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Abstract

Germ cell tumors (GCTSs) are malignant tumors that arise from pluripotent embryonic germ cells
and occur in children and young adults. GCTs are treated with cisplatin-based regimens which,
while overall effective, fail to cure all patients and cause significant adverse late effects. The
seminoma and non-seminoma forms of GCT exhibit distinct differentiation states, clinical
behavior and response to treatment, however the molecular mechanisms of GCT differentiation are
not fully understood. We tested whether the activity of the mammalian target of rapamycin
complex 1 (mTORC1) and mitogen-activated protein kinase (MAPK) pathways were differentially
active in the two classes of GCT. Here we show that non-seminomatous germ cell tumors
(NSGCTs, including embryonal carcinoma, yolk sac tumor and choriocarcinoma) from both
children and adults display activation of the mTORCL1 pathway, while seminomas do not. In
seminomas, high levels of REDD1 may negatively regulate mTORC1 activity. In NSGCTSs, on the
other hand, EGF and FGF2 ligands can stimulate mTORC1 and MAPK signaling, and members of
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the EGF and FGF receptor families are more highly expressed. Lastly, proliferation of NSGCT
cells /n vitroand in vivois significantly inhibited by combined treatment with the clinically
available agents erlotinib and rapamycin, which target EGFR and mTORC1 signaling,
respectively. These results provide an understanding of the signaling network that drives GCT
growth and a rationale for therapeutic targeting of GCTs with agents that antagonize the EGFR
and mTORC1 pathways.
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INTRODUCTION

Germ cell tumors (GCTSs) are malignant cancers of the testis, ovary, or extragonadal sites
such as retroperitoneum, mediastinum, and brain. In childhood and adolescence, GCTs
account for 15% of malignancies. They also occur in adulthood, where they are the most
common cancer in Caucasian men aged 15-40 (1,2). GCTs are believed to originate from
pluripotent embryonic germ cells, which may explain the occurrence of a wide range of
histologic appearances, often within the same tumor (1). GCTs that retain features of
potentially pluripotent, primitive germ cells are called seminomas in the testis,
dysgerminomas in the ovary, or germinomas in extragonadal sites (collectively referred to as
“seminomas” here). Among non-seminomatous GCTs (NSGCTSs), embryonal carcinoma
exhibits a stem cell-like phenotype, while other NSGCTs exhibit differentiation into somatic
tissues (teratoma) or extraembryonic-like structures, such as yolk sac and placenta (yolk sac
tumor [YST] and choriocarcinoma, respectively).

GCTs may also be categorized by age at presentation. So-called Type | GCTs, which occur
in young children aged 0-5 years, exhibit limited histologic diversity, being comprised of
YSTs, teratomas or mixtures of the two. The current World Health Organization (WHO)
classification of testis tumors refers to these tumors as Germ Cell Neoplasia in situ
(GCNIS)-unrelated tumors. Type Il GCTs of adolescents and adults exhibit more diverse
histologies, including seminomas, non-seminomas (embryonal carcinoma, YST,
choriocarcinoma or teratoma) or mixtures of seminomas and non-seminomas (1). Within the
testis they are referred to as GCNIS-related GCTs.

Clinically, NSGCTSs are more chemoresistant and radioresistant than seminomas.
Biologically, seminomas and NSGCTs exhibit divergent DNA methylation patterns (3-5),
copy number aberrations (6), somatic mutations (7), and gene expression profiles (8).
However, despite significant differences in their biological and clinical behavior, all
malignant GCTs, regardless of histology or age at presentation, continue to be treated using
the same platinum-based chemotherapy regimens. As a result, children and adults with any
malignant GCT are exposed to toxic effects of bleomycin, etoposide and cisplatin, the
standards developed for testicular GCTs. While cisplatin-based regimens have generally
produce good outcomes, platinum resistance is seen in up to 15% of GCTs and is much
more common among non-seminomas (9,10). These resistant tumors have dismal outcomes,
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underlining the need for novel therapeutic strategies, especially for non-seminomatous GCTs
(112).

