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Chapter 1

INTRODUCTION

Origin and histology

Germ cell tumors (GCTs) are neoplasms derived from embryonic precursors of the 
germ line, called the primordial germ cells (PGCs), as well as derivatives thereof, and 
can arise anywhere in the mid-line of the body, for example, in the gonads, but also 
extragonadal in the (retro)peritoneum and the mediastinum, as well as intracranially, in 
the brain (Looijenga and Oosterhuis, 1999; Oosterhuis and Looijenga, 2005; Oosterhuis 
and Looijenga, 2019). Although GCTs can occur both in males and females, in this thesis 
the focus will be mostly on the male variant, of which the majority occur in the testis, 
hereafter referred to as Testicular GCTs ((T)GCTs). (T)GCTs can be divided into two groups 
based on the origin, i.e., presence or absence, of the precursor lesion called ‘germ 
cell neoplasm in situ’ (GCNIS) (Berney et al., 2016; Moch et al., 2016; Cheng et al., 2018) 
which is a term derived from the term ‘carcinoma in situ of the testis’ mentioned first 
in 1972 (Skakkebaek, 1972) as well as “intratubular germ cell neopoplasia unclassified/
undifferentiated/undetermined” (Ulbright, 2005). Even though, biologically, (T)GCTs can 
be divided into seven groups (Oosterhuis and Looijenga, 2019), the most well understood, 
studied and common are the Type I and Type II. Type I (T)GCTs are the non-GCNIS-related 
tumors and are most common in prepubertal (pediatric) patients, giving rise to teratomas 
and/or yolk-sac tumors (YST). Type II (T)GCTs are the GCNIS-related and are histologically 
and clinically divided into seminomas or non-seminomatous GCTs (NSGCTs) which can 
harbor both embryonic and extra-embryonic structures and therefore can present as 
either pure or mixed elements of embryonal carcinoma (EC), choriocarcinoma (CC) or 
YSTs (both extra-embryonal), and teratomas (embryonal) (Sesterhenn and Davis, 2004; 
Oosterhuis and Looijenga; 2005, Berney et al., 2016; Moch et al., 2016; Cheng et al., 2018; 
Oosterhuis and Looijenga, 2019). Mixtures of seminoma and the various components 
of nonseminoma can occur. The distinction between Type I and Type II (T)GCTs is 
of importance in treatment stratification as Type II (T)GCTs often have a more poor-
prognosis and require more aggressive treatment (chemotherapy and/or radiotherapy) 
depending on the stage of clinical presentation, whilst Type I GCTs are more often 
treated with surgery alone. This is related to the intrinsic chemotherapy resistance of 
fully differentiated teratomas, both regarding those as Type I and Type II (Marina et al., 
1999; Ulbright et al., 2005; Siddiqui et al., 2019; Hulsker et al., 2021).

Prevalence

TGCTs, i.e., Type II, are the most common solid malignancy in young Caucasian males 
aged between 15 and 44 years old, accounting for approximately 1% of male cancers 
worldwide (Trabert et al., 2015). Yearly, in the US, it is estimated that 9910 new cases of 
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TGCTs are diagnosed, including roughly 5% (460) of patients that eventually succumb 
to the disease (Siegel et al., 2022). Although patients staged in ‘good prognosis’ groups 
according to the International Germ Cell Cancer Collaborative Group (IGCCCG) risk 
classification model, have an expected cure rate exceeding 95%, overall survival in 
‘poor prognosis’ patients does not exceed 70% or even lower (International Germ Cell 
Cancer Collaborative Group, 1997; Olofsson et al., 2011; Gillessen et al., 2019). Of note, 
patients harboring a nonsemitomatous mediastinal GCT are by definition considered 
‘poor prognosis’ by the IGCCCG due to the aggressiveness of these tumors (International 
Germ Cell Cancer Collaborative Group, 1997; Bokemeyer et al., 2002). These statistics, 
combined with the young age at which these malignancies occur, culminate in the most 
potential years of life lost due to this disease (Song et al., 2020). 

Treatment

The main treatment modality for (T)GCT tumor patients typically involves a combination 
of surgery and radiotherapy or chemotherapy, consisting of three to four cycles of 
Bleomycin, Etoposide and Cisplatin (BEP) in adults, of which cisplatin is the key component 
of this treatment (Olofsson et al., 2011; Jacobsen and Honecker, 2015; Honecker et al., 
2018). This DNA-crosslinking platin-based chemotherapeutic agent has been around since 
the 70s (Rosenberg et al., 1965, Reed, 1998) and was first reported in the use for TGCTs in a 
Phase I study demonstrating that 9 out of 11 (T)GCT patients responded well to this drug, 
with complete remission in three cases (Higby et al., 1974). A more comprehensive study 
in 50 TGCT patients a few years later, investigated the use of cisplatin in combination with 
vinblastine and bleomycin, demonstrating 74% complete remissions using this regimen 
resulting in, together with the 26% partial remissions and surgical intervention, an overall 
disease-free status of 85% (Einhorn and Donohue, 1977). 

Side-effects

Unfortunately, treating relatively young patients with cisplatin can come with various 
side-effects, of which some, are permanent. Many patients experience ototoxicity (hearing 
loss), but also nephrotoxicity, pulmonary toxicity, and even cardiovascular disease 
pose treads to patient well-being (Travis et al., 2010; Ahmad et al., 2016). In addition, 
chemotherapy induced infertility is a major problem as well. Cryopreservation of sperm 
is not possible for prepubertal patients, due to the absence of spermatogenesis at this 
age, while cryopreservation in general is possible for females in this age group (Chow et 
al., 2016; Goossens et al., 2020). Lastly, survivors of (T)GCTs have a significantly increased 
risk to develop second primary malignancies for at least 35 years after treatment (Travis 
et al., 2005). Considering that most of these patients are particularly young, the chances 
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of developing the second primary malignancies increase drastically, adding to increased 
death among testicular cancer survivors (Travis et al., 2005). 

Cisplatin vs Carboplatin

Due to cisplatin’s many side-effects, researchers have looked for alternative therapies 
with similar efficacies while increasing patient well-being. One of these compounds is 
carboplatin, a cisplatin analogue harboring in principle the same mechanism of action 
while causing less ototoxicity and nephrotoxicity and having a similar penetrance 
through the blood-brain-barrier (Reed, 1998; Jacobs et al., 2010; Ho et al., 2016; Frazier 
et al., 2018,). In the late 80s four randomized clinical trials were conducted studying the 
difference between carboplatin and cisplatin in adult male non-seminoma TGCT patients 
(Bajorin et al., 1993; Tjulandin et al., 1993; Bokemeyer et al., 1996; Horwich et al., 1997), 
all reporting that cisplatin outperforms carboplatin in the clinic, by reducing both the 
risk of events and the risk of death (Frazier et al., 2018). Similar results were obtained 
for seminomas, comparing single-agent carboplatin treatment to cisplatin-based 
combination treatments demonstrated inferior overall survival (OS) and progression-
free survival (PFS) in carboplatin treated patients (Bokemeyer et al., 2004). However, a 
systematic review by Shaikh and colleagues reported that while carboplatin might not 
be suitable for the treatment of adult (T)GCT patients, it could be promising in pediatric 
cases due to increased number of cycles, frequency, and higher dose treatment protocols 
(Shaikh et al., 2013). They report that, over three studies, 88% of children treated with 
carboplatin remained event-free (Shaik et al., 2013). Due to these results carboplatin is 
more and more advocated for the treatment of pediatric non-teratoma (Type I) GCTs, i.e., 
yolk sac tumors, demonstrating equivalent outcomes compared to cisplatin, with lower 
long-term toxicities (Jain et al., 2022). Furthermore, carboplatin-based regimens have also 
shown good survival rates, comparable to cisplatin, while demonstrating low ototoxicity 
in intracranial pediatric GCT patients (Worawongsakul et al., 2020). Because carboplatin 
is still under investigation as alternative for cisplatin for the use in the clinic, with active 
trials ongoing, we will use the term “cisplatin” throughout this thesis, focusing on the 
standard of care treatment modality currently in the clinic for adult (T)GCT patients. 

Pluripotency

(T)GCTs resemble embryonic stem (ES) cells and derivatives in many ways, from their 
intrinsic pluripotent characteristics allowing them to differentiate into any kind of somatic 
tissue (teratomas), to their totipotency, allowing them to form even extra-embryonal 
structures, like the yolk-sac and the chorion (early fetal placenta), as well as the germ 
cell lineage itself. The explanation why (T)GCTs resemble ES cells is their cell of origin. 
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As (T)GCTs arise from early germ-layer progenitors, called the PGCs or derivatives, they 
are very closely related to ES cells (Figure 1). Furthermore, the more mature germ cells 
generated eventually in the gonads, can, once fertilized, give rise to an entire new 
organism including the extra-embryonic structures, one can imagine the totipotent 
features present in germ cell progenitors, and tumors thereof (Oosterhuis and Looijenga, 
2005; Cheng et al., 2018; Oosterhuis and Looijenga, 2019). One of the main features of (T)
GCTs, in which they can be characterized histologically, is the presence of the stem cell 
component, i.e., embryonal carcinomas (Looijenga and Oosterhuis, 1999). These cells 
indeed closely resemble ES cells, illustrated by the co-expression of pluripotency markers 
OCT3/4 (POU5F1) and SOX2 (SOX17 in seminomas) (Looijenga et al., 2003; Oosterhuis and 
Looijenga, 2005; De Jong et al., 2008; Cheng et al., 2018; Oosterhuis and Looijenga, 2019). 

Biomarkers

Even though (T)GCTs can be relatively easy diagnosed by histology, less invasive 
diagnostic markers are applied in the clinic as well, like serum tumors markers (STMs). 
Histology requires patient tumor material, either acquired by biopsy or resection, while 
STMs can be measured for example via blood and are therefore less invasive, and more 
efficient in application. The STMs currently used in the clinic for (T)GCT patients are AFP 
(alpha-fetoprotein), a protein normally produced in the liver and the yolk-sac, β-HCG 
(beta-huma chorionic gonadotropin), a hormone produced by the placenta during 
pregnancy and, although to a lesser extent, LDH (lactate dehydrogenase), an enzyme of 
which elevated levels can indicate tissue damage, including cancer cell induced damage 
(Cheng et al., 2018; Almstrup et al., 2020; Leão et al., 2022). However, these have limitations 
in their level of informativity, both regarding sensitivity as well as specificity. Therefore, 
there is space for improvement, to allow improved diagnosis as well as follow up of 
these patients, the latter both in the context of surveillance and systemic therapy. In 
this context, interesting targets have been identified, including microRNAs (miRNAs). 
These are small non-coding RNAs that are approximately 21 – 25 nucleotides in size, 
involved post-transcriptional regulation of gene activity and especially important in for 
example embryonal development (Gross et al., 2017). Although the general mechanism 
of miRNAs is to a certain level understood, their vast abundance, rapid turnover, and 
many (putative) targets make them difficult to map regarding their actual functionality. 
Approximately two decades ago, a specific cluster of miRNAs, known as the miR371a-3 
cluster (containing hsa-miR371a, hsa-miR372 and hsa-miR373), was discovered to not only 
be expressed in embryonic tissue, but harbor oncogenic capacities when overexpressed, 
in particular in (T)GCTs (Voorhoeve et al., 2006; Gillis et al., 2007). Many studies into this 
cluster have reported that it is a quite specific biomarker for (T)GCTs (teratomas excluded) 
(Voorhoeve et al., 2006; Gillis et al., 2007; Murray et al., 2011; Rijlaarsdam et al., 2015; Syring 
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et al., 2015; Mego et al., 2019). Not only are these miRNAs highly sensitive (only present 
in (T)GCT patients) and specific (not present in healthy donors), they are secreted by (T)
GCTs (Figure 1), with the consistent exception of teratoma, and can be detected from 
liquid-biopsy based samples from patients (e.g. blood (serum/plasma), seminal fluid and 
cerebrospinal fluid), making them useful as diagnostic markers, treatment follow-up, early 
relapse and the detection of residual metastatic disease (Gillis et al., 2007; Murray et al., 
2011; Rijlaarsdam et al., 2015; Syring et al., 2015; van Agthoven et al., 2017; Dieckmann et 
al., 2019; Mego et al., 2019; Almstrup et al., 2020; Leão et al., 2022).

Mouse models

There are only limited GCT mouse models available, likely because of the lack of PGC 
specific promotor sequences. One novel prominent genetically engineered mouse 
model (GEMM) is the gPAK mouse (Pierpont et al., 2017; Lundaker et al., 2021). These mice 
develop tumors specifically in early spermatogonia due to a Stra8-Cre transgene induced 
recombination of LoxP sites and conditional expression of mutant KrasG12D (following a 
LoxP-STOP-LoxP cassette) and a conditional knock out of Pten (harboring flanking LoxP 
sites on exon 5) in early mitotic spermatogonia (Pierpont et al., 2017; Lundaker et al., 2021). 
Secondly, GCT cell line xenografting offers a decent alternative to GEMMs.

TP53 status

Another interesting resemblance between (T)GCTs and ES cells is their overall wild-
type TP53 status. Unlike most solid malignancies, which demonstrate a mutation-rate 
of about 50% in TP53 (Kandoth et al., 2013), treatment naïve (T)GCTs rarely harbor TP53 
mutations, irrespective of histology (Kersemaekers et al., 2002; Oosterhuis and Looijenga, 
2005; Bagrodia et al., 2016; Oosterhuis and Looijenga, 2019). This wild-type TP53 status, 
combined with their embryonal origin, also corroborates the low/inefficient DNA damage 
response of (T)GCTs where, like in ES cells, apoptosis is preferred over repair (Kersemaekers 
et al., 2002; Filion et al., 2009; Gutekunst et al., 2011; Jacobsen and Honecker, 2015; Bloom 
et al., 2019). As both (T)GCTs and ES cells prefer apoptosis over DNA-repair as a means of 
genome protection, they display a hypersensitive apoptotic response to DNA-damage, 
fueled by their pluripotent phenotype and P53 dependency (Bauer et al., 2010; Koster 
et al., 2011; Gutekunst et al., 2013; Lobo et al., 2020). This is considered the cornerstone 
of the excellent clinical outcomes achieved with cisplatin in (T)GCTs. Interestingly, TP53 
status in ES cells is a double-sided coin. While germline or de novo TP53 mutations in ES 
cells cause Li-Fraumeni, a syndrome giving rise to many tissue-specific tumors in the early 
life of these patients (Light et al., 2023), cultured human pluripotent stem cells are prone 
to acquire TP53 mutations in vitro giving them a selective advantage in culture (Merkle 
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et al., 2017). Furthermore, GCTs with somatic transformation, that is cancers arising from 
differentiated cells of (usually) teratoma tissue that acquire new malignant (somatic) 
characteristics (Motzer et al., 1998), lose their selection against TP53 mutations (i.e. like 
most somatic cancers these cells often harbor TP53 mutations in contrast to their original 
(T)GCT origin), illustrating again the embryonal similarities between (T)GCTs and ES cells 
(Houldsworth et al., 1998). 

Figure 1. The differences in miR371a-3 cluster expression between ES cells, GCTs and somatic cells. 

Resistance

The main clinical problem with (T)GCTs related to the use of cisplatin, besides the 
aforementioned long-term side-effects, is the potential intrinsic or acquired tumor 
resistance (Figure 2). Where over 95% of patients with a good prognosis malignancy 
survive, this number decreases to about 70% to even 50% in ‘poor prognosis’ patients, 
partially classed as such due to treatment resistance (Olofsson et al., 2011). Moreover, as 
there is no proven effective alternative treatment modality currently available for (T)
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GCTs (that does not require cisplatin), cisplatin-resistant patients will yet receive more 
cisplatin during high-dose chemotherapy salvage treatment, and therefore, about 50% 
of treatment resistant patients (~10% of all patients) eventually succumb to their disease 
(Einhorn, 2002; Einhorn et al., 2007; Oechsle et al., 2011; Oing et al., 2018; Loveday et al., 
2020). Although it is known that common drivers of resistance and tumor development, 
like TP53, can play a role in tumor resistance in (T)GCTs, the number of patients harboring 
these mutations is relatively low and does not account for all resistant cases (Bauer et al., 
2010; Bagrodia et al., 2016). 

Figure 2. Model displaying different mechanisms to acquire resistance in GCTs.

Copy number alterations

One feature stereotypical to (Type II) TGCTs is their polyploidy. TGCTs have been known 
to be polypoid for almost three decades, and especially TGCTs are known to undergo 
(almost) whole-genome duplication (tetraploidization), followed by loss of various 
chromosomes during early onset of the disease (Oosterhuis et al., 1989; de Jong et al., 1990; 
Looijenga et al., 1991; Dorssers et al., 2019; Oosterhuis and Looijenga, 2019). Although it is 
known that (T)GCTs can harbor many copy number alterations (CNAs), there is an urgent 
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need to identify clinically relevant commonalities in these chromosomal rearrangements, 
especially the ones leading to cisplatin resistance. So far, the only well-known common 
alteration is the gain of isochromosome 12p (i12p), almost universal in Type II TGCTs, 
with the higher prevalence in non-seminomas compared to seminomas, although 
without a link to cisplatin resistance (Geurts van Kessel et al., 1989; Van Echten et al., 1995; 
Oosterhuis and Looijenga, 2019). Over the years many chromosomal arrangements have 
been suggested to play a role in cisplatin resistance, however, no common gain or loss 
was found, likely due to the high heterogeneity in (T)GCTs chromosomal constitution, as 
well as diversity in inclusion in the various studies published (Ma et al., 2011, Bakardjieva-
Mihaylova et al., 2019; Singh et al., 2019; Loveday et al., 2020). Therefore, there is a clinical 
need to discover recurrent chromosomal arrangements to identify and stratify cisplatin 
resistant patients based on their CNA profiles.

THESIS SCOPE AND OUTLINE

The scope of this thesis is to address two domains of (T)GCT research, with potentially 
significant clinical impact. On one side using (T)GCT derived cell lines, genetic editing 
tools like CRISPR-Cas9 and publicly available patient data sets combined with our own 
cohorts, to study the underlying mechanism(s) of treatment resistance of (T)GCTs. Secondly, 
focusing on the possibilities as well as limitations of using the miR371a-3 cluster members as 
diagnostic marker as well as tool for treatment response monitoring and relapse detection. 
Since the discovery of the effectiveness of platin-based treatment for (T)GCTs, research into 
treatment resistance and disease relapse detection has been hampered by the consensus 
that these cancers are in fact considered curable. Unfortunately, cisplatin as treatment for 
(T)GCT is a double-edged sword; on one side being the main treatment modality cancer 
curable for most patients, while, on the other side, in addition to the significant and 
sometime life-long toxic side-effects, its efficacy is strongly reduced for refractory patients 
presenting with cisplatin resistant disease. Research into (early) detection of relapsed (T)
GCTs using biomarkers and cisplatin resistant cases has increased over the years, however, 
mostly the latter, still largely left unsolved. 

In Chapter 2, we discuss mechanisms of P53 pathway inactivation in both embryonic 
and somatic cells. The goal of this review is to understand the mechanisms at play in which 
(T)GCTs that, in origin, are embryonal, are malignant while maintaining a wild-type TP53 
status. Where 50% of solid cancers harbor some form of P53 pathway inactivation, either 
through direct (in)activating mutations of TP53, or through amplifications of important 
P53 regulators MDM2 and MDM4, TP53 mutations are rarely observed in (T)GCTs. In this 
review we speculate the (T)GCTs embryonal origin is the foundation for this phenotype 
postulating that (T)GCTs cells are at the crossroad between malignant, somatic, and 
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embryonal cells, at one side protecting their genome through an elevated apoptotic state 
(and often wild-type TP53 status), and one the other side retaining pluripotent potential 
and unrestricted proliferation. 

Chapter 3 continues down the road of the involvement of TP53 in (T)GCTs, 
specifically in the context of resistance to cisplatin. In this chapter we use parental and 
cisplatin resistant isogenic clones of two commonly used non-seminoma (T)GCT cell lines, 
NCCIT (TP53Mut/-) and 2102Ep (wild-type TP53), derived from different anatomical locations, 
the mediastinum, and the testis respectively. Using CRISPR Cas9 genome editing we 
introduced mutations in the TP53 gene in both cell lines leading to premature STOP-
codon and loss of the P53 protein. We demonstrate that, independent of anatomical 
location, or acquired cisplatin resistance, loss of P53 contributes to cisplatin resistance. 
Additionally, these results hold clinical value as, even though rarely seen in testicular (T)
GCTs, mediastinal GCTs, considered to be more aggressive, more often present with TP53 
mutations. We postulate that mediastinal GCTs harbor intrinsic P53 driven resistance to 
cisplatin probably acquired through a stronger tumor selection due to an unfavorable 
environment (compared to testicular GCTs). 

In Chapter 4 we further investigate cisplatin resistance in (T)GCT cell lines and 
patients. Using a set of (T)GCT cell lines with isogenic cisplatin resistant subclones we 
identify, using whole genome sequencing, a recurring chromosomal amplification on 
the short arm of chromosome 3 in all resistant subclones. This is particularly relevant 
because these resistant subclones were generated independently from each other, even 
with (slightly) different protocols. We identify amplification of chromosome 3p25.3 to 
be an independent predictor of (T)GCT cisplatin resistance, rarely present in primary 
tumors, but more often found in relapsed/refractory tumors. Using a large public (MSKCC) 
dataset we demonstrate that 3p.25.3 amplification specifically marks cisplatin resistance 
in non-seminomas (and not seminomas) and patients harboring this amplification have 
a significantly worse progression free survival and overall survival. Finally, stratifying 
patients based on this amplification adds prognostic value adding to both classical 
IGCCCG staging and MDM2/TP53 status. This finding offers possibilities to identify patients 
with an increased risk to have or develop cisplatin-refractory disease and allow initiation 
of studies to developed more effective treatment modalities for these patients in daily 
clinical practice. 

In Chapter 5 we focus on technical aspects of detection of (T)GCT biomarker 
miR371a. In this comparative study we investigate serum and plasma as liquid biopsy 
starting material and profile miR371a levels in both testicular (T)GCT patients and healthy 
donors using two isolation methods, the miRNeasy Serum/Plasma kit from Qiagen and 
the TaqMan anti-miRNA bead capture procedure from ThermoFisher. We report that there 
is little to no difference between serum and plasma, and both are suitable as starting 
material for liquid biopsies, however, for low volumes, the bead capture isolation method 
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is preferable due to its lower starting volumes and higher specificity. These data are 
relevant in the context of the currently ongoing prospective clinical trial regarding the 
use of this molecular marker in clinical practice. 

Chapter 6 further explores the biological and mechanistic role of the miR371a-3 
cluster in (T)GCTs. Using CRISPR Cas9 we generate miR371a knock-out clones in both 
NCCIT and 2102Ep cells. Comprehensive profiling, including cell growth and viability, 
cisplatin resistance, RNAseq, and in vivo xenografts shows no difference in wild-type 
cells or knock-out clones, illustrating that even though miR371a is virtually expressed 
in all malignant (T)GCTs (teratomas excluded) it is not required for tumor growth and 
maintenance. Additionally, we find upregulation of hypoxic pathways in miR371a knock-
out clones, likely related to reduced miR371a-5p levels. Furthermore, upon knock-out 
of miR372 and miR373 in NCCIT cells we find one clone harboring a double knock-
out. Although showing a slightly slower growth rate and increased mRNA and protein 
levels of LATS2, in vivo xenografting shows similar tumor growth between the double 
knock-out and wildtype clone. Triple knock-outs (371/372/373) derived from the double 
knock-out were generated and showed no difference in general cell survival and growth, 
indicating that the cluster is not essential in established (T)GCT cell lines. Moreover, 
this suggests that the expression of the cluster could be a passenger effect that occurs 
during oncogenic development, or more specifically, is simply not lost due to no positive 
selection on loss of this cluster in (T)GCTs.

In Chapter 7 we use a previously described genetically engineered mouse model 
that develops Cre-induced GCTs to study the presence of mouse homologues of the 
human miR371a-3 cluster (miR291a-5) in murine induced mixed GCTs (featuring EC and 
teratoma histology). In this study we demonstrate that EC cells from these mice have 
elevated levels of murine miR371a-3 cluster homologues miR291a, miR292 and miR293, 
the first of which corresponding with human miR372/373 and the latter two with miR371a. 
We report that the induction of differentiation in these cells with either thioridazine or 
salinomycin significantly decreased the levels of these miRs. Furthermore, when treating 
gPAK mice with this same compound we find that the levels of these miRs drastically 
decrease. Finally, we find that elevated levels of these miRs in the serum of pregnant 
dams is a marker for tumor bearing fetuses in utero, a finding with important clinical 
applications for pregnant women carrying GCT risk group children. 

