
RESEARCH ARTICLE

Autophagy Correlates with the Therapeutic
Responsiveness of Malignant Pleural
Mesothelioma in 3D Models
Dario Barbone1*, Carlo Follo1, Nohemy Echeverry2, Victor H. Gerbaudo3,
Astero Klabatsa4, Raphael Bueno5, Emanuela Felley-Bosco2, V. Courtney Broaddus1

1 Division of Pulmonary and Critical Care Medicine, Department of Medicine, San Francisco General
Hospital, University of California San Francisco, San Francisco, California, 94110, United States of America,
2 Clinic of Oncology, University Hospital Zurich, 8044 Zurich, Switzerland, 3 Division of Nuclear Medicine &
Molecular Imaging, Department of Radiology, Brigham &Women's Hospital and Harvard Medical School,
Boston, Massachusetts, 02115, United States of America, 4 Department of Research Oncology, King's
College London, London, United Kingdom, 5 Department of Surgery, Brigham andWomen's Hospital,
Harvard Medical School, Boston, Massachusetts, 02115, United States of America

* dario.barbone@ucsf.edu

Abstract
Malignant pleural mesothelioma is a highly chemoresistant solid tumor. We have studied

this apoptotic resistance using in vitro and ex vivo three-dimensional models, which acquire

a high level of chemoresistance that can be reduced by PI3K/mTOR inhibitors. Here, we

investigate the activity of GDC-0980, a novel dual PI3K/mTOR inhibitor, which has been

proposed to be effective in mesothelioma. In this work, we aimed to identify mechanisms

and markers of efficacy for GDC-0980 by utilizing 3D models of mesothelioma, both in vitro
multicellular spheroids and ex vivo tumor fragment spheroids grown from patient tumor sam-

ples. We found that a subset of mesothelioma spheroids is sensitive to GDC-0980 alone

and to its combination with chemotherapy. Unexpectedly, this sensitivity did not correlate

with the activation of the Akt/mTOR pathway. Instead, sensitivity to GDC-0980 correlated

with the presence of constitutive ATG13 puncta, a feature of autophagy, a cellular program

that supports cells under stress. In tumor fragment spheroids grown from 21 tumors, we

also found a subset (n = 11) that was sensitive to GDC-0980, a sensitivity that also corre-

lated with the presence of ATG13 puncta. Interference with autophagy by siRNA of ATG7,

an essential autophagic protein, increased the response to chemotherapy, but only in the

sensitive multicellular spheroids. In the spheroids resistant to GDC-0980, autophagy

appeared to play no role. In summary, we show that GDC-0980 is effective in mesothelioma

3D models that display ATG13 puncta, and that blockade of autophagy increases their

response to chemotherapy. For the first time, we show a role for autophagy in the response

to chemotherapy of 3D models of mesothelioma and propose ATG13 as a potential bio-

marker of the therapeutic responsiveness of mesothelioma.
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Introduction
Malignant pleural mesothelioma is a recalcitrant solid tumor of the pleural lining for which, to
date, no curative therapy is available. Our group has focused on the study of three-dimensional
(3D) models of mesothelioma, which exhibit a high 3D multicellular resistance that may model
the clinically relevant resistance of the actual tumor. In earlier studies, we have proposed a role
for the PI3K/Akt/mTOR pathway in 3D multicellular resistance [1, 2].

The PI3K/Akt and mTOR pathways are frequently activated in mesothelioma [3–6] and
have roles in its pathogenesis [7], survival and progression [8, 9]. Activation of the Akt/mTOR
pathway is detected in the majority of mesothelioma cell lines [9] and, in mouse models of
mesothelioma, its inhibition has been shown to improve response to chemotherapy [10–12].
Nevertheless, no inhibitory approach has yielded therapeutic value in a clinical setting [13].
We have previously tested several inhibitors of the PI3K/Akt (LY294002 and wortmannin) and
mTOR (rapamycin) pathways or both (PI-103)[14], by using 3D mesothelioma models grown
from cell lines (multicellular spheroids) and actual tumor (tumor fragment spheroids) [1, 2].
Importantly, our work has shown that the activity of the inhibitors was evident only in a 3D
setting, where we could identify an important role for the mTOR pathway. With the recent
development of dual inhibitors, we wanted to investigate the therapeutic advances of these new
compounds by testing them in our 3D models.

Here we have focused our studies on GDC-0980 [15, 16], a recently developed, orally avail-
able agent that has shown antineoplastic activity by targeting PI3K and the two mTOR kinase
complexes, mTORC1 and mTORC2. GDC-0980 has also been shown to be effective in in vitro
studies of mesothelioma, in combination with a MET inhibitor [12]. Moreover, GDC-0980,
whose safety has been described [17], showed efficacy in patients with advanced solid tumors,
including mesothelioma (http://goo.gl/J42fEa). GDC-0980 is now in a Phase-1B clinical trial to
determine its safety and pharmacology when in combination with either paclitaxel and carbo-
platin (with or without bevacizumab) or pemetrexed plus cisplatin in patients with solid
tumors (http://goo.gl/Ck2vcN).

One aspect of 3D biology that is beginning to be explored and might have relevance when
studying PI3K/Akt/mTOR inhibition is autophagy. With a survival role for cells under nutri-
tional and pharmaceutical stresses, autophagy determines the fate of damaged organelles and
cells through discrete, but overlapping, lysosomal and apoptotic pathways. While still under
extensive investigation, autophagy may play important roles in both tumorigenesis and che-
moresistance. The mTOR pathway represses autophagy and thus an inhibition of mTOR can
activate autophagy, potentially altering the response of spheroids to chemotherapy. Indeed,
GDC-0980 has been reported, like other PI3K/mTOR inhibitors [18], to induce autophagy
[19]; nonetheless, little is known about how autophagy is altered by GDC-0980 in 3D. We con-
sidered that investigating the role of autophagy in a 3D setting and the effect of PI3K/mTOR
inhibitors on autophagy would offer novel and potentially important clinical insights.

In the present work, we demonstrate that GDC-0980 is active in a subset of mesotheliomas,
regardless of the activation of the Akt/mTOR pathway. In this sensitive subset, autophagy is
induced by GDC-0980 and its inhibition further sensitizes these spheroids to chemotherapy.
We found that the response to GDC-0980 correlated with the presence of ATG13 puncta, a
marker of early autophagy. These novel findings in in vitro and ex vivo 3D models identify
autophagy as a potential therapeutic target in a subset of tumors and suggest that markers of
autophagy, such as ATG13 puncta, can be used to identify tumors sensitive to PI3K/mTOR
inhibition.
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Material and Methods

Cell culture and reagents
The humanmesothelioma cell lines M28 [20] and VAMT [21] (both fromDr. Brenda Gerwin,
NCI, National Institutes of Health, Bethesda, MD, USA), REN [22] (fromDr. Roy Smythe, Univer-
sity of Texas M.D. Anderson Cancer Center, Houston, TX, USA), SARC [23] (MesoSA1 – from
Dr. Alice Boylan, Medical University of South Carolina, Charleston, MC, USA), JMN [24] and
MSTO-211H [ATCC CRL-2081] (both fromDr. Dean Fennell, University of Leicester, UK) were
all cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum in a 37°C humidified incubator with 5% CO2. All were found to stain positively for meso-
thelioma markers (calretinin, WT1) and negatively for other markers not seen in mesothelioma
(TTF1). Normal human mesothelial cells were cultured from ascites fluid from unidentified
patients without infection or malignancy according to a protocol (#12–08998) approved by the
University of California, San Francisco Committee on Human Research under our BUA
(BU031309-03) [25]. All cells were confirmed to be negative for mycoplasma every 2 months by
PCR analysis as previously described [26]. Bortezomib (25 nM), GDC-0980 (1 μM) and vorinostat
(5 μM) were from Selleck Chem (Boston, MA, USA). Cisplatin (200 μM) and pemetrexed (10 μM)
were obtained from the University of California, San Francisco Pharmacy at Mt. Zion Cancer
Center.

Generation and treatment of spheroids
Multicellular and tumor fragment spheroids were generated as previously described [27]. In
brief, multicellular spheroids were generated as follows: 104 cells were added to each well of a
round-bottomed 96-well plate coated with polyHEMA (# P3932 Sigma-Aldrich, St. Louis, MO
—5 mg/ml final concentration—1:24 dilution in 95% EtOH of a 120mg/ml stock solution also
in 95% EtOH). After centrifugation for 5 minutes at 800 rpm, the spheroids were incubated at
37°C for 24h before harvesting.

Tumor fragment spheroids were generated as previously described [2] from 21 tumor sam-
ples obtained from extrapleural pneumonectomy (EPP) or pleurectomy procedures performed
by R.B. at Brigham and Women’s Hospital in Boston, MA USA (additional data in S1 Table).
Studies using human samples and de-identified data were carried out under an active Univer-
sity of California San Francisco CHR approval (#12–08998). Tissue was diced finely with scal-
pels to pieces smaller than 1 mm in diameter that were suspended in medium in 10 cm plates
coated with 0.8% agar (Agar Noble, #A5431 Sigma-Aldrich, St. Louis, MO) in full DMEM.
Media was changed twice a week and spheroids were utilized within 4 weeks of culture. Spher-
oids were cultured and treated in full DMEM as described in figure legends. An appropriate
dilution of DMSO was used as vehicle control.