In many other cancer types, targeted therapies have revolutionized treatment regimens with
the promise of overcoming chemoresistance and producing fewer toxicities. Kinase
signaling pathways remain among the most attractive therapeutic targets in cancer, but the
importance of various signaling pathways in GCT development remains poorly understood.
Some previous data suggest that seminomas and NSGCTs utilize different signaling
pathways. For example, we have previously demonstrated that the bone morphogenetic
protein (BMP) signaling pathway is preferentially active in non-seminomas compared to
seminomas (12,13). Similarly, Fritsch and co-workers showed that the Wnt/p-catenin
pathway is more active in NSGCTSs than in seminomas (14). However, neither of these
pathways is targetable with clinically available agents, and it remains unclear what other
cellular pathways may act to govern survival or differentiation in GCTSs.

Genetic studies in adult GCTs implicate importance of the mitogen-activated protein kinase
(MAPK) pathway. Recurrent genomic aberrations have shown KRAS activation by somatic
mutation or amplification (15) and somatic activating mutations in the K/7 tyrosine kinase
receptor (16—22). These mutations typically occur in seminomas. Additionally, risk loci near
SPRY4, a negative regulator of EGF- and FGF-dependent MAPK signaling, have been
identified in genome-wide association studies of testicular GCT in both adults (23,24) and
adolescents (25).

A second pathway, the mammalian target of rapamycin complex 1 (mTORC1) signaling
pathway, is of particular interest in GCTs because it has been shown to control
differentiation of germline stem cells during normal development (26). One study identified
a potential GCT risk polymorphism near PTEN (27), and recently mutations in PIK3CA and
AKT have been identified in cisplatin-resistant GCTs (22). The mTORC1 pathway is a
central regulator of cell growth, proliferation, and differentiation (28), and can be activated
in parallel to the MAPK pathway. Like the MAPK pathway, mTORCL signaling has
emerged as a promising therapeutic target in many adult and pediatric cancers, particularly
in renal cell carcinoma (29,30). However, the activity of the MAPK and mTORC1 signaling
pathways have not been demonstrated in GCT samples.

In this study, we use immunohistochemistry (IHC) on a cohort of seminomatous and
nonseminomatous GCTs to demonstrate highly active MAPK and mTORC1 activity in all
malignant NSGCT histologies, as compared to seminomas. We show that seminomas
express high levels of REDD1, a suppressor of mTORCL signaling. In contrast, YSTs
express high levels of epidermal growth factor (EGF) and fibroblast growth factor (FGF)
receptors, which signal through the MAPK and mTORC1 pathways. Finally, we show that
the EGFR inhibitor erlotinib and the mTORCL inhibitor rapamycin together inhibit NSGCT
cell proliferation /n vitro. These results establish EGFR and mTORCL1 inhibition as a novel
therapeutic strategy for non-seminomatous GCTs and are the first demonstration of /n vitro
efficacy of targeted therapy in GCT.
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MATERIALS AND METHODS

Tumor samples

The study was approved by the Institutional Review Board of the University of Texas
Southwestern Medical Center. For samples from the Erasmus Medical Center, Rotterdam,
use of the samples was approved by an institutional review board and they were used
according to the ‘Code for Proper Secondary Use of Human Tissue in The Netherlands’,
developed by the Dutch Federation of Medical Scientific Societies (FMWYV) (version 2002,
updated 2011) (31). All patients gave consent for use of tissue for research, and all studies
were carried out in accordance with International Ethical Guidelines for Biomedical
Research Involving Human Subjects (CIOMS) guidelines. A tissue microarray (TMA) was
constructed consisting of paraffin-embedded tissue from 14 yolk sac tumors (YSTSs), 9
seminomas (seminomas), 3 normal testes, and 3 normal ovaries, using tissue blocks were
obtained from Children’s Medical Center of Dallas. Tissue microarrays containing a further
set of 260 GCT of diverse histologies were prepared at the Erasmus Medical Center,
Rotterdam (32). All hematoxylin-eosin stained sections of each case were reviewed by a
pathologist and representative sections were selected.

