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MOLECULAR CANCER THERAPEUTICS | CANCER BIOLOGYANDTRANSLATIONAL STUDIES

Dual mTORC1/2 Inhibition Sensitizes Testicular Cancer
Models to Cisplatin Treatment
Ximena Rosas-Plaza1, Gerda de Vries1, Gert Jan Meersma1, Albert J.H. Suurmeijer2, Jourik A. Gietema1,
Marcel A.T.M. van Vugt1, and Steven de Jong1

ABSTRACT
◥

Testicular cancer is the most common cancer type among young
men.Despite highly effective cisplatin-based chemotherapy, around
20% of patients withmetastatic disease will still die from the disease.
The aim of this study was to explore the use of kinase inhibitors to
sensitize testicular cancer cells to cisplatin treatment. Activation of
kinases, including receptor tyrosine kinases and downstream sub-
strates, was studied in five cisplatin-sensitive or -resistant testicular
cancer cell lines using phospho-kinase arrays andWestern blotting.
The phospho-kinase array showed AKT and S6 to be among the top
phosphorylated proteins in testicular cancer cells, which are part of
the PI3K/AKT/mTORC pathway. Inhibitors of most active kinases
in the PI3K/AKT/mTORC pathway were tested using apoptosis
assays and survival assays. Two mTORC1/2 inhibitors, AZD8055
andMLN0128, strongly enhanced cisplatin-induced apoptosis in all

tested testicular cancer cell lines. Inhibition of mTORC1/2 blocked
phosphorylation of the mTORC downstream proteins S6 and 4E-
BP1. Combined treatment with AZD8055 and cisplatin led to
reduced clonogenic survival of testicular cancer cells. Two testicular
cancer patient-derived xenografts (PDX), either from a chemosen-
sitive or -resistant patient, were treated with cisplatin in the absence
or presence of kinase inhibitor. Combined AZD8055 and cisplatin
treatment resulted in effective mTORC1/2 inhibition, increased
caspase-3 activity, and enhanced tumor growth inhibition. In
conclusion, we identified mTORC1/2 inhibition as an effective
strategy to sensitize testicular cancer cell lines and PDX models to
cisplatin treatment. Our results warrant further investigation of this
combination therapy in the treatment of patients with testicular
cancer with high-risk relapsed or refractory disease.

Introduction
Testicular cancer is the most frequent cancer type among young

men (20–40 years). Incidence of testicular cancer in theWestern world
has risen steadily over the past 40 years and even tripled in Northern
European countries (1). Localized disease is treated with surgery with a
>97% cure rate (2). Survival of patients with testicular cancer with
advanced disease is much higher when compared with other tumor
types, with an approximately 80% survival rate (3). However, there is a
subset of patients that does not respond to cisplatin-based chemo-
therapy and will eventually die from this disease. Several features have
been proposed to underlie the pronounced cisplatin sensitivity in
testicular cancer, among others the high percentage of tumors with
wild-type TP53 status and the low expression levels of the nucleotide
excision repair (NER) proteins ERCC1, XPF, and XPA (4). Cisplatin
treatment of testicular cancer induces apoptosis by increasing the
cellular levels of p53, a transcription factor that can activate both the
intrinsic apoptotic pathway via PUMA and NOXA and the extrinsic

apoptotic pathway by inducing the expression of death receptors on
the cell membrane (5–7).

Mutation-driven activation of members from the PI3K/AKT/
mTOR complex (mTORC) pathway, among other prosurvival
pathways, is observed in many cancers (8, 9). However, almost no
mutations in PI3K/AKT/mTORC pathway components or upstream
receptor tyrosine kinases have been found in either cisplatin-sensitive
or -resistant testicular cancers (10–12). Nonetheless, it was previously
described that PI3K or AKT inhibition sensitized cisplatin-resistant
testicular cancer cells to cisplatin (13). In addition, specific receptor
tyrosine kinase (RTK) activity was investigated in testicular cancer cell
lines, identifying IGF1R as therapeutic target (14). However, other
upstream kinases causing activation of the PI3K/AKT pathway or
involvement of other intracellular kinases in resistance mechanisms
against cell death were not evaluated in depth.

In this study, we screened a panel of cisplatin-sensitive and -resis-
tant testicular cancer cell lines to determine the phosphorylation status
of kinases and their downstream targets using phospho-arrays. On the
basis of these results, we screened a number of kinase inhibitors alone
and in combination with cisplatin, using apoptosis induction as read-
out of sensitization. Inhibition of mTORC1/2 strongly enhanced
cisplatin-induced apoptosis in sensitive and resistant testicular cancer
cell lines as well as patient-derived xenografts (PDX).