Immunoblotting
After treatment, spheroids were lysed in cold RIPA buffer (NONIDET-P40 1%, NaDOC 0.5%,
SDS 1%, in PBS). The concentration of total protein was evaluated with a colorimetric assay
(DC protein assay from Bio-Rad, Hercules, CA, USA). 25 μg of cell lysates were loaded in
reducing conditions (0.2 M Tris, pH 6.8, 5% SDS, 3% glycerol, 0.01% bromophenol blue and
200 mM DTT). After separation in SDS-PAGE (7.5 to 15% acrylamide) and transfer to PVDF
(Immobilon, Millipore, Billerica, MA, USA), membranes were blocked with a protein-free TBS
blocking buffer (Pierce, Rockford, IL, USA) and gently agitated with antibodies diluted in 5%
non-fat dry milk or 5% BSA, as appropriate, at 4°C overnight. Secondary antibodies were from
Amersham (Piscataway, NJ, USA). Chemiluminescence was detected by the enhanced
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SuperSignal West Pico Substrate (Pierce, Rockford, IL, USA) with a Biospectrum 810 imaging
system (UVP, Upland, CA, USA). LC3 (#L7543) and tubulin (#T-6074) antibodies were from
Sigma-Aldrich (St. Louis, MO, USA). P-AKTSer473 (#4060), P-S6KThr389 (#9234), P-ERK
(#4370), Bid (#2002), ATG5 (#12994), ATG7 (#8558) and cleaved caspase 3 (#9661) antibodies
were from Cell Signaling (Danver MA, USA). Bim (#559685) antibody was from BD Pharmin-
gen (San Jose, CA, USA). Densitometry analysis was performed with VisionWorks software
(UVP, Upland, CA, USA).

RNA interference
Transient knockdowns were performed using Lipofectamine RNAiMAX according to the man-
ufacturer’s protocol (Life Technologies, Carlsbad, CA, USA). In brief, cells were transfected in
Opti-MEM (Life Technologies, Carlsbad, CA, USA) and allowed to grow as monolayers for
24 h in complete DMEMmedium. Cells were then trypsinized, counted, plated in polyHEMA
plates and allowed to form spheroids for 24 h. Spheroids were then treated as described in fig-
ure legends, between 48 and 72 h from transfection. Control (12935–400), Bim (s195011), Bid
(s1986), ATG5 (HSS114104) and ATG7 (s20651) siRNA were purchased from Life Technolo-
gies (Carlsbad, CA, USA).

Caspase 3/7 activation
Cleavage of caspases 3 and 7 was measured by the CaspaseGlo 3/7 assay kit (Promega, Madison
WI). Briefly, spheroids were treated as indicated in the polyHEMA-coated 96 wells in which
they were grown (200 μl final volume). One spheroid was used for each condition; studies were
performed in quadruplicate. After treatment, plates were spun at 400 g for 10 min RT; 100 μl of
supernatant were carefully removed without disturbing the pellet and 100 μl of complete Cas-
paseGlo 3/7 reagent was added to each well. Plates were gently mixed using a plate shaker at
300–500 rpm for 1 min and then incubated at RT away from light for 1 h. Sample luminescence
was measured in a plate-reading luminometer (Perkin Elmer, Waltham, MA).

Nuclear condensation assay using Hoechst staining
Monolayers and spheroids were disaggregated with trypsin for the same period of time, washed
with ice-cold PBS, and then fixed with 2.5% glutaraldehyde (Sigma-Aldrich, St. Louis, MO,
USA). Cells were then stained with 8 μg/ml of Hoechst 33342 (Molecular Probes, Life Technol-
ogies, Carlsbad, CA, USA) and placed on slides. Apoptosis was quantitated by counting cells
with distinctive signs of nuclear condensation and expressed as a % of the total cells. For each
condition, at least 300 cells were counted in triplicate by investigators blinded to the experi-
mental conditions. We have found that this assay is more accurate than assays that detect sur-
face phosphatidylserine in cells disaggregated from spheroids [1]. Cells showing an apoptotic
response both to GDC-0980 alone (compared to control) and to the combination of GDC-
0980 plus chemotherapy (compared to chemotherapy alone) were considered sensitive to
GDC-0980.

Cleaved Caspase 3 staining in tumor fragment spheroids
Measurement of apoptosis in tumor tissue required dual immunostaining to identify the meso-
thelioma cells and then to localize active caspase 3 to mesothelioma cells, as we have previously
reported [18]. Following treatment, tumor fragment spheroids were collected, fixed in 10%
buffered formalin in PBS overnight at 4°C and embedded in 3% agar in PBS. The agar pellets
containing the tumor fragment spheroids were further embedded in paraffin blocks by the

Autophagy and Response to Chemotherapy in 3D Mesothelioma Models

PLOS ONE | DOI:10.1371/journal.pone.0134825 August 18, 2015 4 / 23



University of California, San Francisco pathology core at San Francisco General Hospital. 5 μm
paraffin sections were deparaffinized with xylene (2x5 min), 100% EtOH (2x2 min), 95%
EtOH (2x2 min), 70% EtOH (2x2 min), 50% EtOH (1x2 min) and ddH20 (2x2 min). Antigens
were retrieved in citrate buffer (Citra, BioGenex; #HK087-5K) in a pressure cooker at the high-
est setting for 10 min. Sections were blocked with 5% BSA and 0.1% Tween in PBS for 45 min
in a humidified chamber at RT. Primary antibodies for cleaved caspase-3 (rabbit polyclonal
1:100–#9661 – Cell Signaling, Danvers, MA, USA) and pan-cytokeratin (mouse monoclonal
1:200—M3515 clone AE1/AE3, DAKO, Carpinteria, CA, USA) were incubated in a humidified
chamber at 4°C overnight. The secondary antibodies for cleaved caspase 3 (#A11010 goat anti-
rabbit AlexaFluor 546, Life Technologies, Carlsbad, CA, USA) and cytokeratin (RPN1001V
biotinylated sheep anti-mouse, GE Healthcare and #A6374 NeutrAvidin streptavidin-conju-
gated oregon green–Life Technologies, Carlsbad, CA) both 1:200, were incubated for 60 min at
RT in a humidified chamber. Slides were washed 3 times in PBS-Tween for 3 min and mounted
with ProLong Gold antifade reagent (#P36930, Life Technologies, Carlsbad, CA, USA). Slides
were allowed to cure overnight at RT and were then imaged and photographed using a Nikon
C1 confocal microscope. In a blinded fashion, the investigators examined captured images of
doubly stained cells in the tumor fragment spheroids. Apoptotic mesothelioma cells were con-
sidered to be cells with merged red (pan-cytokeratin) and green (cleaved caspase 3) and were
expressed as a percentage of the total number of mesothelioma cells (red). For each condition,
3–10 spheroids were counted until a total of 300 mesothelioma cells were visualized. Spheroids
with an apoptotic response both to GDC-0980 alone (compared to control) and to the combi-
nation of GDC-0980 plus chemotherapy (compared to chemotherapy alone) were considered
sensitive to GDC-0980.

ATG13 Immunofluorescence
Multicellular spheroids were disaggregated with trypsin and 2 x 104 cells were cytospun on
glass slides. Slides with adhered cells were fixed in paraformaldehyde 4% in TBS overnight at
4°C then washed 3 times in TBS-Tween (0.1%), saturated in TBS/BSA 1% for 1 h and washed
again 3 times in TBS-Tween 0.1%. Slides were then incubated overnight with an ATG13 anti-
body (1:100, #13468, Cell Signaling, Danvers, MA, USA), then washed 3 times in TBS-Tween
and incubated 1.5 h at RT with a goat anti-rabbit-AlexaFluor 546 secondary antibody
(#A11010, Life Technologies, Carlsbad, CA, USA). Slides were then washed 3 times in
TBS-Tween, incubated with TOPRO-3 for 30 min at RT, washed again 3 times in TBS-Tween
and mounted on slides with ProLong Gold antifade reagent (#P36930, Life Technologies,
Carlsbad, CA, USA). Slides were allowed to cure overnight at RT and were then imaged and
photographed using a Nikon C1 confocal microscope and examined for the presence of bright
aggregates of ATG13.

Tumor fragment spheroids were processed as for cleaved caspase 3 staining described
above. Primary antibodies for ATG13 (1:100, #13468, Cell signaling, Danvers, MA, USA) and
pan-cytokeratin (1:200—M3515 clone AE1/AE3, DAKO, Carpinteria, CA, USA) were incu-
bated in a humidified chamber at 4°C overnight. The secondary antibodies for ATG13
(#A11010 goat anti-rabbit AlexaFluor 546, Life Technologies, Carlsbad, CA, USA) and cyto-
keratin (#RPN1001V biotinylated sheep anti-mouse, GE Healthcare and #A6374 NeutrAvidin
streptavidin-conjugated Oregon green–Life Technologies, Carlsbad, CA) both 1:200, were
incubated for 60 min at RT in a humidified chamber. All slides were allowed to cure overnight
at RT and were then imaged and photographed using a Nikon C1 confocal microscope. Meso-
thelioma cells were identified by their cytokeratin staining. Tumor fragment spheroids with
more than 10% of mesothelioma cells with ATG13 puncta were considered positive.

Autophagy and Response to Chemotherapy in 3D Mesothelioma Models

PLOS ONE | DOI:10.1371/journal.pone.0134825 August 18, 2015 5 / 23



Immunohistochemistry
Tumor fragment spheroids used for the apoptosis studies were probed for expression of Bim,
Akt, P-Akt, P-S6K, Ki67, GLUT-1 and IRS-1 protein levels by immunohistochemistry. Paraffin
sections (5 μm) were stained for 2 h at RT with antibodies for Bim (1:200 #559685BD, Phar-
mingen, San Jose, CA), P-AKTSer473 and P-S6KThr389 (1:100 #4060, 1:100 #9234, Cell Signaling,
Danver MA, USA), Ki67 (1:200, #ab15580, Abcam, Cambridge, MA, USA), GLUT-1 and IRS-
1 (1:500 PA5-16793, 1:800 PA5-29667, Thermo Scientific, Waltham, MA, USA) and visualized
with a HRP/DAB Envision plus Kit (#K4010, Dako, Carpinteria, CA). Known negative and
positive controls were included. Hematoxylin was used as a counterstain. Slides were viewed by
two independent scorers and scored semi-quantitatively (0 = no staining, 1 = weak staining in
0–25% cells, 2 = moderate staining in 0–50% of cells, 3 = strong staining in 50–100% of cells).

