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Abstract

Purpose: To investigate the genetic basis of cisplatin resis-
tance as efficacy of cisplatin-based chemotherapy in the treat-
ment of distinctmalignancies is often hampered by intrinsic or
acquired drug resistance of tumor cells.

Experimental Design: We produced 14 orthoxenograft
transplanting human nonseminomatous testicular germ
cell tumors (TGCT) in mice, keeping the primary tumor
features in terms of genotype, phenotype, and sensitivity to
cisplatin. Chromosomal and genetic alterations were eval-
uated in matched cisplatin-sensitive and their counterpart
orthoxenografts that developed resistance to cisplatin in
nude mice.

Results: Comparative genomic hybridization analyses of
four matched orthoxenografts identified recurrent chromo-
somal rearrangements across cisplatin-resistant tumors in
three of them, showing gains at 9q32-q33.1 region. We
found a clinical correlation between the presence of
9q32-q33.1 gains in cisplatin-refractory patients and poorer

overall survival (OS) in metastatic germ cell tumors. We
studied the expression profile of the 60 genes located at that
genomic region. POLE3 and AKNA were the only two genes
deregulated in resistant tumors harboring the 9q32-q33.1
gain. Moreover, other four genes (GCS, ZNF883, CTR1, and
FLJ31713) were deregulated in all five resistant tumors
independently of the 9q32-q33.1 amplification. RT-PCRs
in tumors and functional analyses in Caenorhabditis elegans
(C. elegans) indicate that the influence of 9q32-q33.1 genes
in cisplatin resistance can be driven by either up- or down-
regulation. We focused on glucosylceramide synthase (GCS)
to demonstrate that the GCS inhibitor DL-threo-PDMP
resensitizes cisplatin-resistant germline-derived orthoxeno-
grafts to cisplatin.

Conclusions:Orthoxenografts can be used preclinically not
only to test the efficiencyof drugs but also to identify prognosis
markers and gene alterations acting as drivers of the acquired
cisplatin resistance. Clin Cancer Res; 24(15); 3755–66.�2018 AACR.
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Introduction
Testicular germ cell tumors (TGCT) of adolescent and young

adults are the most common malignancy in young men (1–3).
They can be classified as seminomas (SE; originated in epithe-
lium of the seminiferous tubules), which represent around 40%
of cases, and nonseminomas (NSE; 60%). Seminomas are radio-
and chemo-sensitive tumors highly curable at all stages. With
the exception of teratomas, NSEs are also highly sensitive to
cisplatin-based chemotherapy and, when combined with sur-
gery, patients achieve high cure rates (4). In contrast with most
advanced solid tumors, approximately 80%–90% of metastatic
TGCTs will achieve complete cure after standard doses of
cisplatin (CDDP) chemotherapy (4). Nevertheless, 10%–15%
of patients die due to cisplatin refractoriness and the absence of
alternative effective resensitizing therapies (5–7). Such high
success in treating advanced testicular cancer has limited the
number of studies addressing the treatment failure in refractory
patients (8, 9).

In TGCTs, cisplatin resistance has been attributed to diverse
cellular mechanisms (10–12), although the molecular details
underlying treatment failure in refractory patients remains obscure
(13–17). Patient-derived orthotopic xenografts, named PDOX or
orthoxenografts, are relevant preclinical animal models that phe-
nocopy human tumor properties (18,19).Wehave previously used
TGCT orthoxenografts to explore novel therapeutic approaches for
refractory TGCTs (20, 21). In this study, the genetic basis of
acquired cisplatin resistance was investigated by comparative
genomic hybridization (CGH) in a collection of matched cisplat-
in-sensitive and -resistant NSE tumors that were implanted ortho-
topically in nude mice. We studied genome amplifications and
further investigated the 9q32-q33.1 region to identify cisplatin
resistance–related genes. We found a clinical correlation between
the presence of the 9q32-q33.1 gain and poor risk defined by
shorter overall survival (OS). We also found gene expression
alterations within the 9q32-q33.1 region that were associated with
cisplatin resistance but not necessarily with the 9q32-q33.1 gain.
Finally, we used a drug to inhibit one of the recurrently upregu-
lated genes in cisplatin-refractory tumors, the glucosylceramide
synthase (GCS), and observed that tumors were resensitized
allowing the maintenance of the cisplatin-based therapy.

Materials and Methods
Human primary TGCT implantation and perpetuation in
nude mice

To generate the collection of TGCT orthoxenografts, fresh
surgical specimens of 62 human GCTs were implanted in nude
mice. Twenty-two tumors were classified as pure SEs and 40 as
NSE (21 as pure and 19 as mixed tumors containing different
proportions of SE and NSE components). From the 40 NSEs,
14 tumors were perpetuated (35%), 10 derived from pure NSEs
[three choriocarcinomas (CH), four embryonal carcinomas (EC),
three yolk sac tumors (YS)], and four frommixed primary tumors.
Five orthoxenografts were derived from several extragonadal
tumor locations, and in four cases from patients treated previ-
ously with cisplatin-based chemotherapy (Supplementary Table
S1). None of the 22 implanted pure gonadal seminomas (SE)
grew in nudemice. Of themixed tumors, comprising both SE and
NSE components, only the NSEs grew in mice. Orthotopic
implantation procedure of human tumors was performed as
previously reported by our group (21) and briefly described in
the Supplementary Data. IHC characterization is also described
in the Supplementary Data. All patients gave written consent to
participate in the study. The Institutional Ethics Committees
approved the study protocol, and the animal experimental design
was approved by the IDIBELL animal facility committee (AAALAC
–Unit 1155). All experiments were performed in accordance with
the guidelines for Ethical Conduct in the Care andUse of Animals
as stated in The International Guiding Principles for Biomedical
Research Involving Animals, developed by the Council for Inter-
national Organizations of Medical Sciences.

