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Germ cell tumors (GCTs) are the most common solid malignancies in young men. Despite the high frequency of

these cancers within this defined age group, the discovery of the exceptional sensitivity of these tumors to the

platinum DNA crosslinking compound cisplatin has led to the survival of most patients, with the current five-year

survival rate exceeding 95%.
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1. Introduction

As GCTs are derived from embryonic germ cells, closely resembling embryonic stem cells, their hypersensitivity to

DNA-damaging agents is often traced back to their early embryonic phenotype ; for instance, similarly to

embryonic stem cells, GCTs often display a low/inefficient DNA damage response and, as opposed to most solid

malignancies, GCTs that are naïve to systemic treatment rarely harbor TP53 mutations, irrespective of histology 

. Moreover, the wild-type TP53 status of GCTs, combined with a pluripotent phenotype, high levels of PUMA and

NOXA, and, often, low expression levels of CDKN1A (P21), result in a cellular disbalance and a favor towards

apoptosis over DNA repair . Furthermore, a physiological antagonist of P53, mouse double minute 2

homologue (MDM2), has been illustrated to be especially important in P53 regulation in GCTs, as it has been

shown to hamper the apoptotic response via binding to P53 and can be a putative important clinical target 

. It has already been shown that the inhibition of MDM2 and disruption of the MDM2–P53 interaction can

potentiate apoptosis and sensitize GCT cells to cisplatin . On the other hand, no correlation has been

identified between the levels of MDM2 and the treatment response . Furthermore, the existence of many MDM2

binding partners, and the reported synergy between MDM2 antagonists and (targeted) therapy, both in GCTs and

other cancers, make this an interesting and relevant target as well . Histologically and clinically, GCTs

can be divided into two main subtypes, referring partly to their pluripotent potential, namely, seminomas and non-

seminomas . While patients presenting with seminomas have an excellent prognosis, patients harboring non-

seminomas have a mixed prognosis, based on tumor histology (e.g., embryonal carcinoma (EC), yolk sac tumor

(YST), choriocarcinoma (CC), or teratoma (TE)), therapy naivety or chemotherapeutic resistance, and anatomical

location, mainly focusing on extra-cranial GCTs of the mediastinum versus the testis . Apart from tumor

histology and origin, the P53 pathway and deregulation thereof has been studied in light of GCT treatment

resistance . Even though P53′s have many implications in resistance, no clear-cut result has

been obtained that displays their role in clinical resistance, especially related to informative in vitro models . In
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this entry, we focused on the latter (i.e., mediastinal GCTs vs. testicular GCTs) and developed a novel approach to

shed light on the difference in treatment resistance between testicular and mediastinal GCTs. This is an important

issue, as it is currently unclear whether mediastinal GCTs are more resistant to treatment because of their TP53

mutations, or whether these mutations simply occur more in these tumors as these tumors harbor different intrinsic

resistance mechanisms.

2. Presence of TP53 Mutations in Refractory Cisplatin-
Resistant GCTs with a Specificity towards Mediastinal
Localization

To elucidate the function of P53 in (resistant) GCTs, we initially used the cBioPortal online tool. We investigated the

MSKCC data set on refractory GCTs previously reported by Bagrodia and colleagues in 2016 . The rationale for

investigating this data set was based on the abundant presence of detailed clinical data, including anatomical

location, treatment, number of chemotherapy cycles, patient survival and outcome, and tumor histology.

Supplemental Figure S1A illustrates the presence of TP53 (and MDM2) alterations in cisplatin-sensitive and -

resistant GCTs. Strikingly, while GCTs rarely harbor TP53 mutations, in line with their embryonic phenotype ,

alterations in TP53 are detected in cisplatin-resistant patients. Furthermore, we observe that MDM2 amplifications

become increasingly abundant in patients with cisplatin-resistant GCTs. Note that, as expected, alterations

regarding TP53 are often missense mutations or deep deletions. When comparing the disease-free survival of

patients with alterations in the TP53 gene to patients with wild-type TP53 (unaltered group), we observed a highly

significant (logrank test p-value of 1.991 × 10 ) decrease in disease-free survival in patients harboring TP53

alterations (Supplemental Figure S1B). As previously reported, there could be a bias in this analysis, associated

with the type of genetic aberration in relation to the anatomic location of GCTs . The tumors of patients harboring

TP53 mutations often localize to the mediastinum, whereas the tumors of patients harboring MDM2 amplifications

primarily localize to the testis (Supplemental Figure S1C,D). Interestingly, TP53 or MDM2 aberrations occur

significantly more frequently in patients with chemotherapy-resistant tumors (Figure 1A,B).
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Figure 1. cBioPortal analysis of the tumor resistance in TP53- or MDM2-altered patients in the MSKCC, J Clin

Oncol 2016 data set. (A) Bar graph displaying the number of patients with sensitive or resistant cisplatin, patients

harboring wild-type (grey) or mutated (blue) TP53 are plotted. (B) Bar graph displaying the number of patients with

sensitive or resistant cisplatin, patients harboring wild-type (grey) or amplified (red) MDM2 are plotted .