Immunohistochemistry

IHC was performed on Ventana Benchmark (phospho-mTOR, phospho-S6, Cyclin D1,
HIF1A), Ventana Discovery (GLUT1, PLZF, p-ERK1/2) or Dako Link 48 (REDD1)
automated immunostainers (Ventana, Tucson, AZ, USA; Dako, Carpinteria, CA, USA) using
standard immunoperoxidase techniques and hematoxylin counterstaining. The
immunohistochemical staining was scored by both the intensity of staining (0 — no staining,
1 — mild staining, 2 — moderate staining, 3 — strong staining) and the percentage of positively
staining cells (0 — no staining, 1 — <10% cells staining, 2 — 10-50% cells staining, 3 — >50%
cells staining). For each tumor, the intensity score and the percentage positivity score were
an average of the scores for each of two cores in the TMA. A combined
immunohistochemical score, ranging from 0 to 9, was calculated as the product of the
average intensity score and the average percentage positivity score. Two-tailed #tests were
used to compare the combined immunohistochemical scores for each antibody between
histological subtypes.

Quantitative RT-PCR

Total RNA was prepared from up to 50 mg of fresh frozen tumor tissue in TRIzol®
(Invitrogen, Carlsbad, CA) as per manufacturer recommendations. To remove contaminant
genomic DNA, DNase digestion was done using RNase-Free DNase Digestion Kit on
RNeasy columns (Qiagen, Valencia, CA). cDNA was synthesized from 1 pg of RNA using
RT2 First Strand Kit (SABiosciences, Frederick, MD). qPCR was performed on an ABI
7500 Real-Time PCR System (Applied Biosystems, Carlsbad, CA) using RT2 SYBR®
Green qPCR Master Mix (SABiosciences, Frederick, MD) per manufacturer’s protocol.
Primers for ERBB and FGFR family members were designed and validated. Gene
expression was normalized to endogenous p-actin (ACT7B) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Gene expression was calculated using the 2ACt method, and p
values were calculated using the two-tailed t-test.
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Cell lines and treatments

NCCIT and NTERA-2 cells were obtained in 2015 from the American Type Culture
Collection (ATCC; Manassas, VA) and passaged in RPMI-1640 and DMEM, respectively,
supplemented with 10% fetal bovine serum. All cell lines were validated by STR profiling
upon receipt from ATCC (UT Southwestern Genotyping Core Facility). Early-passage
aliquots were frozen and revalidated prior to performing growth curve and xenograft
experiments. All cells were tested for Mycoplasma contamination prior to use, using the
MycoAlert Mycoplasma Detection Kit (Lonza). For drug treatments, cells were seeded in 6-
or 12-well plates, and 24 hours later, the media was replaced with media containing drug or
carrier. Cell lysates were harvested after overnight exposure. For ligand treatments,
recombinant protein was added to the media 20 minutes prior to harvesting. Ligands were
added to the media at the following final concentrations: BMP2 (100 ng/ml), Wnt3a (100
ng/ml), EGF (40 ng/ml), IGF-11 (20 ng/ml), and FGF2 (40 ng/ml).

Immunoblotting

Cells were collected in ice-cold radio-immunoprecipitation assay buffer supplemented with
protease inhibitor and phosphatase inhibitor, incubated on ice for 15 minutes, sonicated, and
clarified by centrifugation. Protein concentrations were determined by BCA assay. Samples
were separated on SDS-PAGE, transferred to polyvinylidene fluoride membrane and blocked
in 1% casein in PBS. All primary antibodies were diluted in 1% casein in PBS with 0.1%
Tween 20 and detected using HRP-linked secondary antibodies. Chemiluminescence was
captured by exposure to X-ray film. Details of antibody catalog numbers and working
concentrations are listed in Supplementary Material.

Cell proliferation assay

1x10° cells/well were seeded in 6-well plates. The next day, cells were treated in triplicate
with 10 nM rapamycin, 1 uM erlotinib, or both, or an equivalent volume of DMSO, in
medium for up to six days. Each day, cells from three wells per condition were counted and
discarded. Cells were counted in trypan blue using a hemacytometer.

Cell viability assay

Xenografts

1,000 cells per well were seeded in 96-well black, clear-bottom plates. The next day, media
was replaced with media containing various concentrations of drug or an equivalent volume
of DMSO. After 72 hours of incubation, resazurin dye was added to each well to a final
concentration of 30 mcg/ml. After 3 hours the plate was read on a fluorescent plate reader at
excitation and emission wavelengths of 560/620 nm. Experiments were performed with 5
replicates at each dose. Values represent mean + SEM.