Generation in mice of refractory engrafted NSEs to cisplatin
treatment

Five selected engrafted tumors, TGT1X, TGT12X, TGT21XB,
TGT34X and TGT38X, from patients without prior exposure
to cisplatin, were allowed to grow until intraabdominal palpable
masses were noted. Animals were administered with cisplatin
intravenously at a dose of 2mg/kg for 3 consecutiveweeks (days 0,
7, and 14; cycle #1 of treatment). Post-cisplatin relapse, tumors
were harvested, prepared as described previously and engrafted in
newanimals. This processwas repeated up tofive times by treating
tumor-bearing mice with stepwise increasing doses of cisplatin:
cycle #2, 3 mg/kg; cycle #3, 3.5 mg/kg; cycle #4, 4 mg/kg; and
cycle #5, 5 mg/kg, as we described for ovarian tumors (22). When
mice were treated at doses higher than 3.5 mg/kg, the signs of
cisplatin-induced toxicity were ameliorated by administration of
saline containing 5% glucose for 2 days. Dynamic CDDP
responses were evaluated after assessing b-hCG and/or AFP serum
levels, as described in Supplementary Data.

Analysis of point mutations and genomic imbalances
The presence of point mutations in a panel of selected cancer-

related genes and microsatellite instability (MSI) were compared
between sensitive and resistant paired orthoxenografts. Proce-
dures are described in detail in the Supplementary Data.

Whole-genome analysis by NimbleGen CGH arrays
The CGH oligonucleotide array was carried out by NimbleGen

Systems, Inc., at their facility in Wisconsin. Array design descrip-
tions were: 2006-07-27_HG18_WG_CGH, single array CGH
design for whole-human genome (hg18; NCBI Build 36).

Translational Relevance

Cisplatin-based cytotoxic chemotherapy is the mainstay
of the treatment of several types of neoplasias. The acquired
resistance is a major clinical limitation for patient's survival.
Orthoxenografts are the most advanced ex vivo platforms to
investigate the efficiency of drugs in a personalized manner,
but in this study, we also demonstrated other valuable tools
to identify prognosis markers and novel resensitizing ther-
apeutic approaches for the treatment of cisplatin-refractory
tumors. As proof-of-principle, in this study we validate our
approach demonstrating that presence of the 9q32-q33.1
gain is associated with poor risk defined by shorter overall
survival (OS) and that genetic or pharmacologic inhibition
of glucosylceramide synthase (GCS) activity is efficient to
resensitize testicular and epithelial ovarian tumors refrac-
tory to cisplatin.
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Methods of DNA labeling array construction, hybridization, array
normalization, and data analysis have been described in detail by
Seltzer and colleagues (23).

Patients
Eighty-eight consecutive patients diagnosed with metastatic

germ cell tumors and treated at the Institut Catal�a d'Oncologia
(Barcelona, Spain) between 1989 and 2004 were initially
included in this study. Thirteen cases were not evaluated
because of the lack of paraffin-embedded tissue blocks. Patient
demographics and clinical characteristics of the 75 patients
finally evaluated are listed in Supplementary Table S3. Sixty-
three patients (84%) had NSE tumors and 12 (16%) had SE
tumors. Four patients presented with mediastinal extragonadal
disease. Sixty percent of the patients were classified as having a
good prognosis, 19% as having an intermediate prognosis, and
21% as being of poor prognosis according to the IGCCCG
categorization. Twenty-four patients were considered resistant,
defined by progression or relapse despite adequate first-line
chemotherapy treatment. Cases with mature teratoma only in
the resected postchemotherapy mass and without posterior
tumor relapse were considered sensitive. Tumor samples from
primary tumors and/or resected metastases obtained before
chemotherapy were included in a newly generated tissue micro-
array (TMA), as described previously (24). FISH analysis was
described in Supplementary Material.

Quantitative gene and miRNA analysis
Total RNA was extracted using TRIzol (Invitrogen), following

the manufacturer's instructions, and reverse-transcribed to
cDNA. Quantitative RNA and miRNA analyses were performed
as described in the Supplementary Material.

Cell culture, transfection and in vitro gene overexpression,
and shRNAi knockdown experiments

The human NSE cell lines SuSaS (of teratocarcinoma
origin) and its matched SuSaR ("R" for CDDP-resistant
derived cell line) were grown for different experiments as
described previously (25). For overexpression experiments,
SuSaS cells were transfected with plasmid pCMV6-XL5-GCS
containing the whole GCS human cDNA from OriGene
(SC118052). Knockdown experiments were realized in
SuSaR with four predesigned short hairpin RNAs (shRNA)
for the human GCS gene from Qiagen (KH02376P) that were
transfected with the jetPrime transfection kit (Polyplus),
following manufacturer's instructions. GCS expression levels
were analyzed by Western blot analysis at 24, 48, 72, and
96 hours posttransfection by anti-GCS (1/1,000; Protein-
Tech) using anti-b-actin-HRP antibody as a control
(1/20,000; Sigma-Aldrich). The chosen time to perform the
experiments was 48 hours.

In vitro determination of drug resistance assays
Cisplatin (1 mg/mL) dissolved in NaCl (TEVA) and

DL-threo-PDMP (Sigma-Aldrich) in DMSO at a final concen-
tration of 59 mmol/L were assessed. Cell viability was deter-
mined by MTT assay. Briefly, 1 � 103 cells were plated onto
96-well plates, after 4 hours of transfection, fresh medium
was added and cells were treated for 48 hours with different
drugs concentration ranged from 0 to 20 mg/mL doses. MTT
was added at a final concentration of 0.1% and after 2.5 hours

of incubation (37�C, 5% CO2) metabolic product formazan
was dissolved in DMSO and the absorbance measured at
570 nm. Prism Software was used to calculate half maximal
inhibitory concentration (IC50) of the drugs.

Determination of GCS activity
Tumor samples were homogenized in lysis buffer (Tris-HCl

10 mmol/L, EDTA 1 mmol/L, and 0.1% Triton X-100 at pH 7.4)
and centrifuged at 600 � g for 5 minutes. GCS activity was
determined from NBD-C6-ceramide and UDP-glucose, the
conversion product separated by TLC with chloroform/meth-
anol/32% ammonia (70:30:5, v/v), and quantified by densi-
tometry (Pr�ef�erence/DVS, Sebia) as described previously (26).
Briefly, for each assay, 200 mg of protein extract was suspended
in reaction buffer (5 mmol/L MgCl2, 5 mmol/L MnCl2, and
1 mmol/L EDTA in 50 mmol/L HEPES, pH 7.2) and the
substrate mixture containing 10 mmol/L NBD-C6-ceramide and
250 mmol/L UDP-glucose. After a 30-minute incubation at
37�C, reactions were terminated by adding 2.5 mL of chloro-
form/methanol (2:1, v/v), the samples were centrifuged
(1,000 � g, 5 minutes), the lower phases dried under nitrogen,
and subjected to TLC by using chloroform/methanol/32%
ammonia (70:30:5, v/v) as the mobile phase.