Finally, we discuss the impact of this thesis in Chapter 8, placing the works in 
context of the (T)GCT field. 
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ABSTRACT

The P53 pathway is the most important cellular pathway to maintain genomic and cellular 
integrity, both in embryonic and non-embryonic cells. Stress signals induce its activation, 
initiating autophagy or cell cycle arrest to enable DNA repair. The persistence of these 
signals causes either senescence or apoptosis. Over 50% of all solid tumors harbor 
mutations in TP53 that inactivate the pathway. The remaining cancers are suggested to 
harbor mutations in genes that regulate the P53 pathway such as its inhibitors Mouse 
Double Minute 2 and 4 (MDM2 and MDM4, respectively). Many reviews have already 
been dedicated to P53, MDM2, and MDM4, while this review additionally focuses on the 
other factors that can deregulate P53 signaling. We discuss that P14ARF (ARF) functions as a 
negative regulator of MDM2, explaining the frequent loss of ARF detected in cancers. The 
long non-coding RNA Antisense Non-coding RNA in the INK4 Locus (ANRIL) is encoded 
on the same locus as ARF, inhibiting ARF expression, thus contributing to the process 
of tumorigenesis. Mutations in tripartite motif (TRIM) proteins deregulate P53 signaling 
through their ubiquitin ligase activity. Several microRNAs (miRNAs) inactivate the P53 
pathway through inhibition of translation. CCCTC-binding factor (CTCF) maintains an 
open chromatin structure at the TP53 locus, explaining its inactivation of CTCF during 
tumorigenesis. P21, a downstream effector of P53, has been found to be deregulated in 
different tumor types. This review provides a comprehensive overview of these factors 
that are known to deregulate the P53 pathway in both somatic and embryonic cells, 
as well as their malignant counterparts (i.e., somatic and germ cell tumors). It provides 
insights into which aspects still need to be unraveled to grasp their contribution to 
tumorigenesis, putatively leading to novel targets for effective cancer therapies.

Keywords: P53 pathway; cancers; mutations; embryonic and somatic cells
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INTRODUCTION

Embryonic Stem Cells and Germ Cell Tumors Versus Somatic Cells

The development of multicellular, sexually reproductive organisms starts with the fusion 
of a spermatozoa and an oocyte that created a diploid zygote (depicted in Figure 1). 
Then, the zygote divides, forming a cluster of undifferentiated cells (i.e., blastomeres) 
known as the morula. The first step of lineage differentiation occurs during the 
subsequent blastocyst stage in which the embryoblast (i.e., the inner cell mass) and the 
trophectoderm are formed [1,2]. The trophectoderm develops into all extra-embryonic 
structures, whereas the embryoblast, which consists of pluripotent embryonic stem 
(ES) cells, develops into all embryonic structures [2]. ES cells are transiently present, can 
self-renew and give rise to all three embryonic germ layers during gastrulation (i.e., the 
ecto-, meso-, and endoderm), which ultimately will give rise to all cell lineages of the 
adult organism [2]. Additionally, ES cells give rise to the primordial germ cells (PGC) in 
the embryonic yolk sac, which subsequently migrate toward developing gonads to give 
rise to the germ line [2,3] (see Figure 1). 

The pluripotent nature of ES cells is characterized by the expression of pluripotency 
markers including but not limited to OCT4, NANOG, SOX2, and REX1 (Figure 1) [4]. In 
contrast, somatic cells are differentiated and thus lineage-restricted and unipotent [5]. 
Therefore, these cells seldomly give rise to other progeny than the identity of the cells 
themselves [5]. In addition, due to their capacity to self-renew, ES cells can be cultured 
indefinitely in vitro while retaining their embryonic state as well as a stable genome. 
This immortality is facilitated by active telomerase, which is an enzyme that extends 
telomeric repeats that are otherwise lost due to the end-replication problem after each 
cell cycle (approximately 50–150 base pairs are lost per cycle) [6,7] (Figure 1). Conversely, 
somatic cells have a restricted lifespan due to the lack of active telomerase and induce 
cellular senescence when a critical telomere length is reached [6,7]. Furthermore, ES cells 
also regulate the cell cycle differently as these lack Cyclin D expression yet continuously 
express Cyclin A and E, which leads to a significantly shortened G1-phase when compared 
to somatic cells [8]. This characteristic also facilitates the tendency for ES cells to initiate 
apoptosis rather than cell cycle arrest and DNA repair when DNA damage occurs, the 
latter of which occurs predominantly in the G1 phase after cell cycle arrest [9,10]. The 
preference for apoptosis in these early embryonic cells is considered a failsafe mechanism 
to preserve the genetic integrity of their multitudinous progeny. In rare occasions, ES 
cells can initiate DNA repair; however, these cells then opt for error-free homologous 
recombination (HR) to repair double-strand breaks, whereas somatic cells predominantly 
employ error-prone non-homologous end joining (NHEJ) [9]. Finally, a zygote is known to 
lose its inherited DNA methylation pattern immediately after fertilization and subsequent 
changes in DNA methylation occur during early embryonic development as various 
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cell lineages arise. Thus, DNA methylation patterns between ES and somatic cells vary 
significantly [11,12]. 

Figure 1. Phenotypic differences between embryonic and somatic cells. Fertilization of an oocyte by a sper-
matozoon forms a zygote, which subsequently develops the blastocyst. The blastocyst contains embryonic 
stem (ES) cells that eventually give rise to all somatic cell types. ES and somatic cells can be distinguished 
according to multiple aspects: their potency, telomerase activity, self-renewal capacity, cell cycle regulation, 
and preferred DNA repair mechanism. Both germ cells and germ cells tumors are derived from ES derived 
PGCs and therefore harbor the same embryonal characteristics.

Of note, a discovery made over a decade ago demonstrated that differentiated 
somatic human cells (e.g., adult human fibroblasts) could be reprogrammed to a 
pluripotent state reminiscent of ES cells (i.e., nuclear reprogramming) [13]. These cells 
are known as induced pluripotent stem cells (iPSCs) and, in theory, they can also be 
maintained in a pluripotent state indefinitely. iPSCs are originally generated in vitro by 
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overexpressing a cocktail of four essential genes (OCT3/4, c-MYC, SOX2, and KLF4) in the 
differentiated cells [14].

Moreover, many of the characteristics of ES cells are strongly conserved in germ cell 
tumors (GCTs), which represent a heterogeneous cluster of solid tumors that originate 
from both ES cells and PGCs [3]. Of note, the parallels observed between ES cells and GCTs 
do not apply to the teratomas, which is a GCT subtype that consists of fully differentiated 
cells and harbor significant differences in their (epi)genetic makeup and clinical response 
(i.e., inherent chemotherapeutic resistance) compared to other GCT subtypes [3,15–17]. 
An example of the similarities observed between ES cells and GCTs is that the latter also 
express multiple pluripotency markers including OCT3/4 and NANOG and have active 
telomerase activity, again with the exception of teratoma [3,16,17]. Moreover, it is widely 
accepted that in response to DNA damage, GCTs also favor apoptosis, which is thought 
to underlie their unique sensitivity to platinum-based chemotherapeutics, including 
cisplatin (a key component of GCT treatment) [9,10,18]. This is supported by additional 
evidence demonstrating that GCTs have low expression of genes involved in cell cycle 
arrest and a deregulated G1-S phase checkpoint, thus potentially also preventing the 
activation of DNA repair pathways [18–23]. Moreover, the apoptotic response of ES cells 
and GCTs in response to DNA damage has been attributed to the well-known P53 pathway; 
however, at least in GCTs, it remains a topic of debate [18,21,24–37]. The P53 pathway has 
been dubbed the guardian of the genome due to its integral role in maintaining genomic 
integrity among all cell types. This pathway acts in response to cellular stress and lies 
at the apex of a plethora of downstream signaling pathways including cell cycle arrest, 
DNA repair, and apoptosis. The deregulation of this pathway has been observed in cancer 
and is strongly associated to many aspects of tumorigenesis. For instance, GCTs most 
often express high levels of wild-type (WT) TP53, and it has been suggested that the P53 
pathway is (partially) responsible for their characteristic to enter apoptosis in response 
to platinum-based chemotherapeutics (e.g., cisplatinum) which is reminiscent of ES cells 
in response to DNA damage [10,18,21,23,25–29,33–37]. In addition, it has been suggested 
that the P53 pathway is deregulated through multiple mechanisms in GCTs that have 
acquired resistance to chemotherapy, including cisplatinum [15,18,38–42]. 

In short, the importance of the P53 pathway and its differential regulation between 
somatic and ES cells (and in parallel GCTs, except teratoma) underlines the purpose of 
this review, which is to provide an up-to-date overview of the important roles, regulators, 
and downstream effectors of the P53 pathway. In addition, multiple mechanisms that are 
known to inactivate this pathway and contribute to tumorigenesis will be highlighted. 
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Protecting Genomic Integrity

Genomic changes during development serve as the driving force of evolution; however, 
these may also negatively impact multiple cell lineages with possible detrimental 
effects on both the individual and their offspring. Therefore, protection of the genomic 
integrity is paramount for a species to survive and commences during early embryonic 
development [23]. For example, the oocyte expresses and deposits multiple mRNAs 
that protect the zygote against DNA damage during the first cellular divisions [43]. As 
mentioned before, there have been several indications of a robust protective mechanism 
in ES cells including the removal of mutated ES cells from the stem cell pool through 
apoptosis, which is a characteristic that is seemingly conserved in GCTs [7,12,44]. 
Alternatively, ES cells may also be instructed to differentiate through transcriptional 
inhibition of the pluripotency factor NANOG, which also effectively removes ES cells from 
the stem cell pool [45]. These mechanisms in combination with lacking a G1 checkpoint 
are thought to result in a 100-fold lower frequency of accumulating mutations in at least 
murine ES cells compared to mouse embryonic fibroblasts, which resemble the somatic 
cells [9,23]. Conversely to ES cells and GCTs, somatic cells utilize different pathways (DNA 
repair rather than apoptosis) to protect their genome that enable these to survive while 
risking an increased mutational load [9,23].

P53 Pathway

As mentioned before, the P53 pathway is essential in maintaining genomic integrity. 
Central to this pathway is the P53 protein that is regarded as a tumor suppressor and 
originates from the TP53 gene. Several key discoveries regarding P53 are depicted in 
Figure 2, as well as its relevance in GCTs [22–38,46–59]. In response to cellular stress, the 
P53 protein is activated and accumulates in the cell after which it mainly functions as a 
transcription factor that transactivates a plethora of downstream targets [49]. These target 
genes are key players in one of many downstream pathways including cell cycle arrest, 
DNA repair, apoptosis, senescence, and autophagy [51,60,61]. The P53 protein counts 
393 amino acids (AA) and consists of multiple domains, starting with a transactivation 
domain (TAD) at the amino-terminus (N-terminus), a directly neighboring proline-rich 
domain (PRD), a large DNA-binding domain (DBD), a tetramerization domain (TD), and 
a carboxy-terminus (C-terminus) regulatory domain (REG) [62,63] (depicted in Figure 3). 
Once activated and accumulated in the cell, the P53 protein functions and binds DNA as 
a tetramer, which is facilitated by the TD [64]. When tetramerized, the DBD contains three 
loops, L1, L2, and L3 respectively [65]. Both L2 and L3 are bound by a zinc ion, effectively 
linking both loops and enabling L3 to bind to the minor groove of the DNA, while a helix 
in the DBD is complementary to the major groove [65,66]. 
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Figure 2. Timeline depicting key discoveries in P53 signaling and germ cell tumors. A timeline of the discov-
eries regarding P53 as a guardian of the genome (green) and studies regarding TP53 in GCT development 
and resistance (orange). References key discoveries P53 (green): 49–58, references key discoveries TP53 in 
GCT development (orange): 25–41, 59–62.

Figure 3. Schematic overview of the P53 protein. Indicated are (from N- to T-terminus) TAD: Transactiva-
tion domain, PRD: Proline-rich domain, DBD: DNA-binding domain, TD: Tetramerization domain and REG: 
Regulatory domain. Numbers indicate the amino acids included in each domain.

There are many different forms of cellular stress such as DNA damage that activate 
upstream regulators of p53, leading to the activation of the p53 pathway. For example, 
Ataxia-telangiectasia mutated (ATM) kinase serves as an important DNA damage sensor, 
as it recognizes and binds to double-strand DNA breaks and subsequently activates the 
P53 pathway, ultimately resulting in the activation of NHEJ or HR DNA repair mechanisms 



34

Chapter 2

[55,67]. ATM phosphorylates histone H2AX, which is a variant of histone H2A that recruits 
molecules responsible for H3K9 methylation [55]. In turn, methylated H3K9 leads to the 
acetylation and activation of ATM [55]. Among other substrates, ATM phosphorylates and 
activates Checkpoint Kinase 1 and 2 (CHK1 and CHK2, respectively) [55]. In turn, CHK1 
and 2 function as transcriptional activators by phosphorylating and activating the P53 
protein [68]. The subsequent section will further outline several downstream targets and 
their related pathways including cell cycle arrest, senescence, apoptosis, and autophagy 
(also summarized in Figure 4).

Figure 4. A schematic overview representing the favored mechanism of P53 activation in embryonic cells 
and somatic cells. DNA damage, both in embryonic (blue) and somatic (black) cells, will induce P53 activa-
tion. To protect genomic integrity, embryonic cells favor apoptosis over DNA repair. Conversely, somatic 
cells preferentially engage in cell cycle arrest and DNA repair; however, if DNA damage persists, these cells 
will enter apoptosis or become senescent. Furthermore, telomere dysfunction and oncogene activation 
are other means to activate P53 signaling (mostly in somatic cells). In addition to apoptosis, P53 activation 
and its downstream pathways can result in autophagy, senescence, and cell cycle arrest.

Induction of Cell Cycle Arrest
As indicated, DNA damage leads to the accumulation of P53, which induces cell cycle 
arrest, and subsequent DNA repair cell cycle arrest can occur at both the G1/S and G2/M 
checkpoints and is mostly effectuated by P21 (CDKN1A), which is a target of P53 [69]. 
Activated P53 binds to the promotor of P21 and initiates its transcription [70,71]. P21 
inhibits the function of cyclin-dependent kinases (CDKs) CDK2 and CDK4/6 present at 
the G1/S transition, which results in the hypomethylation of pRB-related proteins p107 
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and p130 [69,72]. The transcription of cell cycle-promoting genes will subsequently be 
repressed, inducing a temporary block of cell cycle arrest that enables the cell to initiate 
DNA repair mechanisms.

Senescence or Apoptosis as a Final Measure to Protect Genomic Integrity
Chronic cellular stress signals such as telomere dysfunction, persisting DNA damage, and 
oncogene activation result in prolonged P53 activation and subsequent P21 expression, 
which in turn may induce cellular senescence or apoptosis (the latter of which is the main 
outcome in ES cells and GCTs) [72]. In contrast to cell cycle arrest, senescence is a stable 
state of arrest, and both processes are initiated by P53, again illustrating the tumor-
suppressive functions of this protein [55,72]. Conversely, a senescent cell is able to re-
enter the cell cycle after loss of P53 and has been shown to contribute to tumorigenesis, 
as it results in fast cell proliferation [27,28,73]. Prolonged P21 expression eventually 
induces the expression of P16INK16A (hereafter referred to as P16), which similarly functions 
as a CDK inhibitor for CDK4/6, thereby indirectly inhibiting pRb-family members [72]. 
P16 expression is known to be regulated by epigenetic factors including DNMT3, which 
facilitates de novo methylation of the P16 promotor, inhibiting its expression, which is 
maintained by DNMT1 [55]. Demethylation of the promotor consequently induces P16 
expression [55]. In addition to P16, senescence is also regulated by P53-independent 
pathways including NF-κb, which is responsible for the expression of proinflammatory 
cytokines that are secreted during senescence/this cellular state [55,72]. Notably, 
senescent cells are non-responsive to apoptotic signals, which is demonstrated by the 
continued activation of cAMP response element-binding (CREB), which functions as a 
transcription factor for the anti-apoptotic BCL-2 protein [55]. Alternatively, persisting 
cellular stress signals may induce apoptotic pathways, and further information of these 
pathways is described in Box 1. 

Autophagy
Lastly, P53 can induce autophagy, which underlines its additional role in cellular 
metabolism. Autophagy enables cells to maintain homeostasis by the removal and recycling 
of (faulty) organelles [74]. Recycling results in an increase of anabolic intermediates that 
can subsequently be used in multiple pathways [74,75]. There are many connections 
between P53 and autophagy, as illustrated in Figure 5, as autophagy is able to inactivate 
P53 through different mechanisms such as proteosomal degradation [76]. In addition, the 
autophagy protein ATG7 has been reported to bind P53 and activate the transcription of 
P21, resulting in cell cycle arrest [74]. Conversely, P53 promotes the transcription of genes 
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involved in autophagy, which suggests a negative feedback loop between the autophagy 
proteins and P53 [74]. Additionally, a more indirect crosstalk between p53 and autophagy 
via the mTOR pathway is known to occur in multiple tissue types including skeletal 
muscle, heart, white fat, liver, and kidney tissue [33]. Here, P53 promotes the transcription 
of negative regulators of the IGF–AKT–mTOR pathway, resulting in higher levels of 
BECLIN-1, which is part of the phosphatidyl inositol-3 kinase (PI3K) complex and plays an 
important role in the formation of autophagosomes [77,78]. Notably, a loss of BECLIN-
1 results in an increased risk of tumorigenesis, which underlines its importance in 
autophagy and maintaining genomic integrity [78]. 

Apoptosis
(Tumor suppression)

Cell Survival
(Tumor progression)Autophagy

IGF-AKT-mTOR

Cellular stress

Pro-apoptotic protein
expression & activation P21

ATG-7ARG

BECLIN-1

P53Loss of ATG-7

Negative feedback loop

Direct protein binding

P53-mediated autophagy induction

P53-mediated autophagy repression

Figure 5. An overview of the crosstalk between P53 and autophagy. Autophagy can repress P53 through 
the inhibition of upstream activating proteins as well as P53 itself. This forms a negative feedback loop 
(red) as P53 induces autophagy through the inhibition of the IGF–AKT–mTOR pathway and subsequent 
increase in BECLIN-1 levels, which plays a role in autophagosome formation. P53 also induces the expression 
of autophagy-related genes (ARG). Autophagy induces cell survival, which is effectuated by the binding of 
ATG7 to P53, ultimately leading to P53-dependent P21 expression and subsequent cell cycle arrest (green). 
The loss of ATG-7 results in apoptosis (blue), as P53 induces the expression and activation of pro-apoptotic 
proteins. Apoptosis and autophagy have mutually inhibitory effects on one another.

INHIBITORY MECHANISMS OF THE P53 PATHWAY

As the P53 pathway is fundamental in maintaining genomic integrity in the face of 
cellular stress signals, it is unsurprising that approximately 50% of all solid cancers contain 
inactivating mutations within the TP53 gene [50]. Additionally, it is hypothesized that 
nearly all cancers have a compromised P53 pathway, as the remaining 50% of cancers 
that lack TP53 mutations often have mutated genes that lie either up- or downstream 
of P53 and may also lead to the inactivation of the P53 pathway [15,16]. In the following 
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sections, different mutations and modifications of P53 and its main negative regulators 
Mouse Double Minute 2 and 4 (MDM2 and MDM4, respectively) will be described in 
further detail. Additionally, alternative mechanisms are also highlighted to provide a 
complete overview of the large variety of mechanisms that inactivate the p53 pathway.

Box 1. The P53-mediated mitochondrial apoptotic pathway.
Under unstressed conditions, apoptosis is inhibited by anti-apoptotic proteins BCL-2, 
BCL-XL, BCL-W, MCL1, and A1, which interact with and inhibit pro-apoptotic proteins 
such as BAX and BAK [79]. These pro- and anti-apoptotic proteins are members of 
the BCL-2 family and contain up to four BCL-2 homology (BH) domains [79,80]. BH3-
only proteins contain only the BH3 domain and are pro-apoptotic proteins within the 
BCL-2 family [81]. When DNA damage persists, P53 activation results in the expression 
of pro-apoptotic protein BAX and BH3-only proteins PUMA and NOXA. The latter 
two in combination with P53 induce apoptosis by releasing BAX and BAK from their 
inhibitory binding with various anti-apoptotic proteins [81–83]. Additionally, NOXA 
is seen to degrade anti-apoptotic proteins MCL1 and A1, to further induce apoptosis 
[82]. The free pro-apoptotic proteins BAX and BAK translocate to the mitochondria 
(which is also stimulated through binding to PUMA), to induce mitochondrial outer 
membrane permeabilization (MOMP), leading to release of cytochrome c [74,81]. 
Secreted cytochrome c subsequently promotes the oligomerization of APAF1, which 
is also transcribed by P53, to initiate apoptosome formation [72,78]. Finally, different 
caspases will be recruited and activated through cleavage, including executioner 
caspases 3 and 7 to carry out apoptosis by cleaving all proteins in the cell [78,84]. 

TP53 Modifications
TP53 Mutations

It has been estimated that the entire human genome contains approximately three 
million single nucleotide polymorphisms (SNPs), which suggests that an SNP occurs 
every 1000 nucleotides [85,86]. The TP53 gene contains 19 kilobases, which suggests 
that it contains 19 SNPs; however, currently, 2060 TP53 mutations have been identified in 
multiple different tumors and tumor cell lines, indicating a strong selection for mutations 
within this locus [87]. In fact, all 393 AA of the P53 protein are shown to be mutated in 
the International Agency of Research on Cancer I [66,87]. However, approximately 85% 
of all mutations, depending on the cancer type, are found within the DBD between 
residues 102 and 292 [66,87,88]. Approximately 10% of these DBD mutations are nonsense 
mutations that prevent the formation of the P53 protein, and another 80% of these 
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mutations are missense [30,87]. Missense mutations are caused by the substitution of 
a single nucleotide within a gene, resulting in a different AA sequence while retaining 
the translation into a full-length protein. The extent to which TP53 mutations contribute 
to tumorigenesis has been studied extensively. For example, many investigators have 
studied the temporal occurrence of TP53 mutations; however, as many of these studies 
were performed retrospectively, no clear-cut conclusions were drawn [89,90]. Moreover, 
while the full-length protein is maintained, missense mutations are known to alter the 
structural conformation of the protein which may influence its binding affinity to proteins, 
DNA, or both [91]. In the context of TP53, biochemical analysis of different missense 
mutations demonstrated a partial loss of its DNA binding capacity, which may in turn 
affect its ability to transactivate target genes [92]. For example, the p53175P mutation 
has been shown to render P53 incapable of initiating apoptosis while remaining fully 
competent to contribute to cell cycle arrest [93]. 

Notably, approximately eight missense mutations account for 28% of all TP53 DBD 
missense mutations, which are known as hotspot mutational sites [66,87,94–96]. This 
not only suggests a profound selection for mutations within the TP53 locus but within 
specific sites of the DBD. Of note, in refractory GCTs, rare TP53 mutations also appear 
to occur in the DBD [38]. An example of a hotspot mutations is an SNP at residue 175 
where arginine is substituted by a histidine (R175H), which occurs in approximately 4–5% 
of all tumors and has been shown to impair the folding of the P53 protein [65,66]. This 
destabilizes the protein and interferes with its function as a tumor suppressor [92]. This 
mutation has also been shown to demonstrate a gain-of-function (GOF) phenotype, 
which indicates the acquisition of neomorphic functions that contribute to cellular 
transformation such as a disrupted cell cycle, invasiveness, and immortality [97–99]. It has 
been hypothesized that TP53 missense mutations are selected for based on their impact 
on protein structure and subsequent oncogenic effects rather than being dependent on 
specific protein residues [98,100]. For instance, in glioblastoma, an infrequently occurring 
TP53 mutation was identified that does not alter the protein structure [101]. However, this 
mutant was substituted in vitro for a frequently occurring oncogenic TP53 missense that 
affects protein structure, and selection for the latter mutant was subsequently observed. 