For each cell line, subcutaneous xenografts were established in 32 six-week-old NOD-scid
IL2Rg"! mice. 1 x 107 cells, resuspended in serum-free medium diluted 1:1 with matrigel,
were subcutaneously implanted. Eleven days after injection, when tumors were palpable in
all 32 mice, medication administration was initiated. The mice were randomized into four
groups of n=8 mice each: vehicle only; rapamycin only; erlotinib only; or both rapamycin
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and erlotinib. Rapamycin (LC Laboratories) was diluted in vehicle (5% ethanol, 5% tween
80, 5% PEGA40 in water) to a final concentration of 1 mg/ml. This dilution was injected i.p.
at 4 mg/kg body weight, five days per week. Control animals were given an equivalent
volume of vehicle. Erlotinib (LC Laboratories) was dissolved in 6% Captisol® (Cydex Inc.,
Lenexa, KS, USA) solution at 5 mg/ml. This solution was then administered at 50 mg/kg
body weight by oral gavage, five days per week. Tumor volumes were measured twice
weekly by calipers, and tumor volumes were calculated as w/6 * fength > width™2. Mice
were dosed with both drugs five days per week, and given two days’ rest, for a total of three
cycles. At the conclusion of three weeks of treatment, the tumors harvested for histologic
and immunohistochemical analysis. Pharmacokinetic samples were drawn with the final
dose as follows: at 6 hours post dose, the animals were sacrificed by inhalation overdose of
CO» and bled by cardiac puncture using EDTA as the anti-coagulant. An aliquot of 50 ul
whole blood was frozen at —80C for later analysis of rapamycin. The whole blood was
thawed, mixed with 25 ul of 0.2 M Zinc Acetate, and then protein precipitated by the
addition of 100 ul of methanol containing 0.15% formic acid, 10 mM NH4 acetate, and 75
ng/ml of n-benzylbenzamide internal standard. The samples were centrifuged twice at
16,100 x g and the supernatant was analyzed by LC-MS/MS with the following conditions:
Buffer A 10 mM Ammonium Acetate in water + 0.1% formic acid; Buffer B 10mM
Ammonium Acetate in MeOH + 0.1% formic acid; flow rate 1.5 ml/min; column Agilent
C18 XDB column, 5 micron packing 50 X 4.6 mm size ; 0-1 min 100% A, 1-1.5 min
gradient to 100% B, 1.5 — 3.0 min 100% B, 3.0-3.1 min gradient to 0% B, 3.1-4.1 100%A,
IS N-benzylbenzamide (transition 212.1 to 91.1); Compound transition 931.3 to 864.4.
Tumor volumes were compared using two-tailed Student’s #test. All animal experiments
were performed under protocols approved by the UT Southwestern Institutional Animal
Care and Use Committee.

The mTORCL1 pathway is active in NSGCTs

We used immunohistochemistry with validated antibodies to probe the status of the
MTORC1 signaling in seminomas and in YSTSs, a non-seminomatous GCT. YSTSs express
significantly higher levels of phosphorylation of both mTOR and S6, its downstream target,
than do seminomas (Fig. 1A). In agreement with the increased mTORCL activity, YSTs
expressed higher levels of the mTORC1 downstream targets Cyclin D1, HIF1A, and GLUT1
(Fig. 1B). To quantify these results, we assigned each tumor an immunohistochemical
staining intensity score ranging from 0 to 9 (Supplementary Table 1). The levels of phospho-
mMTOR, phospho-S6, CCND1 and HIF1A were all significantly higher in YSTs as compared
to seminomas.

To determine whether these immunohistochemistry results were representative of the full
clinical spectrum of GCTs, we tested the phosphorylation status of S6 on an independent set
of tumors in a series of tumor microarrays representing both seminomas (n=49) and non-
seminomas, including YST (n=51, including both Type | and Type 1l YSTSs),
choriocarcinomas (n=16) and embryonal carcinomas (n=36). Once again, YST on average
showed significantly higher levels of phospho-S6 as compared to seminomas. A substantial
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fraction choriocarcinomas and embryonal carcinomas also strongly stained for
phosphorylated S6 (Fig. 2A,B and Supplementary Table 2). Overall, Type | YSTs showed
slightly higher mean levels of phospho-S6 as compared to Type Il YSTs (4.23£3.28 vs.
2.72+2.75); however, this did not reach statistical significance. These results indicate that the
mTORC1 pathway is active in a large fraction of NSGCTs.