Evaluation of in vivo responses of cisplatin-refractory
orthoxenografts to treatment with DL-threo-PMDP

Tumors were implanted in mouse testicle and when homo-
geneous tumor sizes were detected, animals were randomized
to four treatment groups (n ¼ 6–8 mice/group): (i) vehicle; (ii)
cisplatin (3.5 mg/kg); (iii) DL-threo-PDMP(D-threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol hydrochloride; Santa
Cruz Biotechnology), 50 mg/kg dissolved in 5% of Tween
80%–0.85%NaCl; and (iv) DL-threo-PDMPþcisplatin (50mg/kgþ
3.5 mg/kg). Cisplatin was intravenously administered once a
week for three consecutive weeks (days 0, 7, and 14), while
DL-threo-PDMPwas administered daily by intraperitoneal injection
over the 21-day period and mice were sacrificed on day 22 of
treatment. In combined treatments, PDMP was administered one
hour before cisplatin treatment. Ovarian orthoxenograft 17 model
(OVA17X) was generated from a cisplatin-sensitive human serous
epithelial ovarian tumor by orthotopic implantation (in the mouse
ovary) in nudemice, as described previously (22). Cisplatin-resistant
ovarian orthoxenograft 17 (OVA17XR) was derived from OVA17X
by iterative treatment cycles with increasing doses of cisplatin, as
described above for TGCT tumors. For the in vivo treatment with
DL-threo-PMDP,OVA17XRwas grown and implanted in themouse
ovary of several animals. When homogeneous tumor sizes were
detected, they were randomized to four treatment groups (n ¼ 6
mice/group) and treated as described previously.

Statistical analysis
For the clinicopathologic features, P values were calculated

using the x2 test. Survival curves were estimated using the
Kaplan–Meiermethod, anddifferences between individual curves
were evaluated by multivariate Cox proportional hazards regres-
sion modeling. Analyses were adjusted for pathologic diagnostic
classification. HRs and 95% confidence intervals (CI) were cal-
culated. Likelihood ratio tests were used to assess the prognostic
value of genomic amplificationof 9q32-q33.1 by FISH in the TMA
ofmetastatic GCTs. Values of P < 0.05were considered significant.
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Results
Establisment of orthoxenografts of TGCT NSE tumors

To study cisplatin resistance in TGCTs, our laboratory has
compiled a valuable collection (n¼14) of both cisplatin-sensitive
and -refractory TGCTNSE orthoxenografts (Supplementary Table
S1). These orthoxenografts grew on mouse testicles as a big solid
mass, displaying a strong correlation with their corresponding
primary tumors in terms of histological appearance and expres-
sion of cellular markers (Fig. 1A and B). These tumors were kept
stable throughout serial passages and, as occurring in patients, the

secreted beta subunit of human chorionic gonadotropin (b-hCG)
and/or alpha-fetoprotein (AFP) were detected in mouse serum as
surrogate markers of tumor growth (Supplementary Table S1;
refs. 27, 28).

Orthoxenografts reproduce in mice some of the patterns of
dissemination observed in humans with the presence of retro-
peritoneal lymph nodes, lungs, and liver metastasis. Rare brain
metastases were not detected inmice. Distant fromwhat happens
in humans in two tumors, we have detected the presence of
peritoneal implants (Supplementary Table S1).
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Figure 1.

Generation of TGCT orthoxenografts and development of paired cisplatin-refractory tumors. A, Macroscopic appearance and hematoxylin and eosin
(H&E) staining of mice with orthoxenografts (left, TGT1X pure yolk sac, right, TGT12X pure embryonal carcinoma). B, OCT4 protein immunostaining.
High levels of nuclear staining were only identified in TGT14X, pure embryonal carcinoma (EC) and TGT21BX, mixed EC and yolk sac tumor (YS).
Absence of protein expression was noted in TGT1X, pure YS and TGT17X, pure choriocarcinoma (CH). Seminoma (SE) was used as a positive control. C,
Generation of engrafted tumors refractory to cisplatin treatment combines: (i) five cycles of repetitive cisplatin treatments (one cycle: 3 doses of
cisplatin administered by intravenous injection for three consecutive weeks, on days 0, 7, and 14) each cycle performed in diferent animals and (ii) doses of
cisplatin were increased after each cycle of treatment ranging from 2 mg/kg (first cycle) to 5 (fifth cycle). D, The time lag between tumor-treatment
and tumor-regrowth decreased as the different treatment cycles occurred. Tumors at cycle #5 of treatment (arrow) were used to assess the response
to chemotherapy. E, Comparative short-term cisplatin response assays for paired nontreated versus cisplatin-resistant tumor. Mice were treated with low
(2 mg/kg) and high (5 mg/kg) doses of cisplatin. TGT21BX and TGT34X showed a complete response at high doses. ##, for paired TGT34X versus TGT34XR,
only the response to the low dose was assessed (� , P < 0.05).
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Orthoxenografts of NSE recapitulate the responses to
cisplatin treatment in humans

We studied the pattern of responses to chemotherapy for
nine orthoxenografts. Mice were treated with low (2 mg/kg)
and high (5 mg/kg) doses of cisplatin, and their short- and
long-term responses were evaluated. All tumors had a good
short-term response to low doses of cisplatin, as indicated by a
significant reduction in tumor weight in 8 cases and complete
response in the tumor TGT21BX (Supplementary Fig. S1). A
good correlation between tumor weight and reduction or
absence of serum b-hCG and/or AFP levels was found, sup-
porting its use as a dynamic surrogate marker of treatment
efficacy. Differences among tumor weight and serum markers
observed in TGT21AX after treatment can be explained by the
predominance of a teratoma with a few microscopic islands of
viable cells (Supplementary Fig. S1C). Administration of higher
doses of cisplatin (5 mg/kg) was associated with a better
response in all cases (Supplementary Fig. S1). In addition,
there was a complete response in tumor TGT21AX (Supple-
mentary Fig. S1C).