3. Mediastinal GCT Cell Line NCCIT Harbors Low Levels of
MDM2 and Mutant TP53 whereas Testicular GCT Cell Line
2102Ep Harbors Wild-Type TP53 and High Levels of MDM2

To study the difference between mediastinal and testicular GCTs, we used the well-established and -characterized

NCCIT and 2102Ep GCT (EC) cell lines. While 2102Ep originates from the testis, NCCIT originates from the

mediastinum, with a similar differentiation state . Furthermore, similarly to most GCTs, 2120Ep has a wild-type

TP53 status, whereas NCCIT carries a hemizygous one-base-pair deletion at nucleotide 949 (codon 272), resulting

in a frameshift and a premature STOP codon at codon 347 (Figure 2A). This observation is in line with the finding

of TP53 mutations in mediastinal GCTs (see above).
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Figure 2. Characterization of the cell lines NCCIT and 2102Ep. (A) Schematic overview of the hemizygous

mutation present in the NCCIT cell line. (B) Bar graph displaying the normalized expression (RNA-seq) of MDM2 in

the NCCIT and 2102Ep parental and resistant cell lines. (C) Western blot showing the protein levels of MDM2 in

the NCCIT and 2102Ep parental and resistant cell lines. (D,E) Western blot displaying the MDM2 (D) and MDM4

(E) protein levels after treatment with sublethal cisplatin doses (1 µM) or saline vehicle control. (F) Mutational

position of TP53 mutations in patients in the MSKCC, J Clin Oncol 2016 data set. The mutation found in NCCIT is

highlighted with a blue dot.

Additionally, we employed matched isogenic clones of both NCCIT and 2102Ep that have acquired a cisplatin

resistance phenotype through long-term sublethal exposure to cisplatin (see Materials and Methods section for

details). RNA sequencing (RNA-seq) analysis showed that both the parental and resistant NCCIT cell lines had

lower normalized MDM2 expression than both the 2102Ep cell lines, with 2102Ep resistance displaying the highest

levels of MDM2 (Figure 2B), supported by Western blotting showing that the resistant 2102Ep subclone had higher

levels of MDM2 (Figure 2C). In contrast, the expression levels of MDM4 were similar between all the cell lines

(Supplemental Figure S2). Principal component analysis of the matched parental and resistant cell lines showed no

major differences and demonstrated close similarities between the matched subclones (data not shown). To
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determine whether NCCIT had an active DNA damage response and possible P53 pathway activation, despite a

low MDM2 level, we treated NCCIT cells with sublethal (1 µM) levels of cisplatin for 24 h prior to protein analysis

via Western blotting. Both the NCCIT parental and resistant cell lines showed a clear decrease in MDM2 and

MDM4 after exposure to cisplatin, an effect that was not visible in the saline vehicle control condition (Figure

2D,E). This indicates a functional DNA-damage sensing pathway upstream of MDM2 and MDM4, and, therefore,

suggests an intact regulation of P53 downstream of MDM2 and MDM4, despite the suggested null status of TP53

as described in the literature .

4. P53 Is Involved in Cisplatin Resistance in Both Wild-Type
(Testicular) and Mutant (Mediastinal) GCT Cell Lines

It is largely accepted that the chemotherapeutic hypersensitivity of GCTs is partly due to their wild-type TP53 status

. However, despite its TP53 mutant status, the NCCIT cell line is considered to be inherently sensitive

to cisplatin. Thus, we further compared the mutational status of the NCCIT cell line to the mutations found in

refractory GCT patients (Figure 2F). When comparing the intrinsic TP53 mutation in the NCCIT cell line to the

TP53 mutations present in refractory GCT patients, we observed that most mutations found in patients disrupt the

DNA-binding domain of TP53, a well-known mutational hotspot . In contrast, the intrinsic TP53 mutation of

NCCIT appears to largely spare the DNA-binding domain and is, therefore, more C-terminally located than most

mutations found in refractory patients, suggesting the possibility for residual protein activity. Furthermore, the

enrichment of mutations in TP53 in refractory patients, together with a bias towards mediastinal anatomical

localization (and, hence, a more resistant phenotype), suggests that TP53 mutations could add additively to

inherent cisplatin resistance mechanisms . Based on these observations, we decided to further test the

involvement of TP53 in cisplatin resistance in the approach described. Therefore, we generated isogenic

CRISPR/Cas9-mediated TP53 knock-out clones of both 2102Ep and NCCIT, as well as their resistant counterparts.