We next sought to probe the dynamics of mTORCL1 signaling and the therapeutic feasibility
of mMTORC1 inhibition in NSGCT /n vitro, using two well-characterized embryonal
carcinoma cell lines, NTERA-2 and NCCIT. Embryonal carcinoma, the most primitive,
undifferentiated NSGCT histology, displayed a wide spectrum of intensity scores in our
TMA (Fig. 2B). Using IHC staining of paraffinized cell pellets of each cell line, we
confirmed that both cell lines were representative of NSGCTs with high levels of mMTORC1
activity (Fig. 2C and Supplementary Table 2).

GCTs express high levels of REDD1, a key negative regulator of mTORC1

We first sought to determine the basis for the lack of MTORC1 activity in seminoma.
REDDL1 (also known as DDIT4) downregulates mTORC1 activity in response to hypoxic
stress in many cell types, including some cancers (33). In spermatogonial stem cells,
REDD1 actively inhibits mTORC1 activity to maintain pluripotency (26), and we
hypothesized that seminomas could similarly employ REDDL to suppress mTORC1.
Therefore, we stained the tumor samples with REDD1-specific antibodies. It was indeed
expressed at significantly higher levels in seminomas than YSTs (Fig. 3 and Supplementary
Table 1).

In spermatogonial stem cells, high REDD1 expression is driven by high levels of PLZF.
However, PLZF is not higher in seminomas than in YSTs (Fig. 3 and Supplementary Table
1), implying that other factors force high REDD1 expression in seminomas. This result is
also consistent with the hypothesis that seminomas as well as nonseminomas arise from a
primordial or embryonic germ cell, rather than a spermatogonial stem cell in the adult testis
(1). Thus, robust REDD1 expression in seminomas may explain their lack of mTORC1
activation.

EGF and FGF stimulate mTORC1 signaling through MAPK in NSGCTs

We next asked which growth factor pathways might be stimulating mTORC1 activity in
NSGCTs. Both seminomas and NSGCTs are known to be driven by KRAS or BRAF
mutation, two genes which drive MAPK signaling (34), and the MAPK and mTORC1
pathways often interact. In some cases, a single cell surface receptor can activate both
MAPK and mTORC1 signaling separately (35,36); in other cases the MAPK pathway can
directly stimulate mTORC1 activation (36,37). We thus stained our GCT specimens for
activated phospho-Erk1/2, one of the key mediators of MAPK signaling. Erk1/2
phosphorylation was seen in both YSTs and seminomas, with a trend toward stronger
staining in YSTs though this did not reach statistical significance (Fig. 3 and Supplementary
Table 1).

Another possible explanation for differential mMTORCL signaling activity is overexpression
of upstream cell surface receptors. To identify cell surface receptors capable of activating
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these pathways, we treated GCT cell lines with a panel of extracellular ligands important in
NSGCT development (Figure 4 and Supplementary Figure 1). BMP and Wnt ligands, which
drive signaling pathways previously shown to be active specifically in NSGCTs (12,14), did
not significantly stimulate mTORC1 or MAPK signaling in these cells (Fig. 4A).
Interestingly, IGF-I1, one of the most well-described activators of phosphoinositide 3-kinase
and mTORC1 signaling (38), minimally stimulated mTORC1 and MAPK signaling in the
cells (Fig. 4A). One of the risk loci identified in large GCT genome wide association studies
is near SPRY4, a negative regulator of EGF and FGF2 (23,25). For this reason, we also
tested response to EGF and FGF2 in these cells. Strikingly, EGF and FGF2 activated
phosphorylation of both ERK1/2 and S6 (Fig. 4A).

To identify the basis for the differential activity of these signaling pathways in seminomas
and NSGCTs, we measured the expression of EGF and FGF receptors in YSTs and
seminomas. We designed and validated qRT-PCR primers for EGFR and other members of
the ErbB family, as well as the four human FGF receptors (Supplementary Table 3). We
found that six of the eight ErbB and FGFR family members are expressed at significantly
higher levels in YSTs than seminomas (Fig. 4B). These data suggest that NSGCTs activate
mTORC1 and MAPK signaling in an EGF- and FGF-dependent manner by expressing
higher levels of their receptors.

