .05 relative to cells treated with CQ alone. Lentiviral-mediated knockdown of Atg7 in CQ-treated cells

(50 mM; 24 h) resulted in (C) decreased levels of Atg7 and (D) an increase in levels of cleaved caspase-3.
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Fig. 6. Coupling lysosomal dysfunction with pan erbB inhibition leads to increased cytotoxicity. (A) Treatment with rapamycin (3 mM; 1 h

pretreatment) did not affect chloroquine (CQ)–induced death (50 mM; 24–48 h) but (B) induced an increase in Akt activation. (C)

Pretreatment with PD168393 (2 mM; 1 h pretreatment) triggered increased cytotoxicity in CQ-treated cells (36–72 h). * P , .05 relative

to cells treated singly with CQ or PD168393. Immunoblot analyses demonstrated (D) an increase in levels of cleaved caspase-3 and (E)

cleaved PARP in cells receiving dual treatment with CQ and PD168393 relative to cells treated with either agent alone (24 h). (F) Cells

receiving dual treatment with BafA1 (100 nM) and PD168393 demonstrated increased cell death relative to cells receiving either agent

alone (24 h). *P , .05 relative to cells treated singly with CQ or BafA1. (G) Cells receiving dual treatment with cytosine arabinoside

(50 mM) or doxorubicin (0.5 mg/mL) and PD168393 did not demonstrate any difference in viability relative to cells receiving single

treatment (24 h).
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accumulation. In addition, we established the mechan-
isms of action of lysosomal dysfunction–induced death
in MPNST cells using CQ, a prototypical lysosomotro-
pic agent. By virtue of its alkalinity, CQ accumulates
in and alters the pH of acidic compartments, such as
lysosomes (lysosomotropism).18 This inhibits lysosomal
enzyme function, resulting in lysosomal dysfunction. We
found that CQ produced a cytotoxic response that was
attenuated by broad caspase inhibition. The role of
autophagy was studied in this in vitro model of lyso-
somal dysfunction by pharmacologic and genetic manip-
ulations of the autophagy pathway. Inhibition of
autophagy induction did not significantly affect viability
of CQ-treated cells, nor did stimulation of autophagic
activity. However, cells receiving dual treatment with
PD168393 and CQ displayed increased caspase activa-
tion and cell death, leading us to conclude that pan
erbB inhibition is a potent enhancer of lysosomal
stress-induced MPNST apoptotic cell death.

Traditionally considered to be a homeostatic re-
sponse to nutrient stress, autophagy is now recognized
as a major cellular pathway regulating the response of
cells to a wide variety of stressors. There is increasing
interest in designing drug combinations that take advan-
tage of autophagy modulation, especially those that use
agents disrupting lysosomal trafficking and/or function.
However, autophagy may have contrasting roles that are
stimulus and cell type dependent. Autophagy can be
upregulated as a stress response to drug exposure, sup-
pressing apoptosis; alternatively, autophagy can potenti-
ate death either by itself or by promoting apoptosis. The
effects of TKIs on autophagy also vary. Inhibitors of the
Src and Bcr-Abl kinases stimulate a high level of
autophagy that, when blocked at a late stage, sensitizes
cancer cells to apoptosis.9,12 On the other hand,
dasatinib-induced autophagy in glioma cells potentiates
cell death by itself, and in this scenario, a further in-
crease in autophagy induction by temozolomide signifi-
cantly increases cell death.26 This underscores the need
to individually characterize the mechanisms of action
of each drug for a given tumor type before formulating
drug combinations to target tumor cells.

Because of the potential importance of pan erbB inhi-
bitors in MPNST treatment, we assessed the effects of
the pan erbB inhibitor PD168393 on cell survival,
caspase activation, and autophagy. We found that
PD168393 retards MPNST cell proliferation but is not
particularly cytotoxic. This is consistent with previously
published reports on the cytostatic effects of pan erbB
inhibitors, such as canertinib in MPNST cell lines.8 We
observed a decrease in mTOR activity accompanied by
an increase in autophagy induction in PD168393-
treated MPNST cells. Because mTOR negatively
regulates autophagy, drugs that target the mTOR
pathway often induce an upsurge in autophagy.
Increased autophagy induction affords the possibility
of formulating drug combinations with agents affecting
lysosomal function. Successful completion of the
autophagy lysosomal pathway requires fusion of the
AVs with lysosomes and degradation of the intralumenal
content. Inhibition of lysosomal function and resultant

AV accumulation triggers death in tumor cells, suggest-
ing the possibility that inducing autophagy in cells
exposed to lysosomal stress will trigger cytotoxicity.
Accordingly, TKIs have been used in combination with
lysosomal dysfunction–inducing agents to trigger apop-
tosis in tumor cells.9 However, to our knowledge, this
strategy has not previously been tested in MPNSTs.