FDG-PET/CT Imaging and Image Analysis
Tumor fragment spheroids were grown from tumor resected from patients who had undergone
FDG-PET/CT imaging for initial staging of their disease and the data was provided without
identifiers. The FDG-PET/CT was performed as follows. After fasting for a period of 6 h,
patients were injected intravenously with 12 mCi of 18F-fluorodeoxyglucose (FDG). Following
an uptake phase of 60 ± 10 min post-injection, they were scanned with a combined PET/CT
scanner (Discovery ST; General Electric Healthcare, Waukesha, WI, USA). Scans were
acquired in patients in the supine position with their arms placed above their heads when pos-
sible, and without any specific breath-holding instructions. Unenhanced CT scans for attenua-
tion correction and anatomic co-registration were performed first, from the patient’s head to
the mid thighs, using the following acquisition parameters: 140kVp, 75–120mA (varying
according to the patient’s weight), 0.5 sec per CT rotation, a pitch of 1.375:1, and a recon-
structed slice thickness of 3.75 mm. FDG-PET emission scans were acquired in 3-dimensional
mode starting at the mid-thighs toward the head, for 6 to 7 bed positions of 3 minutes each.
The CT data were reconstructed using a filtered back projection algorithm. PET data were
reconstructed using an ordered-subset expectation maximization iterative algorithm (28 sub-
sets, 2 iterations), yielding a volume of 47 slices. Metabolic tumor volume analysis in the
FDG-PET images was done on a dedicated nuclear medicine workstation (Hermes, Stockholm,
Sweden). Primary mesothelioma lesions’metabolic tumor burden was calculated with a semi-
automatically defined volume of interest using the mean intensity of the liver plus 2 SD as the
threshold. Briefly, after the threshold was defined, the software generated 3D tumor regions
from which measures of the total tumor metabolic volume (MTV), maximum standardized
uptake value (SUVmax) and averaged SUV of the entire tumor (SUVavg) were obtained. In
some cases, manual adjustments of the estimated tumor boundaries were applied by the opera-
tor to avoid overestimation of the metabolic tumor volume. Then, total lesion glycolysis (TLG)
in mesothelioma lesions was calculated by multiplying the SUVavg by the MTV.

Human subjects research
University of California San Francisco CHR approved the studies on human samples under an
exempt category (#12–08998) reviewed by the University of California San Francisco Commit-
tee on Human Research, Laurel Heights Committee (CHR FWA number: 00000068 IRB regis-
tration number: 00003471). Exemption was granted because the "research involves the
collection or study of existing data, documents, records, pathological specimens, or diagnostic
specimens" and because "the information is recorded by the investigator in such a manner that
subjects cannot be identified, directly or through identifiers linked to the subjects". Both of
these statements were met in our research. Moreover, "the coded private information or
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specimens were not collected specifically for the current proposed research project and the key
to decipher the code is destroyed before researcher begins". Samples were obtained from a tis-
sue bank managed by Dr. Raphael Bueno, Chief, Division of Thoracic Surgery at Brigham and
Women's Hospital, Boston MA. The University of California, San Francisco CHR committee
approved the use of these unidentified mesothelioma samples for our research. Normal meso-
thelial cells were obtained under the same CHR-exempt authorization from unidentified
patients' material (ascites or pleural fluid) that would otherwise be discarded

Statistical analysis
Data are expressed as mean ± standard deviation or standard error of the mean (as appropri-
ate) of at least three different experiments. Statistical significance was evaluated by ANOVA
(with Tukey’s test to determine where the difference lay) or by linear correlation analysis to cal-
culate a Pearson correlation coefficient (GraphPad Prism v 4.0, GraphPad Software, Inc., La
Jolla, CA, USA). A p value� 0.05 was considered significant.

Results

GDC-0980 is effective in a subset of 3D multicellular spheroids
To test the activity of GDC-0980, we used monolayers and multicellular spheroids grown from
two mesothelioma cells lines routinely used in our lab (M28 and REN). We treated monolayers
and spheroids with GDC-0980 alone or in combination with the current standard of therapy
for mesothelioma, cisplatin plus pemetrexed, or with a proteasome inhibitor, bortezomib [1,
27–30]. Interestingly, GDC-0980 was active only in the M28 cells, either when used alone or in
combination with bortezomib or cisplatin plus pemetrexed (Fig 1A). In REN cells, however,
GDC-0980 did not show activity in either monolayers or spheroids. We confirmed these results
by measuring the activation of caspase 3 and 7 with a CaspaseGlo assay (Fig 1B). To investigate
if sensitivity to GDC-0980 is a feature of a subset of mesotheliomas, we studied 4 more meso-
thelioma cell lines (SARC, VAMT, JMN and MSTO-211H). Using 3D multicellular spheroids
with and without bortezomib, we found two distinct groups: one group was sensitive (M28,
SARC, VAMT) and the other, resistant (REN, JMN, MSTO-211H) to GDC-0980 (Fig 1C and
1D). Of importance, GDC-0980 had little to no activity in normal mesothelial cells (S1 Fig).
Wallin et al. have shown that GDC-0980 has broad activity in the range of 500 nM [15] on a
panel of 167 tumor cell lines. In our experiments, we used a concentration of 1 μM; higher con-
centrations (10 and 20 μM) did not improve the efficacy of GDC-0980 (Fig 1E—M28
spheroids).

To test our findings in actual tumor from patients, we treated 21 tumor fragment spheroids
with GDC-0980, cisplatin plus pemetrexed, and their combination. As found in multicellular
spheroids, we identified a group of tumors sensitive to GDC-0980 (n = 11) and another group
resistant (n = 10) (Fig 2 – additional images in S2 Fig).

The response to GDC-0980 does not correlate with activation of the Akt/
mTOR pathway in ex vivo tumor fragment spheroids
GDC-0980 has been described as having robust activity in PI3K-driven cancers [15] and to be
effective in mesotheliomas with highly active Akt [12]. We thus correlated the response to
GDC-0980 with the activity of this pathway. First, we confirmed that GDC-0980 inhibited
P-Akt in M28 and REN monolayers and spheroids (Fig 3A). Then, we studied the 6 cell lines as
multicellular spheroids to compare their response to GDC-0980 with the levels of P-Akt Ser473,
P-S6K Thr389 and, as a representative from another pathway, P-ERK. In the full panel of cell
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Fig 1. A subset of mesothelioma cells is sensitive to GDC-0980. (A) M28 and RENmonolayers and spheroids were treated with GDC-0980 (1 μM),
bortezomib (25 nM), cisplatin (200 μM) plus pemetrexed (10 μM)(C+P) or the combinations for 24 h. Cells with condensed nuclei seen after Hoechst staining
were considered apoptotic (* p < 0.05 compared to the same treatment without GDC-0980; n = 3; mean ± SD). In the spheroids, GDC-0980 had activity when
given alone and significantly potentiated chemotherapy in M28 cells but not in REN cells. (B) CaspaseGlo on M28 and REN spheroids treated as previously
for 16 h. Caspase 3/7 activation is expressed as relative luminescence units (RLUx105). Again, M28 cells demonstrated sensitivity to GDC-0980 and REN
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cells demonstrated resistance. (* p < 0.05 compared to the same treatment without GDC-0980; n = 3; mean ± SD). (C) Six cell lines (M28, SARC, VAMT,
REN, JMN, MSTO-211H) grown as spheroids were treated with GDC-0980 (1 μM), bortezomib (25 nM) or the combination for 24 h. Three cell lines showed a
response to GDC-0980 (sensitive) and 3 showed no response (resistant). (* p < 0.05 compared to the same treatment without GDC-0980; n = 3; mean ± SD)
(D) Caspase 3/7 activation in spheroids treated similarly for 16 h, measured by CaspaseGlo, confirmed the differences between the sensitive and resistant
spheroids. (* p < 0.05 different from the response to chemotherapy alone; n = 3; mean ± SD) (E) M28 spheroids were treated with higher concentrations of
GDC-0980 (1,10 and 20 μM) for 24 h and caspase 3/7 activity was measured by CaspaseGlo. Higher concentrations of GDC-0980 did not increase its
efficacy.

doi:10.1371/journal.pone.0134825.g001

Fig 2. A subset of mesothelioma tumor fragment spheroids is sensitive to GDC-0980. Tumor fragments spheroids grown from 21 patient tumor
samples were treated with GDC-0980 (1 μM), cisplatin (200 μM) plus pemetrexed (10 μM)(C+P) or the combination for 24 h. Cleaved caspase 3 (green) and
pan-cytokeratin (red) immunofluorescence was detected and the merging of signals (yellow) indicates mesothelioma cells with caspase activation. One
hundred cells were counted in triplicate from different microscopic fields. Eleven tumors showed a significant response to GDC-0980 (sensitive) while 10
were unresponsive (resistant) (*, p < 0.05 compared to the same treatment without GDC-0980; mean ± SEM). Images are representative of the tumor
fragment spheroids in each group. (Sensitive, top; resistant, bottom–scale bar 100μm).