To investigate long-term cisplatin responses, a subgroup of
the treated mice was kept alive postchemotherapy until tumor
regrowth was observed. Tumors regrew in 8 of 9 cases, over a
period of 15 to 135 days, independently of the cisplatin dose
in most instances (Supplementary Fig. S1). In TGT39X, both
treatments yielded a long and sustained response, as was
confirmed by constant levels of AFP over a latency period of
90 days (Supplementary Fig. S1A). Histologic analysis of
relapsed masses demonstrated the presence of a viable tumor
in most cases, and the maintenance of the tumor heterogene-
ity, observed in mixed nontreated tumors (Supplementary
Fig. S2). As observed in patients, cisplatin induced increasing
teratoma differentiation in TGT21AX (Supplementary Figs.
S1C, bottom S2).

Development of matched models of cisplatin refractoriness
To investigate cisplatin resistance against the same genetic

background (sensitive vs. resistant), we developed several cis-
platin-refractory tumor models. Thus, from this collection of
14 tumors, to develop this study, we selected 5 that were not
exposed to cisplatin before implantation. This subset includes a
YS (TGT1X), two embryonal carcinomas (TGT12X and
TGT34X), a choriocarcinoma (TGT38X), and a mixed tumor
(TGT21BX; Supplementary Table S1). Through five iterative
cycles of treatment in different mice, and applying increasing
doses of cisplatin through the cycles, we generated orthoxeno-
grafts with acquired resistance in vivo (named TGT1XR,
TGT12XR, TGT21BXR, TGT34XR, and TGT38XR; Fig. 1C). Dur-
ing the process of resistance acquisition, a progressive shortened
time lag between tumor treatment and tumor regrowth was
noted, and the mice to mice passage time stabilized after five
cycles of treatment in all cases (Fig. 1D). To evaluate the
resistance to cisplatin in these transplanted tumors, paired
short-term response assays between untreated (TGTX) and
resistant (TGTXR) tumors at cycle #5 were performed
(Fig. 1E). High levels of resistance were observed in all tumors
at both low (2 mg/kg) and high (5 mg/kg) cisplatin doses.
Finally, supporting the experimental value of this collection of
paired sensitive/resistant orthoxenografts, we observed similar
histologic pattern between original and cisplatin-resistant
tumors (Supplementary Fig. S2).

Recurrent chromosomal imbalances were associated with
acquired cisplatin resistance

In the DNA, cisplatin induces interstrand crosslinks and
monoadducts that cause mutations and genomic instability
(11, 29). Many of these alterations on the cisplatin-exposed
DNA cannot be repaired and cause cellular lethality, but some
may be selected and promote the cellular resistance to cisplatin.
Thus, we investigated in paired TGCT orthoxenografts (sensi-
tive vs. resistant) with the same genetic background whether the
acquisition of cisplatin resistance was associated with the
selection of specific genomic imbalances or mutations in a
panel of selected genes. First, we did not find mutations in a
subset of cancer-related genes including K-ras, b-raf, PI3KCA,
EGFR, c-Kit, PDGFRa and b, p15, p16, and SMAD4 or changes in
the MSI status in resistant engrafted tumors. Then, we inves-
tigated chromosomal rearrangements, using array-based CGH,
in four paired untreated parental engrafted tumors and their
resistant counterparts (TGT1XR was later tested for 9q32-q33.1
amplification only). Few recurrent genomic changes were con-
sistently detected in distinct resistant tumors when compared
with their paired sensitive orthoxenograft (Fig. 2A). Particular-
ly, gains at 9q were found in three of four cases, 9q32-q33.1
being the smallest common gain (5.1 M bp containing 60
genes) between three resistant tumors (Fig. 2B). In addition,
gains at 15q23-q24.1 and 15q26.3 were identified in two
tumors, and the loss of the Xp22.33 region was identified in
three of four tumors (Supplementary Fig. S3). All these four
genomic regions are hotspots to search for genes involved in the
acquired resistance to cisplatin. In this study, we focused our
attention on studying the 9q32-q33.1 region.

Amplification at 9q32-q33.1 is associated with an increased
risk of death in advanced TGCT patients

To evaluate the clinical relevance of our results in orthox-
enografts, gains at 9q32-q33.1 were studied by FISH in a
human TMA including series of tumors from 75 patients with
metastatic TGCTs (63 NSEs and 12 SEs) homogeneously treated
with cisplatin-based chemotherapy in our hospital (Fig. 2C;
Supplementary Table S2). Amplification at 9q32-q33.1 was
identified in 18 of 75 (24%) cases, including 16 NSEs (5 CEs,
2 CHs, 1 YS, 2 TEs, and 6 mixed tumors) and two pure SEs
(Table 1). Analysis of OS showed that amplification at the
9q32-q33.1 region was associated with a 2.79-fold greater risk
of death in patients with metastatic GCTs (P ¼ 0.036; HR ¼
2.79; 95% CI ¼ 1.11–7.0; Table 1 and Fig. 2D). A higher risk of
death associated to this genetic amplification was revealed
when considering only patients with NSE (n ¼ 63; P ¼
0.026; HR ¼ 3.03; 95% CI ¼ 1.18–7.76), but there was no
difference in those with SE (P ¼ 0.54; Table 1). OS subgroup
analyses in NSE patients (presence of amplification vs. WT)
showed a trend for good and intermediate risk groups alone;
the relationship was statistically significant when we analyzed
the two groups together (P¼ 0.014; HR¼ 5.16; 95% CI¼ 1.47–
18.12; Table 1). This genetic amplification was also associated
with shorter progression-free survival (PFS; P ¼ 0.043; HR ¼
2.46; 95% CI ¼ 1.07–5.63; Table 1; Fig. 2D) and such corre-
lation was significant even when the NSE group alone was
analyzed (P ¼ 0.024, HR ¼ 2.8, 95% CI ¼ 1.19–6.57).