Materials and Methods
Cell lines

Testicular cancer embryonal carcinoma cell lines Tera, TeraCP,
Scha, 833KE, and NCCIT were cultured in RPMI (Gibco), supple-
mented with 10% FCS (Life Technologies). Cell lines were maintained
at 37�C in a humidified incubator with 5% CO2. All cell lines grew
adherent and were passaged twice weekly. All cell lines were tested by
short tandem repeat profiling at Eurofins Genomics and were Myco-
plasma free.
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RTK signaling antibody array
The PathScan RTK Signaling Antibody Arrays (#7949; Cell Signal-

ing Technology), thereafter referred to as “phospho-arrays,”were used
according to the manufacturer's instructions. Scha, Tera, or TeraCP
cells were lysed and protein concentration was determined using
Bradford assay. Membranes were incubated with 75 mL (1 mg/mL) of
protein extract. Image Studio Lite software (LI-COR)was used for data
analysis.

Western blot analysis
Cell lysis was performed using mammalian protein extraction

reagent (Thermo Fisher Scientific), supplemented with protease and
phosphatase inhibitor cocktail (Thermo Fisher Scientific). Protein
concentration was determined by a Bradford assay, after which 20 to
40mg of protein extract was subjected to SDS-PAGE separation.
Protein gels were then transferred to polyvinylidene fluoride mem-
branes (Millipore) and blocked in 5% skimmed milk (Sigma) or 5%
BSA (Serva) in TBS-0.05% Tween20 (Sigma). The following primary
antibodies were used: AKT (#9272), p-AKT Ser473 (#9271), p-AKT
Thr308 (#9275), S6 Ribosomal Protein (#2217), p-S6 Ribosomal
Protein Ser235/236 (#2211), SRC (#2109), p-SRC Tyr419 (#2101),
p-SRC Tyr530 (#2105), PDGFRß (#4564), 4E-BP1 (#9644), p-4E-BP1
Thr70 (#9455), LC3I/II (#4108), mTOR (#2972), Raptor (#22805),
cleaved PARP (#5625), cleaved caspase-8 (#9496), cleaved caspase-9
(#9501), and cleaved caspase-3 (#9661) were all from Cell Signaling
Technology. Actin (#69100) was from MP Biomedicals, HSP90 (sc-
1055) was from Santa Cruz Biotechnology, and Rictor (#A300-459A)
from Bethyl Laboratories. Membranes were incubated with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies (DAKO) and
visualized using Lumi-light (Roche).

3-(4,5-Dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium assay
Cells were plated in 96-well plates at a density of 5,000 cells/well for

Tera, TeraCP, and 833KE, and 7,000 cells/well for Scha andNCCIT. At
2 to 3 hours after plating cells, one of the following agents was added,
cisplatin (Accord Healthcare), Everolimus (Santa Cruz Biotechnolo-
gy), GDC-0941,MK-2206, AZD8055,MLN0128 (also known as TAK-
228; all from Axon Medchem), and dasatininb (Selleckchem). After a
96-hour incubation, 3-(4,5-dimethylthiazol-2-yl)-2, 5 diphenyltetra-
zolium (MTT; Sigma) was added at a concentration of 5mg/mL for
4 hours. Medium was removed and the formazan crystals were dis-
solved in DMSO (Sigma). Absorbance was measured at 520 nm using
an iMARK microplate absorbance reader (Bio-Rad). Relative survival
was determined as the decrease in signal compared with untreated
cells.

RNA interference of mTOR, Raptor, and Rictor
siRNA sequences: Raptor 50- AAGGCTAGTCTGTTTCGAAAT-30

(sense), 50- AAGGCUAGUCUGUUUCGAAAU-30 (antisense); Ric-
tor 50- AAACTTGTGAAGAATCGTATC-30 (sense), 50- AAACUU-
GUGAAGAAUCGUAUC-30 (antisense). siRNAs were purchased
from Eurogentec. Silencer predesigned siRNA against mTOR-I
(145119), mTOR-II (242387), and Silencer Negative Control #1 were
purchased from Invitrogen. Testicular cancer cells were transfected at
approximately 50% confluency using 10 mL of siRNA duplexes (20
mmol/L), OPTI-MEM, and oligofectamine reagent according to man-
ufacturer's instructions (Invitrogen).

Clonogenic survival assay
Wells were precoated with a mixture of 0.5% agar (Merck) in

DMEM: F12 (Gibco) supplemented with 20% FCS. Cells were plated

in 6-well plates at a density of 3,000 cells/well for Scha and 7,000 cells/
well for TeraCP, in 0.3% agarose (Lonza), DMEM: F12 with 20% FCS.
AZD8055 was added to the agarose cell mixture, whereas cisplatin
treatment was performed for 24 hours prior to plating, and washed out
before plating. Colonies were counted after 10 to 12 days. Clonogenic
survival was determined as the relative decrease in colony formation
compared with untreated cells. Colonies were stained with MTT
(5mg/mL) for 4 hours.