doi:10.1371/journal.pone.0134825.g002
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Fig 3. GDC-0980 efficacy does not correlate with Akt/mTOR activation in tumor fragment spheroids.
(A) M28 and REN cells grown as monolayers (m) or spheroids (s) were treated with GDC-0980 (1 μM) for 6 h
and studied by immunoblotting for phosphorylated Akt, S6K and ERK. Mesothelioma cells down-regulated
the Akt/mTOR pathway when grown as 3D multicellular spheroids, as we have previously shown [1]. GDC-
0980 inhibited P-Akt and P-S6K in both monolayers and spheroids. P-ERK, used as a control, was not
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lines studied as spheroids, we found that GDC-0980 response appeared to correlate with higher
baseline P-Akt Ser473 and P-S6K Thr389 levels (Fig 3B). Next, we wanted to know if the more
complex tumor fragment spheroids would show a similar relationship between response to
GDC-0980 and baseline activation of the PI3K/Akt pathway; hence, we measured P-AktSer473

levels in the 21 tumor fragment spheroids shown to be sensitive or resistant to GDC-0980 (see
Fig 2). Surprisingly, in contrast to the findings in multicellular spheroids, in the tumor frag-
ment spheroids, we found no correlation between the response to GDC-0980 and the staining
intensity for P-Akt (Fig 3C). In addition, we also found no correlation between the response to
GDC-0980 and several measures of the PI3K/mTOR pathway: P-S6K Thr389 (a target of
mTOR), GLUT-1 (a measure of Akt activity on glycolysis [31, 32]), Ki67 (a marker of cell pro-
liferation), or IRS-1 (regulated by Akt and mTOR [33]) (S3 Fig). We also found no relationship
between the response to GDC-0980 and the levels of the pro-apoptotic BH3-only protein, Bim
(as a measure of the apoptotic priming displayed by the specimens [27]). Moreover, there was
no correlation between the response to GDC-0980 and PET-derived indices of tumor glycolytic
activity, such as total lesion glycolysis (TLG) and mean SUVmax, recently shown to correlate
with survival in patients with mesothelioma (S3 Fig). [34]. Thus, the apoptotic response to
GDC-0980 in the tumor fragment spheroid model did not clearly relate to the activity of the
PI3K/mTOR pathway.

GDC-0980 does not require Bim or Bid in the apoptotic cascade
To confirm that the effects of GDC-0980 are mainly routed via apoptosis, we blocked the acti-
vation of caspases with zVAD-fmk, a pan-caspase inhibitor. Indeed, the response to GDC-
0980, bortezomib or the combination was completely blocked by zVAD-fmk as early as 8 h of
treatment (Fig 4A–additional data in S4 Fig), a result confirmed also by another group in pan-
creatic cancer [19]. However, the response to GDC-0980 was not affected by the ablation of
Bim and Bid, key BH3-only proteins of the intrinsic and extrinsic apoptotic pathways respec-
tively, which we previously found to be required for the apoptotic response of mesothelioma
[1, 25, 27, 28](Fig 4B). This suggests that GDC-0980 induces apoptosis without the require-
ment for Bim or Bid.

One cellular program that can activate caspases without the involvement of the intrinsic
and extrinsic apoptotic pathways is autophagy. Designed to maintain cell survival under stress,
autophagy relies on the lysosomal degradation pathway to recycle cellular material to provide
sufficient nutrients for the cells (termed productive autophagy). However, beyond a certain
threshold, autophagy can kill stressed cells by activating caspases and exploiting components
of the apoptotic machinery [35] (termed abortive autophagy). We then asked whether autop-
hagy was active in our system and, if so, whether autophagy affected the response to GDC-
0980.

GDC-0980 activates autophagy in the sensitive spheroids only
Autophagy is a multi-step dynamic process by which cellular material is engulfed in autophagic
vesicles, delivered to the lysosomes, and degraded. To measure autophagic flux, one must

affected by GDC-0980. (B) GDC-sensitive (S) and-resistant (R) spheroids were treated with GDC-0980
(1 μM) for 6 h and analyzed by immunoblotting for P-Akt, P-S6K and P-ERK. Multicellular spheroids sensitive
to GDC-0980 had higher P-Akt than resistant ones. (C) The 21 tumor fragment spheroids with a known
response to GDC-0980 (see Fig 2) were studied for expression of P-Akt by immunohistochemistry. In the
tumor fragments, in contrast to the multicellular spheroids, response to GDC-0980 did not correlate with
P-Akt levels (p = 0.6713 sensitive vs resistant, n = 11 for the sensitive group, n = 10 for the resistant group).

doi:10.1371/journal.pone.0134825.g003
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Fig 4. GDC-0980 efficacy is caspase-dependent but does not require Bim or Bid. (A) M28 spheroids were treated with GDC-0980 (1 μM), bortezomib
(25 nM) or the combination with or without the pan-caspase inhibitor zVAD-fmk (20 μM) for 8, 16 and 24 h. Apoptosis was measured by counting nuclear
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inhibit the lysosomal proteases and detect the accumulation of autophagic proteins. One pro-
tein commonly measured is LC3-II, a conjugate form of LC3-I, which is recruited to the autop-
hagosomes [36]. Thus, we treated our panel of multicellular spheroids with GDC-0980 in the
presence or absence of ammonium chloride (NH4

+) which inhibits late stage autophagy by
blocking the acidification of lysosomes, thereby inhibiting the lysosomal proteases and causing
the accumulation of undigested materials and LC3-II in the vesicles.

We found that spheroids from all six cell lines had autophagic flux at baseline, as deter-
mined by an increase in the amount of LC3-II after blockade with ammonium chloride (Fig 5),
a result we confirmed with the detection of LC3 puncta by immunofluorescence (S5 Fig).
GDC-0980 increased autophagy further, but only in the sensitive spheroids (Fig 5). In tumor
fragment spheroids also, GDC-0980 increased autophagy, as shown by the formation of LC3
puncta, only in the sensitive group (S6 Fig). Altogether these results suggest that autophagy is
responsive to PI3K/Akt blockade only in the spheroids sensitive to GDC-0980 and that its
induction might be involved in the response to GDC-0980. We then determined whether the
activity of GDC-0980 correlated with differences in autophagy in the two groups of
mesotheliomas.

ATG13 is a marker of sensitivity to GDC-0980
The activation of the ATG13/ULK complex is considered one of the major regulatory inputs
that controls the autophagic process and is the step most closely associated with mTOR regula-
tion [37, 38]. The mTOR substrate complex (ATg13/ULK1/FIP200/ATG101) [39] acts as a
node for integrating incoming autophagy signals into formation of autophagosomes, a step
that involves the phosphorylation of ATG13 and the accumulation of ATG13 into aggregates
called puncta at assembly sites [38, 40–45]. Hence, we imaged spheroids grown from the six
cell lines to detect cells exhibiting ATG13 puncta.

We found constitutive ATG13 puncta only in the multicellular spheroids sensitive to GDC-
0980 (Fig 6A). To confirm these findings, we then assessed the presence of ATG13 puncta in
tumor fragment spheroids. Again, we found that mesothelioma cells with ATG13 puncta were
commonly seen in the spheroids of the sensitive group and rarely seen in the spheroids from
the resistant group (Fig 6B). Response to GDC-0980 (measured as the additional apoptosis
induced when GDC-0980 was added to cisplatin plus pemetrexed) showed a linear correlation
with the percentage of cells with ATG13 puncta (R = 0.72) (S7 Fig). Thus, autophagy, as mea-
sured by the presence of ATG13 puncta, correlated with the responsiveness to GDC-0980 in
both 3D models of mesothelioma.

Inhibition of autophagy in the M28 spheroids increases their response to
chemotherapy
To investigate the role of autophagy, we evaluated the effects of the ablation by siRNA of two
essential components of the autophagic machinery, ATG5 or ATG7, in M28 and REN spher-
oids. Using ATG5 siRNA, we were not able to block the autophagic flux in both M28 and REN
spheroids completely, as shown by the continued accumulation of LC3-II after ammonium

condensation of disaggregated cells stained with Hoechst. GDC-0980 activity was completely abolished by zVAD-fmk at all time points. (* p < 0.05 different
from GDC-0980 plus bortezomib; n = 3; mean ± SD). (B) M28 spheroids, transfected with a control scrambled siRNA (10 nM) or with a combination of Bim
siRNA and Bid siRNA (10 nM), were treated with GDC-0980 (1 μM), bortezomib (25 nM), or the combination with or without zVAD-fmk and apoptosis
measured. SAHA (5 μM) was used as positive control for a requirement for Bim/Bid, as we have previously shown [28]. Efficacy of knockdown was measured
by immunoblot (see insert). Response to GDC-0980 was not affected by Bim/Bid siRNA but was abolished by zVAD-fmk. The response to SAHA was
significantly reduced by the Bim/Bid knockdown, confirming effective knockdown. (* p < 0.05 different from scrambled control siRNA; n = 3; mean ± SD). In
sum, the apoptotic response to GDC-0980 does not require Bim and Bid [1, 27, 28, 55].

doi:10.1371/journal.pone.0134825.g004
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Fig 5. GDC-0980 induces autophagy only in the sensitive spheroids. (A) Multicellular spheroids sensitive (M28, SARC, VAMT) and resistant (REN, JMN,
MSTO-211H) to GDC-0980 were treated with GDC-0980 (1 μM), ammonium chloride (NH4

+, 10 mM) or the combination for 6 h. LC3 levels were assessed by
immunoblot. P-Akt levels were measured to confirm GDC-0980 activity. GDC-0980 increased LC3-II levels only in the sensitive spheroids; this was shown at
baseline and also after blockade of autophagy with ammonium chloride. On the contrary, GDC-0980 did not increase LC3 II protein levels in the resistant cell
lines, with or without ammonium chloride. (B) The band intensities in 3 separate immunoblots were measured by densitometry and the ratios of LC3 II to
tubulin values (LC3 vs tubulin) are shown. Statistical significance was calculated by ANOVA with Tukey’s test (* untreated vs GDC-0980, # NH4

+ vs
NH4

++GDC-0980; p < 0.05; n = 3; mean ± SD).

doi:10.1371/journal.pone.0134825.g005
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chloride (Fig 7A and 7B, left panels). Indeed, it is known that small amounts of ATG5 can still
support autophagy [46]. Instead, ATG7 siRNA was more effective in blocking autophagy (Fig
7A and 7B, right panels). Accordingly, whereas ATG5 siRNA had little effects on the survival
of M28 and REN spheroids, ATG7 siRNA induced a significant amount of cell death in the
absence of treatments and further increased the responsiveness to GDC-0980 and to chemo-
therapy, an increase in chemosensitivity seen only in M28 spheroids (Fig 7C). These results
provide evidence for a survival role for autophagy in mesothelioma 3D models [47, 48].