Moreover, there was a trend for tumors harboring the 9q32-
q33.1 amplification to have a worse cisplatin response
(Supplementary Table S3). Fifty percent of tumors with the
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amplification (9/18) were considered resistant to first-line
chemotherapy compared with 26.3% (15/57) of tumors with-
out it (P ¼ 0.060). Up to 27.8% of tumors with the 9q32-q33.1
amplification did not achieve a tumor marker complete
response or progressed during first-line treatment (P ¼
0.007; Supplementary Table S4).

Identification of 9q32-q33.1 genes whose expression is
associated with tumor response to cisplatin

Next, to identify which genes within 9q32-q33.1 region could
be related to cisplatin resistance, we performed quantitative PCR
(qPCR) to study the expression levels of 60 genes and two
miRNAs in the five paired sensitive/resistant engrafted tumors
(Fig. 3A). In order to better represent our study of resistant
tumors without the 9q32-q33.1 amplification, we included the
pair TGT1X/TGT1XR in the gene expression profiling of this

region to get a panel of three with and two without the 9q32-
q33.1 gain. By qPCR, we found that 37 9q32-q33.1 genes, and
the two miRNAs, were expressed in these five TGCTs (Fig. 3A
and B). From these gene expression analyses, we observed that
only two genes, POLE3 and AKNA, were differently regulated in
relation to the presence or absence of 9q32-q33.1 amplification.
Interestingly, POLE3 was upregulated in resistant tumors with
9q32-q33.1 gains, but downregulated in the two others without
this genetic alteration. AKNA was downregulated in resistant
tumors with 9q32-q33.1 gains, but not altered in the other
two tumors without this alteration. Moreover, these results also
indicate that a chromosomal gain does not necessarily mean
gain of functions. Moreover, another five genes [UGCG (also
known asGCS), ZNF883, CTR1, ATP6V1G1, and FLJ31713] were
consistently up- or downregulated in all five resistant tumors
independently of the 9q32-q33.1 amplification.
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Figure 2.

Recurrent gains at 9q in refractory tumors. A, Chromosomal rearrangements related to acquired cisplatin resistance were identified when compared
with four paired untreated parental engrafted tumors and their resistant counterparts. Whole-genome mapping was performed by oligonucleotide array
CGH analysis (60 kbp window averaging) and visually depicted with the SignalMap graphical interface tool from Nimblegen Systems. B, The 9q21.11-q33.3
gain region (arrow) was identified in TGT12XR and TGT21BXR, while in tumor TGT38XR, there was a smaller overlapping region of 5.1 Mbp at 9q32-
q33.1 (arrowhead). C, Representative FISH analyses of the copy number of 9q32-q33.1 in human metastatic CGT samples contained in the TMA.
Interphase FISH with RP11-582I20 (red) and RP11-616C16 (green) probes. Panel 1: absence of amplification characterized by two red and two green signals in
all interphase nuclei. Panels 2 and 3: amplification of the region. D, Kaplan–Meier plots by status of 9q32-q33.1 gains. Left, OS; right, PFS. P values are
those from multivariate Cox proportional hazards regression models, controlling for the pathologic diagnostic classification.
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Therefore, we found that gene expression changes at the 9q32-
q33.1 region in resistant tumors were not necessarily correlated
with the presence of the amplification, suggesting the coexistence
of other mechanisms modifying gene expression that confer
resistance to cisplatin.

The influence of genetic changes on resistant tumors is
complex and multifactorial as reflected by the fact that the
functional network (obtained from the web-based tool
STRING) for 34 genes differentially expressed in these resistant
tumors was rather poor (30), indicating a low functional
relation between these genes. Importantly, the six genes show-
ing deregulation in resistant tumors do not show any func-
tional link (Supplementary Fig. S4).

Some gene functions involved in cisplatin response are
conserved in C. elegans

We wondered whether the 9q32-q33.1 genes deregulated in
resistant tumors were acting in the same manner in the response
to cisplatin. Cisplatin has a broad mode of action being also
toxic to eukaryotic cells of model organisms as Caenorhabditis
elegans (C. elegans; ref. 31). We found that three of the five genes
deregulated in resistant tumors (GCS, CTR1, and ATP6V1G1)
were conserved in C. elegans. Through an automated toxicity
assay, we found that vha-10/ATP6V1G1(RNAi) animals were
sensitive to cisplatin (Supplementary Fig. S5). GCS present three
paralogs in C. elegans and we needed to inactivate two of them at
the time to produce sensitivity to cisplatin. On the contrary,
worms treated with CTR1/F27C1.2(RNAi) were resistant to
cisplatin exposure, as expected from the inactivation of the
cooper transporter that is involved in cellular intake of cisplatin
(Supplementary Fig. S5).

We conclude that 9q32-q33.1 genes deregulated in the resistant
tumors can either be up- or downregulated, and provide either
resistance or sensitivity to cisplatin. Moreover, the mechanisms

of response seem to be conserved through evolution rather than
be specific of human cells or tumors.

DL-threo-PDMP, a competitive inhibitor of GCS, resensitizes
refractory TGCT and EOC orthoxenografts to cisplatin

As a proof-of-concept of our approach to search novel thera-
peutic strategies for overcoming cisplatin resistance, we decided to
dig into the therapeutic value of one of these genes/proteins at the
preclinical level.GCSwas chosen on the grounds that: (i) displays
increased mRNA expression in all cisplatin refractory orthoxeno-
grafts and (ii) there are specific inhibitors for GCS available, some
of which are currently in clinical use for other pathologies
(32, 33). First, NSE testicular germ cell line SuSaS and its paired
cisplatin-resistant SuSaR were used as cellular models to corrob-
orate the functional relationship among GCS expression/activity
and cisplatin resistance in TGCTs. Significant differences among
protein levels of GCS were observed between both cell lines,
being more abundant in resistant cells (Fig. 4A, top). Transfected
SuSaS cells overexpressing GCS (Fig. 4A, bottom) displayed a
significant cisplatin-resistant increase (5-fold; Fig. 4B), while
shRNAi knockdown of the endogenous GSC gene (70% of inhi-
bition) in SuSaR cells correlates with a partial (57.6%) cisplatin
resensitization (Fig. 4B). Likewise, the treatment of SuSaR cells
with the specific GCS inhibitor DL-threo-PDMP (PDMP) mimics
this cisplatin sensitization (44.8%; Fig. 4C). Combined cisplatin
þ PDMP treatment produces a significant increase in the intra-
cellular levels of ceramide (Fig. 4D). Thus, we demonstrated that
impaired GCS expression/activity in vitro resensitizes a cisplatin-
resistant NSE cell line newly to cisplatin treatment.