Flow cytometry
Tomeasure apoptosis, cells were plated and left to adhere overnight

after which drugs were added for 24 hours. Hexamethylindodicarbo-
cyanine iodide (DilC) 1(5)/propidium iodide (PI) staining was
performed according to manufacturer's instructions with final con-
centrations of 6 nmol/L and 0.2 mg/mL, respectively (Invitrogen). A
total of 10,000 events per sample were analyzed on a FACSCalibur (BD
Biosciences). FlowJo softwarewas used for data analysis. The following
autophagy inhibitors were used: SBI-0206965 (MedChem Express),
Bafilomycin A1 (Sigma), and Chloroquine (InvivoGen).

Alternatively, intracellular staining of cleaved caspase-3 was per-
formed to quantify apoptosis. Cells were plated and left to adhere
overnight. Cells were treated for 24 hours, in the presence or absence
of Benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone
(Z-VAD-FMK, 20 mmol/L; Promega). Cells were then fixed in 4%
paraformaldehyde, permeabilized using 100% ice cold methanol
(MeOH; Sigma), and stained for cleaved caspase-3 (#9661; Cell
Signaling Technology) in FACS buffer (1� PBS, 0.1% Tween-20,
1% BSA). Secondary antibody labeling was performed using Alexa
Fluor 488–conjugated goat anti-rabbit (Invitrogen) in FACS buffer.
Cells were analyzed on a BD Accuri C6 flow cytometer (BD Bios-
ciences). FlowJo software was used for data analysis.

IHC
IHC was performed on formalin-fixed paraffin-embedded tissue.

Tissue slides were deparaffinized in xylene and rehydrated in ethanol.
Antigen retrieval was done using citrate buffer (pH 6.0) or EDTA
buffer (pH 8.0) for 15 minutes. Endogenous peroxidase was blocked
for 30minutes with 0.3%H2O2. Tissue slides were then incubated with
the primary antibodies diluted in PBS, 1% BSA for 1 hour at room
temperature or overnight at 4�C. Slides were stained withHRP-labeled
secondary antibodies (DAKO). Staining was visualized by 3,30-diami-
nobenzidine and counterstained with hematoxylin. Primary detection
antibodies that were used: p-S6 Ribosomal Protein Ser235/236 (#2211;
Cell Signaling Technology), p-4E-BP1 Thr37/46 (#2855), Ki-67
(#M7240; DAKO), and cleaved caspase-3 (#9661; Cell Signaling
Technology). Analysis of IHC stainings was performed on whole
tissue sections using Aperio ImageScope (Leica Biosystems).

In vivo studies
All animal experiments were approved by the Institutional Animal

Care and Use Committee of the University of Groningen (Groningen,
the Netherlands). Written informed consent was obtained before
surgery from all patients of which tumor samples were used for PDX
establishment. Tumor tissues were implanted and propagated suc-
cessfully according to previously described methods (15). In short,
tumor pieces were cut into 3� 3� 3mm sections and subcutaneously
implanted in the flank of 4- to 8-week-old NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ (NSG) male mice (internal breed; Central Animal
Facility, UniversityMedical Centre Groningen, the Netherlands). Two
nonseminoma PDX models (TP53 wild-type, as determined with
sequencing) were used, TC1 and TC4. TC1 was established from a
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primary tumor with embryonal carcinoma, yolk sac tumor, and
teratoma components. TC4 was established from biopsy material
obtained from a retroperitoneal lesion. Pathologic evaluation showed
that TC1 consisted of yolk sac tumor and immature teratoma com-
ponents, and TC4 belonged to the yolk sac histologic subtype. Tumor
growth was quantified three times a week by caliper measurements
according to the formula (width2 � length)/2. When tumors demon-
strated sustained growth, mice were randomized into vehicle control
or treatment groups (n ¼ 4–6 mice/group). AZD8055 (10 mg/kg in
10% DMSO), 40% polyethylene glycol 300 (Sigma), or vehicle were
administered daily. Cisplatin (2.5–4 mg/kg) was administered weekly.
All treatments were done via intraperitoneal injection. All mice were
sacrificed after 21 days of treatment, or when a tumor volume of 1,500
mm3 (humane endpoint) was reached. Tumor growth was depicted as
the change in tumor volume (mm3) by subtracting initial tumor volume
from tumor volume at the end of treatment. For ex vivo analysis the
tumors were resected, formalin fixed, and paraffin embedded.

Statistical analysis
In vitro data are expressed as mean � SD or SEM of at least three

individual experiments. GraphPad Prism was used for data analysis.
T tests and one- or two-way ANOVA were used to compare means
between all groups and the post hoc Dunnett or Sidak test was
performed to determine statistical differences between two groups.