Discussion
Cancers are now known to be heterogeneous in their strategies for survival [49]. Whereas such
heterogeneity limits the use of any single targeted approach, it also provides opportunities to
identify responsive subsets of tumors. In this study, we have identified subsets of mesothelioma
that are sensitive to GDC-0980, a novel dual PI3K/mTOR inhibitor currently in clinical trials.
Interestingly, this sensitivity did not correlate as expected with the phosphorylation of Akt and
S6K [15], downstream targets of PI3K and mTOR activation. Instead, we found a correlation
with autophagy, a pathway providing nutritional support during times of cell stress. The pres-
ence of ATG13 puncta, a feature of early autophagy regulation by the mTOR substrate com-
plex, may identify tumors that are susceptible to the action of GDC-0980.

Whereas other studies have examined autophagy in mesothelioma [48, 50], this is the first
to focus on the use of 3D models. In contrast to standard bi-dimensional (2D) monolayers, a
3D setting is similar to the “least avascular unit”, the unit of tumor that lies between capillaries
and is most limited in its nutrient supply [51]. Hence, the 3D setting promises to be more
appropriate for the study of the role of autophagy in tumors. This is also the first study to uti-
lize ex vivo tumor tissue to measure autophagy. In fact, using tumor fragment spheroids
derived from patient tumors, we confirmed our findings from the cell lines, showing that the
response to GDC-0980 correlates with the presence of ATG13 puncta.

By using these 3D models, we have found that there is a group of tumors with autophagy
that is sensitive to PI3K/mTOR inhibition with GDC-0980. We suspect that these tumors are
under stress and using autophagy, at least in part, as a survival mechanism. After GDC-0980,
both autophagy and cell death increase; either the autophagy is counteracting the stress and
acting in a survival capacity or is itself inducing death. With the inhibition of autophagy, the
survival role of the autophagy becomes more clear because, without autophagy, the cells
become more susceptible to stresses such as chemotherapy. The complexity concerning the
role(s) of autophagy may be in concert with the proposed context-dependent, dual role for
autophagy in cancer: productive, with survival roles whose inhibition leads to cell death, or
abortive, leading to cell death when excessively or inappropriately induced [47]. On the other
hand, in the other group of tumors that are resistant to GDC-0980, autophagy does not
respond to PI3K/mTOR inhibition and the inhibition of autophagy has no effect on cell sur-
vival. We do not yet know whether the lack of an increase in autophagy in the resistant tumors
indicates that they are not being stressed or because autophagy is defective: these scenarios

Fig 6. ATG13 puncta are present only in the spheroids sensitive to GDC-0980. (A) Multicellular spheroids found to be sensitive (M28, SARC, VAMT) or
resistant (REN, JMN, MSTO-211H) to GDC-0980 were immunostained for ATG13. Only the spheroids sensitive to GDC-0980 displayed ATG13 puncta. (B)
Tumor fragment spheroids that were found to be sensitive or resistant to GDC-0980 were stained for ATG13. All the tumor fragment spheroids sensitive to
GDC-0980 had more than 10% cells positive for ATG13 puncta, whereas the resistant group showed little to no ATG13 staining. (* p < 0.05 sensitive vs
resistant; n = 11 for the sensitive group, n = 10 for the resistant group; mean ± SEM). Panels are representative images of tumor fragment spheroids stained
for pan-cytokeratin (red) and ATG13 (green). An enlarged panel is also provided showing ATG13 puncta in a sensitive tumor fragment spheroid, as indicated
by arrows (scale bar for both panels 10μm).

doi:10.1371/journal.pone.0134825.g006
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Fig 7. Inhibition of autophagy potentiates the response to chemotherapy only in the spheroids sensitive to GDC-0980. (A) M28 and REN spheroids
were transfected with ATG5 (left panels) and ATG7 siRNA (right panels) and treated with GDC-0980 (1 μM), bortezomib (25 nM), ammonium chloride (NH4

+,
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have been described in other tumors [52, 53]. It is also possible that autophagy in the resistant
group is not regulated by the mTOR substrate complex.

In our tumor samples, the phosphorylation status of Akt did not correlate with the activity
of the PI3K/mTOR inhibitor [1, 2, 54]. It may be that, in the tumor, a more complex system
than that of cell lines, the phosphorylation of Akt did not fully represent the activity of the
pathway or that the effectiveness of inhibition did not depend on the level of activity of the
pathway. Interestingly, despite the lack of correlation with the phosphorylation of Akt/mTOR,
the response to GDC-0980 did correlate with autophagy, as measured by the presence of
ATG13 puncta. To our knowledge, this is the first time that sensitivity to GDC-0980 has been
shown to be associated with autophagic activity, either in cell lines or importantly in tumor
samples studied ex vivo.

Before attempting to target autophagy therapeutically, one would want to identify tumors
responsive to this approach, currently a difficult proposition because of the inability to measure
autophagy confidently in fixed or in vivo tumor tissue [46]. We have found that the presence of
ATG13 puncta appear to identify these tumors, at least in mesothelioma. Our preliminary
studies suggest that ATG13 may not be required to drive autophagy, as shown elsewhere [41],
but may serve as a marker of tumors sensitive to PI3K/mTOR inhibition. Conversely, the resis-
tant group showed no ATG13 puncta and demonstrated a basal autophagy that did not
respond to PI3K/mTOR inhibition and whose inhibition had no effect on the cells. Such
tumors would presumably be unresponsive to efforts to manipulate autophagy but could per-
haps be targeted by other approaches.

Conclusions
In this study, we have shown for the first time that GDC-0980 is active in a subset of mesotheli-
omas, which can be identified by the presence of ATG13 puncta. By studying 3D models of
mesothelioma, we have found that, whereas all spheroids demonstrated basal autophagy, only
the sensitive spheroids displayed ATG13 puncta at baseline, increased autophagy in response
to GDC-0980 and became more chemoresponsive with inhibition of autophagy. Hence, autop-
hagy represents a possible therapeutic target in a subset of mesotheliomas and we propose the
presence of ATG13 puncta as a promising autophagy marker to identify these tumors.

Supporting Information
S1 Fig. Normal mesothelial cells are resistant to GDC-0980.Multicellular spheroids grown
from normal mesothelial cells (NMC) and M28 cells were treated with GDC-0980 (1 μM), bor-
tezomib (25 nM) or the combination for 24 h. Spheroids were then disaggregated, fixed, stained
with Hoechst and examined for apoptotic nuclear condensation. Neither GDC-0980 nor borte-
zomib had an effect in normal mesothelial cells when given alone or in combination. M28
spheroids were used as positive control for response to GDC-0980. (� p< 0.05, different from
the same treatment without GDC-0980; n = 3; mean ± SD)
(TIF)

10 mM) or the combination for 6 h. Both ATG5 and ATG7 siRNA effectively reduced their respective protein levels to less than 10% of the original levels.
However, in M28 and REN spheroids, ATG5 siRNA failed to reduce LC3-II levels, showing that autophagy was not inhibited. Instead, in both M28 and REN
spheroids, ATG7 siRNA decreased LC3-II levels, showing that it was effective in blocking autophagy. Of note, bortezomib did not affect the autophagic flux of
either spheroid. (B) The band intensities in 3 separate immunoblots were measured by densitometry and the ratios of LC3 II to tubulin values (LC3 vs tubulin)
are shown. Statistical significance was calculated by ANOVA with Tukey’s test (* scrambled siRNA vs ATG5 or 7 siRNA; p < 0.05; n = 3; mean ± SD). (C)
M28 and REN spheroids, grown from cells transfected with ATG5 or ATG7 siRNA, were treated with GDC-0980 (1 μM), bortezomib (25 nM)(BZ) or cisplatin
(200 μM) plus pemetrexed (10 μM)(C+P) for 16 h. Apoptosis was measured by a CaspaseGlo assay. The response to GDC-0980 and to chemotherapy was
potentiated by ATG7 siRNA, only in M28 spheroids. (* p < 0.05 compared to scrambled control siRNA; n = 3; mean ± SD).

doi:10.1371/journal.pone.0134825.g007
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S2 Fig. A subset of mesothelioma tumor fragment spheroids is sensitive to GDC-0980. (A)
Immunofluorescent staining of tumor fragment spheroids treated with GDC-0980 (1 μM), cis-
platin (200 μM) plus pemetrexed (10 μM)(C+P) or the combination for 24 h. Cleaved caspase
3 (green) and pan-cytokeratin (red) were detected; the merging of signals (yellow) indicates
mesothelioma cells with caspase activation. (scale bar 100μm) (B) Representative image of two
tumor fragment spheroids after two weeks of cell culture. (scale bar 500μm)
(TIF)