TP53 missense mutants have been shown to exert additional effects as well. For 
example, in some tumors, it was demonstrated that the mono-allelic R175H mutation 
was followed by the deletion of the second allele, causing a loss-of-heterozygosity 
(LOH) which in turn stabilized the R175H mutant and facilitated its GOF phenotype [102]. 
Additionally, this mutant was shown to exert a dominant negative effect in which the 
mutant protein sequesters WT protein during tetramerization and effectively inhibits the 
ability of WT protein to bind to DNA and engage its tumor-suppressive functions [51,52]. 
It has also been suggested that the dominant negative effect of P53 missense mutants 
is due to their higher propensity to form aggregates with the WT P53 protein but also 
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with its homologs P63 and P73, disrupting their function [39]. These tumorigenic effects 
(i.e., LOH, GOF and a dominant negative effect) have been observed for multiple TP53 
missense mutants and remain an area of intense research [94,103–105]. Notably, P63 
and P73 have also been implicated in GCTs (specifically testicular GCTs) [18,106–108]. For 
example, in contrast to germ cells, testicular GCTs did not express GTAp63, which has 
been attributed to epigenetic silencing, suggesting a possible mechanism that facilitates 
GCT development [106]. Moreover, while ΔNp73 was shown to inhibit NOXA expression 
in testicular GCTs after cisplatin exposure, the opposite was observed for TAp73 (also 
in the absence of P53), the latter may partially explain the propensity for GCTs to enter 
apoptosis in response to cisplatin [107]. Further information regarding the P53 homologs 
is summarized in Box 2.

Box 2. Background information of the P53 homologs P63 and P73.
The role of P53 (TP53) has been studied intensely; however, the P53 homologs 
P63 (TP63) and P73 (TP73) have also gained significant attention in the context of 
genomic integrity, embryogenisis, and cancer development since their discovery in 
the late 1990s [109–115]. These three proteins constitute the P53 family and share 
sequence homology most significantly within the TAD, DBD, and TD, having different 
chromosomal localizations [109–116]. Evidence suggests that TP53 arose from an 
ancestral TP63/73-like gene throughout evolution [113,117,118]. Furthermore, two 
main protein variants of P63 and P73 have been identified caused by alternative 
promoter usage: the full-length protein (TAp63 and TAp73, respectively) and a protein 
product, lacking the TAD at the N-terminus, although they may retain transactivation 
activity through the presence of alternative TADs (ΔNp63 and ΔNp73, respectively) 
[113–116,119–121].

In short, the TA variant of P63 and P73 share the highest degree of sequence 
homology to P53 and have similar functions (depending on the isoform), including the 
transactivation of multiple P53 targets such as MDM2 (which in turn also negatively 
regulates P63 and P73), P21, PUMA, NOXA, and Bax, thus also playing a role in cell 
cycle arrest, DNA repair, and apoptosis [107,109,110,112–115,122–125]. For example, 
TAp763 and TAp63 have been implicated in DNA-damage induced apoptosis in 
oocytes, suggesting a role in maintaining the genomic integrity of the female germline 
[113,126–128]. Similarly, a more recently identified new P63 isoform, GTAp63, was found 
to be highly expressed in male germ cells, which induce apoptosis (including the 
transactivation of PUMA and NOXA) after cisplatin-induced DNA damage [106].
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Box 2. Background information of the P53 homologs P63 and P73. (continued)
In contrast to the TA variants, the ΔN variants of P63 and P73 mostly act as dominant 
negative inhibitors of the transcriptionally active members of the P53 family including 
P53 itself, which highlights a complex degree of interaction between different 
members of the P53 family [113–115]. In addition, the TA and ΔN variants of P63 and 
P73 are also subjected to alternative mRNA splicing, generating multiple isoforms 
with overlapping and distinct functions that add to the diversity and complexity of 
the P53 family [113–116].

Moreover, P63 is known to have fundamental roles in epidermal development, 
whereas P73 is vital for neuronal development and maintenance, which is also evident 
from mouse studies where p63 or p73 knockout mice present with severe congenital 
defects in the respective organ systems (e.g., the skin and the brain) [113,129–134]. 
Moreover, P63 germline mutations have been associated with various syndromes, 
including ectodermal dysplasia [113,131].

In the context of tumorigenesis, the involvement of P63 and P73 has sparked 
considerable debate which is in part due to the low frequency of mutations, which 
contrasts the high frequency of P53 mutations in cancer [113–116,135]. However, it is 
generally accepted that the TA variants mainly function as tumor suppressors whereas 
the ΔN variants are mostly oncogenic and are often overexpressed in multiple cancer 
types; however, exceptions have been observed, and much remains to be investigated 
and confirmed [113–115,135,136].

P53 Isoforms
The TP53 gene consists of 13 exons that are subjected to alternative splicing [137]. This 
mechanism combined with two transcription start sites and an internal ribosomal entry 
site results in 12 possible isoforms of P53 [138,139]. Tumors harboring low rates of TP53 
mutations were demonstrated to a have higher expression of different P53 isoforms, 
which are also most often truncated at the N-terminus [139]. These isoforms lack the 
transcriptional function of the full-length P53 protein [140]. For example, Δ40P53 lacks 
the first transactivation domain, while the second TAD as well as the DNA binding domain 
are intact [141]. Moreover, this specific isoform is resistant to ubiquitination, rendering 
it more stable than the full-length protein [142]. Therefore, while Δ40P53 does not have 
transcriptional activity of its own, it can influence the full-length P53 protein by either 
repressing or activating it, depending on the cellular circumstances [142]. 

A second frequently occurring isoform is Δ133P53, where both TADs are missing, as 
well as the PRD and a part of the DBD [141]. It has been demonstrated that this isoform 
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is capable of inactivating full-length P53 in a dominant negative manner, which may 
explain the observation that the expression of Δ133P53 represses apoptosis [139]. 
Additionally, due to a modified DBD, Δ133P53 induces the expression of different genes 
that contribute to tumorigenesis, including genes that promote angiogenesis and 
cellular reprogramming, which have been observed to be highly expressed in human 
glioblastoma cells [143]. On the other hand, in ovarian cancer, it has been shown that an 
increased expression of Δ133P53 correlates with improved survival and a lower change 
of recurrence [144]. Finally, another isoform that was recently discovered is Δ160P53, 
which lacks the same domains as Δ133P53 but lacks a larger segment of the DBD [138]. 
While there is still little known about the consequences of higher levels of Δ160P53, it 
was recently discovered that it is able to promote cellular invasion [145]. 

P53 Post-Translational Modifications and Regulatory Elements
In addition to isoforms, the P53 protein is continuously subjected to a variety of post-
translational modifications (PTMs) that are context-, tissue-, and cell-specific [146,147]. The 
most common PTMs are the methylation of arginine and lysine residues, phosphorylation 
of serines and threonines residues, and ubiquitination, acetylation, and sumoylation of 
lysine residues. Specific PTM patterns are present under physiological circumstances to 
regulate P53 activity, and aberrant patterns may disrupt P53 function and contribute to 
tumorigenesis. Different PTMs of P53 and its main negative regulators MDM2 and MDM4 
are depicted in Figure 6 [148,149]. Further information of these negative regulators is 
described in Section 2.2. 
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Figure 6. The different post-translational modifications of P53 and Mouse Double Minute 2 and 4. P53 can be 
activated (left) through phosphorylation (P), acetylation (Ac), and methylation (CH3) on lysine and arginine 
residues. Mouse Double Minute 2 (MDM2) can be phosphorylated and ubiquitinated (Ub) and Mouse Double 
Minute 4 (MDM4) can be phosphorylated. Post-translational modifications (PTMs) can also inhibit these proteins, 
which also decreases the regulation of each other (right). Phosphorylation, ubiquitination, and lysine methylation 
inactivate P53. Phosphorylation, acetylation, and ubiquitination inhibit MDM2, and phosphorylation and 
ubiquitination obstruct MDM4 activity. Of note, human genes and proteins are annotated in all capital letters 
(e.g., MDM2 and MDM2, respectively), whereas the murine homologs are annotated with a single capital letter 
(e.g., Mdm2 and Mdm2, respectively).

It has been demonstrated that multiple PTMs are simultaneously required to 
influence P53 activity, and crosstalk between these modifications has been observed 
[150]. For example, modifications can block each other and thus determine the activity 
of P53 combined [151]. 

Although little is known about the exact effects of P53 methylation, several enzymes 
have been characterized as either mono- or dimethylate lysine residues [152,153]. On one 
hand, methylation has been shown to activate P53 by stabilizing the protein and induce 
transcriptional activity [153]. However, repression of the DNA binding activity of P53 has 
also been observed [152]. Notably, crosstalk between methylation sites has also been 
suggested, as stimulatory methylation of a first lysine residue was shown to block the 
inhibitory methylation of a second lysine residue [154]. 

The combination of which lysine residues are modified and the number of methyl 
groups that are added to each lysine ultimately determines P53 activity. Thus far, the 
methylation of arginine residues appears to be solely regulated by protein arginine 
methyltransferase 5 (PRMT5), which targets three residues within the TD [155]. The 
induction of DNA damage causes the translocation of PRMT5 toward P53 to modify the 
protein, resulting in cell cycle arrest and a DNA damage response [155]. These specific 
residues have been seen to be mutated in tumors and inhibit the tetrameric formation 
of P53 [148]. 

The phosphorylation of P53 mainly occurs at the N- and C-terminal, and most 
residues are phosphorylated upon cellular stress to activate P53 [156]. However, several 
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threonine and serine residues are continuously phosphorylated that target P53 for 
degradation, which is especially important in the absence of cellular stress [157,158]. DNA 
damage either induces phosphorylation or dephosphorylation of specific residues and 
enables cell cycle arrest and DNA repair. Phosphorylation is mediated through multiple 
redundant enzymes, as the same AA can be phosphorylated by multiple kinases and 
a single kinase is able to phosphorylate different residues [159–161]. Mutations in P53 
could potentially lead to increased phosphorylation sites, which have also been seen to 
contribute to tumorigenesis. For instance, CDK4 can phosphorylate P53 at SNP R249S, 
resulting in Myc activation [149]. 

Ubiquitination of lysine residues, including those in P53, is established by three 
enzymes: an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme, and 
an E3 ubiquitin-ligating enzyme [162]. An important E3 ubiquitin ligase that functions 
as one of the main negative regulators of P53 is MDM2, which can ubiquitinate P53 
at six residues present in the C-terminus [163]. Mono-ubiquitination translocates P53 
toward the cytoplasm, where it may inhibit autophagy by promoting apoptosis in a 
transcription-independent manner [164,165]. P53 poly-ubiquitinated by MDM2 will result 
in its degradation [166,167]. The importance of MDM2 in regulating P53 is illustrated by 
the numerous types of tumors harboring elevated levels of MDM2, resulting in increased 
degradation of WT P53 and thus contributing to tumorigenesis [166]. Moreover, MDM2 
overexpression and TP53 mutations appear to be mutually exclusive, suggesting that 
both can independently and efficiently disrupt the P53 pathway and contribute to 
tumorigenesis [168–170]. 

Small Ubiquitin-like Modifier (SUMO) has a structural resemblance to ubiquitin, 
and both are attached to lysine residues via a comparable [171]. Sumoylation has been 
seen to promote P53 transcriptional activity, while it is not able to affect P53’s stability 
or localization [172]. 

Finally, amongst other proteins, P53 can be acetylated by histone acetyl transferases 
(HATs), which were initially discovered to be involved in epigenetic acetylation [173]. 
P53 acetylation was shown to occur at the C-terminus, which promotes its binding 
to its target genes [173]. Moreover, acetylation stabilizes P53, as most of the known 
acetylation residues can also be subjected to MDM2-mediated ubiquitination [150]. 
MDM2 is not able to form a complex with acetylated P53, thereby protecting acetylated 
P53 from degradation [174,175]. To balance the acetylation of P53, histone deacetylases 
(HDACs) come into play, which suppress the transcriptional activity of P53 [176]. Certain 
deacetylases such as SIRT1 have been found to be upregulated in tumors; however, it has 
also been seen to have a tumor-suppressive role in others [177,178]. This counterintuitively 
suggests that de-acetylation may also stabilize P53 despite it rendering P53 vulnerable 
to ubiquitination at the same residues and requires further investigation.
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Chromosomal Number Alterations
Many tumors present a mono-allelic TP53 mutation and an additional loss of the remaining 
WT TP53 allele [179]. Loss of the WT allele is known to result from its specific deletion or 
the duplication of the mutated allele. As mentioned before, it has been hypothesized that 
TP53 missense mutations can drive the loss of the WT allele, which may be explained by 
the observations made with the R175H mutant in which the loss of the WT allele stabilized 
the mutant protein [50,98,99]. For example, in murine leukemia and lymphomas, it has 
been shown that this loss did not only cause the deletion of WT TP53 but also of other 
genes that further exacerbated the tumorigenic phenotype [180]. In addition, the loss of 
the WT allele in these mice were found to be the result from a duplication of the mutated 
TP53 allele rather than the deletion of the WT gene, a similar observation to an earlier 
performed database analysis [180,181]. Recently, it has been demonstrated that the loss 
of the WT P53 allele contributed to the tumor- and metastasis initiation with intestinal 
tumors in a mouse model [182]. This suggests that the loss of the WT allele contributes 
to tumorigenesis; however, the underlying mechanisms (i.e., mutant allele duplication 
or WT allele deletion) differ between cancers. 

Negative Regulators of the P53 Pathway
MDM2 

MDM2 is an E3 ubiquitin ligase that functions as an important negative regulator of P53 
(illustrated in Figure 6) and is often modified in tumors with WT TP53 [62]. Its importance 
in regulating P53 is underlined by the observation that Mdm2-null mice resulted in 
embryonic lethality [183–186]. The MDM2 protein consists of 491 AAs and contains 
multiple domains including an N-terminal P53 binding domain, an acidic domain, a 
zinc finger domain, and a C-terminal Really Interesting New Gene (RING) finger domain 
[187–189]. In addition, MDM2 contains nuclear localization and export sequences [190]. 
MDM2 can regulate P53 through mono- and polyubiquitination. Firstly, facilitated by its 
p53-binding domain, RING-finger domain, and nuclear localization sequences, MDM2 
binds at the p53 TAD and subsequently monoubiquitinates specific lysine residues of 
the p53 REG domain, which translocates p53 from the nucleus to the cytosol and inhibits 
its functions as a transcription factor [163,166,167,190–194]. Secondly, MDM2-mediated 
polyubiquitination of p53 leads to its proteasomal degradation [163,166,194–196]. Notably, 
MDM2-mediated P53 ubiquitination is also facilitated by the phosphorylation of specific 
serine residues within acidic domain of MDM2 that enable its interaction (and thus that of 
p53) with proteasomes [197]. Furthermore, mono- or polyubiquitination of P53 by MDM2 
is suggested to be a result of the level of MDM2 in the nucleus [192]. Notably, a negative 
feedback loop has been identified to control P53 protein levels as high levels of P53 
induced MDM2 gene expression of which the protein product subsequently mediates P53 
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ubiquitination and degradation [198]. Finally, MDM2 also has P53-independent functions 
such as targeting E-cadherin for degradation through its ubiquitin ligase activity, which 
has been associated with increased cellular invasiveness [199]. 

Elevated Levels of MDM2
MDM2 amplifications, observed in multiple cancers, have been shown to result in 
increased levels of its RNA and protein product [188]. Firstly, MDM2 amplification affects 
the critical balance in P53 protein levels as MDM2-mediated P53 ubiquitination is 
increased, which has been observed in sarcoma amongst other tumor types [102,110]. 
Therefore, the therapeutic potential of disrupting the interaction between MDM2 and 
P53 has been intensely studied in tumors harboring an MDM2 amplification, and small-
molecule inhibitors such as Nutlin-3a demonstrate a successful reactivation of the P53-
dependent apoptosis in osteosarcoma, colon cancer, and GCTs [28,41,201–203].

Regarding its P53-independent functions, lower levels of E-cadherin in combination 
with high expression of MDM2 has been observed in breast and ovarian cancer [199,204]. 
Another P53-independent function of MDM2 is its ability to bind to RB, resulting in the 
expression of cell cycle promotors such as E2F from RB which has been shown to increase 
cellular proliferation [205]. 

Amplification is not the only cause of increased expression of MDM2. The frequently 
occurring SNP at nucleotide 309 (resulting in a T > G substitution), within the promotor of 
MDM2, leads to a higher affinity of transcription factor SP1 for the MDM2 promotor and 
thus increased MDM2 expression [206]. This mutation has also been correlated to a high 
risk for colorectal and prostate cancer [207,208]. Especially, colorectal cancer has been 
extensively studied for this SNP, indicating a higher risk in Asian populations when one 
or both alleles are mutated [209]. The reason SNP309 has not been shown to correlate 
in other cancers is due to another SNP at nucleotide 285, which frequently occurs in 
combination with SNP309 [210]. This SNP285 counteracts the increased affinity of SP1 
for the MDM2 promotor and has been observed in breast and ovarian cancers [211]. The 
SNP285 has been shown to be more frequently occurring in citizens from countries as 
Norway, the Netherlands, and UK compared to Finland and China, possibly explaining 
the correlation between SNP309 and tumorigenesis in colorectal cancer [209,211]. 

Isoforms of MDM2
As a result of alternative splicing, over 40 different isoforms of MDM2 have been identified 
in both tumor and healthy tissues, which often lack (part of) the P53 binding site [212]. 
For example, MDM2-B was shown to be expressed most frequently in tumors including 
ovarian and bladder cancers [213]. Moreover, Zheng and colleagues detected a higher 
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level of mutant P53 when this specific isoform was expressed [214]. This may be explained 
by the observation that MDM2-B cannot bind P53 but is capable of binding and inhibiting 
the full-length MDM2 protein, thus inhibiting P53 degradation [215]. In the case of a co-
occurring TP53 mutation, this leads to stabilization of mutant P53 resulting in an increased 
tumor volume and metastasis [214]. Additionally, many other MDM2 isoforms either have 
a truncation at the C-terminus or the alternative splicing causes the C-terminus to be 
out-of-frame; however, these do not occur as frequently as MDM2-B, which complicates 
gaining a deeper understanding of its effect [212].

Post-Translational Modifications of MDM2
Similar to P53, MDM2 is also subjected to PTMs, which regulate its downstream functions. 
Currently, three types of MDM2 PTMs have been identified, as illustrated in Figure 6. Firstly, 
MDM2 can be ubiquitinated, which includes auto-ubiquitination. In unstressed cells, this 
mechanism is responsible for maintaining a low concentration of MDM2 protein [216]. 
Although the auto-ubiquitination function of MDM2 is inhibited under stressed conditions, 
MDM2 degradation still occurs, suggesting that other E3 ubiquitin ligases can target 
MDM2 for degradation [217]. Notably, MDM2 auto-ubiquitination also stimulates MDM2 
to bind to E2 ubiquitin-conjugating enzymes, which subsequently leads to increased P53 
polyubiquitination and degradation [218]. Conversely, MDM2 de-ubiquitination is equally 
important and occurs through the ubiquitin hydrolase HAUSP, which inhibits MDM2 auto-
ubiquitination and enables MDM2-mediated P53 degradation [219].

Secondly, MDM2 is subject to acetylation, which mostly occurs at two lysine 
residues: K466 and K467 [220]. Modification of these lysine residues, which are located 
within the RING-finger domain, was shown to be effectuated by histone acyltransferase 
CREB-binding protein (CBP) in vitro, which silenced the E3 ubiquitin ligase activity of 
MDM2 [220]. Moreover, these lysine residues are also located in the nucleolar localization 
signal; however, their acetylation did not affect MDM2 translocation toward the nucleolus 
[220]. Notably, the in vitro substitution of these lysine residues for glutamine resulted in 
diminished E2 ubiquitin ligase activity [220]. 

Thirdly, MDM2 serine residues can be phosphorylated and occurs at multiple 
residues through multiple different enzymes [221]. For instance, ATM kinase has 
already been mentioned for its role as a DNA damage sensor and inducing stabilization 
through phosphorylation of P53. However, murine studies demonstrated that it can also 
phosphorylate Mdm2 at serine 395 [222]. In a mouse model, Gannon and colleagues 
have shown that the phosphorylation of this residue weakens the ability of Mdm2 to 
ubiquitinate P53, leading to increased apoptosis [222]. In addition, AKT/PKB serine–
threonine kinase has been observed to phosphorylate MDM2 at serine 166 and 188 [221]. 
After activation by PI3K, AKT-mediated phosphorylation promotes the translocation of 
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MDM2 toward the nucleus, where MDM2 can target P53 for nuclear degradation [221]. 
AKT has been shown to be overexpressed in tumors, resulting in MDM2 phosphorylation 
and increased P53 degradation, thus contributing to tumorigenesis [223]. 

Ribosomal Proteins Influencing MDM2
Additionally, other factors are involved in regulating MDM2 activity. One of these 
factors regards ribosomal biogenesis, i.e., the production and processing of RNA and 
proteins that form the 40S and 60S ribosomal compartments, which occurs within the 
nucleolus [224]. When this process is disrupted, ribosomal proteins may bind and inhibit 
MDM2, leading to P53 stabilization and cell cycle induction [225]. Multiple proteins are 
known to bind MDM2; however, these bind varying regions due to their differences in 
structure [226]. The negative regulation of MDM2 by ribosomal proteins contributes 
to the hypothesis that decreased ribosomal biogenesis (and thus decreased MDM2 
inhibition) contributes to an increased cancer risk [227]. Conversely, high expression of 
ribosomal RNA and proteins has also been observed in cancer, which may be caused by 
concomitant increased oncogene expression and/or inhibition of tumor suppressors 
[228,229]. In malignant melanoma cell lines, the expression of different ribosomal proteins 
was higher compared to significantly less malignant cells [230]. In addition, ribosomal 
proteins mutations have also been linked to syndromes that predispose to cancer such 
as the 5q-syndrome (a subtype of myelodysplastic syndrome) [231]. 

MDM4
MDM4 is a homolog of MDM2 and is structurally similar [187]. For instance, MDM4 also 
contains a P53 binding domain and binds P53 at its TAD, thus blocking its function as a 
transcription factor [101,143]. Additionally, MDM4 was shown to bind P53 via other domains, 
including its acidic domain [144]. Loss of MDM4 has been shown to increase the expression 
of many pro-apoptotic P53 target genes, which underlines its relevance in inhibiting P53 
[232]. Moreover, in mouse embryonic fibroblasts, Mdm4 was shown to block p300-induced 
P53 acetylation that normally stabilizes and activates the P53 protein, thus resulting in an 
inactivated protein [233]. In addition, similar to MDM2, MDM4 is fundamental to embryonic 
development in regulating P53-dependent apoptosis which was demonstrated by the 
embryonic lethality observed in MDM4- or MDM2-null mice [183,185,186,234,236]. Notably, 
MDM4 is detected at low levels in healthy adult tissues [237].

Several differences and non-overlapping functions have also been observed. Firstly, 
the loss of Mdm2 could not be compensated by increased Mdm4 expression and vice versa 
[238]. Moreover, MDM4 is a cytoplasmic proteins that lacks nuclear localization sequences 
and therefore depends on MDM2 to be translocated to the nucleus [239]. In addition, the 
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MDM4 RING finger domain lacks E3 ubiquitin ligase activity, which indicates that MDM4 
cannot target P53 for degradation [240]. Nevertheless, MDM4 can bind and stabilize 
MDM2 through heterodimerization via the RING finger domains and thus indirectly 
contributes to P53 ubiquitination [240]. Conversely, it has also been suggested that this 
heterodimer is needed to degrade MDM4 and thus to stabilize P53 [241]. Additionally, 
MDM4 also has P53-independent actions, such as the inhibition of DNA damage repair 
mechanisms, which may result in genomic instability [242].

Elevated Levels of MDM4
The overexpression of MDM4 has been observed in many different tumors, adding up to 
2.9% of all cancers according to The Cancer Genome Atlas using cBioPortal, with higher 
frequencies observed of retinoblastoma and breast cancer as well as tumor cell lines 
[233,243–245]. The exact mechanisms underlying MDM4 upregulation are not completely 
understood [246]. Nevertheless, increased MDM4 expression due to amplification results 
in fast proliferating and immortal cells, as WT P53 is transcriptionally inactivated [233]. 
Moreover, p300-mediated P53 acetylation is also impaired when MDM4 levels are 
elevated. Notably, MDM4 has also been demonstrated to contribute to cell growth and 
tumorigenesis in the absence of P53 [247]. This is thought to be a result of the P53-
independent functions of MDM4, such as the ability to induce genomic instability 
through the inhibition of DNA damage repair [242]. 

SNPs and Overexpression of Transcriptional and Translational 
Regulators of MDM4

Estrogen receptor-α is an important transcription factor of MDM4 and is frequently 
overexpressed in cancer [248]. In addition, cancer-related overexpression of K-RAS and 
IGF-I induce the expression of MDM4 and thus inhibit P53 [249]. 