Results
The PI3K/AKT/mTORC pathway is highly active in testicular
cancer cell lines

An intrinsic cisplatin-resistant testicular cancer model (Scha) and
an acquired cisplatin-resistant testicular cancer model (TeraCP), and
its sensitive parental model (Tera) were used to identify the activation
status of kinases and their downstream targets (Supplementary
Fig. S1A). A RTK phospho-array was performed to determine the
phosphorylation levels of 29 RTKs and 10 downstream substrates
involved in the PI3K/AKT/mTORC,MAPK, and JAK/STATpathways
(Fig. 1A). The phosphorylation status of SRC (panTyr), S6 (Ser235/
236), AKT (Thr308), and AKT (Ser473; Fig. 1C) and the RTKs FGFR1
(panTyr), HER2 (panTyr), and HER3 (panTyr; Fig. 1B) showed the
highest mean relative fluorescence intensity for the three testicular
cancer models. Phosphorylation levels of p-S6, p-AKT308, and
p-AKT473 were validated (Supplementary Fig. S1B). Scha, Tera, and
TeraCP showed similar levels of S6 and AKT phosphorylation both in
the RTK phospho-array and with Western blotting. To examine
whether the activating or the inactivating phosphorylation site of SRC
was phosphorylated, levels of p-Tyr419 (activating) and p-Tyr530

(inactivating) were determined. Both sites were highly phosphorylated
in intrinsic resistant Scha cells, and to a lesser extent in Tera and
TeraCP cells. We included two additional testicular cancer cell
lines, the cisplatin-sensitive 833KE cell line and cisplatin-resistant
TP53-mutant NCCIT cell line (Supplementary Fig. S1A). 833KE cells
showed low p-AKT and p-SRC levels, when compared with those of
Scha, Tera, and TeraCP cells. NCCIT cells showed high phosphory-
lation levels of all aforementioned phospho-sites (Supplementary
Fig. S1B). S6 phosphorylation levels in 833KE and NCCIT cells were
similar to those in Scha, Tera, and TeraCP cells.

Testicular cancer cells lines are highly sensitive to mTORC1/2
inhibition

Sensitivity of testicular cancer cells toward inhibitors targeting
kinases previously identified as being active in Scha, Tera, and TeraCP

was evaluated with MTT assays. Despite the high phosphorylation
levels of SRC, testicular cancer cells were not sensitive to SRC
inhibition using dasatinib (Fig. 1D). Testicular cancer cells showed
higher sensitivity to PI3K inhibitor GDC-0941 and AKT inhibitor
MK-2206 (Fig. 1E and F). Importantly, all testicular cancer cell lines
exhibited similarly high sensitivity tomTORC1/2 inhibitors AZD8055
and MLN0128 (Fig. 1H and I). Both mTORC1/2 inhibitors greatly
affected survival of testicular cancer cells in comparison with the
mTORC1 inhibitor everolimus (Fig. 1G).

mTORC1/2 inhibition effectively sensitizes testicular cancer cell
lines to cisplatin

Cisplatin is a strong inducer of apoptosis both in vitro and in vivo in
testicular cancer models (16). Therefore, we tested whether inhibition
of PI3K/AKT/mTORC pathway kinases or SRC could enhance cis-
platin-induced cell death. To this end, we screened a panel of drugs
(GDC-0941, MK-2206, everolimus, AZD8055, and MLN0128) in
TeraCP and Scha cells when used in combination with cisplatin.
Apoptosis and cell death was analyzed using flow cytometric analysis
of DilC1(5)/PI staining. Inhibitor concentrations used in combination
with cisplatin were chosen based on the concentration at which each
cell line suffered minimal apoptosis inducing effects (Fig. 2A, D,
and G). Scha cells were sensitized to cisplatin only upon addition of
mTORC1/2 inhibitors (Fig. 2A). TeraCP cells were sensitized to
cisplatin by all inhibitors (Fig. 2D). Notably, dasatinib sensitized
TeraCP to cisplatin treatment, but did not alter cisplatin sensitivity
of Scha cells (Supplementary Figs. S2A and S2B), even though SRC
phosphorylation was already completely abolished at low concentra-
tions (Supplementary Figs. S2C and S2D). Therefore, SRC inhibition
was not further studied.

Induction of caspase-3 and PARP cleavage, two additional markers
of apoptosis, was determined after treatment with the mTORC1/2
inhibitorAZD8055, cisplatin, or the combination. Cleavage of caspase-
3 and PARP were observed after cisplatin treatment in TeraCP, and
were elevated in both cell lines after the combination treatment
(Fig. 2H). In addition to pharmacologic inhibition of mTOR, the
effect of siRNA-mediated knockdown of mTOR, Raptor, or Rictor,
specific components of mTOR complex 1 and complex 2 respectively,
were investigated. Robust depletion of mTOR, Rictor, or Raptor
knockdown was achieved, but almost no decrease in phosphorylated
S6 or 4E-BP1, two downstream effectors of mTORC1, was found
(Supplementary Fig. S3A). In addition, no major effects on apoptosis
were observed in response to cisplatin treatment when mTOR, Rictor,
or Raptorwere downregulated (Supplementary Fig. S3B). These results
suggest that strong downregulation of p-S6 and p-4E-BP1, as can be
achieved with chemical inhibitors, is essential for enhancing apoptosis
by cisplatin treatment.