EGFR and mTORCL1 inhibitors synergistically suppress proliferation of GCT cells in vitro

Our finding that YSTSs frequently exhibit high levels of MAPK and mTORC1 activity
suggested that inhibition of these pathways could suppress tumor growth. Consistent with
this idea, a recent report by Juliachs and coworkers demonstrated that GCT cells are
sensitive to the receptor tyrosine kinase inhibitor lapatinib (39). Cancers are known to
escape single-agent mMTORCL1 inhibition by compensatory upregulation of other pathways,
such as through loss of negative feedback on Akt (40). This can be overcome by inhibiting
multiple sites in the pathway, such as with a combination of EGFR and mTORC1 inhibitors
(41) or with a single-agent dual mTORC1/PI-3 kinase inhibitor (42).

Therefore, we tested the sensitivity of NSGCT cell lines to clinically available
pharmacologic inhibitors of EGFR and mTORC1, alone or in combination. Specifically, we
exposed NTERA-2 and NCCIT cells to erlotinib and/or rapamycin, small molecule
inhibitors of EGFR and mTORCL, respectively (Figure 5 and Supplementary Figures 2 and
3). By treating GCT cells to a range of doses of each drug, we determined the minimum
dose required to demonstrate biologic response (Fig. 5A,B). GCT cells exposed to 1 uM
erlotinib or higher demonstrated maximal abrogation of ERK1/2 phosphorylation; similarly,
1 nM rapamycin completely abrogated S6 phosphorylation. These doses are clinically
relevant, as they fall below the serum trough concentrations of erlotinib and rapamycin
typically achieved in clinical trials (2.9 uM and 11-16 nM, respectively) (43,44).

These doses were not toxic to NCCIT cells in a 72-hour cell survival assay when given
individually (Supplementary Fig. 4). However, to allow time for activation of compensatory
pathways, we next exposed these cell lines to erlotinib and/or rapamycin over a longer
period of time. Over the course of 7 days, we found that the combination of erlotinib and
rapamycin at these clinically achievable doses profoundly reduced cell proliferation (Fig.
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5C,D). In NCCIT cells, erlotinib had no effect on proliferation and rapamycin had only a
modest effect, but the combination of erlotinib and rapamycin produced a marked cytostatic
effect at these doses. NTERA-2 cells, on the other hand, which display stronger basal
mTORC1 activity (Fig. 2C), were more sensitive to each inhibitor, and both rapamycin alone
and the combination of rapamycin and erlotinib inhibited the growth of the cells.

EGFR and mTORCL1 inhibitors synergistically suppress proliferation of GCT cells in vivo

Many studies have shown that the antiproliferative effects of drugs on cells in culture can
vary widely from effects of the same cells grown /n vivo as xenografts (45-48). To allow for
the possibility that /n vitro culture conditions affected the sensitivity of GCT cells to the
inhibitors, we established xenografts of NCCIT and NTERA-2 cells in immunodeficient
mice. When the tumors had reached an average size of ~150 mm3, we initiated treatment
with vehicle, erlotinib, rapamycin, or the combination of erlotinib plus rapamycin. We
measured the peak plasma concentration of drugs 6 hours after the last dose. For both types
of xenografts, combination therapy caused a small increase in the plasma concentration of
sirolimus (NT2: 1335+/-176ng/mL alone vs. 1820+/-307 ng/mL combination; NCCIT:
1451+/- 346 ng/mL alone vs. 1834+/-258 ng/mL combination).