Interestingly, cisplatin-refractory engrafted tumors exhib-
ited an increase in GCS activity (Fig. 4D). Then, we treated
TGT1XR and TGT38XR daily for 21 days with PDMP. As a
single-agent, PDMP did not produce a significant response
with respect to the vehicle-treated animals, and no significant

Table 1. Analysis of 9q32-q33.1 amplification in metastatic germ cell tumors

Overall survival Progression-free survival
N (%) HR (95% CI) P HR (95% CI) P

Chromosome copy number at 9q31-q32.1 (n ¼ 75)
WT 57 (76) 1 0.036a 1 0.043a

Amplification 18 (24) 2.79 (1.11–7.0) 2.46 (1.07–5.63)
Stratified analysis
Pathologic classification
Nonseminoma (n ¼ 63)

WT 47 (74.6) 1 0.026a 1 0.024a

Amplification 16 (25.4) 3.03 (1.18–7.76) 2.8 (1.19–6.57)
Seminoma (n ¼ 12)

WT 10 (83.3) 1 (0–Inf) 0.54 1 (0–Inf) 0.38
Amplification 2 (16.7) 0 0

IGCCCG classification
NSE with good risk (n ¼ 33)
WT 27 (81.8) 1 0.096 1 0.22
Amplification 6 (18.2) 5.89 (0.82–42.52) 3.29 (0.55–19.71)

NSE with intermediate risk (n ¼ 14)
WT 10 (71.4) 1 0.15 1 0.28
Amplification 4 (28.6) 3.41 (0.68–17.02) 2.33 (0.52–10.44)

NSE with poor risk (n ¼ 16)
WT 10 (62.5) 1 0.88 1 0.30
Amplification 6 (37.5) 0.9 (0.21–3.79) 2 (0.55–7.21)

Grouping NSE according to good and intermediate risk (n ¼ 47)
WT 37 (78.7) 1 0.014 a 1
Amplification 10 (21.3) 5.16 (1.47–18.12) 3.28 (1.03–10.37) 0.056

Abbreviation: WT, no amplification at 9q32-33.1.
aP values are from multivariate Cox models adjusted for pathological diagnostic classification.
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Figure 3.

Differential profiling expression patterns of the 60 genes and two miRNAs annotated on 9q32-q33.1 region determined by qPCR. A, Results are presented
as changes in the expression levels in cisplatin-refractory tumors relative to the untreated tumors, grouped by 9q32-q33.1 gain status. No expression
changes (in gray), underexpression in resistant tumors (in green), overexpression in resistant tumors (in red), and lack of expression in engrafted
tumors (in white). B, Graphs showing qPCR experiments for relevant genes. For each gene, normalized gene expression (left graph), and the expression
ratio among refractory versus sensitive tumors (right graph) are shown. Reactions were performed in triplicate and all data were normalized
with endogenous control gene (b-actin).
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differences were observed among individual PDMP and cis-
platin treatments (Fig. 4E). Nevertheless, both tumors expe-
rienced significant tumor weight reductions (TGT38XR, 73.5%
and TGT1XR, 42.8%) for combined PDMP þ cisplatin treat-
ment (Fig. 4E).

Finally, we asked whether the identified association among
GCS and cisplatin resistance happens in other tumors commonly
treated with cisplatin. Thus, GCS expression/activity was also
determined in a panel of five paired cases of sensitive and
cisplatin-resistant orthoxenografts of epithelial ovarian cancer
(EOC) generated in our lab following the same described

approach (22). In 4 of 5 (83.3%) serous tumors, a median
increase of 52.5% � 9.4% GCS activity was observed in the
resistant orthoxenografts with respect to its paired sensitive
tumors (Fig. 4F). Furthermore, PDMP treatment of OVA17XR,
having high levels of GCS activity, has a cisplatin resensitizing
effect (Fig. 4G; tumor weight reduction of 76.5% in combined
cisplatin þ PDMP treatment).

Together, the GCS inhibitor PDMP resensitizes cisplatin-
refractory orthoxenografts to cisplatin treatment, providing a pro-
mising therapeutic opportunity for treatment of refractory cases;
being a strong preclinical rationale for further clinical trials.

0

10

20

30

40

50

N
o 

of
 a

po
pt

o�
c 

ce
lls

 b
y 

fie
ld

Vehicle

CDDP

PDMP

PDMP+CDDP

*
**

TGT1XR TGT38XR

*
*

0

1

2

3

4

Vehicle
Cisplatin

PDMP
PDMP+cisplatin

Vehicle

Cisplatin

PDMP

PDMP+
Cisplatin

TGT1XR

G
C

S
 a

ct
iv

ity
 (A

.U
./m

g 
pr

ot
.)

30

5

0

25

20

15

10

Non-treated
orthoxenografts

(OVAX)

Resistant
orthoxenografts

(OVAXR)

O
VA

11
XR

O
VA

17
XR

Glucer

Cer

O
VA

1X

O
VA

1X
R

O
VA

9X

O
VA

9X
R

O
VA

11
X

O
VA

17
X

O
VA

47
X

O
VA

47
XR

OVA1X and  OVA1XR
OVA9X and  OVA9XR

OVA17X and OVA17XR

OVA11X and OVA11XR

OVA47X and OVA47XR

Vehicle

Cisplatin

PDMP

PDMP+cisplatin

Tu
m

or
 w

ei
gh

t (
gr

)

OVA17XR

*

0

1

2

3

SuSaS pCMV6-XLS 0.30 ± 0.13
SuSaS pCMV6-XLS-GCS 1.62 ± 0.22
SuSaR shcontrol 3.00 ± 0.24
SuSaR shGCS 1.73 ± 0.23