Multiple SNPs within the MDM4 locus have been correlated to increased tumor 
risk [250]. For instance, the rs4245739 polymorphism that results in an A > C substitution 
has been studied extensively and has been detected within ovarian, prostate, and 
breast cancer [251,252]. This SNP lies within the 3’ UTR of MDM4 and was found to form 
a new binding site in the MDM4 RNA for microRNA-191 and 887 [251,252]. MicroRNAs  
(miRNAs) are non-coding molecules of approximately 22 nucleotides that bind to 
complementary mRNA strands, resulting in their subsequent silencing or degradation 
[253–255]. Regarding MDM4, miRNAs-191 and -887 inhibited MDM4 translation, thus 
reducing its protein level and stabilizing P53. Increased expression of these miRNAs 
has been observed in prostate cancer patients [252]. Moreover, a significant decrease in 
survival among ovarian patients was observed in those harboring this SNP [251].
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Overexpression of MDM4-S
Many isoforms of MDM4 have been found and studied with nearly all being the result 
of alternative splicing [245]. For instance, MDM4-S is a transcript variant in which exon 
six has been skipped and therefore excluded from the final protein that targets it for 
nonsense-mediated mRNA decay, ultimately preventing the inactivation of P53 [246]. 
Additionally, in mice, this isoform was shown to correlate to decreased levels of full-length 
Mdm4, thus potentially increasing P53 levels and having a tumor suppressive effect 
[246]. This was additionally suggested to be caused by the decreased expression of the 
oncogene serine/arginine-rich splicing factor 3 (Srsf3), which facilitates the inclusion of 
exon six [246]. In a mouse model, the undifferentiated ES cells were shown to harbor high 
levels of Mdm4, which significantly decreased upon differentiation, and it was suggested 
that this resulted from increased exclusion of exon six and therefore increased Mdm4-S 
expression [246]. Moreover, the increased expression of Mdm4-S in melanoma appeared 
to reduce tumor growth, thus demonstrating its potential as a therapeutic target [246]. 
In contrast, other studies demonstrated that MDM4-S has an increased binding affinity 
for P53 compared to full-length MDM4, which may suggest increased P53 inhibition. For 
instance, decreased P53 levels as well as a higher level of MDM4-S relative to full-length 
MDM4 was detected in papillary thyroid carcinoma and soft tissue sarcoma [256,257], 
which in turn may also dispute both the tumor-suppressor function of MDM4-S and the 
oncogenic function of Srsf3.

Finally, Pant and colleagues observed increased MDM4-S expression in B-cell 
leukemia patients, however, they suggested that this isoform was a consequence of 
splicing defects in tumor cells rather than being a contributor to tumorigenesis [258]. 
These investigators also supported the notion that MDM4-S has the potential to become 
a biomarker for this cancer. 

Post-Translational Modifications of MDM4
Similar to P53 and MDM2, MDM4 activity is also determined by the combination of PTMs, 
most notably phosphorylation and ubiquitination. For instance, the phosphorylation of 
tyrosine residue 99 (Y99), located within the P53 binding site, impairs the binding of MDM4 
to P53, leading to P53 stabilization [259]. However, when this PTM is combined with the 
phosphorylation of tyrosine residue 55 (Y55) at the N-terminus, MDM4 is able to bind P53 
and inhibit its function [259]. MDM4 can be phosphorylated by the DNA damage sensor 
ATM and its targets CHK1 and CHK2 [260,261]. The phosphorylation of serine residue 
367 by CHK1 results in the translocation of MDM4 toward the cytoplasm, effectively 
inhibiting it from binding P53, whereas CHK2-mediated phosphorylation of serine 
residues 342 and 367 translocates MDM4 toward the nucleus [260]. Additionally, these 
phosphorylation sites are also recognized by MDM2 to mediate MDM4 ubiquitination and 
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degradation [260]. P14Arf also functions as a negative regulator of MDM4 by facilitating 
MDM2-mediated MDM4 ubiquitination [262]. In different cancers, it has been shown 
that MDM4 ubiquitination is inhibited by a ribosomal RNA, namely non-coding 5S rRNA, 
which binds to the RING-finger domain of MDM4 [263]. 

Alternative Mechanisms to Inactivate the P53 Pathway
P21 

P21 (CDKN1A), also known as WAF1 and CIP1, is an important transcriptional target of P53; 
however, it is also regulated through P53-independent mechanisms [70,71,264–266]. The 
CDKN1A gene consists of 2118 base pairs with three exons and produces a protein of 164 
AAs [70]. As mentioned before, CDKN1A contributes to P53-dependent cell cycle arrest 
and apoptosis, and therefore, its expression is increased as P53 levels rise in response 
to cellular stress signals such as DNA damage [267]. P21 is primarily known to function 
as a CDK inhibitor (CDKi) by binding to a variety of cyclin–CDK complexes [71]. These 
complexes are crucial for cell cycle progression, with specific CDKs–cyclin complexes 
involved in different cell cycle phases [268,269]. Upon DNA damage, P21 facilitates cell-
cycle arrest through the inhibition of CDK2 [267]. In addition, P21 also directly inhibits 
DNA replication and repair by binding proliferating-cell nuclear antigen (PCNA), which 
an important processivity factor for these processes [172–174,270]. 

Moreover, during a cellular stress response, anti-apoptotic proteins such as BCL-2 
are known to bind and sequester pro-apoptotic proteins BAX and BAK, which inhibits 
apoptosis and increases mitochondrial reactive oxygen species through activation of the 
PI3K–AKT–MMP2 pathway, ultimately increasing the invasive competence of the cell [271]. 
Similarly, P21 is known to interact with and inhibit multiple pro-apoptotic proteins in the 
cytoplasm, including multiple caspases [264,272–275]. However, paradoxically, P21 may 
also have pro-apoptotic functions, as it was demonstrated to complex with P53 and aid in 
sequestering anti-apoptotic proteins to form a trimer, which results in the release of pro-
apoptotic proteins, leading to the induction of apoptosis and decreased ROS levels [276].

Furthermore, despite that P21 is not a transcription factor, it is capable of influencing 
the expression of a variety of genes [277]. For example, the inhibition of CDKs by P21 
reduces the phosphorylation of and activates retinoblastoma proteins, leading to the 
inactivation of transcription factor E2F [278]. E2F functions as a transcription factor for a 
wide spectrum of genes, with functions including DNA repair, DNA damage checkpoint, 
and cell cycle progression [279]. 

While P21 has been researched extensively in relation to tumorigenesis, SNPs in this 
protein are rare, which complicates studying its effects [280]. Double knockout Cdkn1a 
mice did not show any developmental restrictions or increased tumorigenesis in the 
presence of WT P53 during the seven months in which they were studied [281]. However, 
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Martín-Caballero and colleagues created similar homozygous Cdkn1a-null mice, which 
they studied for two years [282]. A large part of the cohort died due to complications of 
increased proliferation of T-memory lymphocytes; however, a significant portion of the 
mice developed tumors including lymphomas, carcinomas, and sarcomas [282]. Moreover, 
compared to WT P21 mice, P21-null mice had a prolonged survival after irradiation, 
which may be due decreased tumor growth caused by an enhanced apoptotic response 
[282]. In addition, the loss of CDKN1A was demonstrated to contribute to tumorigenesis 
when combined with the loss of other tumor suppressors or activated pro-oncogenes. 
For instance, inactivation of both P21 and the INK4 pathway, which also functions in 
CDK inactivation, results in enhanced proliferation and increased susceptibility of 
tumorigenesis [283]. Additionally, Cdkn1a-null mutant mice crossed into an oncogenic 
Ras mutant background showed increased and accelerated tumor growth compared 
to WT P21 [284]. Furthermore, the inactivation of P21 has also been observed through 
the methylation of its gene, which is mediated by growth factor independent 1 (Gfi1)v 
[285], which has been observed to be highly expressed in a variety of tumors [286,287].

Paradoxically, increased P21 levels have also been associated to cancer and 
predisposing syndromes [264,265,275]. For example, high levels of P21 have been 
detected in ataxia telangiectasia, which is an illness caused by mutations in the ATM gene 
with increased formation of lymphomas and leukemias, and P21 was demonstrated to 
contribute to tumorigenesis in Atm-null mouse fibroblasts [288]. The loss of Cdkn1a partially 
compensated for the senescent phenotype and increased the sensitivity of the cells toward 
irradiation, indicating that the high expression of Cdkn1a contributes to tumorigenesis. 

Increasing evidence is emerging that in contrast to the initial paradigm, P21 may 
not solely function as a tumor suppressor but also as an oncogenic protein (this has 
previously been reviewed in [264,273,275,289]). While these controversial functions 
have sparked considerable debate, it has been suggested that a plethora of factors 
including PTMs and its subcellular localization (nuclear versus cytoplasmic) may dictate 
the effects of P21, which may underlie why both its up- and downregulation is observed 
in different cancer types [264,274,275]. For example, it has been hypothesized that 
the nuclear localization of P21 is important for its tumor suppressor function, mostly 
through cell cycle arrest; however, when localized in the cytoplasm, P21 may function 
as an oncogene [264,274,275]. The oncogenic properties of P21 may firstly be related 
to its aforementioned anti-apoptotic functions that are associated to its cytoplasmic 
localization [264,273,275,290]. Furthermore, another mechanism that put P21 forward as 
an oncogene was demonstrated when in vitro high constitutive P21 expression resulted 
in the deregulation of replication license machinery, leading to replication stress and 
subsequent genomic instability [265,291]. Notably, this was observed in a P53-deficient 
background, which suggests that the P53 status of the cell also dictates whether P21 
functions as an oncogene or tumor suppressor gene [265,266,275,291]. Of note, P21 is 
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known to be regulated by both P53-dependent and -independent mechanisms [264]. 
It was later also demonstrated that in addition to P21-mediated genomic stability, P21 
may also contribute to a shift toward error-prone DNA repair pathways (most notably 
the RAD52-dependent error-prone break-induced replication pathway), which further 
contributes to genomic instability.

ARF
The INK4 locus encodes for multiple proteins including P16INK4A from the CDKN2A gene 
(hereafter P16) and P14ARF from the ARF gene (hereafter ARF) [292,293]. The latter was 
first discovered in mice when an alternative reading frame of the P16Ink4A gene in the 
INK4 locus of mice revealed the sequence of a second gene: P19Arf , which is the murine 
homolog of ARF sharing 50% sequence homology [294]. This suggests that this protein 
is not strongly conserved. The sequences encoding for human P16 and ARF overlap 
substantially and share sharing the last two out three exons [293]. However, P16 is part 
of the INK4 family of which all members function as CDK inhibitors whereas ARF does 
not, which is also evident due to its structural differences [293]. Instead, ARF functions 
as a tumor suppressor by inactivating MDM2 and thus stabilizing P53, which explains 
how the loss of ARF can increase tumor susceptibility [295,296]. It has been shown that 
ARF is mainly localized in the nucleolus, where it restricts MDM2 from its function to 
degrade P53 [297,298]. In addition, ARF is also thought to neutralize the E3 ubiquitin 
ligase activity of MDM2, including MDM2, that is already bound to P53 [292,299]. A P53-
independent role of murine P19Arf was demonstrated in a P19Arf-/- mouse that was crossed 
into a double Tp53-/-; Mdm2-/- background, which also increased tumor susceptibility, 
and subsequent reintroduction of P19Arf into these triple knockout mice resulted G1 cell 
cycle arrest [300,301]. This P53-independent function may partially explain the binding 
partners of P19Arf [302]. One of these proteins is Aurora B, through which P19Arf is thought 
to maintain chromosomal stability [303]. Furthermore, P19Arf has been demonstrated to 
be involved in the development of the eyes and male germ cells and even the extra-
embryonic structures, such as the yolk sac [304,305]. 

Inactivation of ARF has been observed in multiple tumors (also in a mutually 
exclusive manner with TP53 mutations) [306]. For instance, approximately half of the 
malignant gliomas were shown to harbor an ARF deletion, either with or without the 
additional deletion of P16 [306,307]. Of note, the deletion of the entire CDKN2A locus is 
not ARF specific and as P16 is also lost; however, deleterious mutations in exon 1β, which 
is the ARF promoter, will only inactivate ARF [308]. For example, in renal cell carcinoma 
and tumors in the intestinal system, ARF expression was specifically silenced through 
promotor methylation [308–311]. Moreover, in cancer cell lines with an unmethylated 
ARF promoter, MDM2 was found to be localized in the nucleus, whereas a colorectal 
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cancer cell line with a hypermethylated ARF promoter revealed MDM2 to be localized 
in the cytoplasm as well [312]. Subsequent in vitro demethylation of the ARF promoter 
in this colorectal cancer cell line demonstrated a translocation of MDM2 from the 
cytoplasm toward the nucleus, where it was subsequently inactivated by ARF, leading 
to P53 activation. 

The overexpression of ARF was also found to contribute to tumorigenesis in a 
number of tumor cell lines, which is suggested to be caused by the initiation of autophagy, 
as both autophagy and tumor growth decreased when ARF was inhibited [313]. Xie and 
colleagues studied the metastatic capability of prostate cancer in double Pten-/-; Tp53-/-, 
knockout mice [314,315]. P19Arf was shown to stabilize Slug, decreasing the expression 
of E-cadherin [314], and upregulate metallopeptidase 7 (MMP-7), which promotes the 
degradation of E-cadherin [315], both promoting epithelial–mesenchymal transition. 
With a similar double knockout background of Pten-/-; Tp53-/-, overexpression of P19Arf 
was frequently demonstrated to be present in chemo-resistant bladder cancer [316]. 

SNPs and indels specifically affecting ARF have been detected in a variety of tumors. 
These can be present in exon 1β (the ARF promoter), which has been demonstrated in 
a human colon cancer cell line carrying a nucleotide deletion that results in a truncated 
protein [310]. In addition, a primary colon carcinoma was shown to have a point mutation 
at codon 12 in exon 1β, which was thought to impair the binding of ARF to MDM2 and 
subsequently MDM2 nuclear translocation [310]. In melanoma, five mutational sites were 
identified that were suggested to inhibit ARF activity [317]. Such mutations are thought 
to increase MDM2 levels and thus the degradation of P53, thus contrasting the function 
of WT ARF.

TRIM
The tripartite motif (TRIM) proteins were discovered in 1992, long before their functions 
were elucidated [318,319]. These proteins mostly contain three zinc-finger domains, two 
B-boxes, a coiled-coil domain, and a RING-finger domain, which gives the protein E3 
ubiquitin ligase activity [318]. Multiple TRIM proteins have been identified and most of 
them homodimerize through their coiled-coil domain [319,320]. As these proteins are 
overexpressed in many tumors they are hypothesized to contribute to tumorigenesis 
[321,322]. For instance, increased TRIM23 expression is correlated with a poor prognosis in 
colorectal cancer [322] and lung adenocarcinoma [323]. TRIM23 can bind to P53 through 
its RING-finger domain and mediate P53 ubiquitination and subsequent degradation 
[322]. In colorectal cancer, elevated TRIM23 levels were shown to correlate with tumor 
size and lymph node metastasis, which was suggested to be the result of impaired P53 
signaling [322]. In lung adenocarcinoma, TRIM23 expression was shown to correlate with 
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resistance to the chemotherapeutic agent cisplatin which was suggested to be the result 
of induced GLUT1/3 expression and inhibition of NF-κβ [323]. 

Additionally, TRIM32 was shown to be overexpressed in lung cancer cells lines 
and was found to decrease apoptosis cell-cycle arrest and senescence and enhance 
proliferation and invasiveness [324,325]. Moreover, in a study with multiple tumorigenic 
cell lines, P53 was found to regulate TRIM32 expression as the promoter of TRIM32 
harbored a P53 responsive element [325]. 

Lastly, TRIM59 upregulation has been observed in gastric cancer, non-small cell lung 
cancer and osteosarcoma [321,326–328]. In gastric cancer, this upregulation resulted in 
a decreased expression of P53 targets including P21, suggesting the inactivation of the 
P53 pathway [321]. Moreover, TRIM59 overexpression was found to correlate with the 
metastatic capacity of gastric tumor cells and a negative impact on the 5-year survival 
rates of patients [321]. Additionally, in cholangiocarcinoma and colorectal cancer, TRIM59 
was demonstrated to promote cellular proliferation [327,329]. In all cell lines used, the 
inhibition of TRIM59 resulted in decreased phosphorylation of both PI3K and AKT, 
indicating that TRIM59 promotes cellular migration through these proteins [327,329]. 

Long Non-Coding RNAs
The majority of the genome consists of non-coding sequences, including long non-
coding RNAs (lncRNAs), which are often longer than 200 nucleotides [330]. Most of the 
nearly 15,000 known lncRNAs are transcribed by RNA polymerase II, and these molecules 
are modified by 5’ capping and poly-adenylation [331,332]. The expression of lncRNAs 
can be regulated by different mechanisms including transcription factors and epigenetic 
mechanisms [333,334]. LncRNAs are able to affect chromatin structure, thereby regulating 
gene expression and determining development, epigenetic reprogramming, and cellular 
pluripotency [331,335,336]. 

The P53 pathway can be inactivated through elevated expression of several 
lncRNAs, which has been demonstrated for Antisense Non-coding RNA In the INK4 Locus 
(ANRIL) in prostate cancer [337]. Similar to ARF and P16, ANRIL is located in the INK4 locus 
and was found to partially overlap with two genes, namely P15INK4B and ARF [338], the 
latter of which is known to influence the P53 pathway [295]. In prostate cancer, ANRIL 
overexpression was shown to recruit CBX7 (a Polycomb Repressive Complex 1 protein) 
to the INK4 locus to enhance methylation and decrease the expression of all genes 
contained within this locus, including ARF, which may suggest increased P53 degradation 
[337]. Conversely, decreased ANRIL expression due to SNPs in the corresponding gene 
was detected in melanoma and may contribute to tumorigenesis through its ability to 
downregulate CDKN2B expression [339]. 
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Moreover, the lncRNA Maternally Expressed Gene 3 (MEG3) was also shown to 
bind and activate P53, which was demonstrated by increased activation of P53 target 
genes and decreased expression was detected in pituitary adenomas [231,237]. In mice, 
knockout of Meg3 resulted in overexpression of Vegf and Notch, leading to increased 
angiogenesis [334]. This was explained by the earlier observation that P53 represses VEGF 
expression breast cancer [340]. 

MicroRNA 
As previously mentioned, miRNAs are short sequences of approximately 22 nucleotides 
[253]. These are initially formed as long primary transcripts, which are cleaved by Drosha 
to process them toward stem-loop precursors of about 70 nucleotides known as pre-
miRNAs [341]. These are subsequently cut into single-stranded, mature miRNAs by Dicer 
[342]. Double knockout of Dicer in mice caused lethality during early development, which 
was suggested to be caused by the loss of stem cells, thus underlining the importance 
of miRNAs during early embryonic development [343]. MiRNA can bind the 3’ UTR of the 
mRNA and contribute to post-transcriptional regulation [255,344]. In short, mature miRNAs 
are incorporated into and RNA-induced silencing complex (RISC), which enables this 
complex to target mRNA that is at least partially complementary to the miRNA [254,345]. If 
the targeted mRNA has a high degree of complementarity, it will be cleaved and degraded, 
whereas low complementarity results in the inhibition of its translation [255]. 

Several miRNAs that target P53 have been identified, including miRNA-125 [346]. This 
specific miRNA was shown to be upregulated in prostate cancer cells [347] and myeloid 
leukemia [348]. In human cells as well as zebrafish embryos, miRNA-125 was able to bind 
to the P53 mRNA and inhibit its translation, possibly contributing to tumorigenesis [346]. 
Moreover, in prostate cancer cells with elevated miRNA-125 levels, inhibition of P53 was 
shown to result in increased growth [347]. It was found that the mRNA coding for apoptotic 
protein BAK contained a binding site for miRNA-125, which was confirmed by decreased 
BAK protein levels after ectopic expression of miRNA-125[347]. A similar mechanism was 
demonstrated for miRNA-24 in hepatocellular carcinoma, which was shown to target P53, 
and elevated miRNA-24 levels resulted in increased invasiveness [349]. 

Conversely, other miRNAs have been shown to increase P53 signaling through 
inhibition of P53 inhibitors such as MDM2 [350,351]. For example, the downregulation of 
miRNA-339-5p (hereafter miRNA-339) was observed in colorectal cancer [352] and breast 
cancer [353], and it was later demonstrated that this miRNA was able to bind the 3’ UTR 
of MDM2 mRNA in human colorectal cancer cells [350]. Both mRNA and protein levels of 
MDM2 are decreased when miRNA-339 is elevated, suggesting high complementarity. 
Moreover, through the activation of P53, miRNA-339 was demonstrated to suppress the 
migration and invasion of colorectal cancer cells [350]. Additionally, miRNA-1827 was 
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also shown to bind MDM2 mRNA, and elevated expression resulted in senescence and 
apoptosis [351]. 

MiRNAs can also be present within a cluster in the genome such as the miRNA-
371a, -372, -373, and -373* cluster. In human fibroblasts with overactivated RAS, elevated 
expression of miRNA-372 and -3 resulted in continued proliferation, which was more 
pronounced compared to TP53 knockdown [56]. Moreover, miRNA 372 and -3 were 
found to be highly expressed in testicular GCTs and GCT cell lines that harbored WT 
TP53 [56]. It was further hypothesized that miRNA-372 and 3 are able to inactivate P53 
through translational inhibition of MDM2 inhibitory protein LATS2 [56]. It was also 
recently demonstrated that murine miRNA-291a-3p (the murine homolog for miRNA-
371a) inhibited senescence in human dermal fibroblasts by targeting several components 
of the P53 pathway [354]. Moreover, the human miRNA-371a-3p demonstrated similar 
anti-senescence activity, suggesting that all miRNA members of this cluster may have 
similar functions involved in inactivating the P53 pathway [354]. In addition, this specific 
miRNA cluster may soon function as a biomarker for GCTs [57–59].

CTCF
An important tumor suppressor that is involved in epigenetic regulation is CCCTC-binding 
factor (CTCF) [355]. In chickens, CTCF was first found to bind CCCTC-sites in the oncogene 
c-myc and repress its expression [356], which was later also demonstrated in mammalian 
cells [357]. CTCF has 11 zinc-fingers within its DNA binding domain [358]; however, 
these are not all involved during every DNA-binding event [359,360]. Rather, multiple 
combinations are possible due to this large number of zinc-fingers, which enables CTCF 
to bind to approximately 125,000 cell type-specific, either inter- or intragenic or at the 
promotor [361]. CTCF is also essential during embryonic development as CTCF-null are 
non-viable [362]. This protein requires several post-translational modifications to function, 
including sumoylation by SUMO proteins [363] and poly(ADP-ribosyl)ation by PARP [364]. 

The hemizygous deletion of CTCF, which occurs more frequently than homozygous 
deletion, increased the susceptibility of spontaneous and radiation and chemically 
induced tumorigenesis [365]. Loss of the locus that contains the CTCF gene is frequently 
detected in breast and prostate cancer, which underlines its tumor suppressor activity 
[366]. TP53 is one of the genes with a CTCF binding site in its promotor, and CTCF binding 
has been shown to obstruct histone methylation, which maintains an open chromatin 
structure and enables TP53 transcription [367]. The INK4 locus is also regulated by CTCF, 
as loss of CTCF increased the methylation and decreased the expression of CDKi P16 
[368]. It was further demonstrated that CTCF can bind and repress c-myc expression, 
which in addition to inhibiting P16 and enabling TP53 expression, further demonstrates 
its tumor suppressive role. 
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Additionally, CTCF has also been suggested to have oncogenic potential, as 
increased expression was related to tumorigenesis within several breast cancer cell 
lines and tumor samples [369]. It has been hypothesized that CTCF could enhance 
tumorigenesis through the inhibition of pro-apoptotic protein BAX, which was increased 
after CTCF knockdown in breast cancer cell lines [370]. P53-levels were also elevated after 
CTCF knockdown in the same breast cancer cell line, resulting in increased cell cycle 
arrest and apoptosis [371]. 