We measured tumor sizes over 18 days of therapy. We found that erlotinib monotherapy was
not effective against either cell line (Fig. 6). Growth of NTERA-2 xenografts was
significantly inhibited by both rapamycin alone and by the combination of erlotinib plus
rapamycin (Fig. 6A). In contrast, only the combination therapy was effective against NCCIT
xenografts (Fig. 6B). These results largely mirrored what we found with these two cell lines
in vitro. At the conclusion of treatment, we harvested the xenograft tumors and performed
immunohistochemistry for phospho-Erk1/2 and phospho-S6 (Fig. 6C). These tumors were
largely necrotic. Erlotinib monotherapy had variable effects and did not completely
extinguish ERK phosphorylation, while rapamycin alone clearly extinguished S6
phosphorylation in the xenografts. Combination erlotinib and rapamycin therapy was able to
significantly inhibit both ERK and S6 phosphorylation, consistent with the effectiveness of
this therapy in impairing the growth of xenografts. Based on these results we conclude that
NSGCTs depend on EGFR and mTORC1 signaling for long-term proliferation, and
inhibiting these pathways can prevent cell proliferation.

DISCUSSION

There are no viable alternative therapies for the ~15% of GCTs that are resistant to
platinum-based therapy (2). Even patients successfully treated face lifelong deleterious
effects of chemotherapy (2,49). For these reasons, it is a priority to identify opportunities for
targeted therapy of GCTs that might be more effective and less toxic. We focused on
NSGCTs as these represent a poorly studied subgroup of GCTs that are more therapy-
resistant than seminomas. Here, we identify mTORC1 and EGFR as two novel therapeutic
targets in NSGCTs (Supplementary Fig. 5). mTORC1 activity in these tumors appears to be
driven by EGF and FGF receptors, and seminomas may suppress mTORC1 activity with
high levels of REDDL in order to maintain an undifferentiated state. Critically, we show that
combined small-molecule inhibition of EGFR and mTORC1 blocks the proliferation of
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NSGCT cells. Erlotinib was designed to specifically inhibit EGFR-mutant cancers, but it is
also clinically active against EGFR-wild-type cancers (50,51). Our results provide the
rationale for exploring EGFR and mTORC1 inhibition as adjuvant or alternative therapies
for NSGCTs.

In fact, there is data from both preclinical and clinical studies that activation of these
pathways may drive cisplatin resistance. Cisplatin-resistant GCT xenografts have increased
AKT activation and are amenable to kinase inhibitors including sunitinib and pazopanib
(52-54). In addition to these preclinical studies, genetic aberrations of mMTORC1 and MAPK
pathway genes are especially common in platinum-resistant GCTs (22,55). In addition to
previously reported mutations and amplifications of K/7and KRAS, these groups also
found recurrent amplification of AK7Zand mutations in FGFR3, PIK3CA, and MTOR
itself. (Of note, the NCCIT cell line has a known homozygous PTEN mutation (Arg173Pro)
at a position which is recurrently mutated in other cancers.) To our knowledge, however, no
previous studies have actually studied mTORCL activity in clinical GCT specimens or tested
small molecule inhibitors as novel therapeutic strategies.

Our findings also provide significant insight into the biological differences between
seminoma and NSGCTs, particularly the differential activation of the mTORC1 pathway
despite the prevalence of AK71 amplification in both seminomas and nonseminomas. In
seminomas, AKT overexpression may drive mTORC1-independent functions, such as loss
of apoptosis or cell cycle progression. In fact it has been shown that phosphorylated AKT
inhibits apoptosis in a p21-dependent (and, by implication, nTORC1-independent) manner
to promote cisplatin resistance in GCT cell lines (56). Thus, in seminomas, overexpression
of the mTORC1 negative regulator REDD1 may be required to maintain pluripotency in the
face of amplified AKT. In NSGCTs, on the other hand, our results suggest that activation of
mTORC1 contributes to cell proliferation.

In conclusion, we demonstrate that a significant fraction of malignant NSGCTs display
robust activation of EGFR and mTORCY1 signaling, and that NSGCT cell lines are sensitive
to EGFR and mTORCL1 inhibitors. We noted that the peak plasma concentration of
rapamycin appeared to be increased by co-administration of erlotinib. We cannot rule out the
possibility that this increase account in part for the greater efficacy of combination therapy.
However, we do not believe this is the case, as rapamycin alone extinguished S6
phosphorylation in xenografts, and the plasma level achieved by administration of
rapamycin alone well already slightly exceeds the level shown to be efficacious in a previous
xenograft study (57). Furthermore, combination erlotinib/rapamycin therapy was also more
effective in /n vitro experiments using known concentrations of both drugs. Inhibiting both
pathways together may be required to circumvent resistance and provide synergistic
cytotoxicity, as has been shown in other cancer models (40,41). Many small molecule
inhibitors are in development to target various components of the MAPK and mTORC1
pathways, and future work may identify alternative ways to clinically target these pathways
in GCTs. In fact, based on our work, another attractive target may be FGF Receptor.