IC50(µg) ± SD 

Cispla�n (Log μg/mL) Cispla�n (Log μg/mL)

10-4 10-2 100 102 104
0

20

40

60

80

100

10-4 10-2 100 102

Ce
ll 

vi
ab

ili
ty

 (%
)

Ce
ll 

vi
ab

ili
ty

 (%
)

0

20

40

60

80

100

0

2,5

5

7,5

10

12,5

15

17,5

Co
nt

ro
l

Ci
sp

la
�

n

PD
M

P

Ci
sp

la
�

n+
PD

M
P

*

SuSaS 0.46 ± 0.01  
SuSaR 2.72± 0.16
SuSaS + 30 μmol/L PDMP 0.49 ± 0.17
SuSaR + 30 μmol/L PDMP 1.22 ± 0.22

IC50(µg) ± SD 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

Nontreated
orthoxenografts

(TGTX)

Resistant
orthoxenografts

(TGTXR)

TGT12X and TGT12XR
TGT21BX and TGT21BXR
TGT34X and TGT34XR
TGT38X and TGT38XR
TGT1X and TGT1XR

G
C

S
 A

ct
iv

ity
 (A

.U
./m

g 
pr

ot
.)

Su
Sa

S

Su
Sa

R
GSC 52 Kda

42 Kda

pC
M

V6
-X

LS
-G

CS

GSC

β-Ac�n

β-Ac�n

52 Kda

42 Kda

pC
M

V6
-X

LS

Sh
co

nt
ro

l

Sh
G

CS

SuSaS SuSaR

A B

E

C

F HG

D

Ce
ra

m
id

e 
le

ve
ls 

(A
.U

./
m

g 
pr

ot
ei

n)

Tu
m

or
 w

ei
gh

t (
gr

)

TGT1XR TGT38XR TGT17XR

Figure 4.

GCS activity and cisplatin resensitization by DL-threo-PDMP (PDMP) in cisplatin-resistant cell lines and orthoxenografts. A, Differential protein
expression levels of GCS in SuSaS and paired SuSaR determined by Western blot analysis (left) and GCS transient overexpression in SuSaS cells after
transfection with pCMV6-GCS and shRNAi knockdown in SuSaR cells with a mix of four predesigned shRNAs for the human GCS (right). B, Cisplatin response
of SuSaS cells overexpressing GCS and SuSaR cells with GCS silenced. Each curve represents the average of values from at least three
independent experiments and cell proliferation was measured by MTT assay. C, Dose–response curves for SuSaS and SuSaR treated with cisplatin and with
30 mmol/L of PDMP [IC50 (mmol/L):SuSaS (29.93 � 0.006)] and SuSaR (28.73 � 0.054; left). Generation of ceramide was determined in SuSaR cells
after treatment with cisplatin, PDMP and for combined cisplatin þ PDMP (right). D, Activity of GCS in five paired sensitive versus refractory engrafted TGCTs.
E, Responses of cisplatin-refractory engrafted TGT1XR and TGT38XR tumors to treatment with the GCS inhibitor DL-threo-PMDP. F, GCS activity was also
determined in six paired sensitive versus refractory orthoxenografts of EOC. Increased levels of glucosylceramide were detected in 5 of 6 resistant cases. G,
Response of cisplatin-refractory engrafted OVA17XR orthoxenograft (serous tumor) treated with the GCS inhibitor DL-threo-PDMP. H, Apoptosis was
evaluated by immunostaining of caspase 3 in paraffin sections of residual tumor masses on day 21 of single cisplatin, PDMP, and combined cisplatin þ
treatments of TGT1XR, TGT38XR, and OVA17XR tumors (22). TGTX, untreated TGCT; TGTXR, cisplatin-refractory TGCT; OVAX, epithelial ovarian tumor;
OVAXR, cisplatin-refractory epithelial ovarian tumor (� , P < 0.05).
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PDMP-induced tumor response is mediated by proapoptotic
features in germ cell tumors and ovarian cancer

Next, we investigated whether tumor response mechanisms
induced by PDMP associated with proapoptotic induction fea-
tures. Thus, apoptotic drug induction was assessed in
TGT1XR, TGT38XR, and OVA17XR by immunodetection in
paraffin-embedded tissues of caspase-3, an early and specific
apoptotic marker. In the three orthoxenografts, no significant
differences for the proapoptotic induced effect were observed
for the single treatments with respect to vehicle group (Fig. 4H).
Whereas, for combined PDMPþ cisplatin treatment, significant
increase in the apoptosis levels was observed in the three
tumors respect to cisplatin group (TGT1XR 2.7-fold, P ¼
0.0016; TGT38XR 2.81-fold, P ¼ 0.0011; and for OVA17XR
2.06-fold, P ¼ 0.0002).

Discussion
Establishment of advanced preclinical models of phenocopy-

ing patients' primary tumor features in terms of phenotype,
genotype, and response to chemotherapy is a basic step on the
way to identifying novel therapeutic targets and for testing anti-
tumoral treatments. Here, we report the generation of an impor-
tant collection of NSE TGCTs engrafted orthotopically in nude
mice, keeping features of primary tumors including sensitivity to
cisplatin. In our study, we have used five of those original tumors
and their corresponding orthoxenografts that developed cisplatin
resistance in vivo. Our methodology to induce cisplatin-resistant
tumors includes exposure to an increasing concentration of cis-
platin through five cycles. Such cisplatin treatment does not occur
in the clinic, but in our hands was previously very efficient to
generate cisplatin-resistant orthotopic tumors derived from EOC
(22). Engrafting patient tumor tissues orthotopically into immu-
nodeficient mice (termed "orthoxenografts or PDOX") are state-
of-the-art preclinical models that may contribute to reduce the
high rate of failure in translating preclinical results to patients.
Among the orthoxenografts used in this study, we previously
reported TGT1X, TGT38X, and also its paired resistant TGT38XR
as tools to support the preclinical value of sunitinib and lapatinib
in TGCT treatments (20, 21, 34). Likewise, other orthoxenografts
of EOC and lung cancer have been used to evaluate potential
patients' treatments (22, 35, 36).