Next, we investigated the PI3K/AKT/mTORC pathway activity in
Scha and TeraCP at the molecular level. We specifically found a strong
downregulation of p-AKT308, p-AKT473, and a modest downregula-
tion of p-S6 and p-4E-BP1 (Thr70) in response to treatment with the
PI3K inhibitor GDC-0941 and the AKT inhibitor MK-2206 (Fig. 2B
and E). In line with expectation, inhibition of mTORC1 using ever-
olimus resulted in a reduction in phosphorylation of S6 and 4E-BP1
(Fig. 2B and E). Interestingly, treatment with everolimus prompted an
upregulation of p-AKT308 and p-AKT473 levels. This upregulation is
strongly diminished in cells that were treated with AZD8055 or
MLN0128, as demonstrated by reduced levels of p-AKT473 and, to
a lesser extent, p-AKT308 (Fig. 2B and E). These results indicate that
AZD8055 and MLN0128 more effectively inhibit the PI3K/AKT/
mTORC pathway when compared with everolimus. This notion was
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Figure 1.

Receptor tyrosine kinase screen and pharmacologic inhibition of kinases in testicular cancer cells. A, Representative image of phosphoarrays performed with Scha,
Tera, and TeraCP cells and the schematic arrangement of the array. B and C, Mean fluorescence intensity of phosphorylated kinases and receptor tyrosine kinases.
D–I, MTT survival assays and IC50 determined for testicular cancer cell lines: Tera, TeraCP, Scha, NCCIT, and 833KE treated with dasatinib, GDC-0941, MK-2206,
everolimus, AZD8055, and MLN0128 for 96 hours. Data show average and �SEM of three biological replicates.
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Figure 2.

mTORC1/2 inhibition in combination with cisplatin in resistant testicular cancer cells. A and D, Mean percentage of DILC1(5)�/PI�/þ Scha and TeraCP cells treated
with 4 or 8 mmol/L of cisplatin alone or in combination with GDC-0941, MK-2206, everolimus, AZD8055, or MLN0128. On the x-axis, untreated and cisplatin-treated
cells alone or in combination with the inhibitors; on the y-axis, the percentage of DiLC1(5)�/PIþ cells. Data show average and �SD of three different replicates.
ANOVA was used to test significance, and pairwise comparisons were done using Dunnett post hoc test. B and E, Representative Western blot image of Scha and
TeraCP showing levels of AKT, p-AKT308, p-AKT473, S6, p-S6, 4E-BP1, and p-4E-BP1 after 24 hours of treatment with the inhibitors. C and F, RepresentativeWestern
blot analysis of Scha and TeraCP cells showing levels of 4E-BP1, p-4E-BP1, S6, p-S6, and HSP90 after 24 hours of treatment with 100 nmol/L of AZD8055 and/or 4
mmol/L of cisplatin.G,DILC1(5)/PI staining of Scha and TeraCP cells treated for 24 hourswith cisplatin alone or in combinationwith 100 nmol/L of AZD8055 and/or 8
mmol/L cisplatin. H, Representative Western blots of Scha and TeraCP showing levels of cleaved caspase-3 and cleaved PARP after 24 hours of treatment with
AZD8055 (100 nmol/L), cisplatin (4 mmol/L), or the combination thereof. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
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further underscored by the strong loss of p-S6 and p-4E-BP1 in Scha
and TeraCP cells treated with the combination of cisplatin and
AZD8055 (Fig. 2C and F).

mTORC1/2 inhibitors sensitize both cisplatin-sensitive and
-resistant testicular cancer cells to cisplatin

We tested the combination of cisplatin and AZD8055 in the other
testicular cancer cell lines: 833KE, Tera, andNCCIT. 833KE, Tera, and
NCCIT cells showed a significant increase in apoptosis/cell death with
the combination of AZD8055 and cisplatin in comparison to cisplatin
alone (Fig. 3A–C). Western blot analysis of 833KE, Tera, and NCCIT
cells confirmed the downregulation of the mTOR downstream pro-
teins when treated with AZD8055 alone or in combination with
cisplatin (Fig. 3A–C; Supplementary Fig. S4). Caspase-3 and PARP
cleavage were induced by cisplatin treatment, and further increased by
the combination of cisplatin with AZD8055 in all three cell lines
(Fig. 3D).

Combined cisplatin and AZD8055 treatment induces caspase-
dependent apoptosis in testicular cancer cells

We next investigated whether apoptosis induced by cisplatin and
AZD8055 combination treatment was caspase dependent. Clearly, the
percentages of cleaved caspase-3–positive Scha and TeraCP cells were
elevated when cisplatin treatment was combined with AZD8055
(Fig. 4A and B). Addition of the pan-caspase inhibitor Z-VAD-
FMK completely inhibited apoptosis and cell death induced by single
and combined drug treatment, indicating that the observed drug-

induced cell death was caspase dependent. Similar results were
observed when flow cytometric analysis of DilC1(5)/PI uptake was
used as read-out for apoptosis/cell death (Fig. 4C and D).