SUMMARIZING DISCUSSION

This review focuses on the P53 pathway as a guardian of the genome in cell types ranging 
from ES cells to somatic cells and describes different mechanisms that lead its inactivation 
and tumorigenesis (summarized in Figure 7). In response to cellular stress such as DNA 
damage, the P53 pathway is activated and initiates a plethora of downstream signaling 
pathways that ensure and maintain genomic integrity. For instance, P21 is a renowned 
downstream target that is involved in cell cycle arrest and cellular senescence [55,69,72]. 
In addition, autophagy and apoptosis can also be initiated to limit the damage [83]. It has 
been hypothesized that nearly all solid cancers harbor a disrupted P53 pathway, either 
directly through inactivating TP53 mutations (occurring in roughly 50% of all tumors) 
or indirectly through alternative mechanisms such as described in this review [50,372]. 
An interesting exception to this pertains to GCTs in which TP53 mutations rarely occur 
[33,35,36].
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Figure 7. The regulatory mechanisms of the P53 pathway. P53 is regulated by MDM2 and MDM4, which 
are all affected by the PTMs and are also determining each other’s activity. MDM2 is indirectly activated 
by miR-cluster 371a-3 and ANRIL, while it is inhibited by ARF and miR-339. MEG3, CTCF, TRIM proteins, 
and miR-125 can regulate P53 activity directly. All these regulatory mechanisms combined will lead to the 
inhibition or activation of P21 expression, leading to apoptosis, cell cycle arrest, or senescence. MDM2 and 
MDM4 are both able to inhibit DNA repair mechanisms, resulting in genomic instability.

Regarding TP53, SNPs and other mutations and multiple isoforms have been 
demonstrated to increase tumor susceptibility. Moreover, multiple P53 isoforms 
resulting from alternative splicing have been identified, most of which are truncated 
at the N-terminus, and these have also been associated with tumorigenesis [139]. For 
instance, isoform is capable of binding and inactivating full-length WT P53 in a dominant-
negative manner [57]. Moreover, due to a modified DBD, this isoform has been shown 
to transactivate oncogenes in human glioblastoma cells; however, this may be tumor-
specific, as the opposite was observed in ovarian cancers where the expression of this 
isoform correlated to increased survival rates [143,144].
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The activity of full-length P53 is also regulated by extensive PTM patterns, including 
methylation, phosphorylation, acetylation, and sumoylation, which are also known to 
engage in cross-talk, as shown in Figure 6 [150]. Whereas some TP53 mutations have been 
found to obstruct multiple PTMs, other mutations may result in new modifiable residues 
[149]. These PTM patterns can also change by increased or decreased expression of the 
enzymes effectuating these modifications, which has been demonstrated by P53’s main 
E3 ubiquitin ligase MDM2 [191,199,204]. 

P53 activity is also strongly determined by its negative regulators such as MDM2. 
Elevated MDM2 levels have been shown to contribute to tumorigenesis through the 
increased degradation of P53 and tend to occur in a mutually exclusive manner with 
TP53 mutations [168–170]. MDM2 levels can be increased through MDM2 amplification 
but also through SNPs within its promoter [188,206]. For example, SNP309 is known to 
increase MDM2 expression, as it enhances the affinity of transcription factor SP1 for the 
MDM2 promoter. However, the effect of this SNP can be counteracted by the SNP285 SNP, 
which has been observed in ovarian and breast cancer [211]. SNP285 was demonstrated to 
be significantly higher expressed in Caucasians compared to Asian populations and may 
explain the stronger correlation between SNP309 and tumorigenesis in Asian populations 
[206,210]. However, a study within a Caucasian sample group showed a causative relation 
between SNP309 and earlier onset of prostate cancer [208]. Thus, further investigation is 
required to fully understand the co-occurrence of SNP309 and SNP285 in relation to cancer.

In addition, MDM2 activity is determined by a combination of PTMs, including 
phosphorylation and acetylation which, depending on the specific residues, either 
repress or enhance its activity [220,221]. Moreover, MDM2 can be degraded through 
ubiquitination and can also engage in auto-ubiquitination; however, the outcome of the 
latter remains controversial, as it has both been demonstrated to activate and degrade 
MDM2 [123–125]. It would be of interest to investigate whether the lysine residues 
subjected to auto-ubiquitination are similar to those subjected to ubiquitination by 
other enzymes. 

A final mechanism that determines MDM2 activity is ribosomal proteins, which 
bind and inhibit MDM2 in response to cellular stress signals [225]. It would be expected 
that decreased levels of these ribosomal proteins could contribute to tumorigenesis due 
to enhanced MDM2-mediated P53 degradation. However, several cancers demonstrate 
an increased level of ribosomal proteins [228,229]. This is likely confounded by the fast 
proliferation rate of cancer cells, which also requires high levels of ribosomal proteins 
[228]. However, a predisposition to tumorigenesis has been seen within conditions with 
a malfunctioning ribosomal protein modification [373]. These ribosomal proteins could 
be obstructed of their interaction with MDM2, resulting in the activation of P53. 

MDM4 is another important negative regulator of P53, and its overexpression has 
been observed in multiple cancers [233,243–245]. Its overexpression as well as increased 
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expression of the transcription factors that regulate its expression is mostly caused by 
gene amplification. Similar to MDM2 and P53, MDM4 also has an isoform frequently 
occurring in tumors, Mdm4-S, where exon 6 is excluded from the protein [246]. It has 
been demonstrated to be highly expressed in B-cell leukemia, for which it may potentially 
serve as a biomarker [258]. Although Mdm4-S is prone to nonsense-mediated decay, its 
degradation is obstructed in B-lymphocytes, which leads to elevated levels of this isoform 
[258,374]. This has been suggested to be the result of increased c-myc expression, which is 
overexpressed through amplification in many tumors [374,375]. Conversely, other cancers 
have been shown to demonstrate higher levels of full-length Mdm4 compared to Mdm4-
S, resulting in stronger P53 degradation [246]. This in turn could be the result of increased 
expression of the Srsf3 enzyme, which is responsible for the inclusion of exon 6 and was 
also demonstrated to be overexpressed in multiple tumors [376,377]. 

A final means to regulate MDM4 is through MDM2-mediated ubiquitination, which 
in turn is stimulated by the binding of ARF [262]. ARF is frequently lost in cancer, leading 
to the stabilization of MDM4 and thus the repression of P53 [262]. Loss of ARF also 
results in the activation of MDM2; however, it appears to obstruct MDM2-mediated P53 
degradation, which decreases P53 levels [292,299]. Thus, ARF both appears to stimulate 
MDM2-mediated MDM4 ubiquitination (and thus P53 activation), yet it obstructs MDM2-
mediated P53 ubiquitination [262,299]. This suggests that ARF facilitates the binding 
of MDM2 to MDM4, which reduces the number of free MDM2 protein that can bind 
and inhibit P53. This may be explained by the ARF binding site on the MDM2 protein. 
ARF binds to the N-terminal of MDM2, which is also required for P53 binding; however, 
the RING-finger domains in the C-terminus of MDM2 remain unobstructed, enabling 
MDM2 to bind to MDM4 [187,240]. Moreover, in contrast to a loss of ARF, overexpression 
of ARF has also been detected in tumors, which in mice and prostate cancer cells was 
demonstrated to increase the invasiveness of cells [314,315]. Notably, the murine study 
that associated P19Arf overexpression with increased invasiveness was performed in a P53-
null background and therefore does not conclusively demonstrate the tumor suppressive 
roles of P19Arf. Moreover, P19Arf shares 50% sequence homology to human ARF, which 
further complicates their findings [293]. 

In addition to MDM2 and MDM4, another group of E3 ubiquitin ligase proteins 
known as tripartite motif proteins (TRIMs) were recently discovered to negatively regulate 
P53 [318,322]. TRIM23, TRIM32, and TRIM59 contribute to tumorigenesis when highly 
expressed, which is thought to be caused by inducing proliferation through multiple 
signaling pathways including the P53 pathway. For example, TRIM59 was overexpressed 
in gastric cancers and was suggested to inhibit the P53 pathway as the expression P53 
targets including P21 was decreased [321]. In colorectal cancer and cholangiocarcinoma, 
TRIM59 was shown to promote proliferation, but this was thought to be through the PI3K/
AKT or PI3K/AKT/mTOR signaling pathway, respectively [327,329]. It has been previously 
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described that the PI3K/AKT pathway is able to induce P21 expression in ovarian 
carcinoma cells [378], which suggests that TRIM59 also has P53-independent functions.

Long non-coding RNAs are also known to regulate gene expression, and several 
may be indirectly involved in regulating the P53 pathway. For example, ANRIL and ARF 
are transcribed from the same locus, and the former was shown to decrease expression 
of the latter [338]. ANRIL-mediated inhibition of ARF subsequently results in higher levels 
of MDM2, which may lead to decreased P53 levels. This hypothesis was supported by 
the findings in prostate cancer where increased ANRIL levels resulted in lower activity 
of the P53 pathway [337]. Notably, the involvement of ANRIL in cancer may be context-
dependent, as a specific SNP in melanoma was found to downregulate ANRIL expression, 
whereas a different ANRIL mutation was found to increase its expression in glioma [339]. 
Thus, the contributions of ANRIL to tumorigenesis are still debatable and require further 
attention. MEG3 is a second lncRNA that is often downregulated in cancer. In pituitary 
tumors and breast cancer, MEG3 downregulation was associated with a decrease in P53 
activity [334,379]. 

Additionally, several miRNAs have been found to be overexpressed in tumors, which 
may disrupt the P53 pathway through P53 downregulation as well as through MDM2 
overexpression [347,351]. For instance, P53 and the pro-apoptotic protein BAK contain a 
miRNA-125 binding site, which suggests that this miRNA has an anti-apoptotic function 
[347]. Additionally, in WT P53 expressing GCTs, it was demonstrated that MDM2 activity 
can be regulated by the miRNA 371-3 cluster by downstream inhibition of LATS2 (an 
MDM2 inhibitor) thereby indirectly inhibiting P53 [56]. 

The final P53 regulator discussed in this review is the CCCTF-binding factor CTCF 
which maintains an open chromatin structure at the TP53 locus, thus enabling expression 
[367]. 

Further evidence regarding its tumor suppressive function was demonstrated by 
the discovery that CDKi P16 is also under transcriptional control of CTCF [368]. ARF may 
also be regulated by CTCF, as it lies within the same locus as P16. Conversely, CTCF may 
also function as an oncogene, as CTCF knockdown resulted in an increased expression 
of P53 or the pro-apoptotic protein BAX in WT and mutant P53 breast cancer cell lines, 
respectively, which both increased apoptosis [370,371]. Moreover, CTCF is thought to 
repress TP53 expression by inhibiting RNA polymerase II at the promotor [371]. However, 
it had been previously shown that CTCF interacts with RNA polymerase II to increase 
gene expression [380], which shows that the regulatory function of CTCF necessitates 
further investigation. In addition to the aforementioned mechanisms, it has been 
demonstrated that the P53 pathway may also be disrupted through aberrations of the 
P53 target P21. CDKN1A was initially proposed as a tumor suppressor gene for its role in 
cell cycle arrest. Therefore, it is unsurprising that decreased expression or loss of CDKN1A 
in combination with the loss of a second tumor suppressor gene or activated oncogene 
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has been observed in multiple tumors [283,284]. However, as increased P21 levels have 
also been observed in multiple tumor types, there is growing evidence that P21 may 
also paradoxically function as an oncogene, which may be localization, cell type- and 
context-dependent, as well as related to the P53 status [264–266,275]. 

The main functions of these regulators have been elucidated; however, important 
questions remain to be answered to gain a complete understanding of their underlying 
mechanisms and their potential contribution to tumorigenesis. For instance, MDM2 
contains two frequently occurring SNPs: SNP309, which increases its expression, and 
SNP285, which compensates for the effects of the former SNP [210]. The frequency of these 
SNPs differs among Asian and Caucasian populations, and further investigation into their 
individual and combined effects could provide further insights into their contribution 
to tumorigenesis. Furthermore, the involvement of the MDM4 isoform MDM4-S also 
provokes unanswered questions. On one hand, high MDM4-S levels are thought to be a 
result of c-myc overexpression followed by blocked nonsense-mediated decay [258,375]. 
In contrast, other tumors demonstrate upregulation of Srsf3, resulting in more Mdm4 
compared to Mdm4-S [246,376]. Therefore, a deeper understanding of MDM4-S regulation 
is required to understand its contribution to tumorigenesis. Additionally, ARF-mediated 
MDM2 regulation is still largely unclear, as MDM4 is still ubiquitinated by ARF-bound 
MDM2, whereas MDM2-mediated P53 degradation is inhibited. In addition, lncRNAs have 
been shown to contribute to tumorigenesis; however, the exact pathways through which 
they elicit this effect remain debatable, as was demonstrated for MEG3 [381]. Finally, CTCF 
is thought to keep an open chromatin structure at the TP53 locus and stimulate RNA 
Polymerase II required for gene transcription [367,380]. However, knockdown of CTCF 
has also been shown to increase P53 expression [370,371]. As a final note, it is most likely 
that the combination of the regulatory proteins and molecules are required to determine 
the outcome of P53 pathway activity and that multiple, as depicted in Figure 7. Notably, 
as an abundance of mechanisms that deregulate the P53 pathway has been observed in 
both somatic cells and cancers, including P53 mutations, many studies are dedicated to 
identify novel targets that can restore this pathway and function as potential new cancer 
treatments. An overview of ongoing clinical trials regarding these types of approaches 
is summarized in Table 1.
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Table 1. Ongoing clinical trials regarding novel targeting agents that modulate the P53 pathway.

Targeting Agents Mechanism(s) NCT Number

Phase I

Vaccine therapy
(i.e., gene therapy)

Virus-based adaption of P53 expression 
in cancerous cells, mostly combined with 
chemotherapeutics

P53MVA: NCT02275039
Ad5CMVP53: NCT00004225

APR-246
A small molecule that binds mutant P53 
and aids in folding to restore its wild-type 
conformation

NCT02098343

AMG-232 (KRT-232)
A small molecule that inhibits MDM2 and 
thereby activates P53

NCT03217266

ALRN-6924

A peptide that binds MDM2 and MDM4 
to activate WT P53 in noncancerous 
cells, thus preventing side effects while 
enhancing chemotherapy effects in 
cancer cells.

NCT02264613

Phase I/II

APG-115
MDM2 inhibitor that activates WT P53 
with and without platinum-based 
chemotherapeutics

NCT03781986

In light of ES and somatic cells, it is evident that the P53 pathway is integral for 
ensuring genomic integrity; however, the subsequent downstream effects of this pathway 
are differentially regulated between these cell types. As mentioned before, somatic cells 
employ the P53 pathway to first induce cell cycle arrest and a DNA damage response (both 
error-free and -prone) to remain viable with the potential risk of accumulating harmful 
mutations, and they only initiate P53-mediated apoptosis when the damage cannot 
be repaired sufficiently [9,60,72]. In contrast, embryonic stem (ES) cells preferentially 
induce P53-mediated apoptosis as a failsafe mechanism to protect its multitude of cellular 
progeny and initiate a DNA damage response (mostly through error-free HR) only in 
a select few cases [9,10,23]. Similarly, GCTs contain many (epi)genetic and behavioral 
features that reflect their cells of origin, the ES cells and PGCs, and appear to initiate 
apoptosis in response to DNA damage, which is thought to explain their unique sensitivity 
to chemotherapeutics such as cisplatin [3,10,18]. To reiterate, teratomas are an exception 
to this rule, which is most likely due to their differentiated phenotype, rendering these 
tumors more comparable to somatic cells [3,15–17]. In GCTs, the preference to induce 
apoptosis has also been attributed to the P53 pathway, which as GCTs often have high 
WT TP53 and NOXA expression concomitant with low expression of CDKN1A and other 
CDK inhibitors [18,21,23–29,33–37]. The low expression of other CDK inhibitors have also 
been observed in GCTs, which together with low P21 expression suggests a deregulated 
G1-S phase checkpoint reminiscent of ESCs, which are characterized by a short G1 phase 
[8,10,19–21,27]. Moreover, high NOXA and low CDKN1A expression may also be caused 
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by the pluripotency marker OCT3/4, which is highly expressed in GCTs and their cells of 
origin and has been shown to augment the pro-apoptotic function of the P53 pathway 
through the indirect downregulation of CDKN1A and upregulation of NOXA [382,383]. 
Thus, these observations combined suggest that GCTs, similar to ES cells, may be biased 
toward P53-mediated apoptosis rather than attempting to repair the acquired damage.

In addition, despite the curative success of GCTs due to their sensitivity to 
chemotherapeutics such as cisplatin, GCTs may acquire resistance which, with the 
lack of targeted treatment, is inherently difficult to treat and exemplifies a significant 
shortcoming in current GCT treatment [384]. Thus, a significant proportion of GCT 
research aims to identify the underlying cause of GCT resistance, and it has been 
suggested that the deregulation of the P53 pathway may be a contributing factor 
[15,18,39,40,42]. Correspondingly, multiple mechanisms of P53 pathway deregulation 
have been observed in GCTs including rare TP53 mutations and elevated P21, MDM2, 
and/or MDM4 levels, which have also been associated with resistance to cisplatin 
[22,27,34,37,39,385]. Furthermore, albeit that TP53 mutations are rare in GCTs, an 
enlightening unbiased retrospective study of 180 GCTs was performed, and multiple 
P53 and MDM2 aberrations were observed in a subset of patients with aggressive and 
cisplatin-resistant GCTs [38]. This is further supported by the observation that disruption 
of the MDM2–p53 complex with a small molecule MDM2 inhibitor (Nutlin-3) resulted in 
the induction of P53 and increased cisplatin sensitivity in GCT cell lines that express WT 
TP53 [28,41,203]. Additionally, as mentioned before, the miRNA-371a to -373* cluster has 
been found to be highly expressed in GCTs with WT P53 and have been shown to function 
as oncogenes by indirectly inhibiting P53 through the degradation of LATS2, which 
prevents it from inhibiting MDM2 [56]. Both this miRNA cluster and the elevated MDM2 
and MDM4 levels suggest that while TP53 mutations are rare, alternative mechanisms 
may be at play to deregulate the P53 pathway which may ultimately contribute to GCT 
cisplatin resistance. Furthermore, elevated P21 expression has also been associated with 
GCT cisplatin resistance; however, P21 appeared to be localized to the cytoplasm and was 
most likely regulated in a P53-independent manner [39]. It was further demonstrated that 
the cytoplasmic localization enabled P21 to inhibit apoptosis through protein–protein 
interactions with pro-apoptotic proteins, which again highlights that P21 may function 
as both an oncogene (or in this case contributes to the resistance phenotype) and a 
tumor suppressor which is most likely determined by many factors including subcellular 
localization [39,264,274,275]. Thus, whereas the P53 pathway may be deregulated, P21 
expression may still be induced through P53-independent mechanisms with potentially 
oncogenic effects. Lastly, although not currently investigated in GCTs, elevated P21 
expression levels also appear to dictate the DNA damage repair landscape, resulting in 
the use of error-prone DNA repair pathways that consequently contribute to genomic 
instability, and it would be of further interest to investigate this in GCTs [265,266]. It 
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remains to be determined whether this also applies to GCTs, which, as mentioned before, 
are normally known to induce apoptosis rather than initiate DNA repair.

Nevertheless, the observations regarding the P53 pathway in GCTs thus far suggest 
that the transition from sensitive to (cisplatin)-resistant GCTs may be accompanied by the 
deregulation of the P53 pathway, enabling these cells to circumvent the characteristic 
preference for apoptosis and survive. This may additionally be exacerbated by the 
acquired ability to engage in cell cycle arrest and DNA repair. 

In summary, the activity of the P53 pathway is dictated by a myriad of regulating 
factors that form an elaborate and complex network. This review describes several of 
these factors and how they correlate to tumorigenesis through the disruption of the P53 
pathway. Many aspects of these factors remain elusive and require further investigation 
to fully understand their contributions to tumorigenesis in general. Additionally, the 
involvement of the P53 pathway specifically in GCTs remains incompletely understood, 
and several of the mechanisms that regulate this pathway that have been described 
in this review may also be implicated in this specific context, which warrants further 
investigation. Moreover, due to the similarities between GCTs and ES cells, it may be 
of particular interest to further investigate the regulation of the P53 pathway in these 
cells and to further elucidate how this differs from somatic cells, which in turn may 
aid in understanding the involvement of this pathway in both the pathogenesis and 
acquired chemotherapeutic resistance in GCTs. Finally, further investigation into the 
complexity of the regulation of the P53 pathway in both ES and somatic cells may aid in 
the identification of new targets, the design of new studies, and ultimately new treatment 
options for multiple cancer types, including GCTs.
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ABSTRACT

Germ cell tumors (GCTs) are considered to be highly curable; however, there are major 
differences in the outcomes related to histology and anatomical localization. GCTs 
originating from the testis are, overall, sensitive to platinum-based chemotherapy, 
whereas GCTs originating from the mediastinum show a worse response, which remains 
largely unexplained. Here, we address the differences among GCTs from two different 
anatomical locations (testicular versus mediastinal/extragonadal), with a specific focus on 
the role of the P53 pathway. It was recently shown that GCTs with TP53 mutations most 
often localize to the mediastinum. To elucidate the underlying mechanism, TP53 knock-
out lines were generated in cisplatin-sensitive and -resistant clones of the representative 
2102Ep cell line (wild-type TP53 testicular GCT) and NCCIT cell line (hemizygously mutated 
TP53, mutant TP53 mediastinal GCT). The full knock-out of TP53 in 2102Ep and resistant 
NCCIT resulted in an increase in cisplatin resistance, suggesting a contributing role for 
P53, even in NCCIT, in which P53 had been reported to be non-functional. In conclusion, 
these results suggest that TP53 mutations contribute to the cisplatin-resistant phenotype 
of mediastinal GCTs and, therefore, are a potential candidate for targeted treatment. This 
knowledge provides a novel model system to elucidate the underlying mechanism of 
clinical behavior and possible alternative treatment of the TP53 mutant and mediastinal 
GCTs.

Keywords: human malignant germ cell tumors; mediastinal germ cell tumors;  
testicular germ cell tumors; cisplatin resistance; TP53; NCCIT; 2102Ep; stratification
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INTRODUCTION

Germ cell tumors (GCTs) are the most common solid malignancies in young men [1,2]. 
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% [3–5]. 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 [6–8]; 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 [9,10]. 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 [11–15]. 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 [8,16–19]. 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 [16,17]. On the other hand, no correlation has been 
identified between the levels of MDM2 and the treatment response [10]. 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 [16,17,20,21]. Histologically and clinically, GCTs can 
be divided into two main subtypes, referring partly to their pluripotent potential, namely, 
seminomas and non-seminomas [6,7]. 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 
[6,7,9,14,22]. Apart from tumor histology and origin, the P53 pathway and deregulation 
thereof has been studied in light of GCT treatment resistance [8–10,13,14,16,17,19,23]. 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 
[10,23]. In this study, 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. To this end, we wanted to elucidate 
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whether the removal of TP53 in a testicular GCT cell line can convey cisplatin resistance, 
and, thus, (partly) explain mediastinal GCT aggressiveness and treatment resistance. 
Firstly, we used the online cBioPortal tool to analyze an extensive GCT patient data set 
containing detailed clinical information, including treatment, tumor resistance, tumor 
stage, anatomical location, histology, and genetic mutations [9]. Furthermore, two well-
established GCT cell lines, originating from different anatomical locations and harboring 
a different TP53 background (TP53 mutant/loss in NCCIT from the mediastinum and 
TP53 wild-type in 2102Ep from the testis), were modified using a CRISPR/Cas9-mediated 
TP53 knock-out model system. We subsequently investigated the difference in cisplatin 
resistance in these testicular and mediastinal GCT cell lines. Using both GCT patient data 
characteristics and functional mechanistic cell line investigations, we show a role of P53 
in GCT cisplatin resistance related to the anatomical location of the tumor.

RESULTS

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 [9]. 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 [8], 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 × 
10−6) 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 [9]. 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).



95

3

The Role of TP53 in Cisplatin Resistance in Mediastinal and Testicular Germ Cell Tumors 

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 cispla-
tin, 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. [9,24,25].

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 [26]. 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.
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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 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 [13,16,23,27].