S3 Fig. Response to GDC-0980 does not correlate with markers of the activation of the Akt/
mTOR pathway. A tissue microarray comprising the original tumor from which tumor frag-
ment spheroids were grown was analyzed by immunohistochemistry for P-S6K Thr389, a down-
stream target of mTOR, Bim, a pro-apoptotic BH3-only protein, Ki67, a cell proliferation
marker, and GLUT-1 and IRS-1, two markers of glucose metabolism connected with the Akt/
mTOR pathway. Intensity staining for each protein was scored semi-quantitatively (0–4). The
numbers over each bar represent first, the TLG (total lesion glycolysis) values calculated from
the PET-CT scans for each patient, and second, the mean SUVmax values (see Methods). The
response to GDC-0980 did not correlate with the stained proteins or with the TLG or mean
SUVmax values.
(TIF)

S4 Fig. GDC-0980 activity is completely inhibited by blocking caspase cleavage with zVAD-
fmk. (A) Spheroids were grown fromM28 cells and treated with GDC-0980 (1 μM), bortezo-
mib (25nM) or the combination with or without zVAD-fmk (20 μM) for 24 h. Apoptosis was
measured by Hoechst. zVAD-fmk completely blocked the apoptosis induced by either agent or
the combination. (B) Cleaved caspase 3 was detected by immunoblot in M28 spheroids treated
with GDC-0980 (1 μM), bortezomib (25nM) or the combination with or without zVAD-fmk
(20 μM) for 16h. zVAD-fmk completely inhibited caspase cleavage due to either agent of the
combination.
(TIF)

S5 Fig. Both sensitive and resistant spheroids have basal autophagic flux. The spheroids
were treated with 10 mM ammonium chloride (NH4

+) for 8 h before harvesting. Spheroids
were then trypsinized and cytospun on glass slides and stained for LC3 (green) and nuclei
(TOPRO-3, blue). Magnified views of the regions in the dashed boxes are shown for represen-
tative cells with LC3 puncta (arrows). Both sensitive and resistant spheroids can be shown to
display baseline autophagy because they accumulate LC3 puncta after exposure to NH4

+. (scale
bar 10 μm)
(TIF)

S6 Fig. GDC-0980 induces autophagy only in the sensitive tumor fragment spheroids. (A)
The 21 tumor fragment spheroids analyzed in Fig 2 were analyzed by immunofluorescence for
the formation of LC3 puncta after GDC-0980 (1 μM–24 h). Representative images of the
tumor fragment spheroids with or without GDC-0980 are shown (cytokeratin: red–LC3:
green). (B) The percentage of mesothelioma cells positive for LC3 puncta was counted in tripli-
cate for each tumor fragment spheroid. GDC-0980 significantly increased the number of cells
with LC3 puncta only in the sensitive tumor fragment spheroids. (�p< 0.0001 GDC-0980 vs
untreated control n = 11; mean ± SD). (scale bar 50 μm)
(TIF)

S7 Fig. Response to GDC-0980 correlates with ATG13 puncta. 21 tumor fragment spheroids
(resistant, circles; sensitive, triangles) were stained for ATG13 and cytokeratin. The response of
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the spheroids to GDC-0980 (displayed here as the difference between GDC-0980+C+P and C
+P alone) was plotted against the percentage of mesothelioma cells (cytokeratin-positive) with
ATG13 puncta; there was a linear correlation between the response to GDC-0980 and the pres-
ence of ATG13 puncta (R = 0.72).
(TIF)

S1 Table. Characteristics of tumors used to generate tumor fragment spheroids. Tumor
fragment spheroids were grown from 11 epithelioid and 10 biphasic samples, with a range of
tumor stages. Neither gender, histology nor stage was clearly associated with a response to
GDC-0980.
(TIF)

Acknowledgments
We would like to acknowledge Dr. William G. Richards for his help with the clinical data. This
work was made possible by generous support from the Simmons Mesothelioma Foundation. In
addition, Dr. C. Follo is supported by a Simmons Fellowship in Mesothelioma Research. Addi-
tional funding was also provided by a Mesothelioma Applied Research Foundation (MARF)
grant to DB and Swiss National Science Foundation and Baugarten Foundation grants to EFB.

Author Contributions
Conceived and designed the experiments: DB CF VCB. Performed the experiments: DB CF VG
AK. Analyzed the data: DB CF VG AK VCB. Contributed reagents/materials/analysis tools:
RB. Wrote the paper: DB CF VCB NE EFB.

References
1. Barbone D, Yang T, Morgan J, Gaudino G, Broaddus V. Mammalian target of rapamycin contributes to

the acquired apoptotic resistance of humanmesothelioma multicellular spheroids. The Journal of bio-
logical chemistry. 2008; 283(19):13021–30. PMID: 18339627. doi: 10.1074/jbc.M709698200

2. Wilson SM, Barbone D, Yang TM, Jablons DM, Bueno R, Sugarbaker DJ, et al. mTORmediates sur-
vival signals in malignant mesothelioma grown as tumor fragment spheroids. American journal of respi-
ratory cell and molecular biology. 2008; 39(5):576–83. PMID: 18511708. doi: 10.1165/rcmb.2007-
0460OC

3. Cedres S, Montero MA, Martinez P, Martinez A, Rodriguez-Freixinos V, Torrejon D, et al. Exploratory
analysis of activation of PTEN-PI3K pathway and downstream proteins in malignant pleural mesotheli-
oma (MPM). Lung Cancer. 2012; 77(1):192–8. doi: 10.1016/j.lungcan.2012.02.022 PMID: 22459204.

4. Guo Y, Chirieac LR, Bueno R, Pass H, WuW, Malinowska IA, et al. Tsc1-Tp53 loss induces mesotheli-
oma in mice, and evidence for this mechanism in human mesothelioma. Oncogene. 2013; 33:3151–60.
doi: 10.1038/onc.2013.280 PMID: 23851502.

5. Altomare DA, You H, Xiao GH, Ramos-Nino ME, Skele KL, De Rienzo A, et al. Human and mouse
mesotheliomas exhibit elevated AKT/PKB activity, which can be targeted pharmacologically to inhibit
tumor cell growth. Oncogene. 2005; 24(40):6080–9. PMID: 15897870.

6. Watzka SB, Setinek U, Stubenberger EB, Totsch M, Dekan G, Marcher M, et al. Integrin-linked kinase,
phosphorylated AKT and the prognosis of malignant pleural mesothelioma. European journal of cardio-
thoracic surgery: official journal of the European Association for Cardio-thoracic Surgery. 2011; 39
(2):180–4. doi: 10.1016/j.ejcts.2010.05.007 PMID: 20580243.

7. Cacciotti P, Barbone D, Porta C, Altomare DA, Testa JR, Mutti L, et al. SV40-dependent AKT activity
drives mesothelial cell transformation after asbestos exposure. Cancer Res. 2005; 65(12):5256–62.
PMID: 15958571.

8. Ramos-Nino ME, Blumen SR, Sabo-Attwood T, Pass H, Carbone M, Testa JR, et al. HGFmediates cell
proliferation of human mesothelioma cells through a PI3K/MEK5/Fra-1 pathway. American journal of
respiratory cell and molecular biology. 2008; 38(2):209–17. PMID: 10.1165/rcmb.2007-0206OC. PMID:
17872495; PubMed Central PMCID: PMC2214675.

Autophagy and Response to Chemotherapy in 3D Mesothelioma Models

PLOS ONE | DOI:10.1371/journal.pone.0134825 August 18, 2015 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0134825.s008
http://www.ncbi.nlm.nih.gov/pubmed/18339627
http://dx.doi.org/10.1074/jbc.M709698200
http://www.ncbi.nlm.nih.gov/pubmed/18511708
http://dx.doi.org/10.1165/rcmb.2007-0460OC
http://dx.doi.org/10.1165/rcmb.2007-0460OC
http://dx.doi.org/10.1016/j.lungcan.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/22459204
http://dx.doi.org/10.1038/onc.2013.280
http://www.ncbi.nlm.nih.gov/pubmed/23851502
http://www.ncbi.nlm.nih.gov/pubmed/15897870
http://dx.doi.org/10.1016/j.ejcts.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20580243
http://www.ncbi.nlm.nih.gov/pubmed/15958571
http://www.ncbi.nlm.nih.gov/pubmed/10.1165/rcmb.2007-0206OC
http://www.ncbi.nlm.nih.gov/pubmed/17872495


9. Suzuki Y, Murakami H, Kawaguchi K, Tanigushi T, Fujii M, Shinjo K, et al. Activation of the PI3K-AKT
pathway in humanmalignant mesothelioma cells. Molecular medicine reports. 2009; 2(2):181–8. doi:
10.3892/mmr_00000081 PMID: 21475810.

10. Fischer B, Frei C, Moura U, Stahel R, Felley-Bosco E. Inhibition of phosphoinositide-3 kinase pathway
down regulates ABCG2 function and sensitizes malignant pleural mesothelioma to chemotherapy.
Lung Cancer. 2012; 78(1):23–9. doi: 10.1016/j.lungcan.2012.07.005 PMID: 22857894.

11. Hoda MA, Mohamed A, Ghanim B, Filipits M, Hegedus B, Tamura M, et al. Temsirolimus inhibits malig-
nant pleural mesothelioma growth in vitro and in vivo: synergism with chemotherapy. J Thorac Oncol.
2011; 6(5):852–63. doi: 10.1097/JTO.0b013e31820e1a25 PMID: 21358348.

12. Kanteti R, Dhanasingh I, Kawada I, Lennon FE, Arif Q, Bueno R, et al. PMID: MET and PI3K/mTOR as
a Potential Combinatorial Therapeutic Target in Malignant Pleural Mesothelioma. PLoS One. 2014; 9
(9):e105919. doi: 10.1371/journal.pone.0105919 PMID: 25221930; PubMed Central PMCID:
PMC4164360.