Combined cisplatin and AZD8055 treatment strongly reduces
clonogenic survival in cisplatin-resistant testicular cancer cell
lines

To determine whether mTORC1/2 inhibition in combination with
cisplatin would hamper long-term clonogenic survival, Scha and
TeraCP cells were pretreated with suboptimal concentrations of
cisplatin for 24 hours and then incubated in presence of AZD8055.
Cisplatin treatment reduced clonogenic survival of Scha andTeraCP in
a concentration-dependent manner (Fig. 5A and B). Clonogenic
survival of Scha or TeraCP cells was only reduced at the highest
AZD8055 concentration used (Fig. 5A andB). Importantly, combined
treatment with the highest doses of cisplatin and AZD8055 completely
abolished clonogenic survival in both cell lines, whereas for Scha
synergistic effects were only observed at the highest cisplatin concen-
tration, we observed clear synergistic effects for all combinations in
TeraCP (Fig. 5C).

Autophagy inhibition enhances apoptotic response to
combined cisplatin and AZD8055 treatment

As mTOR is involved in the regulation of autophagy, we investi-
gatedwhether autophagywas activated in our cell lines after AZD8055,
cisplatin, or the combination treatment. Upon autophagy induction,
LC3-I is converted to LC3-II via phosphatidylethanolamine

Figure 3.

Testicular cancer sensitization to cisplatin using mTORC1/2 inhibition in an additional panel of testicular cancer cell lines. A–C, Mean percentage of apoptotic and
death cells and Western blot using 833KE, Tera, and NCCIT treated with AZD8055 and MLN0128 and/or cisplatin. Data show average and � SD of three different
replicates. ANOVA was used to test significance, and pairwise comparisons were done using Dunnett post hoc test. Representative Western blot image showing
levels of S6, p-S6, 4E-BP1, p-4E-BP1, and actin after 24 hours of treatment with the AZD8055 or MLN0128. D, Representative Western blots of Tera, 833KE, and
NCCIT showing levels of cleaved caspase-3 and cleaved PARP after 24 hours of treatment with AZD8055 (100 nmol/L), cisplatin (Tera and 833KE: 2 mmol/L; NCCIT:
8 mmol/L), or the combination thereof. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
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conjugation, and serves as a marker for autophagosome forma-
tion (17). We demonstrated that autophagy is activated in our cell
line panel (except for 833KE) after AZD8055 or the combination
treatment, indicated by increased levels of LC3-II (Supplementary
Figs. S5B and S5C).We next investigatedwhether autophagy facilitates
or inhibits apoptosis and cell death by using three well known
autophagy inhibitors, the ULK1 inhibitor SBI-0206965, bafilomycin,
and chloroquine. An increase in the percentage of apoptosis was
observed for Scha and TeraCP cells when autophagy was inhibited
using indicated drugs (Supplementary Fig. S5A). For TeraCP, inhi-
bition of autophagy in control cells already caused an increase in
apoptosis. These data suggest that autophagy affects the apoptotic
response, acting as a protective antiapoptosis mechanism.

AZD8055 potentiates efficacy of cisplatin in testicular cancer
PDX models

One cisplatin-sensitive (TC1) and one cisplatin-resistant (TC4)
PDX model originating from nonseminoma testicular cancer tumors
with wild-type TP53 were treated with cisplatin, either alone or in
combination with AZD8055 for 21 days. Suboptimal cisplatin doses
were used in combination with AZD8055 (10 mg/kg/day). Change in
tumor volume (Fig. 6A and D), and in final tumor volume (Fig. 6B
and E) and tumor weight (Fig. 6C and F) at the end of the experiment
were largest in the combination group of each PDXmodel as indicated
by the statistically smaller tumor volume or weight with the combi-

nation therapy compared with treatment with cisplatin or the
mTORC1/2 inhibitor. Mouse body weight was measured during the
course of treatment as an indicator of toxicity. Only for PDX model
TC4, receiving the highest dose of cisplatin, a decrease in body weight
was observed in both the cisplatin and the combination treatment
group (Supplementary Fig. S6A). None of the observed changes in
bodyweight were significant, or exceeded the humane endpoint (>15%
weight loss).

Tumor immunostaining for p-S6 revealed inhibition of themTORC
pathway in the TC4 model treated with AZD8055 alone, and in both
models with the combination treatment (Fig. 6I). Immunostaining
for p-4E-BP1 showed a similar pattern as p-S6 in TC1 and TC4
(Supplementary Figs. S6B and S6C). The percentage of Ki-67-positive
nuclei decreased in the combination treatment group compared
with the vehicle treatment group in the chemosensitive TC1 model,
indicating a reduction in proliferation (Fig. 6G). Importantly,
IHC analysis of cleaved caspase-3 demonstrated that addition of
AZD8055 increased the amount of apoptotic cells only in the com-
bination arm when compared with vehicle treatment in both PDX
models (Fig. 6H).