Sanger sequencing, after mono-clonal picking and expansion, revealed mono-clonal sequence traces and a one-

base-pair insertion at amino acid 48, resulting in a premature STOP codon at amino acid 51 (Figure 3A). We were

able to obtain clones harboring this mutation for all the investigated cell lines. No major copy number changes

between the original and TP53 knock-out NCCIT and 2102Ep subclones were identified based on Infinium Global

Screening Array-24 v3.0 BeadChipGSA (GSA) profiling (Supplemental Figure S3). Gene expression analysis using

RT-qPCR indicated a clear reduction in both TP53 and CDKN1A (P21) expression in both 2102Ep parental TP53

knock-out lines (~9.46 and ~16.45, respectively) and 2102Ep-resistant TP53 knock-out lines (~4.07 and 5.63,

respectively), which was also confirmed by Western blot (Figure 3B–D). No differences were observed in P53

target gene expression (PUMA/NOXA) or differentiation marker expression (SOX2, OCT3/4, miR371a-3p, or

miR885-5p); the latter indicates that the loss of TP53 expression had no effect on the differentiation status. The

miR371a-3p expression levels were checked because of its many implications in GCTs (mostly as a biomarker and

marker of pluripotency in these tumors), together with the implications of P53 pathway regulation 

. Strikingly, after treating 2102Ep parental and resistant cells, as well as their isogenic TP53 knock-out

clones, with cisplatin, we identified a clear significant (parental p = 0.0049, resistant p ≤ 0.0001) shift in cisplatin

resistance when comparing the TP53 knock-out clone to its wild-type counterpart, with the 2102Ep-resistant TP53
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knock-out clone demonstrating the highest cisplatin resistance (Figure 3E–G). When we performed this approach

with the NCCIT cell line, we obtained clones with the same one-base-pair insertion mutation (A) found in the

2102Ep cell lines (Figure 3A). However, we found no strong reduction in either TP53 or CDKN1A expression, P53

target gene expression, or differentiation marker expression (Figure 4A,B). Interestingly, however, we did observe

a reduction in miR371a-3p expression (3.37-fold) in the parental TP53 knock-out clone compared to its parental

counterpart, while we observed an increase in miR371a-3p expression (6.91-fold) in the NCCIT-resistant TP53

knock-out clone compared to its NCCIT-resistant counterpart (Figure 4A,B). Western blotting confirmed that the

TP53 knock-out lines had lost P53 protein expression; however, strikingly, the levels of P21 were increased in the

NCCIT-resistant TP53 knock-out line compared to its NCCIT-resistant counterpart (and both other lines; Figure

4C). Moreover, TP53 knock-out in the NCCIT clones resulted in no shift in cisplatin resistance in the NCCIT

parental clone, and a major significant (p = 0.0005) shift in cisplatin resistance in the NCCIT-resistant TP53 knock-

out clone compared to its NCCIT-resistant counterpart (Figure 4D,E).
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Figure 3. Characterization of 2102Ep TP53 knock-out cell lines. (A) SnapGene genome sequence alignments of

the CRISPR/Cas9 target site of the TP53 gene. The knock-out cell line (bottom sequence) shows a one-base-pair

insertion (A) at amino acid 49, resulting in a premature STOP codon at amino acid 51. (B,C) Bar graphs showing

the fold change in expression between 2102Ep parental cell line and its isogenic TP53 knock-out clone (B) or

2102Ep-resistant cell line and its isogenic TP53 knock-out clone (C). (D) Western blots showing the protein levels

of P53, P21 and vinculin (as loading control) in 2102Ep parental and resistant cell lines and their isogenic TP53

knock-out clones. (E,F) S-curves showing the viability of the parental (E) and resistant (F) 2102Ep cell lines and

their corresponding knock-out when treated with cisplatin for 72 h. Graphs represent three biological replicates with

three technical replicates each. (G) Bar plots displaying IC50 values of all 2102Ep cell lines. Both cell line pairs

show significant differences in IC50 values after knock-out (parental p = 0.0049, resistant p ≤ 0.0001, unpaired

Student’s t-test). Mean ± SD: 2102Ep parental 2.62 ± 0.33, 2102Ep parental TP53 KO 9.28 ± 2.02, 2102Ep

resistant 4.06 ± 0.32, and 2102Ep resistant TP53 KO 19.50 ± 1.36. Graphs represent three biological replicates

with three technical replicates each. ** p ≤ 0.01, **** p ≤ 0.0001.
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Figure 4. Characterization of NCCIT TP53 knock-out cell lines. (A,B) Bar graphs showing the fold change in

expression between NCCIT parental cell line and its isogenic TP53 knock-out clone (A) or NCCIT-resistant cell line

and its isogenic TP53 knock-out clone (B). (C) Western blots showing the protein levels of P53, P21 and vinculin

(as loading control) in NCCIT parental and resistant cell lines and their isogenic TP53 knock-out clones. (D) S-

curves showing the viability of the NCCIT cell lines (parental and resistant and TP53 knock-out lines) when treated

with cisplatin for 72 h. Graphs represent three biological replicates with three techinical replicates each. (E) Bar

plots displaying IC50 values of all NCCIT cell lines. The NCCIT-resistant cell line shows a significant difference in

IC50 values after knock-out (p = 0.0005, one-way ANOVA, Tukey’s multiple comparisons post hoc test). Mean ±

SD: NCCIT parental 5.24 ± 1.09, NCCIT parental TP53 KO 5.27 ± 1.18, NCCIT resistant 16.11 ± 1.67, and NCCIT

resistant TP53 KO 23.87 ± 1.38. ns = p > 0.05, *** p ≤ 0.001.
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