We also recognize that strategies to inhibit EGF or FGF receptor signaling are likely to be
much less effective in tumors with activating KRAS or BRAF mutations. In these cases,
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MEK inhibitors may represent a better strategy, alone or in combination with EGFR/
mTORCL inhibition. As neither of our GCT cell lines harbor activating KRAS/BRAF
mutations, our study did not address this question. Clinical trials will be required to
determine whether such targeted agents are better used alongside traditional platinum-based
chemotherapy or whether they should be reserved for salvage regimens in platinum-resistant
patients. Such decisions may be guided by KRAS/BRAF mutational status. Based on these
findings, we believe that EGFR and mTORC1 inhibition represents a promising strategy for
targeted therapy in NSGCTs.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. mTORC1 signaling is active in yolk sac tumors
Immunohistochemical staining of seminoma (SEM) and yolk sac tumor (YST) samples for

mTORCL1 signaling components. A, staining for the phosphorylated forms of mTOR and S6.
B, staining for mTORC1 target genes CCND1, HIF1A, and GLUT1.
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Figure 2. Other nonseminomatous GCT histologies also exhibit highly active mTORCL1 signaling
A, IHC staining for phosphorylated S6 in embryonal carcinoma (top) and choriocarcinoma

(bottom). B, phospho-S6 IHC intensity score in GCT histologies. Horizontal bar represents

mean values for each histology. YST: yolk sac tumor; CC: Choriocarcinoma; EC:

Embryonal Carcinoma; SEM: Seminoma. p-values for comparison with SEM: YST <0.001;
CC 0.0002; EC <0.0001 (2-tailed Student’s #test). C, IHC for phosphorylated S6 in NCCIT

and NTERA-2 cells.
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Figure 3. Immunohistochemical staining of other markersin germ cell tumors
Immunohistochemical staining of yolk sac tumor (YST) and seminoma (SEM) samples for

REDD1, PLZF, and the phosphorylated form of ERK (T202/204).
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Figure 4. EGF and FGF2 ligands stimulate mTORC1 and MAPK signaling in GCT cells
A, Immunoblots for phospho-Erk1/2 and phospho-S6 in lysates harvested from NCCIT cells

after exposure to ligand for 20 minutes. Relative ratio of intensity of phosphorylated to total
protein calculated by densitometry. See Supplementary Figure 1 for complete blots. B,

Quantitative RT-PCR of tumor RNA showing relative expression of ErbB and FGFR family
members in seven YST and four seminoma samples. Values represent mean + SD; *p<0.05.
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Figure5. EGFR and mTOR inhibitors decrease proliferation of GCT cellsin vitro
A, Immunoblots showing response of mTOR phosphorylation to a range of rapamycin doses

in NCCIT and NTERA2 cells exposed to drug for 12 hours in serum-starved conditions. See
Supplementary Figures 2 and 3 for complete blots. B, Immunoblots showing response of
Erk1/2 phosphorylation to a range of erlotinib doses in NCCIT cells exposed to drug for 12
hours in serum-starved conditions. C, D, Cell proliferation of (C) NCCIT and (D) NTERA-2
cells in the presence of erlotinib, rapamycin, or the combination.
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Figure 6. Combined EGFR and mTOR inhibition impairsgerm cell tumor growth in vivo
A, B, Effect of EGFR and mTOR inhibitors on growth of xenografts of NTERA-2 (A) and

NCCIT (B) in immunocompromised mice, expressed in tumor volume. *p<0.05, **p<0.01
by two-tailed #test between combination vs. vehicle control. N=8 mice in each group,
except for n=7 in NCCIT combination group, because one mouse died from an inadvertent
overdose. C, representative immunohistochemistry images of xenograft tumors from mice
treated with the indicated inhibitors and stained with antibody specific for the
phosphorylated ERK (pERK) or phosphorylated ribosomal protein S6 (pS6).
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