Discussion
In this study, we show that testicular cancer models have a highly

active PI3K/AKT/mTORC1/2 pathway and are very sensitive to

Figure 4.

Caspase inhibition in testicular cancer cells treatedwith cisplatin in combinationwithAZD8055.A andB,Meanpercentageof apoptotic cells using TeraCPandScha.C
and D, Mean percentage of apoptotic and death cells using TeraCP and Scha. Data show average and � SD of three different replicates. ANOVA was used to test
significance, and pairwise comparisons were done using Sidak post hoc test. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
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mTORC1/2 inhibition.Using intrinsic and acquired cisplatin-resistant
models in vitro, we demonstrate that mTORC1/2 inhibition sensitizes
cells to cisplatin-induced apoptosis and enhances cisplatin-induced
growth inhibition. The in vivo experiments using clinically-relevant

testicular cancer PDX models underscored the feasibility of this
treatment strategy.

Here, we found that p-S6, p-AKT308, and p-AKT473, all belonging to
the PI3K/AKT/mTORCpathway, were among the top phosphorylated

Figure 5.

Clonogenic survival in resistant testicular cancer cell lines.A, Representative images of a clonogenic survival assay using Scha and TeraCP cells in agarose after 10 to
12 days of incubation. Cells were pretreated for 24 hours with cisplatin and then seeded in the presence of AZD8055. Colonies were stained with MTT for 4 hours
before imaging. B, Percentage of colonies in TeraCP and Scha treated as described in A. Two independent clonogenic survival experiments were performed and
plated in triplicates. Error bars denote SEM. ANOVAwas used to test significance, and pairwise comparisonswere done using Dunnett post hoc test.C, Isobolograms
generated by CompuSyn software showing synergy CI < 1, additive effects CI ¼ 1, or antagonism CI > 1, for Scha and TeraCP. CI, combination index; Fa, fraction
affected. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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kinases in testicular cancer cell lines. Recently, it was shown that
hyperactivation of the PI3K/AKT/mTORC pathway was linked to
cisplatin resistance in testicular cancermodels where resistant sublines
showed higher levels of p-AKT473 compared with their sensitive

parental cells (14, 18). The AKT-dependent cisplatin resistance in
those testicular cancer models was found to be driven by PDGFRb and
IGF1R (14, 19). Our data show that the acquired-resistant subline
TeraCP and its parental sensitive cell line Tera had similar p-AKT473

Figure 6.

mTORC1/2 inhibition in combinationwith cisplatin in testicular cancer PDXmodels.A–F, Tumor growth, final tumor volume, and tumorweight of eachmouse from the
chemosensitive (TC1) and chemoresistant (TC4) PDXmodels treatedwith vehicle, AZD8055, cisplatin, or the combination. Tumor growthwas depicted as change in
tumor volume (mm3): tumor volume at the end of treatment—initial tumor volume. Dotted bars denote tumors that accumulated fluid, which might have influenced
volume measurements. ANOVA was used to test significance, and pairwise comparisons were done using Dunnett post hoc test. Data show average � SD. G–I,
Representative images at 20�magnification and quantification of Ki-67 (TC4), cleaved caspase-3 (TC1), and p-S6 (TC4) IHC were made from tumors shown in A–F.
Data show average � SEM. t test was used to test significance between vehicle and combination groups. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
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and p-AKT308 levels. In addition, we did not observe any differences in
PDGFRb or IGF1R phosphorylation using kinase arrays (Fig. 1C) and
even observed the highest PDGFRb protein levels in Tera cells
(Supplementary Fig. S7). The RTKs FGFR1, HER2, and HER3 were
highly phosphorylated in ourmodels. FGFR involvement inmTORC1
activation was previously shown in a large panel of seminoma and
nonseminoma tumors (20). Together this indicates that independent
of which upstream factor is involved in cisplatin sensitivity, the PI3K/
AKT/mTORC pathway is activated in testicular cancer. Activation of
the PI3K/AKT/mTORC pathway has been observed in patients with
testicular cancer samples (8) and most of the genomic alterations seen
in resistant disease like K-RAS and N-RAS activating mutations and
PTEN loss, among others, can lead to its activation. Moreover,
testicular cancer ranked among the tumor types with high activity of
this pathway (8), indicating its importance as therapeutic target in
testicular cancer. Remarkably, clinical data showed that chemoresis-
tant compared with chemosensitive testicular cancer tumors do not
exhibit more activating mutations in genes from the PI3K/AKT/
mTORC pathway but rather in the p53–MDM2 axis, such as TP53
mutations and MDM2 amplifications (10, 11). Encouragingly, our
results indicate that a TP53 mutant testicular cancer model was also
susceptible to mTORC1/2 inhibition added to cisplatin treatment.