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 [8,14,28–30]. 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 [9,31]. 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 [9,14,22]. 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 
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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 [7,20,32–38]. 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 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 se-
quence) 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 pa-
rental (E) and resistant (F) 2102Ep 
cell lines and their corresponding 
knock-out when treated with cis-
platin 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 signifi-
cant differences in IC50 values 
after knock-out (parental p = 
0.0049, resistant p ≤ 0.0001, un-
paired 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



102

Chapter 3

DISCUSSION

Here, we present a study on the effect of the loss of TP53 in two well-studied GCT cell 
lines, representative of a mediastinal and testicular origin, as a starting point to further 
investigate the role of TP53 in cisplatin resistance in GCTs, in relation to their anatomical 
localization. Based on the initial analysis of refractory GCT patients, we observed an 
overrepresentation of TP53 mutations and MDM2 amplification in proven cisplatin-
resistant tumors [9]. Of note, only one patient harbored a MDM4 alteration (missense 
mutation of unknown significance) [9]. This low frequency of MDM4 alterations is not 
fully unexpected, as MDM4 is not able to directly ubiquitinate P53 and target it for 
proteasomal degradation; this is in stark contrast to MDM2, which is able to directly 
downregulate P53 through proteasomal degradation [8,21,39]. Subsequent analysis 
showed that tumors harboring MDM2 amplifications were mostly testicular in origin, 
whereas TP53-mutated tumors were primarily mediastinal [9]. As reported previously 
and as part of the International Germ Cell Cancer Collaborative Group (IGCCCG) risk 
stratification, patients harboring a primary mediastinal GCT have the worst prognosis 
[40]. One could speculate that the bias for TP53 mutations in mediastinal GCTs could be 
due to a less favorable niche and more strict selection for these tumors [41]. As mentioned 
before, the embryonal origin of these tumors is still in favor of genome protection and an 
intact TP53 signaling pathway [8]. It could well be that mediastinal GCTs are on the cross-
roads between unfavorable niche selection and, thus, a bias towards TP53 mutations, 
and, thereby, a more treatment-resistant phenotype. In this study, we tried to elucidate 
if there was a causal link between the poor prognosis for mediastinal GCTs and their 
bias towards TP53 mutations. In line with cBioPortal analysis, both the Western blot and 
RNA-seq data indicated higher MDM2 protein levels and a higher MDM2 expression in the 
testicular 2102Ep GCT cell line compared to the mediastinal NCCIT GCT cell line, despite 
the lack of MDM2 amplifications in 2102Ep. This suggests a mechanism for treatment 
resistance within wild-type TP53 GCTs via MDM2 [16]. This is even more interesting in 
light of the many MDM2 interacting proteins and implications for MDM2 antagonists as 
anti-cancer therapies, working synergistically with both chemotherapeutics and targeted 
therapies [16,21,42]. We demonstrate that there are no differences in the RNA expression 
of MDM4 between the mediastinal and testicular cell lines. Finally, as P53 is known to 
regulate MDM2 and MDM4, and could, therefore, interfere with DNA-damage sensing, 
we studied the upstream activity of the DNA-damage signaling pathway in the TP53-
mutated NCCIT cell line [8,27]. Cells were treated with a sublethal dose of cisplatin (1 µM), 
and we observed a strong reduction in both MDM2 and MDM4 levels in both the parental 
and resistant cell lines. This indicates a functioning DNA-damage sensing response in 
the NCCIT cell line [27,43–45]. Of note, we identified a stronger reduction in MDM2 and 
MDM4 after cisplatin treatment in the parental cell line, most likely related to the already 
higher cisplatin resistance in the NCCIT-resistant cell line that functions upstream of the 



103

3

The Role of TP53 in Cisplatin Resistance in Mediastinal and Testicular Germ Cell Tumors 

DNA-damage sensing response [27,43–45]. When comparing the TP53 mutation present in 
the NCCIT cell line to the mutational profile of TP53 mutations in refractory GCT patients, 
we noticed that the NCCIT mutant was located more distally within the protein and 
was unlikely to fully disrupt the function of the DNA-binding domain [9]. To test the 
function of TP53 in GCT cisplatin resistance and to interrogate the functionality of the 
mutant TP53 in the NCCIT cell line, we generated CRISPR/Cas9-mediated TP53 knock-out 
cell lines. As the loss of TP53 can contribute to chromosomal instability and, therefore, 
cisplatin resistance, we used GSA analysis to verify the genomic changes between the 
original and knock-out clones. No major copy number changes were identified related to 
the TP53 knock-out procedure and subsequent selection. However, small copy number 
alterations could be observed, possibly related to clonal selection and expansion. 
Interestingly, although rarely observed in testicular GCT patients, full knock-out of TP53 
in the testicular EC cell line 2102Ep resulted in a significant increase in cisplatin resistance 
in both a parental and resistant background. This coincided with both the reduced 
expression levels of TP53 and CDKN1A (P21), as well as the reduced protein levels of P53 
and P21, suggesting a strong dependency on intact TP53 for CDKN1A expression in this 
cell line. Strikingly, when we knocked out TP53 in the TP53 mutant mediastinal EC cell 
line NCCIT, we also observed an increase in cisplatin resistance in the resistant cell line 
only. The knock-out of TP53 resulted in a full loss of P53 at the protein level and a minor 
reduction at the mRNA level. Interestingly, the parental TP53 knock-out cell line showed 
reduced expression of microRNA371a-3p, while the resistant TP53 knock-out line showed 
an increase. It remains to be elucidated whether this NCCIT observation is a passenger 
effect or is possibly related to previous findings regarding the negative regulatory effect 
of this microRNA cluster on TP53 expression [32]. The absence of a lack of expression in 
the case of TP53 knock-out is relevant in the context of the informativity of this molecular 
biomarker for GCTs, as recently reviewed by Leão and colleagues, as well as in the case 
of refractory disease [38]. In contrast, no effect on differentiation status was identified, 
demonstrating that the knock-out of TP53 does not induce differentiation, excluding the 
possibility of increased resistance due to a differentiated phenotype [46]. It is important 
to note that despite the TP53 status of these cell lines, being wild-type, hemizygous 
mutant, or full knock-out, it did not interfere with the detection of the microRNA cluster 
371a-3. In other words, the miR371a-3 cluster appears to retain its suitability as a GCT 
biomarker irrespective of the tumor’s TP53 status and, thus, also partially the level of 
cisplatin resistance [20,32–38,47–49]. The knock-out of TP53 in the NCCIT-resistant (but 
not 2102Ep) cell line resulted in increased protein levels of P21, an effect not readily 
observed at the mRNA level, suggesting a negative effect on the P21 levels of the mutant 
TP53 present in the resistant NCCIT subclone. This is interesting in light of previous studies 
indicating increased tumor resistance, malignancy, and aggressiveness caused by the 
P53-independent upregulation of P21 in TP53 mutant tumors [50–54].
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MATERIALS AND METHODS

Cell Culture

The parental (T)GCT cell lines used were previously reported and further characterized 
by us [26]. NCCIT (RRID:CVCL_1451) was cultured in Roswell Park Memorial Institute 
(RPMI) 1640 medium with GlutamaxTM-I (Gibco; Thermo Fischer Scientific, Bleiswijk, 
the Netherlands) and 2102Ep (RRID:CVCL_C522) was cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) with 4.5 g/L D-glucose with L-glutamine (Gibco; Thermo Fischer 
Scientific, Bleiswijk, the Netherlands) [55,56]. Media were supplemented with 10% fetal 
bovine serum and 1% penicillin–streptomycin (Gibco; Thermo Fischer Scientific, Bleiswijk, 
the Netherlands). The cell lines were cultured at 37 °C and 5% CO2. The resistant isogenic 
clones were generated by the group of Christoph Oing and Friedemann Honecker, 
University of Hamburg, Germany. These resistant cell lines were obtained by exposing 
the parental cell lines to cisplatin over a period of 6–9 months to increase the sublethal 
concentrations of these cells to cisplatin. Cisplatin dose was kept the same for two 
subsequent treatments and stepwise increased by 30–50%. Each cisplatin treatment 
was applied for 24 h in 80% confluent cells, followed by a medium change. Cells were 
allowed to rest with regular medium change over a period of 5–7 days until re-growth 
was detectable, and cells were re-plated afterwards. After one passage to regenerate, 
the next treatment was applied as mentioned above. Cells were passaged for a maximum 
of 7 cycles, followed by intermittent cryopreservation to prevent differentiation. For 
experimental use, obtained resistant subclones were cultured similarly to their sensitive 
parental lines without continuous cisplatin supplementation. The resistant subclones 
were maintained similarly to the parental cells (i.e., without cisplatin).

cBioPortal

Patient data were analyzed by using cBioPortal [24,25] by visiting cBioportal for Cancer 
Genomics. Available online: https://www.cbioportal.org/ (accessed on 28 September 
2021) and selecting the germ cell tumors (MSKCC, J. Clin. Oncol. 2016) data set under 
testis tumors [9]. We queried for TP53 and MDM2 in the gene query section. Subsequent 
analysis was performed using the tools provided by cBioPortal.

RNA-seq

STAR (v2.5.3a) was used as aligner for RNA-seq data, using 2-pass mapping for each 
sample separately. Mapping quality plots were generated and checked based on 
sambamba flagstat (v0.6.7) statistics. Count files, with the number of RNA-seq reads for 
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each gene were created with subread FeatureCounts (v1.5.2) and normalized for library 
size to counts per million (CPM).

Western Blot

Cell lysates were made using RIPA buffer, followed by measuring protein concentrations 
according to Pierce BCA Protein Assay Kit (Gibco; Thermo Fischer Scientific, Bleiswijk, the 
Netherlands). A total of 25 µg protein was loaded onto a 4–15% Mini-Protean TGX Stain-
Free Protein Gel (Bio-Rad Laboratories, Lunteren, The Netherlands). After separation, the 
proteins were transferred to a 0.2 µm PVDF membrane with the Turbo Trans-Blot system 
(Bio-Rad Laboratories, Lunteren, The Netherlands). The following primary antibodies 
were added to the membranes: mouse anti-MDM2 (IF2) (1:1000; Gibco; Thermo Fischer 
Scientific, Bleiswijk, the Netherlands; #33-7100), mouse anti-MDMX (1:1000; Merck 
KGaA, Darmstadt, Germany; #04-1555), anti-β-actin antibody (1:10,000; Thermo Fischer 
Scientific, Bleiswijk, the Netherlands; #MA5-15739), mouse anti-human p53 (1:1000; Dako 
Denmark A/S, Hilden, Germany; #M7001), rabbit anti-human p21 Waf1/Cip1 (1:1000; Cell 
Signaling Technology, Leiden, The Netherlands; #2947) and mouse anti-vinculin (1:4000; 
Merck KGaA, Darmstadt, Germany; #V9131), as a loading control. After incubating the 
membranes overnight at 4 °C, either goat anti-mouse IgG(H+L) cross-absorbed, HRP 
(1:2000; Invitrogen; Thermo Fischer Scientific, Bleiswijk, the Netherlands; #G-21040) or 
goat anti-rabbit IgG (H+L) cross-absorbed, HRP (1:2000; Invitrogen; #G-21234) were added 
as secondary antibodies and the membranes were incubated for 2 h at RT. To detect the 
proteins, Clarity Western ECL substrate (Bio-Rad Laboratories, Lunteren, The Netherlands) 
was added to the membranes.

CRISPR-Mediated Knock-Out Cell Lines

Both parental and resistant cells of NCCIT and 2102Ep were exposed to a ribonucleoprotein 
complex made of resuspension buffer R, 61 µM Cas9 protein and 100 µM gRNA duplex 
consisting of cRNA and tracrRNA, which was designed to target the gene of interest, 
TP53 (Hs.Cas9.TP53.1.AA: CCATTGTTCAATATCGTTCCGGGG; Integrated DNA Technologies, 
Leuven, Belgium), using the Neon Transfection System (Thermo Fischer Scientific, Bleiswijk, 
the Netherlands). To confirm a successful TP53 knock-out and to determine introduced 
mutations, of all the different cell lines, DNA was isolated using QuickExtract according 
to manufacturer’s protocol, followed by PCR with the following primers: forward: 
CAGTCAGATCCTAGCGTCGA and reverse: CACTGACAGGAAGCCAAAGG. Sequencing was 
performed by Macrogen Europe and knock-out efficiency was determined with the online 
ICE analysis tool by Synthego ICE analysis. Available online: https://ice.synthego.com/#/ 
(accessed on 15 September 2021).
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Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
RNA Isolation

High-quality total RNA was extracted from the above-mentioned cell lines using TRIzol 
reagent (Life Technologies; Thermo Fischer Scientific, Bleiswijk, the Netherlandscat.
nr. 15596018) according to the manufacturer’s instructions. Quantity and quality were 
assessed on Nanodrop One (Isogen Lifescience B.V., de Meern, the Netherlands/ Thermo 
Fischer Scientific, Bleiswijk, the Netherlands) and with Qubit 4 fluorometer (Invitrogen; 
Thermo Fischer Scientific, Bleiswijk, the Netherlands).

miRNA Profiling
Targeted miRNA profiling was performed on diluted RNA (5 ng) using TaqMan MicroRNA 
Reverse Transcription Kit (Thermo Fischer Scientific, Bleiswijk, the Netherlandscat.nr 
4366597) and TaqMan Assays RNU48 (001006), hsa-miR371-3p (002124), and hsa-miR885-
5p (002296) as described before [49]. RNU48 was used as for normalization and relative 
miRNA levels were computed as 2-ΔΔCt.

mRNA Gene Expression
Diluted RNA (50 ng) was reverse transcribed using SuperScript IV reverse transcriptase 
(Thermo Fischer Scientific, Bleiswijk, the Netherlandscat.nr. 18090050). RT-QPCR was 
run using the following TaqMan gene expression assays: HPRT (hs02800695_m1), TP53 
(hs01034249_m1), TP73 (hs01056231_m1), CDKN1A/P21 (hs99999142_m1), BBC3/PUMA 
(hs00248075_m1), PMAIP1/NOXA (hs00560402_m1), SOX2 (hs01053049_s1), POU5F1 
(hs00999632_g1), POU5F1 (hs04195369_s1), POU5F1 (hs03005111_g1). The 2× TaqMan 
Advanced PCR Master Mix (Thermo Fischer Scientific, Bleiswijk, the Netherlandscat.
nr. 4444556) was used and reactions were run in 96-well plates on QuantStudio 12K 
Flex System (Thermo Fischer Scientific, Bleiswijk, the Netherlands). HPRT was used as a 
housekeeping gene for normalization purposes and relative gene expression levels were 
computed as 2-ΔΔCt. Fold change between parental and knock-out clones was plotted.

Viability Assays

The sensitivity of the cells (both NCCIT and 2102Ep) to cisplatin was determined using 
a viability assay. To test the sensitivity of the cells to cisplatin, 10.000 NCCIT and 2102Ep 
parental cells and 4.000 2102Ep-resistant cells (based on performed seeding density 
assays; data not shown) were seeded in 100 µL RPMI or DMEM (respectively) medium per 
well in a 96-well plate. The plate was incubated at 37 °C and 5% CO2 overnight. Then, the 
following concentrations of cisplatin were made from 1 mg/mL cisplatin stock (Accord 
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Healthcare B.V., Utrecht, the Netherlands) diluted in fresh medium enriched with 0.9% 
NaCl: 32 µM, 16 µM, 10 µM, 8 µM, 6 µM, 4 µM, 2 µM, 1 µM and 0.33 µM, or, 32 µM, 25 
µM, 20 µM, 17.5 µM, 15 µM, 12.5 µM, 10 µM, 5 µM and 2.5 µM, dependent on expected 
IC50. The medium in the wells was replaced with 100 µL of the corresponding cisplatin 
medium. The plate was incubated at 37 °C and 5% CO2 for 72 h.

After incubation of either 2102Ep cells or NCCIT cells with cisplatin concentrations, 
CellTiter-Glo® 2.0 Luminescent Cell Viability Assay kit (Promega, Leiden, the Netherlands) 
was used to lyse the cells to be able to measure the viability. Afterwards, 100 µL of 
the lysate was transferred to a Pierce white opaque 96-well plate (Thermo Fisher). The 
luminescence was measured on an ID3 Spectramax (Molecular Devices, San Jose, the 
United States) or a FLUOstar Omega (BMG Labtech, Ortenberg, Germany).

The viability assays were performed with three technical replicates and at least on 
three separate occasions (biological replicates). Data were visualized and interpreted 
using GraphPad Prism 9. To extract IC50 values, concentrations were transformed to 
logarithms, non-linear S-curves were fit through the data set using a GraphPad algorithm 
to extract absolute IC50s and the S-curves were interpolated with y = 0.5 to derive the 
absolute IC50s. Statistic differences were calculated using either an unpaired Student’s 
t-test or one-way ANOVA with a Tukey’s multiple comparisons post hoc test.

Genotyping with GSA Arrays

Genomic changes between original and knock-out subclones were identified after mono-
clonal expansion and a minimum of ~3 months of separate cell culture using Infinium 
Global Screening Array-24 v3.0 BeadChipGSA (GSA) profiling. Array data were obtained 
from the HUGE-F as a Genome Studio vs. 2.0.4 (Illumina, Eindhoven, the Netherlands) 
project using the hg38 reference genome.

Data Visualization

Data were visualized using cBioPortal (v3.7.12), Adobe Illustrator (2020), SnapGene® 5.3.2 
and GraphPad Prism 9.

CONCLUSIONS

In conclusion, this study, combining GCT patient data characteristics and functional 
mechanistic cell line investigations, illustrates the role of TP53 status in cisplatin resistance 
in GCTs, related to the anatomical location associated with molecular constitution. The 
results obtained show that the investigated cell lines, independent of intrinsic resistance, 
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demonstrate a beneficial effect of the loss of TP53 regarding cisplatin resistance, as 
schematically represented in Figure 5. Furthermore, it is interesting to note that the 
hemizygous mutant TP53, originally present in the commonly used NCCIT, is functional in 
the context of cisplatin sensitivity, as the knock-out of this mutant resulted in increased 
cisplatin resistance. The isogenic generated cell lines provide a novel informative model 
system to study the involvement of TP53 in the original cellular background (of NCCIT ad 
2102Ep), and provide insight into the clinical behavior of GCTs. Moreover, we provide, 
to our knowledge, for the first time, insights into the functionality of the hemizygous 
TP53 mutant present in NCCIT, and, additionally, we developed a cell line harboring a 
bona fide TP53 null status. More GCT cell lines originating from both tumor sites (i.e., 
mediastinum and testis), or even tumor-derived organoids from these sites, could provide 
more insights into the role of TP53 in the clinical behavior and chemotherapy response 
of these tumors. These data can aid in patient stratification for optimal clinical decision 
making, especially for mediastinal tumors in which TP53 mutations are more common. 
Patients could benefit from screening for intrinsic TP53 mutations in the primary tumor 
or acquired TP53 mutations in the refractory malignancies. This study illustrates the 
contribution of TP53 not only to known cisplatin sensitivity, but also as a potential target 
for acquired cisplatin resistance.

Figure 5. Schematic overview illustrating the model of this study. Mediastinal GCTs (NCCIT cell line) have 
a bias towards TP53 mutations where testicular GCTs (2102Ep cell line) usually harbor wild-type TP53. In 
both cases knock-out of TP53 results in increased cisplatin resistance.
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PURPOSE

Cisplatin is the main systemic treatment modality for male type II Germ Cell Tumors 
(GCTs). Although generally very effective, 5-10% of patients suffer from cisplatin-resistant 
disease. Identification of the driving mechanisms of resistance will enable improved risk 
stratification and development of alternative treatments. 

METHODS

We developed and characterized cisplatin resistant GCT cell line models and compared 
their molecular characteristics to patient samples with cisplatin resistance and/or a 
poor clinical outcome. Subsequently, the association between the overlapping genetic 
features and clinical data were assessed. Finally, we used Cox regression to determine 
the prognostic relevance of these features within the currently used risk classification. 

RESULTS

Gain of chromosome 3p25.3 was detected in all cisplatin resistant cell lines and copy 
number of this region correlated with the level of resistance (R=0.96, p=1.5e-04). Gain of 
this region was detected at low frequencies in primary tumors and at higher frequencies in 
relapsed and/or cisplatin-resistant tumors. Chromosome 3p25.3 gain was associated with 
shorter progression-free and overall survival, with the strongest association observed in 
non-seminomas excluding pure teratomas. 3p25.3 gain was more frequently observed 
in tumors with yolk sac tumor histology and predicted adverse outcome independent 
of the IGCCCG risk classification and the presence of TP53/MDM2 alterations.

CONCLUSION

Based on both in vitro analyses and clinical data, we found 3p25.3 to be strongly 
associated with cisplatin resistance and poor clinical outcome in male type II GCTs. Using 
genomic profiling, 3p25.3 status could help to improve risk stratification in male type 
II GCT patients. Further characterization of this locus and underlying mechanisms of 
resistance is warranted to guide development of novel treatment approaches for cisplatin 
resistant disease. 
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CONTEXT SUMMARY

Key Objective 

Cisplatin is highly effective in treatment of type II male germ cell tumors (GCTs); 
however, resistance occurs in 5-10% of patients. Understanding of this clinically relevant 
observation has been hampered by scarcity of suitable material and tools for evaluation. 
We aim to identify biomarkers of cisplatin resistance through a unique integrated analysis 
of experimental data and publicly available GCT patient datasets.

Knowledge Generated

Copy number gain of chromosome 3 cytoband p25.3 was identified in laboratory cell 
line models as a possible driver of cisplatin resistance. In multiple GCT cohorts it was 
associated with cisplatin resistance, yolk sac tumor histology and significantly poorer 
PFS and OS. Finally, 3p25.3 gain was demonstrated to be a predictor of poor outcome, 
independent of the IGCCCG model currently used for GCT risk classification. 

Relevance

Incorporating chromosome 3p25.3 copy number status in GCT risk classification can help 
to identify patients who will respond poorly to cisplatin-based therapy.
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INTRODUCTION

Germ cell tumors (GCTs) comprise a heterogeneous group of neoplasms derived from 
the germ cell lineage, with multiple subtypes mirroring different cells of origin. The most 
common subtype are the malignant GCTs of the adult testis (Type II), which are the most 
frequent solid malignancy in men until the age of 34 years1. Despite an increasing incidence 
across the globe, mortality rates have decreased remarkably since the introduction of 
cisplatin-based combination chemotherapies2, leading to current five-year survival rates 
exceeding 90%3. Despite its association with significant long-term side effects, cisplatin 
yet remains the most effective cytotoxic drug in GCTs and therefor is considered the 
cornerstone of standard chemotherapy regimens used in the clinic.4,5. However, resistance 
to cisplatin emerges in a small but clinically meaningful number of patients and, apart 
from high-dose chemotherapy, no alternative treatment options are available6.

Cisplatin resistance is known to be associated with histological composition in 
male type II GCTs. Tumors can consist of seminoma and non-seminoma histologies, with 
non-seminomas being further subdivided into embryonal carcinoma, yolk sac tumor 
(YST), choriocarcinoma and teratoma7,8. Seminomas are less likely to develop cisplatin 
resistance than non-seminomas9, while teratomas are inherently cisplatin resistant 
due to their benign nature10. Another determinant of cisplatin resistance is anatomical 
localization of the tumor, with mediastinal tumors showing resistance more frequently. 
Interestingly, these tumors show frequent TP53 mutations, implicating this pathway in 
cisplatin resistance in GCTs11. 

It is currently impossible to reliably predict which tumors will respond poorly to 
cisplatin. The International Germ Cell Cancer Collaborative Group (IGCCCG) classification 
is a risk staging system that takes into account levels of marker proteins, histology and 
location, and classifies patients in good, intermediate and poor prognosis12.Although this 
classification is the reference for assessing expected outcome, there is still considerable 
heterogeneity in response to treatment, even within the patients belonging to the poor 
prognosis subgroup. Consequently, a deeper understanding of cisplatin resistance 
mechanisms of male type II GCTs may impact upfront patient stratification and would also 
help development of alternative targeted therapies in this challenging clinical setting. 
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METHODS

Patient inclusion 

Use of patient samples was approved for research by the Medical Ethical Committee of 
the Erasmus Medical Center (the Netherlands), permit no. 02.981. Samples 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 (FMWV, version, 2002; 
update 2011). 

Methylation and copy number alteration (CNA) profiling 

Analyses were performed as previously described13,14. In brief, copy number analyses were 
done using the conumee package (Hovestadt V, Zapatka M. conumee: Enhanced copy-
number variation analysis using Illumina DNA methylation arrays. R package version 1.9.0, 
http://bioconductor.org/packages/conumee). Data were generated for bins with at least 
25 probes. Other settings were default. The reference set was composed of 64 normal 
male samples from an in-house set (n=14) and from the German Cancer Research Center 
(n=50, DKFZ, Heidelberg, obtained from Dr. Martin Sill). 

Public datasets

Processed data from the TGCA, MSKCC-2016 and MSKCC-2017 cohorts11,15,16 were 
downloaded from cBioportal (February 2021). Copy number data from the MSKCC-2008 
cohort17 was downloaded from NCBI GEO (GSE8614) and subjected to segmentation using 
the DNAcopy R-package (version 1.64.0) using standard settings. MSKCC-2008 contains 
more than one tumor per patients for some patients. If either of these contains a 3p25.3 
gain the respective patient was classified as positive. 