In 1998, Rao and colleagues provided the first evidence of
chromosomal amplification associated with cisplatin resistance
by comparing unpaired GCTs obtained from relapse-free patients
with chemotherapy-resistant tumors (37). Differently, our study
compared resistant and sensitive tumors with the same genetic
background and we identified fewer recurrent genomic changes
across the different refractory tumors. Still, both studies found
amplifications in similar regions at chromosomes 9 and 15.Other
studies have identified distinct chromosomal imbalances upon
cisplatin exposure suggesting that gains and losses of chromo-
somal regions are genome instability events whose specific influ-
ence in cisplatin resistance acquisition needs to be unraveled. Our
study suggests that these genomic imbalances do not have a
common impact on gene activities but are hotspots to find genes
involved in the response to cisplatin. Thus, GCS and CTR-1/-2
genes are both deregulated in distinct manner (upregulated and
downregulated, respectively) in all five resistant tumors indepen-
dently of the 9q32-q33.1, indicating that these genes are major
drivers of resistance to cisplatin and therefore genomic imbalance

of their loci would favor tumor grow in presence of cisplatin.
However, we still found amodest clinical correlation between the
presence of 9q32-q33.1 gains in tumors and a poor risk defined by
shorter OS. Here, we demonstrate that the presence of the 9q32-
q33.1 amplification is associated with increased risk of progres-
sion and death in one of the largest cohort of patients with
metastatic GCTs, of whom 32% are truly refractory to cisplatin
treatment. Thus, determining the presence of this amplification
can be especially helpful in the good/intermediate prognostic
groups and may allow clinicians to include them under more
aggressive protocols, or to offer alternative drug treatments.
Although it is a single retrospective analysis, it is important to
highlight its relevance given the difficulty to obtain representative
TGCT series that include patients with a poor prognosis, and
refractory tumors.

Regarding specific alterations in gene expression, few genes
have been associated with cisplatin resistance in TGCT. Thus,
low incidence of mutations in KRAS, AKT1, PIK3CA, and HRAS
were exclusively identified in resistant GCTs cases, while
FGFR3 mutations occurred with equal frequency in both sen-
sitive and resistant cases (14). Controversy exists about the
presence of the b-raf (V600E) mutation in some refractory NSE
(14, 38). The whole exome sequence of 42 TGCTs (including
SE an NSE, but only some were refractory tumors) pointed few
recurrent genetic changes identifying mutations in the XRCC2,
which is a gene strongly implicated in defining cisplatin
resistance (39). Recently, also by exome sequencing, TP53
pathway alterations including MDM2 amplifications have
been described exclusively in patients with cisplatin-resistant
tumors and they were particularly prevalent among primary
mediastinal NSEs (17). Here we point to six genes within the
9q32-q33.1 region, two of them being (POLE3 and AKNA)
specifically deregulated in resistant tumors carrying the 9q32-
q33.1 gain. POLE3 is a subunit of the DNA polymerase epsilon
that binds DNA in a sequence-independent manner and is part
of the CHRAC chromatic-remodeling complex (40). AKNA
encodes an AT-hook transcription factor (41). The role of these
two DNA-binding proteins in response to cisplatin should be
studied in the future, but its distinct deregulation in cisplatin-
refractory tumors (POLE3 is upregulated, whereas AKNA is
downregulated) indicate that their mechanisms of action in
response to cisplatin exposure may be different. One expla-
nation for the distinct types of deregulation of genes in 9q32-
q33.1 is the frequent amplification of one parental chromo-
some (of part of it) with loss of the other parental chromosome
that led to loss-of-heterozygosity (LOH) in GCTs, but not in
other tumor types (42).

Other four genes displayed a deregulated expression in
cisplatin-resistant orthoxenografts but such deregulation was
not associated with the presence of the 9q32-q33.1 gain. One of
them is CTR1, which encodes a copper transporter that has
previously been associated to cellular mechanisms of resistance
to cisplatin (33, 34). ZNF883 encodes a zinc finger protein
that may be involved in transcriptional regulation and
FLJ31713 is an uncharacterized protein. Finally, we experimen-
tally confirmed the fourth gene, the GCS, as a target to resen-
sitize tumors refractory to cisplatin.

Targeting GCS, due to its central role in the glycosphingo-
lipid synthesis pathway, has emerged as a novel approach for
treating metabolic diseases such as Gaucher, Niemann–Pick,
and diabetes. In this context, several GCS inhibitors are in
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clinical use or under development, including miglustat,
PDMP, and EXEL-0346 among others (43–45). Recently, it
has been reported that GCS inhibition improved sorafenib
effectiveness in vitro and in vivo in experimental hepatocellular
carcinoma, recovering drug sensitivity of sorafenib-resistant
tumors in mice (46). Thus, the therapeutic value of GCS
inhibitors as tool to resensitize cell to drugs may not be only
restricted to cisplatin.

We have demonstrated the relevance of GCS activity as a
biologic mechanism that mediates tumor cell protection against
cisplatin exposure, and they denoted the significance of sphingo-
lipid metabolism through cisplatin-induced tumor cell death.
Thus, we hypothesize that PDMP or other GCS inhibitors, block-
ing the conversion of ceramide to glucosylceramide, should open
an important therapeutic window in patients with refractory
tumors by exploring the influence of ceramide pools in cisplat-
in-induced cell-death. Our preclinical results in advanced refrac-
tory cisplatin orthoxenografts of both GCTs and EOCs tumor
models demonstrate that PDMP resensitizes to cisplatin treat-
ment, providing a firm preclinical rationale of drug repositioning
and for developing further clinical trials in the field. Interestingly,
the association among GCS activity and cisplatin resistance has
recently been reported also for head and neck cancer (47),
pointing to a broader usage of GCS inhibitors to treat tumors
refractory to cisplatin. Given the rather unspecific mechanisms of
action of cisplatin, we believe that strategies to resensitize cisplat-
in-resistant TGCT orthoxenografts may help to improve the
treatment of other tumors types that are unsuccessfully treated
with cisplatin (8).

In summary, we report the generation of cisplatin-refractory
orthoxenografts of germ cell tumors as preclinical models and
demonstrate that this preclinical platformhave a great potential to
better design future trials for the treatment of patients with
cisplatin-resistant/refractory tumors.
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