13. Zhou S, Liu L, Li H, Eilers G, Kuang Y, Shi S, et al. Multipoint targeting of the PI3K/mTOR pathway in
mesothelioma. Br J Cancer. 2014; 110(10):2479–88. doi: 10.1038/bjc.2014.220 PMID: 24762959;
PubMed Central PMCID: PMC4021537.

14. Fan QW, Knight ZA, Goldenberg DD, YuW, Mostov KE, Stokoe D, et al. A dual PI3 kinase/mTOR inhib-
itor reveals emergent efficacy in glioma. Cancer Cell. 2006; 9(5):341–9. PMID: 16697955.

15. Wallin JJ, Edgar KA, Guan J, Berry M, Prior WW, Lee L, et al. GDC-0980 is a novel class I PI3K/mTOR
kinase inhibitor with robust activity in cancer models driven by the PI3K pathway. Molecular cancer
therapeutics. 2011; 10(12):2426–36. doi: 10.1158/1535-7163.MCT-11-0446 PMID: 21998291.

16. Sutherlin DP, Bao L, Berry M, Castanedo G, Chuckowree I, Dotson J, et al. Discovery of a potent, selec-
tive, and orally available class I phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin
(mTOR) kinase inhibitor (GDC-0980) for the treatment of cancer. Journal of medicinal chemistry. 2011;
54(21):7579–87. doi: 10.1021/jm2009327 PMID: 21981714.

17. Salphati L, Pang J, Plise EG, Lee LB, Olivero AG, Prior WW, et al. Preclinical assessment of the
absorption and disposition of the phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor
GDC-0980 and prediction of its pharmacokinetics and efficacy in human. Drug metabolism and disposi-
tion: the biological fate of chemicals. 2012; 40(9):1785–96. doi: 10.1124/dmd.112.046052 PMID:
22696419.

18. Li JR, Cheng CL, Yang CR, Ou YC,WuMJ, Ko JL. Dual inhibitor of phosphoinositide 3-kinase/mamma-
lian target of rapamycin NVP-BEZ235 effectively inhibits cisplatin-resistant urothelial cancer cell growth
through autophagic flux. Toxicology letters. 2013; 220(3):267–76. doi: 10.1016/j.toxlet.2013.04.021
PMID: 23651616.

19. Tang JY, Tu D, Zhang H, XiongWJ, Xu MZ, Wang XJ, et al. GDC-0980-induced apoptosis is enhanced
by autophagy inhibition in human pancreatic cancer cells. Biochem Biophys Res Commun. 2014; 453
(3):533–8. doi: 10.1016/j.bbrc.2014.09.115 PMID: 25285629.

20. Metcalf RA, Welsh JA, Bennett WP, Seddon MB, Lehman TA, Pelin K, et al. p53 and Kirsten-ras muta-
tions in human mesothelioma cell lines. Cancer Res. 1992; 52(9):2610–5. PMID: 1568228.

21. Narasimhan SR, Yang L, Gerwin BI, Broaddus VC. Resistance of pleural mesothelioma cell lines to
apoptosis: relation to expression of Bcl-2 and Bax. The American journal of physiology. 1998; 275(1 Pt
1):L165–71. PMID: 9688948.

22. SmytheWR, Kaiser LR, Hwang HC, Amin KM, Pilewski JM, Eck SJ, et al. Successful adenovirus-medi-
ated gene transfer in an in vivo model of human malignant mesothelioma. Ann Thorac Surg. 1994; 57
(6):1395–401. PMID: 8010779.

23. Watson PM, Miller SW, Fraig M, Cole DJ, Watson DK, Boylan AM. CaSm (LSm-1) overexpression in
lung cancer and mesothelioma is required for transformed phenotypes. American journal of respiratory
cell and molecular biology. 2008; 38(6):671–8. doi: 10.1165/rcmb.2007-0205OC PMID: 18218995;
PubMed Central PMCID: PMC2396246.

24. Popescu NC, Chahinian AP, DiPaolo JA. Nonrandom chromosome alterations in human malignant
mesothelioma. Cancer Res. 1988; 48(1):142–7. PMID: 3334988.

25. Broaddus VC, Dansen TB, Abayasiriwardana KS, Wilson SM, Finch AJ, Swigart LB, et al. Bid mediates
apoptotic synergy between tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and DNA
damage. The Journal of biological chemistry. 2005; 280(13):12486–93. PMID: 15615731.

26. Harasawa R, Mizusawa H, Nozawa K, Nakagawa T, Asada K, Kato I. Detection and tentative identifica-
tion of dominant mycoplasma species in cell cultures by restriction analysis of the 16S-23S rRNA inter-
genic spacer regions. Res Microbiol. 1993; 144(6):489–93. PMID: 7910696.

27. Barbone D, Ryan JA, Kolhatkar N, Chacko AD, Jablons DM, Sugarbaker DJ, et al. The Bcl-2 repertoire
of mesothelioma spheroids underlies acquired apoptotic multicellular resistance. Cell Death Dis. 2011;
2:e174. doi: 10.1038/cddis.2011.58 PMID: 21697949; PubMed Central PMCID: PMC3169000.

Autophagy and Response to Chemotherapy in 3D Mesothelioma Models

PLOS ONE | DOI:10.1371/journal.pone.0134825 August 18, 2015 21 / 23

http://dx.doi.org/10.3892/mmr_00000081
http://www.ncbi.nlm.nih.gov/pubmed/21475810
http://dx.doi.org/10.1016/j.lungcan.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22857894
http://dx.doi.org/10.1097/JTO.0b013e31820e1a25
http://www.ncbi.nlm.nih.gov/pubmed/21358348
http://www.ncbi.nlm.nih.gov/pubmed/MET and PI3K/mTOR as a Potential Combinatorial Therapeutic Target in Malignant Pleural Mesothelioma
http://www.ncbi.nlm.nih.gov/pubmed/MET and PI3K/mTOR as a Potential Combinatorial Therapeutic Target in Malignant Pleural Mesothelioma
http://dx.doi.org/10.1371/journal.pone.0105919
http://www.ncbi.nlm.nih.gov/pubmed/25221930
http://dx.doi.org/10.1038/bjc.2014.220
http://www.ncbi.nlm.nih.gov/pubmed/24762959
http://www.ncbi.nlm.nih.gov/pubmed/16697955
http://dx.doi.org/10.1158/1535-7163.MCT-11-0446
http://www.ncbi.nlm.nih.gov/pubmed/21998291
http://dx.doi.org/10.1021/jm2009327
http://www.ncbi.nlm.nih.gov/pubmed/21981714
http://dx.doi.org/10.1124/dmd.112.046052
http://www.ncbi.nlm.nih.gov/pubmed/22696419
http://dx.doi.org/10.1016/j.toxlet.2013.04.021
http://www.ncbi.nlm.nih.gov/pubmed/23651616
http://dx.doi.org/10.1016/j.bbrc.2014.09.115
http://www.ncbi.nlm.nih.gov/pubmed/25285629
http://www.ncbi.nlm.nih.gov/pubmed/1568228
http://www.ncbi.nlm.nih.gov/pubmed/9688948
http://www.ncbi.nlm.nih.gov/pubmed/8010779
http://dx.doi.org/10.1165/rcmb.2007-0205OC
http://www.ncbi.nlm.nih.gov/pubmed/18218995
http://www.ncbi.nlm.nih.gov/pubmed/3334988
http://www.ncbi.nlm.nih.gov/pubmed/15615731
http://www.ncbi.nlm.nih.gov/pubmed/7910696
http://dx.doi.org/10.1038/cddis.2011.58
http://www.ncbi.nlm.nih.gov/pubmed/21697949


28. Barbone D, Cheung P, Battula S, Busacca S, Gray SG, Longley DB, et al. Vorinostat eliminates multi-
cellular resistance of mesothelioma 3D spheroids via restoration of Noxa expression. PLoS One. 2012;
7(12):e52753. doi: 10.1371/journal.pone.0052753 PMID: 23300762; PubMed Central PMCID:
PMC3530471.

29. Sartore-Bianchi A, Gasparri F, Galvani A, Nici L, Darnowski JW, Barbone D, et al. Bortezomib inhibits
nuclear factor-kappaB dependent survival and has potent in vivo activity in mesothelioma. Clin Cancer
Res. 2007; 13(19):5942–51. PMID: 17908991.

30. Yang TM, Barbone D, Fennell DA, Broaddus VC. Bcl-2 family proteins contribute to apoptotic resis-
tance in lung cancer multicellular spheroids. American journal of respiratory cell and molecular biology.
2009; 41(1):14–23. Epub 2008/12/23. doi: 2008-0320OC [pii] doi: 10.1165/rcmb.2008-0320OC PMID:
19097992; PubMed Central PMCID: PMC2701959.

31. Rathmell JC, Fox CJ, Plas DR, Hammerman PS, Cinalli RM, Thompson CB. Akt-directed glucose
metabolism can prevent Bax conformation change and promote growth factor-independent survival.
Mol Cell Biol. 2003; 23(20):7315–28. PMID: 14517300; PubMed Central PMCID: PMC230333.

32. Barthel A, Okino ST, Liao J, Nakatani K, Li J, Whitlock JP Jr, et al. Regulation of GLUT1 gene transcrip-
tion by the serine/threonine kinase Akt1. The Journal of biological chemistry. 1999; 274(29):20281–6.
PMID: 10400647.

33. Hartley D, Cooper GM. Role of mTOR in the degradation of IRS-1: regulation of PP2A activity. J Cell
Biochem. 2002; 85(2):304–14. PMID: 11948686.

34. Klabatsa A, Chicklore S, Barrington SF, Goh V, Lang-Lazdunski L, Cook GJ. The association of 18F-
FDG PET/CT parameters with survival in malignant pleural mesothelioma. European journal of nuclear
medicine and molecular imaging. 2014; 41(2):276–82. doi: 10.1007/s00259-013-2561-1 PMID:
24057459.