Data analysis

Tumors were scored as positive for 3p25.3 gain if any segment that falls within this region 
(chr3:870000-11800000, HG19) had a higher log2ratio CN than 0.1 (0.2 for TCGA). Using 
these cut-offs, ~90% of tumors showed gain of chromosome 12p in every dataset, in line 
with previously reported frequencies of isochromosome 12 presence in type II GCTs18,19. 
Relationship between categorical variables was determined using Fisher’s exact test or 
Chi-square test, while the relationship between numerical variables was determined 
using Pearson correlation coefficient. Cox regression was used to determine multivariable 
relationships with PFS and OS. Analysis and visualization were performed in R (v4.0.2) and 
the R2 bioinformatics analysis platform (R2.amc.nl) was used for visualization. 
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Data availability

Sequencing data ENA PRJEB121669 (WGS, accession numbers ERX4136458-61; RNAseq, 
accession numbers ERX4136722-30). Methylation data, Array Express, accession number 
E-MTAB-9114 and GSA data, Array Express, accession number E-MTAB-9266. The primary 
datasets are available via the various repositories. 

Conflict of interest statement

A patent application has been filed covering the finding of using the presence of 3p 
amplification as a molecular marker to predict cisplatin resistance in germ cell tumors, 
and the possibility of alternative treatment options.

RESULTS

This study includes a unique set of matched sensitive (i.e. parental) and cisplatin-resistant 
male type II GCT non-seminoma cell lines generated in two laboratories independently 
(Supplementary Table I). Cisplatin concentrations at which cell growth was inhibited by 
50% (IC50s) were significantly higher in the resistant subclones of NCCIT, 2102Ep, and NT2 
than in their parental counterparts (Figure 1A). No chemo-naïve subclone was available 
for Tera-1, however its IC50 is higher than all sensitive subclones and in the same order 
of magnitude as found in the resistant cell lines. 

To determine the mechanism behind the observed resistance, parental and 
resistant cell lines were subjected to complete molecular characterization. Cisplatin 
resistance has been shown to be associated with differentiation in GCTs20, however, no 
changes were identified in microRNAs 371-3p, 373-3p and 885-5p, which are associated 
with the differentiation status in GCTs21 (Figure 1B). Concordantly, no major consistent 
changes in RNA expression and methylation status were identified in the resistant lines 
(Supplementary Figure 1A and B), which would be expected if resistant lines underwent 
differentiation. Overall, this demonstrated that the observed acquired resistance was not 
driven by differentiation, which has been identified as a major mechanism of intrinsic 
treatment resistance in teratomas. Moreover, no clearly enriched processes were 
identified in the differentially expressed/methylated genes (data not shown). 

Analysis of DNA copy number variation by Whole Genome Sequencing identified a 
recurrent copy number gain involving chromosome 3p, cytoband 25.3 in all the resistant 
lines compared to their parental counterparts (Figure 1C), suggesting that this aberration 
could be associated with cisplatin resistance in male type II GCTs. Copy number of 
this region showed a strong correlation with the IC50 in the corresponding cell lines, 
suggesting that there is a dose dependent effect (Supplementary Figure 2). The two 
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resistant clones for NCCIT and NT2 that were independently generated showed different 
breakpoints for the 3p25.3 region, precluding the selection of an existing subclone, 
therefore indicating a de novo event likely promoted through repeated cisplatin exposure 
(Supplementary Figure 3). 

FIG 1. Characterization of cisplatin-resistant cell lines indicates 3p25.3 gain as a potential driver of cisplatin 
resistance in GCTs. (A) IC50s of cisplatin sensitive lines and resistant counterparts. Bars represent the means and 
standard deviations of triplicate experiments. *P ≤ .05, **P ≤ .01. (B) Expression of selected microRNAs in cell lines 
as determined by using RT-qPCR. Bars represent expression relative to the RNU48 snoRNA. (C) Copy number plots 
of selected cell lines on chromosome 3. Copy numbers were determined using WGS. Blue indicates loss and red 
indicates gain of the respective region, with color intensity reflecting the extent which is indicated in the scale bar 
below. The 3p25.3 region is indicated with dashed lines. DE, Germany; GCT, germ cell tumor; IC50, half maximal 
inhibitory concentration; P, parental; R, resistant; RT-qPCR, quantitative reverse transcription PCR; SK, Slovakia; 
WGS, whole-genome sequencing.



122

Chapter 4

To assess whether copy number gain of chromosome 3p25.3 also occurred in GCT 
tissue samples, unselected primary type II male GCTs were screened for the presence 
of this aberration. Copy number gain on chromosome 3p25.3 (defined as a log2 copy 
number ratio >0.1) was identified in 15/221 tumors (6.8%), indicating that it is a rare 
event in primary GCTs. Both segmental gains as well as whole chromosome gains were 
observed (Figure 2A). In metastasized and/or cisplatin resistant GCTs the frequency of 
3p25.3 gain was higher (29%, 2/7), although the number of cases was limited. In addition, 
3p25.3 gain was present in several relapses/metastases, while it was not detectable or 
present at lower copy number in the matched primary tumor (Figure 2B and C). This 
suggests that 3p25.3 gain might either occur as a de novo event, as we observed in our 
resistant cell lines, or could already be present at diagnosis, possibly at lower frequencies, 
providing a selective advantage during treatment and progression. 

To determine whether the observed frequencies are representative, several publicly 
available male type II GCT cohorts were analyzed (Supplementary Table 2). The cohort 
from the TCGA contains untreated primary male type II GCTs and yields a somewhat 
higher frequency of 3p25.3 gain than our cohort (13/133, 9.7%). The tumors in the 
MSKCC-2016 cohort are classified as cisplatin sensitive or cisplatin resistant based on 
their treatment response. A frequency of 17.1% (13/76) was found in the chemotherapy 
sensitive tumors and 33.7% (35/104) in the chemo resistant tumors (Figure 3A, p=0.02 as 
determined by Fisher’s exact test). In the MSKCC-2008 cohort, which contains primary 
GCTs, treated samples and metastases, 3p25.3 gain was identified in 12.2% of tumors 
(9/74). In summary, 3p25.3 gain is relatively rare in primary, untreated GCTs, while this 
frequency increases in metastasized and/or cisplatin resistant tumors. 

In line with a proposed role for 3p25.3 gain in cisplatin resistance, patients with a 
3p copy number gain have a significantly poorer prognosis than patients without this 
aberration, as determined in the MSKCC-2016 patient series (Supplementary Figure 4). 
Seminomas generally respond better to chemotherapy and are less likely to develop 
resistance than non-seminomas9 and therefore the occurrence of 3p25.3 gain was 
analyzed separately in both histologic subgroups. Gain of 3p25.3 was less frequent in 
seminomas, where it was observed in similar frequencies in resistant and non-resistant 
tumors, while in non-seminomas, it was significantly more frequent in resistant tumors 
(Figure 3B, p=0.003 Fisher’s exact test). This suggests that 3p25.3 gain contributes to 
cisplatin resistance only in non-seminomas. Concordantly, in non-seminomas there 
was a highly significant correlation between gain of 3p25.3 and shorter Progression 
Free Survival (PFS) (Figure 3C), while no such association was found in seminomas 
(Supplementary Figure 5A). In the MSKCC-2008 cohort, which consists of only non-
seminomas, there is a strong association between 3p25.3 gain and shorter Overall Survival 
(OS) (Figure 3D). Teratomas are known to be intrinsically cisplatin resistant, and that is 
why they were excluded from the MSKCC-2016 cohort. If excluded from the MSKCC-2008 
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cohort, the relationship between 3p25.3 gain and shorter OS became even more apparent 
(Supplementary Figure 6). Finally, a GCT dataset from the pan-cancer MSK-Impact series16 
was assembled, focusing only on male tumors. This set has a large overlap with the 
MSKCC-2016 dataset; however, for this set, the OS instead of PFS was reported for 124 
tumors. In this set (MSKCC-2017) there also was a significant association between 3p25.3 
gain and shorter OS, specifically in non-seminomas (Figure 3E, Supplementary Figure 5B). 
The GCTs that were previously reported in the MSKCC-2016 showed a similar effect on 
OS as the other tumors from the GCT MSKCC-2017 cohort, excluding the possibility that 
the observed OS effect is solely driven by the observed PFS effect shown in Figure 3C 
(Supplementary Figure 7). This reinforces the presumed role of 3p25.3 gain in cisplatin 
resistance and the poor prognosis that is associated with it, especially in non-seminomas. 
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FIG 2. (Continued). 3p25.3 gain is rare in primary tumors and more frequent in resistant and/or metastasized 
tumors. (A) Copy number plots of all tumors in our cohort that show 3p25.3 gain. Copy numbers were determined 
using methylation profiling. Blue indicates loss and red indicates gain of the respective region, with color intensity 
reflecting the extent which is indicated in the scale bar below. The 3p25.3 region is indicated with dashed lines. 
(B) Copy number plots of a primary metastasis pair that has a 3p25.3 gain in the metastasis (lower) and not in 
the primary tumor (upper). Blue dots represent bins and red lines represent copy number segments. The 3p25.3 
region is indicated with dashed lines. (C) Copy number plots of a pre-post treatment tumor pair that has a 3p25.3 
gain in the pretreatment tumor (upper), which shows an increase in copy number in the post-treatment tumor 
(lower). Blue dots represent bins and red lines represent copy number segments. The 3p25.3 region is indicated 
with dashed lines.
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FIG 3. 3p25.3 gain is more frequent in cisplatin-resistant tumors and is associated with poor prognosis, especially 
in nonseminoma tumors. (A) Frequency plot of gain and loss on chromosome 3 in the MSKCC-2016 cohort. Gain/
loss in the cisplatin-sensitive tumors is plotted in deep red/blue while gain/loss in the cisplatin-resistant tumors 
is superimposed in a lighter color. The 3p25.3 region is indicated by dashed lines. Frequencies at which 3p25.3 
gain/loss is identified in the sensitive/resistant tumors are shown in the legend within parentheses. Note that the 
light blue bars are not visible in the figure since the cisplatin-resistant tumors consistently show lower frequencies 
of chromosome 3 loss than sensitive tumors. (B) Bar graph showing the number of tumors with 3p25.3 gain in 
cisplatin-sensitive and cisplatin-resistant tumors in seminomas and nonseminomas, respectively. Lines show 
the significance of the ratio 3p gained versus nongained in the sensitive and resistant tumors in each subtype as 
determined by using Fisher’s exact test. (C) Kaplan-Meier plot of PFS in nonseminoma tumors in the MSKCC-2016 
cohort on the basis of the presence of 3p25.3 gain. The P value was generated using the log-rank test. (D) Kaplan-
Meier plot of OS in nonseminomas in the MSKCC-2008 cohort on the basis of the presence of 3p25.3 gain. The P 
value was generated using the log-rank test. (E) Kaplan-Meier plot of OS in nonseminomas in the MSKCC-2017 
cohort on the basis of the presence of 3p25.3 gain. The P value was generated using the log-rank test. CN, copy 
number; OS, overall survival; PFS, progression-free survival; WT, wild-type.
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Correlating clinical data with gain of 3p25.3 in non-seminomas revealed a strong 
association with YST histology (Figure 4A, p-val=7.5e-0,3 Fisher’s exact test). The same 
association was observed in the other cohorts (Supplementary Figure 8). Hypothetically, 
YST histology is the main determinant of poor survival, which may determine the 
association between 3p25.3 and poorer survival outcomes. However, in the MSKCC-
impact dataset there was no clear association between histology and PFS in general, while 
within the YSTs 3p25.3 gain was borderline associated with a poor prognosis. Moreover, 
within the non-seminomas 3p25.3 gain was still strongly associated with poor prognosis 
if YSTs were excluded from the analysis (Supplementary Figure 9). This suggests that 
3p25.3 gain occurs preferentially but not exclusively in YSTs and may serve as a biomarker 
of treatment resistance and poor prognosis for all non-teratomatous non-seminomas. 

Genetic aberrations in TP53 and MDM2 have previously been suggested to be 
involved in cisplatin resistance in male type II GCTs 11. To determine how the presence of 
these aberrations relates to 3p25.3 gain and survival, TP53/MDM2 and 3p25.3 status were 
analyzed together. Aberrations in TP53 and gain of 3p25.3 co-occured more frequently 
than expected by chance alone (Figure 4A, p=0.02, Fisher’s exact test), while there was 
no association with an MDM2 amplification (p=1, Fisher’s exact test). In line with the 
observation that TP53 mutations are frequently seen in mediastinal tumors, there was 
also an enrichment of 3p25.3 gain in mediastinal tumors (p=0.01, Fisher’s exact test). 
GCTs that had both 3p25.3 gain and aberrations in TP53 or MDM2 had a poorer prognosis 
than tumors with a single aberration, while there was no difference in survival between 
patients that harbored only 3p25.3 gain and no TP53/MDM2 aberrations, and patients 
that showed the inverse pattern (Figure 4B). This suggests that P53 pathway inactivation 
and 3p25.3 gain are two separate mechanism leading to cisplatin resistance in GCTs. If 
they co-occur in the same tumor, the prognosis seems to be even worse.

The main predictor for the prognosis of primarily advanced GCTs is currently the 
IGCCCG risk classification12, however, there was no significant association between IGCCCG 
poor risk stage and 3p25.3 gain (p=0.167, Chi-square test). To determine how IGCCCG 
stage and 3p25.3 status relate to prognosis and whether 3p25.3 status could add to GCT 
risk classification, a multivariable Cox regression analysis was performed. This showed 
that 3p25.3 gain was a strong predictor of poor PFS, independent of IGCCCG risk category, 
in this cohort of non-seminomas (Supplementary Figure 10). Moreover, if TP53/MDM2 
status was added to the model, 3p25.3 gain remained a strong independent predictor 
of PFS, while TP53/MDM2 status was not significant anymore (Figure 4C). Within the 
MSKCC-2008 set, 3p25.3 gain showed a similar effect as an independent predictor of OS 
when analyzed together with the IGCCCG risk classification, although it does not reach 
significance, possibly due to the low number of cases (Supplementary Figure 11). Overall, 
this indicates that 3p25.3 status may aid in risk classification of male type II GCTs. 
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FIG 4. 3p25.3 gain is an independent predictor for poor prognosis in male type II nonseminomas. (A) Oncoprint 
of 3p25.3 gain and various other genetic and clinical parameters of the 124 nonseminomas in the MSKCC-2016 
cohort. Columns represent tumors with colors in rows representing the various characteristics per tumor. The 
dashed line separates the tumors with 3p gain from the tumors without. Numbers to the right of the legend 
represent the percentage of tumors with the indicated characteristic in the a3p25.3 gained and bWT tumors, 
respectively. (B) Kaplan-Meier analysis of the MSKCC-2016 nonseminoma cohort separated by TP53/MDM2 and 
3p25.3 gain status. The table shows P values for between-group comparisons which were generated using the 
log-rank test with Benjamini-Hochberg multiple testing correction. (C) Forest plot of the hazard ratios calculated 
by Cox regression survival analysis on the MSKCC-2016 nonseminoma cohort. (D) Copy number plots of selected 
GCTs on chromosome 3. Copy numbers were generated using methylation profiling/next-generation sequencing. 
Blue indicates loss and red indicates gain of the respective region, with color intensity reflecting the extent which 
is indicated in the scale bar below. The 3p25.3 region is indicated with dashed lines. AIC, Akaike’s information 
criterion; CC, choriocarcinoma; EC, embryonal carcinoma; GCT, germ cell tumor; PFS, progression-free survival; 
TE, teratoma; WT, wild-type; YST, yolk sac tumor.
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Although the post-pubertal type II male GCTs are the most frequent manifestation 
of GCTs, they can also occur in pediatric patients (type I) and in post-pubertal girls (type 
II ovarian), as well as in the brain ( i.e. germinoma or dysgerminoma)7. Our data and the 
MSKCC-Impact data were screened and gain of 3p25.3 was identified in one male pediatric 
type I tumor, two germinomas, and four ovarian type II GCTs (Figure 4D). Interestingly, 
four of these seven tumors contained a YST histology, suggesting that 3p25.3 could be 
associated with YST histology also in other GCTs. 

DISCUSSION

Despite the excellent overall five-year survival rates of male type II GCTs since the 
introduction of cisplatin-based combination chemotherapy, intrinsic or acquired cisplatin 
resistance remains a major clinical challenge with unfavorable prognostic impact. 
Understanding the biology of this phenomenon is paramount to identify (i) biomarkers 
to predict treatment resistance, (ii) ways to prevent it from developing, and (iii) novel 
effective targeted therapies for relapsed and refractory disease. Research on this topic 
is hampered by the overall low availability of metastatic cisplatin resistant tumors, 
especially with histologically proven, viable non-teratomatous disease. 

Therefore, we initially used several independent sets of male type II GCT-derived cell 
lines to screen for general mechanisms of cisplatin resistance. The cisplatin-resistant cell 
line subclones showed different magnitudes of cisplatin resistance and were generated 
using different methodologies, however, they all showed de novo gain of chromosome 
3p25.3. No other recurrent molecular changes were identified, even though the lines 
were extensively investigated. Moreover, copy number on chromosome 3p25.3 showed 
a strong dose-dependent relationship with cisplatin sensitivity in our cell line models.

The subsequent analysis of patient samples demonstrated that the observed 3p25.3 
gain can

be found in patient samples and is not an in vitro artefact. It was identified at 
low frequencies in untreated primary GCTs and at significantly higher frequencies in 
metastasized, pre-treated and / or cisplatin resistant tumors, which highlights a possible 
role in cisplatin resistance. There was considerable heterogeneity in the frequencies at 
which 3p25.3 gain was identified in the different datasets; however, we propose that this 
is at least partially driven by heterogeneity in the patient composition of the individual 
datasets investigated. Especially the various MSKCC datasets are heavily enriched for 
metastasized and pre-treated tumors and are not a representative sampling of all male 
type II GCTs11,17. Gain of 3p25.3, however, remains strongly associated with both PFS and 
OS independently of dataset composition, indicating that this gain in chromosomal 
material may possibly serve as a stable predictive and prognostic biomarker of cisplatin 
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resistant disease. The fact that 3p25.3 gain is associated with worse PFS as well as OS 
suggests that cisplatin resistance through 3p25.3 gain is not readily overcome by high-
dose chemotherapy. 

The preferential presence of the 3p25.3-amplification in YSTs was identified before17 
and is in keeping with identification of 3p25.3 gain in a cisplatin-resistant ovarian YST cell 
line22. In addition, about 20% of ovarian YSTs showed increased copy numbers of 3p25.323. 
While this predominance of 3p25.3-amplification in YSTs remains to be explained, it might 
be related to a higher vulnerability of this histological element to develop copy number 
aberrations because of less stringent DNA maintenance mechanisms due to the limited 
life span of this tissue type under physiological circumstances8. Interestingly, the presence 
of 3p25.3 gain remains associated with poor prognosis, even within the YSTs, indicating 
that it is not a bystander but a driving event in cisplatin resistance. 

Gain of 3p25.3 was observed across all histological GCT subtypes; however, it is not 
associated with a worse prognosis in seminomas. Furthermore, if teratomas are excluded, 
the relationship with poor outcome becomes stronger. Consequently, we propose that 
3p35.3 gain should only be considered as a marker for poor prognosis in non-seminomas 
excluding pure teratomas. Most observed male type II GCTs contain mixed histologies at 
diagnosis24. Our data does indicate that 3p25.3 gain promises to be a useful prognostic 
marker for this group as well. However, more research is needed to identify whether the 
histological composition is associated with the prognostic power of 3p25.3 gain. 

The fact that 3p25.3 gain was found in both pediatric (type I) and adult (type II) 
GCTs, as well as in testicular, mediastinal, and ovarian primaries, suggests that it could 
represent a more general, possibly universal type of mechanism of cisplatin resistance in 
GCTs. Whether there is an association with survival, and whether this is specific to certain 
histological subtypes, remains to be determined. Interestingly, loss of chromosome 3p 
is generally much more common than gain of this region, especially in squamous cell 
tumors25. Further research should indicate whether 3p25.3 gain as a proposed mechanism 
of cisplatin resistance is specific to GCTs or is a more general mechanism that has not 
been identified so far in other tumor types. 

We detect a positive correlation between the presence of 3p25.3 gain and TP53 
mutations, but the background and functional impact of this remains to be determined. 
Hypothetically, this could be caused by a higher tolerance/propensity for acquiring 
genetic aberrations in specific tumors, or that presence of one aberration increases the 
chances of acquiring the other. The survival analyses showed that tumors with both 
3p25.3 and TP53/MDM2 aberrations had an even poorer prognosis than tumors harboring 
only one alteration. This suggests that 3p25.3 gain and aberrations in the TP53/MDM2 
axis are independent mechanisms of cisplatin resistance, in line with a recently described 
independent functional role of P53 in GCT treatment resistance26. 
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The IGCCCG risk staging is an established tool for risk classification and treatment-
decision making in male type II GCTs. Our analyses suggests that 3p25.3 gain could 
be a strong independent predictor of poor prognosis, even when accounting for the 
IGCCCG risk categories. It has recently been described that the presence of TP53/MDM2 
mutations could also add to patient stratification in male type II GCTs11, but even when 
this information was added to the regression model, gain of 3p25.3 remains a strong 
independent risk factor for poor outcome. Although this finding awaits validation using 
more clinical datasets, we believe that gain of 3p25.3 could be a valuable diagnostic tool 
and prognostic biomarker for the identification of cisplatin-resistant tumors. Identification 
of a genomically defined "high risk" group of patients which is already clinical routine in 
many other malignancies, e.g. leukemias or myeloma27,28, could improve risk stratification 
and potentially guide treatment decisions in GCT patients, too. Finally, further research 
on the mechanism(s) through which 3p25.3 gain drives cisplatin-resistance could open 
new therapeutic avenues to treat refractory patients for whom currently little curative 
treatment options are available. 
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SIMPLE SUMMARY 

The active disease status of patients with a malignant germ cell tumor can be evaluated 
using detection of specific body-circulating microRNAs. However, various methods are 
reported to isolate and detect microRNAs from blood, possibly influencing the score as 
positive or negative. Here, we investigated two frequently used techniques for microRNA 
isolation from blood, either serum or plasma, to evaluate possible differences. These data 
are required to compare published studies and to select the best methods in the future. 
No effect of either starting with plasma or serum was found, indicating that both blood 
products can be used. The bead-based method was more stable and applicable on small 
blood volumes, whereas the total RNA method exhibited a higher sensitivity due to a 
larger starting volume. These results are important to develop the optimal method for 
the detection of microRNAs in blood to monitor malignant germ cell tumor patients in 
clinic practice.

ABSTRACT

MicroRNAs (miRNAs) are short, non-coding RNAs involved in translation regulation. 
Dysregulation has been identified in cancer cells. miRNAs can be secreted and detectable 
in body fluids; therefore, they are potential liquid-biopsy biomarkers. The miR-371a-3 
cluster members are an example, monitoring the presence of malignant germ cell tumors 
based on patient serum/plasma analyses. However, a large variety of isolation techniques 
on sample types (serum vs. plasma) are reported, hampering interstudy comparisons. 
Therefore, we analyzed the impact of using the miRNeasy Serum/Plasma Kit (cell-free 
total RNA purification) Qiagen extraction kit and the TaqMan anti-miRNA bead-capture 
procedure of ThermoFisher for miRNA isolation. Ten normal male matched serum and 
plasma samples and seventeen testicular germ cell tumor patient serum samples were 
investigated. The Qiagen kit requires a higher input volume (200 µL vs. 50 µL), resulting in 
higher sensitivity. Serum and plasma comparison demonstrated high similarity in miRNA 
levels. Titration experiments showed that the bead-capture procedure is superior in cases 
of lower starting volumes (<100 µL). This study highlights the strengths and limitations of 
two different isolation protocols, relevant for in vivo analysis with small starting volumes. 
In summary, miRNA detection levels results varied little between plasma and serum, 
whereas for low volumes the bead capture isolation method is preferable.

Keywords: cancer; clinical investigation; molecular diagnostics; real-time PCR; 
quantitative analysis of nucleic acids.
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INTRODUCTION

Biomarkers are known to be a strong clinical tool to detect, diagnose and stratify cancer 
patients as well as aid in the development of new treatments by predicting patient 
responses and outcomes [1]. In this context, microRNAs (miRNAs) are potentially highly 
useful as molecular biomarkers because they can be disease-specific, are often secreted 
into bodily fluids, are stable with a short half-life, and are relatively easy to extract and 
detect [2]. Secreted miRNAs are therefore extremely interesting as clinical liquid-biopsy 
biomarkers because they can mark the cells of (tumor) origin and can be used as clinical 
tools for disease monitoring (e.g., whole blood, serum or plasma and cerebrospinal 
fluid) [3]. However, various isolation and determination techniques are characterized by 
different sensitivity and specificities; therefore, determining a precise cut-off between 
the different methods has been challenging the field of liquid-biopsy-based biomarker 
applications [4,5].