Our results revealed that none of the PI3K/AKT/mTORC pathway
inhibitors, targeting different kinases, induced apoptosis at concen-
trations that were shown to effectively block pathway activity. The
mTORC1/2 inhibitors AZD8055 and MLN0128 most effectively
enhanced cisplatin-induced apoptosis in all models. In contrast,
knockdown of mTOR did not effectively block pathway activity,
explaining why no sensitization to cisplatin-induced apoptosis was
observed. These suggest that inhibition of the enzymatic activity of
mTOR, rather than lowering mTOR protein levels, is essential for
effective sensitization to cisplatin treatment. Two distinct complexes
of mTOR with different cell function are known, for example
mTORC1 and mTORC2. Although mTORC1 regulates cell metab-
olism, mTORC2 is involved in cell survival via phosphorylation of
AKT at Ser473 (21). We found increased phosphorylation levels of
AKT308 and AKT473 in cells treated with the mTORC1 inhibitor
everolimus, suggesting the involvement of feedback loops (22). IRS-
1–mediated AKT308 and AKT473 phosphorylation can be caused by
the loss of the negative feedback loop via S6K1 when mTORC1 is
inhibited by everolimus (23). In addition, a positive feedback loop
between AKT and mTORC2 may result in a further enhancement of
AKT activation (24), thus reducing the efficacy of everolimus. Dual
inhibition of mTORC1/2 prevented the increase in p-AKT473 and to a
lesser extent of p-AKT308. Inhibition of these feedback loops may
explain the higher sensitivity of testicular cancer cells to AZD8055
and MLN0128 compared with everolimus. In addition, these drugs
induce autophagy via mTORC1 inhibition. Autophagy can be either a
protective mechanism or a process that contributes to cell death (25).
In our testicular cancer cell lines, blocking autophagy increased
apoptosis levels, pointing towards a protective effect of autophagy
in this context. Although the crosstalk between autophagy and
apoptosis is complex, a role for the proapoptotic protein NOXA has
been reported, showing that inhibition of autophagy increased
NOXA protein levels and enhanced NOXA-mediated apoptosis (26).
Interestingly, NOXA has been identified as an important mediator of
cisplatin-induced apoptosis in testicular cancer cell lines (27). Nev-
ertheless, despite the induction of autophagy, AZD8055 and
MLN0128 still sensitized testicular cancer cells to cisplatin-
induced apoptosis. The mechanism of sensitization needs to be
further investigated, but suggests interactions with cisplatin activity

either at the extrinsic or intrinsic apoptotic pathway, which are both
known to be activated in testicular cancer models in response to
cisplatin (27–29).

PDX models are being regarded as more accurate predictors of
tumor response to drugs than cell line models (30, 31). This can be
explained by their ability to recapitulate genomic alteration landscapes
and resistance mechanisms seen in the clinic (32). Our testicular
cancer PDX models established from chemosensitive primary testic-
ular cancer and chemoresistant testicular cancer patient tumor tissue
showed differences in cisplatin sensitivity, reflecting the clinical sit-
uation as well. Interestingly, in both PDX models cisplatin in com-
bination with AZD8055 strongly reduced tumor growth and induced
high levels of apoptosis, similar to our in vitro observations.

Recent reports showed that treatment with everolimus in refractory
testicular cancer had limited efficacy (33), which is in line with
mTORC1 inhibitors in other patients with advancedmalignancies (34,
35). Several inhibitors of mTORC1/2, such as AZD8055, OSI-027, and
MLN0128 (TAK-228) have been used in patients with cancer other
than testicular cancer, but only the latter is still in clinical trials
(NCT03430882, NCT02987959, NCT03097328). Assuring, we
observed similar data with MLN0128 as compared with AZD8055.
Cisplatin is the cornerstone of testicular cancer treatment. Until now,
high-dose cisplatin-based chemotherapy and other regimens have
been explored in patients with testicular cancer with several relapses
or refractory disease (36–38) without clear evidence of improved
survival comparedwith standard dose chemotherapy. Therefore, other
combinations with cisplatin should be explored. Cytostatic drugs have
been combined with kinase inhibitors and showed higher efficacy and
tolerability in other cancer types in phase II trials (39, 40). In addition,
feasibility ofmTORC1/2 inhibition in combinationwith paclitaxel was
assessed in a phase I clinical trial using MLN0128 (TAK-228/sapani-
sertib) in advanced solid malignancies with good tolerability and
preliminary antitumor activity (41). There is no data available regard-
ing the safety of combining cisplatin plus mTORC1/2 inhibitors in
patients. However, a clinical trial with patients with triple negative
breast cancer treated with the mTORC1 inhibitor everolimus in
combination with cisplatin and paclitaxel showed increased toxicity
when everolimus was added to the treatment. Therefore, safety issues
involving cisplatin plus mTORC1/2 inhibitors still need to be
addressed (42).

Taken together, our in vitro and in vivo results and the available
clinical data support mTORC1/2 inhibitors in combination with
cisplatin as a feasible approach in patients with testicular cancer with
chemotherapy-resistant or refractory disease.
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