35. Green DR, Levine B. To be or not to be? How selective autophagy and cell death govern cell fate. Cell.
2014; 157(1):65–75. doi: 10.1016/j.cell.2014.02.049 PMID: 24679527; PubMed Central PMCID:
PMC4020175.

36. Tanida I, Ueno T, Kominami E. LC3 and Autophagy. Methods in molecular biology. 2008; 445:77–88.
doi: 10.1007/978-1-59745-157-4_4 PMID: 18425443.

37. Ganley IG, Lam du H, Wang J, Ding X, Chen S, Jiang X. ULK1.ATG13.FIP200 complex mediates
mTOR signaling and is essential for autophagy. The Journal of biological chemistry. 2009; 284
(18):12297–305. doi: 10.1074/jbc.M900573200 PMID: 19258318; PubMed Central PMCID:
PMC2673298.

38. Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J, et al. ULK-Atg13-FIP200 complexes mediate
mTOR signaling to the autophagy machinery. Mol Biol Cell. 2009; 20(7):1992–2003. doi: 10.1091/mbc.
E08-12-1249 PMID: 19225151; PubMed Central PMCID: PMC2663920.

39. Choi AM, Ryter SW, Levine B. Autophagy in human health and disease. N Engl J Med. 2013; 368
(7):651–62. doi: 10.1056/NEJMra1205406 PMID: 23406030.

40. Chan EY. mTORC1 phosphorylates the ULK1-mAtg13-FIP200 autophagy regulatory complex. Science
signaling. 2009; 2(84):pe51. doi: 10.1126/scisignal.284pe51 PMID: 19690328.

41. Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura A, Miura Y, et al. Nutrient-dependent mTORC1
association with the ULK1-Atg13-FIP200 complex required for autophagy. Mol Biol Cell. 2009; 20
(7):1981–91. doi: 10.1091/mbc.E08-12-1248 PMID: 19211835; PubMed Central PMCID:
PMC2663915.

42. Alers S, Loffler AS, Paasch F, Dieterle AM, Keppeler H, Lauber K, et al. Atg13 and FIP200 act indepen-
dently of Ulk1 and Ulk2 in autophagy induction. Autophagy. 2011; 7(12):1423–33. PMID: 22024743.

43. Alemu EA, Lamark T, Torgersen KM, Birgisdottir AB, Larsen KB, Jain A, et al. ATG8 family proteins act
as scaffolds for assembly of the ULK complex: sequence requirements for LC3-interacting region (LIR)
motifs. The Journal of biological chemistry. 2012; 287(47):39275–90. doi: 10.1074/jbc.M112.378109
PMID: 23043107; PubMed Central PMCID: PMC3501051.

44. Suzuki H, Tabata K, Morita E, Kawasaki M, Kato R, Dobson RC, et al. Structural basis of the autop-
hagy-related LC3/Atg13 LIR complex: recognition and interaction mechanism. Structure. 2014; 22
(1):47–58. doi: 10.1016/j.str.2013.09.023 PMID: 24290141.

45. Alers S, Wesselborg S, Stork B. ATG13: just a companion, or an executor of the autophagic program?
Autophagy. 2014; 10(6):944–56. doi: 10.4161/auto.28987 PMID: 24879146; PubMed Central PMCID:
PMC4091178.

46. Klionsky DJ, Abdalla FC, Abeliovich H, Abraham RT, Acevedo-Arozena A, Adeli K, et al. Guidelines for
the use and interpretation of assays for monitoring autophagy. Autophagy. 2012; 8(4):445–544. PMID:
22966490; PubMed Central PMCID: PMC3404883.

Autophagy and Response to Chemotherapy in 3D Mesothelioma Models

PLOS ONE | DOI:10.1371/journal.pone.0134825 August 18, 2015 22 / 23

http://dx.doi.org/10.1371/journal.pone.0052753
http://www.ncbi.nlm.nih.gov/pubmed/23300762
http://www.ncbi.nlm.nih.gov/pubmed/17908991
http://dx.doi.org/10.1165/rcmb.2008-0320OC
http://www.ncbi.nlm.nih.gov/pubmed/19097992
http://www.ncbi.nlm.nih.gov/pubmed/14517300
http://www.ncbi.nlm.nih.gov/pubmed/10400647
http://www.ncbi.nlm.nih.gov/pubmed/11948686
http://dx.doi.org/10.1007/s00259-013-2561-1
http://www.ncbi.nlm.nih.gov/pubmed/24057459
http://dx.doi.org/10.1016/j.cell.2014.02.049
http://www.ncbi.nlm.nih.gov/pubmed/24679527
http://dx.doi.org/10.1007/978-1-59745-157-4_4
http://www.ncbi.nlm.nih.gov/pubmed/18425443
http://dx.doi.org/10.1074/jbc.M900573200
http://www.ncbi.nlm.nih.gov/pubmed/19258318
http://dx.doi.org/10.1091/mbc.E08-12-1249
http://dx.doi.org/10.1091/mbc.E08-12-1249
http://www.ncbi.nlm.nih.gov/pubmed/19225151
http://dx.doi.org/10.1056/NEJMra1205406
http://www.ncbi.nlm.nih.gov/pubmed/23406030
http://dx.doi.org/10.1126/scisignal.284pe51
http://www.ncbi.nlm.nih.gov/pubmed/19690328
http://dx.doi.org/10.1091/mbc.E08-12-1248
http://www.ncbi.nlm.nih.gov/pubmed/19211835
http://www.ncbi.nlm.nih.gov/pubmed/22024743
http://dx.doi.org/10.1074/jbc.M112.378109
http://www.ncbi.nlm.nih.gov/pubmed/23043107
http://dx.doi.org/10.1016/j.str.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24290141
http://dx.doi.org/10.4161/auto.28987
http://www.ncbi.nlm.nih.gov/pubmed/24879146
http://www.ncbi.nlm.nih.gov/pubmed/22966490


47. Claerhout S, Dutta B, Bossuyt W, Zhang F, Nguyen-Charles C, Dennison JB, et al. Abortive autophagy
induces endoplasmic reticulum stress and cell death in cancer cells. PLoS One. 2012; 7(6):e39400.
doi: 10.1371/journal.pone.0039400 PMID: 22745748; PubMed Central PMCID: PMC3383753.

48. Satoh M, Takemura Y, Hamada H, Sekido Y, Kubota S. EGCG induces humanmesothelioma cell
death by inducing reactive oxygen species and autophagy. Cancer cell international. 2013; 13(1):19.
doi: 10.1186/1475-2867-13-19 PMID: 23432995; PubMed Central PMCID: PMC3605250.

49. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646–74. doi:
10.1016/j.cell.2011.02.013 PMID: 21376230.

50. Battisti S, Valente D, Albonici L, Bei R, Modesti A, Palumbo C. Nutritional stress and arginine auxotro-
phy confer high sensitivity to chloroquine toxicity in mesothelioma cells. American journal of respiratory
cell and molecular biology. 2012; 46(4):498–506. doi: 10.1165/rcmb.2011-0195OC PMID: 22074703.

51. Minchinton AI, Tannock IF. Drug penetration in solid tumours. Nature reviews. 2006; 6(8):583–92.
PMID: 16862189.

52. Gump JM, Staskiewicz L, Morgan MJ, Bamberg A, Riches DW, Thorburn A. Autophagy variation within
a cell population determines cell fate through selective degradation of Fap-1. Nat Cell Biol. 2014; 16
(1):47–54. doi: 10.1038/ncb2886 PMID: 24316673; PubMed Central PMCID: PMC3876036.

53. Hippert MM, O'Toole PS, Thorburn A. Autophagy in cancer: good, bad, or both? Cancer Res. 2006; 66
(19):9349–51. doi: 10.1158/0008-5472.CAN-06-1597 PMID: 17018585.

54. Alifrangis CC, McDermott U. Reading between the lines; understanding drug response in the post
genomic era. Molecular oncology. 2014; 8(6):1112–9. doi: 10.1016/j.molonc.2014.05.014 PMID:
24957465.

55. Abayasiriwardana KS, Barbone D, Kim KU, Vivo C, Lee KK, Dansen TB, et al. Malignant mesothelioma
cells are rapidly sensitized to TRAIL-induced apoptosis by low-dose anisomycin via Bim. Molecular
cancer therapeutics. 2007; 6(10):2766–76. Epub 2007/10/17. 6/10/2766 [pii] doi: 10.1158/1535-7163.
MCT-07-0278 PMID: 17938269.

Autophagy and Response to Chemotherapy in 3D Mesothelioma Models

PLOS ONE | DOI:10.1371/journal.pone.0134825 August 18, 2015 23 / 23

http://dx.doi.org/10.1371/journal.pone.0039400
http://www.ncbi.nlm.nih.gov/pubmed/22745748
http://dx.doi.org/10.1186/1475-2867-13-19
http://www.ncbi.nlm.nih.gov/pubmed/23432995
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1165/rcmb.2011-0195OC
http://www.ncbi.nlm.nih.gov/pubmed/22074703
http://www.ncbi.nlm.nih.gov/pubmed/16862189
http://dx.doi.org/10.1038/ncb2886
http://www.ncbi.nlm.nih.gov/pubmed/24316673
http://dx.doi.org/10.1158/0008-5472.CAN-06-1597
http://www.ncbi.nlm.nih.gov/pubmed/17018585
http://dx.doi.org/10.1016/j.molonc.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/24957465
http://dx.doi.org/10.1158/1535-7163.MCT-07-0278
http://dx.doi.org/10.1158/1535-7163.MCT-07-0278
http://www.ncbi.nlm.nih.gov/pubmed/17938269