Several studies have proposed the use of lysosomal
stress inducers as adjuvants in chemotherapy.27 Indeed,
CQ has been shown to potentiate the cytotoxic effects
of histone deacetylase inhibitors in MPNST cells.28

However, lysosomal dysfunction–induced death has
not been previously characterized in MPNSTs. Here,
we treated MPNST cells with the prototypical lysosomo-
tropic agent CQ to induce lysosomal stress and exam-
ined the roles that apoptosis and autophagy play in
CQ-induced MPNST cell death. CQ induced a
concentration-dependent increase in levels of cleaved
caspase- 3, a marker of apoptosis. However, in contrast
to our studies in glioma cells in which CQ-induced death
was caspase independent,11 broad caspase inhibition sig-
nificantly attenuated CQ-induced cytotoxicity in
MPNST cells, indicating that there may be cell-type spe-
cific differences in mechanisms of CQ-induced death.

We assessed the effect of suppressing autophagy in
MPNST cells undergoing lysosomal stress. Contrary to
what we had expected, pharmacological inhibition of
AV formation had no significant effect on MPNST cell
viability. Autophagy suppression has been shown to
provide protection from CQ-induced death, possibly
because it leads to decreased AV accumulation in cells
with compromised clearance capability.11,14 However,
after further investigation, we observed a concomitant
increase in levels of caspase activity in MPNST cells
treated with both CQ and 3-MA, raising the possibility
that a compensatory upsurge in apoptosis may mask
any protection afforded by blocking autophagic activity
in CQ-treated cells. Numerous studies demonstrating
the cooperative relationship between apoptosis and
autophagy exist in the literature, indicating the potential
need to suppress both programs to achieve a significant
increase in cell survival.29

In some experimental models, autophagy-inducing
agents coupled with late-stage autophagy inhibitors
trigger cell death.30 We therefore examined the effect
of increasing autophagy induction in CQ-treated cells
by using rapamycin to block the activity of mTOR.
We found no increase in cytotoxicity in cells treated
with CQ and rapamycin. However, an assessment of
rapamycin-treated cells revealed that, although there
was a decrease in mTOR activity, there was also a con-
comitant increase in Akt activation, which is a pro-
survival signal. Feedback activation of Akt has been
reported in rapamycin-treated cells,22 suggesting that
simultaneous inhibition of pro-survival Akt signaling
may be needed to circumvent resistance to strategies
using late-stage autophagy blockade in combination
with mTOR inhibition. The use of dual inhibitors of
PI3K/Akt and mTOR has been proposed in this
regard.31 We found that PD168393 dually inhibited
mTOR and Akt signaling, suggesting that pretreatment
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of cells with PD168393 would sensitize MPNST cells to
CQ-induced lysosomal stress and potentiate cell death.
Our results indicate that there is significantly increased
apoptosis and cytotoxicity in cells receiving dual treat-
ment, validating our hypothesis. The use of bafilomycin
A1, which also induces lysosomal dysfunction, although
through a different mechanism than CQ, lends further
support to our conclusion that pan erbB inhibition in
cells exposed to lysosomal stress is a potent trigger for
cell death in MPNST cells.

The present study provides a rationale for developing
additional drug combinations using pan erbB agents
dually targeting mTOR and Akt in combination with
lysosomotropic agents to effectively target MPNST
cells. There has been a study reporting the efficacy of
PI-103, a dual inhibitor of mTOR/PI3K-Akt in shutting
down mitogenesis in MPNST cells.31 Our findings
warrant the testing of agents, such as PI-103, in combin-
ation with lysomotropic agents to increase their thera-
peutic effectiveness.
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