Liquid-biopsy-based miRNA biomarkers have, for example, been demonstrated to 
be particularly useful in (testicular) germ cell tumors ((T)GCTs) [6–11]. The levels of the 
miRNA cluster 371a-373 (normally specifically present during embryonal development) 
are elevated in 87% in seminomas and in more than 90% of non-seminomatous (T)GCT 
patients (teratomas excluded), while hardly detected in healthy individuals (11), excluding 
false positive findings. However, the detection limit, precision and specificity of various 
extraction methods and isolation protocols have not yet been compared extensively, 
thereby increasing the risk of identifying false positive and negative cases. We exploit the 
already proven high specificity and sensitivity of hsa-miRNA371a and 373 to demonstrate 
a clean comparison between isolation protocols and starting material [11].

To shed light on these aspects, we performed a relatively simple, although highly 
informative, comparative study using matched serum and plasma samples from 10 
healthy male donors (age 18–40 years) and 17 serum samples from diagnosed TGCT 
patients. The miRNeasy Serum/Plasma Advanced Kit Qiagen extraction kit (cell-free total 
RNA purification) was compared to the TaqMan anti-miRNA bead-capture procedure 
(~370 miRNAs) from ThermoFisher. This comparison was specifically investigated because 
of the various methods used in the field possibly relating to variations in results [7,8,12–14] 
or conditions [4,5,15–21]. Together with the use of various isolation methods, differences 
between serum and plasma samples have been suggested to explain results between 
studies [8,12–14,18]. Our results demonstrate a lower detection limit for the cell-free 
total RNA purification of the Qiagen kit compared to the bead-based method, whereby 
the latter generally showed a lower variation in isolation efficiency. Furthermore, using 
hsa-miR371a-3p, we demonstrate that the bead-based method is more sensitive to low 
levels of this specific miR target. We conclude that both serum and plasma samples 
can be used as liquid-biopsy starting material to detect hsa-miR371a-3p as molecular 
biomarker for TGCTs, whereas the Qiagen kit generally has a lower detection limit in 
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exchange for lower precision. Furthermore, the bead-capture procedure is superior even 
in cases of small starting voluminal amounts of the sample. These data are relevant in 
the context of development of the most stable, sensitive and specific method for final 
clinical applications of hsa-miR371a-3p in liquid biopsies. 

MATERIALS AND METHODS

Patient and Control Serum/Plasma Samples

Use of patient samples remaining after diagnosis was approved for research by the 
Medical Ethical Committee of the EMC (The Netherlands), permit no. 02.981. This included 
permission to use the secondary samples without further consent. Samples 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 (FMWV, version, 
2002;pdate 2011). The use of patient samples provided by Dr. Michal Mego was approved 
according to institutional board review (2020). This retrospective translational study was 
approved by the Institutional Review Board (IRB) of the National Cancer Institute.

miRNA Purification

miRNAs were isolated from 50 µl serum and plasma using target-specific anti-miR 
magnetic beads, as reported before (OncoTarget 2016). In short, a KingFisher Flex robot 
with TaqMan® miRNA ABC Purification Kit Human Panel A (ThermoFisher PN 4473087, 
Waltham, MA, USA) was used to isolate miRNAs. All reagents are provided in the kit. 
These panels consist of superparamagnetic Dynabeads covalently bound to a unique set 
of ~380 anti-miR oligonucleotides. Briefly, 100 µl of lysis buffer (containing spike-in) was 
added to 50 µl of serum/plasma, followed by the addition of 80 µl of beads (106 beads/µl). 
Samples were incubated at 30°C for 40 min, then washed three times with wash buffer. 
The bound miRNAs were eluted from the beads with 100 µl elution buffer.

RNA from 200 µl of thawed serum and plasma was isolated using the miRNeasy 
Serum/Plasma Advanced Kit from Qiagen (PN 217204), according to the manufacturer’s 
instructions. In order to increase RNA yield, MS2 carrier RNA (Roche PN 10165948001) 
was added to a final concentration of 1.25 µg/ml. Total RNA was eluted from columns 
with 50 µl of nuclease-free water. During the lyses of the samples, a non-human spike-in 
Cel-miR39 (5.6 × 108 copies) external control was added to each sample, in both isolation-
techniques, to monitor the RNA recovery.
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Quality Control Assessment

To check the RNA recovery and suitability for use in subsequent RT-PCR, 1 µl of the 
purified miRNA/RNA was reverse-transcribed using a TaqMan miRNA RT Kit (PN 4366597) 
and TaqMan miRNA assays for Cel-miR39-3p (000200) and hsa-miR30b-5p (000602). 
miRNA levels were detected on a QuantStudio 12K Flex machine. 

Hemolysis Assessment

Hemolysis levels were evaluated according to the “miR-32a/451a” ratio, as previously 
reported [22]. Furthermore, it was assessed by visual inspection as previously reported 
by Lobo et al. [7]. No samples were discarded after both assessments.

Target-Specific Real-Time PCR

For miRNA profiling, 5 µl of the purified miRNA/RNA was reverse-transcribed using 
TaqMan miRNA RT Kit (PN 4366597) and an equal mixture of the RT-primers of Cel-miR39-
3p (000200), hsa-miR30b-5p (000602), hsa-miR371a-3p (002124), hsa-miR373-3p (000561), 
and hsa-miR375 (000564). The final volume of 15 µl for each reaction underwent RT using 
a BioRad T100 Thermal Cycler at 16 °C for 30 min, 42 °C for 30 min, followed by a final 
step of 85 °C for 5 min. To increase sensitivity and specificity, a 12-cycle pre-amplification 
step was included. Briefly, an equal mix of all 20× TaqMan miRNA assay probes was 
prepared for each reaction and diluted to 0.2× with 1× Tris-EDTA Buffer (pH 8.0). Each 
sample contained 12.5 µl 2× TaqMan PreAmp Master Mix (PN 4488593), 7.5 µl of diluted 
TaqMan assay probe mix, and 5 µl of multiplexed cDNA product. After heating to 95 °C 
for 10 min, 12 cycles of 95 °C for 15 s and 60 °C for 4 min were run on a thermal cycler 
(BioRad). The resulting reaction products were diluted 1:4 with nuclease-free water to a 
final volume of 100 µl. For the final singleplex PCR, 1.5 µl of the diluted pre-amplification 
product was added to 10 µl 2× TaqMan Advanced PCR Master Mix (PN 4444964), and 1 
µl of each individual 20× TaqMan primer/probe assay. All reactions were performed in 
duplicate. miRNA levels were determined on a QuantStudio 12K Flex machine. All kits 
were purchased from Thermo Fisher Scientific, Bleiswijk, The Netherlands.

Data Normalization and Analysis

For normalization, endogenous reference hsa-miR30b-5p was used as described 
previously [24]. miRNA levels were relatively quantified according to the 2-ΔΔCt method 
after normalization to housekeeping hsa-miR30b-5p. Targets were corrected for hsa-
miR30b-5p values corrected for average hsa-miR30b-5p levels in the total population to 
correct for deviations in the endogenous levels of hsa-miR30b-5p. Data were processed 
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using Excel, and data were visualized using GraphPad Prism 9.3. Statistical significance 
was determined using an unpaired two-tailed Student’s t-test.

RESULTS

Sample Preparation and Quality Control.

miRNAs from 10 unrelated matched serum and plasma samples originating from control 
males and 17 serum samples from independent TGCT patients were isolated using the 
two different methods and qualitatively analyzed and quantified using qRT-PCR (full study 
set-up and workflow are displayed in Figure 1 A and B, sample names are presented in 
Table 1). The samples were first subjected to multiple quality control experiments before 
being analyzed quantitively for miRNA levels. Figure 2A and 2B display box-plotted Ct 
values for the spike-in Cel-miR39-3p (Median Ct Beads: 23.81 ± 1.3, Median Ct Qiagen 
28.84 ± 5.25) and endogenous hsa-miR30b-5p (Median Ct Beads: 30.33 ± 7.59, Median 
Ct Qiagen 27.62 ± 7.56) (Quality control 1), measured by singleplex TaqMan qRT-PCR 
(individual values plotted in Figure S1A and B). Consistency of RNA extraction efficiency 
between samples was as expected, as measured by Cel-miR39-3p (Median Ct Beads: 
23.81 ± 1.30, Median Ct Qiagen: 24.84 ± 5.25, Figure 2A). Serum/plasma levels of internal 
control hsa-miR30b-5p were also within the expected range (Median Ct Beads: 30.33 ± 
7.59, Median Ct Qiagen: 27.62 ± 7.56, Figure 2B). The bead capture procedure displayed 
little variation with the spike-in control, whereas the Qiagen kit showed a consistent 
difference (~2 Ct) between control serum and plasma samples (Figure 2A). In the TGCT 
patient serum samples, again, the bead-based protocol resulted in little variation with 
the spike-in, where the Qiagen kit showed more differences in isolation efficiency (up to 
~5Cts). Both methods showed little variation (or differences) relating to the endogenous 
hsa-miR30b-5p levels (Figure 2B). Due to differences in inputs (200 µL for Qiagen and 50 
µL for beads) and elutions (50 µL Qiagen and 100 µL beads), a difference of 1Ct, in favor of 
the Qiagen kit, was expected. However, when comparing the Ct values for hsa-miR30b-5p 
for the Qiagen isolation and bead capture, the Qiagen kit overall showed a more efficient 
recovery of hsa-miR30b-5p (p < 0.0001), where the bead-capture showed a more efficient 
recovery of Cel-miR39-3p (p = 0.0002). In summary, little difference was observed in 
isolation efficiency between serum and plasma when using a bead-capture isolation 
protocol, where the Qiagen kit probably had a slightly better detection limit (Figure 2C).
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Table 1. Sample codes. Corresponding samples linked to codes used in figures.

# Code Serum/Plasma Graph Annotation

1 S-267 normal serum S1

2 P-299 normal plasma P1

3 S-306 normal serum S2

4 P-326 normal plasma P2

5 S-254 normal serum S3

6 P-279 normal plasma P3

7 S-255 normal serum S4

8 P-289 normal plasma P4

9 S-310 normal serum S5

10 P-331 normal plasma P5

11 S-261 normal serum S6

12 P-277 normal plasma P6

13 S-263 normal serum S7

14 P-293 normal plasma P7

15 S-270 normal serum S8

16 P-285 normal plasma P8

17 S-265 normal serum S9

18 P-280 normal plasma P9

19 S-268 normal serum S10

20 P-300 normal plasma P10

21 L10-156 serum TGCT (YST) TGCTS1

22 L11-107 serum TGCT (YST) TGCTS2

23 L11-160 serum TGCT (mixed NS) TGCTS3

24 L12-360 serum TGCT (mixed NS) TGCTS4

25 L12-067 serum TGCT (mixed NS) TGCTS5

26 L13-035 serum TGCT (EC) TGCTS6

27 L13-109 serum TGCT (mixed NS) TGCTS7

28 L13-121 serum TGCT (mixed NS) TGCTS8

29 L13-138 serum TGCT (EC) TGCTS9

30 L12-187 serum TGCT (mixed NS) TGCTS10

31 L12-026 serum TGCT (mixed NS) TGCTS11

32 L17-220 serum TGCT (mixed NS) TGCTS12

33 L18-141 serum TGCT (SE) TGCTS13

34 L14-254 serum TGCT (mixed NS) TGCTS14

35 L15-193 serum TGCT (SE) TGCTS15

36 L15-402 serum TGCT (SE) TGCTS16

37 L18-137 serum TGCT (mixed NS) TGCTS17

Abbreviations: SE: seminoma, NS: non-seminoma, EC: embryonal carcinoma, YST: yolk-sac tumor.
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Figure 1. Schematic overview of the study set-up and workflow. (A) A schematic overview of the study 
setup used, depicting the acquiring of the samples, isolation, quality control and quantification tech-
niques used. (B) Schematic overview of the workflow used with the two isolation protocols (Qiagen kit 
and bead-capture).

Figure 2. Quality control for bead-capture and Qiagen kit isolation. (A) Cts for Cel-miR39-3p spike-in quality 
control isolated with beads (black) or Qiagen (pink). Average Ct Beads: 23.81 ± 0.33, Average Ct Qiagen 24.68 
± 1.32, *** p < 0.005. (B) Cts for hsa-miR30b-5p endogenous quality control isolated with beads (black) or 
Qiagen (pink). Average Ct Beads: 29.98 ± 1.45, Average Ct Qiagen 27.45 ± 1.30, **** p < 0.0001. (C) Delta Cts 
of hsa-miR30b-5p between the bead-capture and Qiagen kit isolation (grey bars). Raw Cts obtained with 
the bead (black) of Qiagen (pink) isolation protocol are plotted on the right y-axis.
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Qiagen Kit MiRNA Isolation Has a Higher Detection, Whereas Both 
Kit and Bead Isolation Display Similar Results between Serum- and 
Plasma-Isolated Samples.

Next, we profiled the serum and plasma samples for hsa-miR371a-3p, normalized for hsa-
miR30b-5p and displayed as 40 – normalized Ct. The results are displayed for the Qiagen 
kit and bead-capture in Figure 3A and B, respectively (p values in Table 2, raw data and 
correction in Table S1 and S2). Black bars represent samples that were corrected for the 
average hsa-miR30b-5p Cts among combined serum and plasma samples, whereas pink 
bars represent data corrected for the average Ct of only serum samples (because TGCTS 
samples were only serum-derived, these were only corrected for serum averages). The 
Qiagen kit resulted in less low-level detection and showed comparable results between 
serum and plasma samples, except for S3 and S10, showing some low-levels of the GCT 
miRNA (Ct of ~33 and 35, respectively) Furthermore, hsa-miR371a-3p could be detected 
in all TGCT sera, except in the case of TGCTS13, being excluded from the analysis due to 
high viscosity after protein precipitation (Qiagen kit only), and TGCTS 15–17, which were 
pure seminomas known to express low levels of hsa-miR371a-3p. Notably, TGCTS 15, 16 
and 17 were derived from patients that had normal levels of the standard biomarkers AFP, 
bHCG and LDH and had tumors <2 mm (Table 3). The bead-capture procedure showed 
more low-level detection, e.g., the control sera displayed some levels (Ct of ~30–35) of 
the TGCT-specific miRNA. All tested TGCTS samples were positive for hsa-miR371a-3p, 
albeit lower levels were detected in TGCTS 15–17, again, due to these samples being 
known to have low levels of biomarkers (Table 2). Correction for endogenous control 
hsa-miR20a-5p produced similar results (Figure S2 and Table S3 and S4). Finally, we also 
measured the levels of hsa-miR375 in 10 matched serum and plasma samples of healthy 
control samples and corrected for endogenous hsa-miR30b-3p (Ct hsa-miR375–Ct hsa-
miR30b-5p, Figure 3C and Table S5). We present no differences between the Qiagen 
kit or bead-capture-based miRNA isolation (ΔCt Qiagen vs. Beads 0.65 ± 0.50, p = 0.16). 
Furthermore, we did not find differences between serum or plasma samples (ΔCt serum 
vs. plasma Qiagen 0.83 ± 0.40, p = 0.64, ΔCt serum vs. plasma Beads 0.63 ± 0.43, p = 0.22, 
Raw data presented in Table S5).
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Figure 3. Targeted miR profiling. 
(A) Qiagen isolated levels of 
hsa-miR371a-3p levels plotted 
as 40 – (Ct371 – (Ct30b – Ct30b 
average) for plasma and serum 
(black) or serum only (pink). (B) 
Bead-capture isolated levels of 
hsa-371a-3p levels plotted as 40 
– (Ct371 – (Ct30b – Ct30b aver-
age) for plasma and serum 
(black) or serum only (pink). (C) 
Levels of hsa-miR375 plotted as 
Ct hsa-miR375 – hsa-miR30b for 
bead-capture (black) or Qiagen 
kit (pink) isolated samples. ΔCt 
Qiagen vs. Beads 0.65 ± 0.50, p 
= 0.16), ΔCt serum vs. plasma 
Qiagen 0.83 ± 0.40, p = 0.64, ΔCt 
serum vs. plasma Beads 0.63 ± 
0.43, p = 0.22.
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Table 2. p-values of hsa-miR371a-3p detection in healthy control and TGCT patient samples corrected 
for hsa-miR30b-5p.

Comparison p-Value

Qiagen kit healthy donor serum vs. plasma 0.18

Qiagen kit healthy serum vs. TGCT serum <0.0001

Bead-capture healthy donor serum vs. plasma 0.0039

Bead-capture healthy serum vs. TGCT serum 0.0003

Healthy serum + plasma samples Qiagen vs. Beads <0.0001

Healthy serum samples Qiagen vs. Beads <0.0001

Healthy plasma samples Qiagen vs. Beads <0.0001

TGCT serum Qiagen vs. Beads 0.56

Table 3. Serum marker TGCT patients. Serum marker levels of classical GCT serum markers AFP, b-HCG and 
LDH. Cells marked with red indicate clinically elevated (above threshold) serum levels of these markers.

Pre- Orchiectomy Markers

Sample-nr. AFP ug/L b-HCG IU/L LDH U/L

1 21 856 < 0.1 190

2 22 1349 < 0.1 237

3 23 669 829 275

4 24 2123 2698 583

5 25 90 < 0.2 98

6 26 1 6 354

7 27 40 400 166

8 28 175 4,5 195

9 29 35 65 275

10 30 29 1268 365

11 31 1.3 0.1 712

12 32 465 210 167

13 33 1 < 1.0 1610

14 34 24 33 219

15 35 0.9 0.8 255

16 36 1.4 0.3 237

17 37 5 4.3 181
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Input Titration Suggests Bead-Capture to Be Superior in  
Low-Volume Ranges.

The Qiagen kit and the beads required different input volumes (200 µL vs. 50 µL, 
respectively, see above); therefore, we wanted to interrogate whether this had any 
influence on the quantitative output or detected miRNA levels. To test this, we titrated 
TCam-2 (TGCT cell line) conditioned medium into various volumes ranging from 1 µL to 
200 µL, all diluted in PBS up to 200 µL (Figure 4). Note that conditioned medium does not 
give a full representation of serum and/or plasma; it can, however, faithfully demonstrate 
the reproducibility of the technique. Surprisingly, the 40 minus RAW Cts for the Cel-
miR39 for the Qiagen kit decreased as the input increased (Figure 4A). However, when 
using bead-capture isolation, no differences in miRNA detection could be observed when 
using different input volumes. When using different input volumes to detect endogenous 
miRNA levels (hsa-miR30b, 371a-3p and 373), the bead-based method was shown to be 
superior (Figure 3B–D). Even when using 1 µL (instead of the recommended 50 µL) for 
bead-capture isolation, we were able to isolate detectable levels of all three miRNAs 
(Figure 4). As expected, increasing the amount of input also increased detection levels. 
Using a 1 µL starting volume resulted in low (hsa-miR30b-5p) or undetectable miRNA 
(hsa-miR371a-3p and 373) levels when using the Qiagen kit, increasing the detection 
levels as the input volume increased.
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Figure 4. Titration using TCam2 conditioned medium. Displayed are the 40 – Raw Ct values isolated 
using the bead-capture or Qiagen kit for Cel-miR39 (A), hsa-miR30b-5p (B), hsa-miR371a-3p (C) and hsa-
miR373-3p (D). A 40 minus transformation was performed to improve the visual interpretation of data (high 
bars mean more target detected).

DISCUSSION

Ever since the study published by Lawrie and colleagues in 2008, miRNAs in bodily 
fluids have been an interesting target for oncogenic biomarker detection [24]. With 
the discovery of the miR371a-3 cluster and its specific expression in (T)GCTs [25,26], 
miRNAs have become a suggested cornerstone in (T)GCT detection and monitoring 
[6,7,9–11]. Many studies have investigated the effects of sample handling on the outcome 
of biomarker identification studies [4,5, 15–21]. Not only have these studies reported 
(minor) differences in sample handling, but different groups all over the world use 
various techniques, protocols (i.e., Bead-capture vs. Qiagen kit) and starting materials 
(i.e., serum vs. plasma). Where most groups report similar results, especially regarding 
the fidelity of the miR371a-3 cluster in (T)GCT detection [6,7,9–11], some discrepancies 
have arisen in the field regarding biomarkers to specifically detect residual teratoma [8, 
12–14]. These discrepancies have been suggested by several authors [12,14] to be linked 
to differences between starting material, i.e., serum vs. plasma, and isolation protocol, i.e., 
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Qiagen kit vs. bead-capture. Here, we report a comprehensive analysis of two relevant 
aspects in the field: (1) the isolation technique: ThermoFisher’s TaqMan anti-miRNA bead-
capture procedure (~370 miRNAs) vs. the miRNeasy Serum/Plasma Advanced Kit Qiagen 
extraction kit (cell-free total RNA purification), two of the most commonly used isolation 
methods; and (2) serum vs. plasma as starting materials [27]. For this study, we used 
ThermoFisher’s RT-primers and assays (Materials and Methods) to detect the miRNAs 
because these assays have been used by many groups in the field, allowing us to faithfully 
compare the isolation method and starting material independent of detection [27]. First, 
we used spike-in Cel-miR39-3p spike-in and endogenous hsa-miR30b-5p as controls to 
validate to isolation efficiency. We identified an overall lower variation in detection levels 
and better recovery with the bead-based method (Median Ct Beads: 23.81 ± 1.30, Median 
Ct Qiagen: 24.84 ± 5.25, p = 0.0002) for Cel-miR39-3p. Furthermore, we found an overall 
lower detection limit but equal variation for endogenous miR30b-5p using the Qiagen 
kit isolation (Median Ct Beads: 30.33 ± 7.59, Median Ct Qiagen: 27.62 ± 7.56, p < 0.0001), 
partly accounting for the difference in input volume and total vs. targeted RNA isolation. 
We compared the differences between serum and plasma using both the Qiagen and 
bead-based (mi)RNA isolation (results normalized for both endogenous hsa-miR30b and 
20a). We observed no differences between serum and plasma in hsa-miR371a-3p levels 
when isolating miRNAs using the Qiagen kit, whereas the bead-capture performed better 
when using serum samples (p = 0.0039). There was no difference in the detection of 
hsa-miR371a-3p in TGCT patient serum samples between the Qiagen kit isolation of the 
bead-capture (p = 0.56), whereas bead-capture did detect significantly higher levels of 
hsa-miR371a-3p in healthy donors (p < 0.0001). Both the Qiagen kit and the bead-capture 
isolation resulted in the detection of significantly higher levels of hsa-miR371a-3p (p < 
0.0001 and p = 0.0003, respectively). The majority of miR371a-3p-related studies are 
performed on serum samples. However, as concluded in the recent systematic review on 
the use of this microRNA as a biomarker for TGCT [27], similar overall results have been 
obtained when serum or plasma were used as starting materials. This is amongst other 
analyses based on the matched serum and plasma samples of 50 healthy males, showing 
similar results using the ampTSmiR assay [7,28]. These results show consistent differences 
between the normalizer (hsa-miR30b-5p) and the target hsa-miR371a-3p, being higher 
and lower in plasma versus serum, respectively. Therefore, it was concluded that mixed 
series of both serum as well as plasma will be problematic regarding normalization, and 
as a result, interpretation. The consistent differences between plasma and serum samples 
reported is confirmed independently in the study presented here, being independent 
of the isolation technique applied. Moreover, 25% of the studies included in the 
forementioned systematic review [27] were based on the bead-capture-based method, 
whereas the others used a total RNA isolation method, demonstrating the relevance of 
this comparative analysis. Even when we compared the levels of hsa-miR375 between 
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the serum and plasma of healthy males, we found no difference between serum and 
plasma (ΔCt serum vs. plasma Qiagen 0.83 ± 0.40, p = 0.64, ΔCt serum vs. plasma Beads 
0.63 ± 0.43, p = 0.22). Furthermore, because we observed clear detectable levels of hsa-
miR375 in 10 healthy males (both serum and plasma), we support the findings of Lafin 
and colleagues, showing that hsa-miR375 is not suitable as a teratoma biomarker at 
present [13]. Thirdly, because we did not observe any differences between serum and 
plasma with either hsa-miR371a-3p or hsa-miR375 when using the Qiagen kit (p = 0.18), 
we conclude that this therefore cannot explain reported inconsistencies regarding hsa-
miR375 as a teratoma marker as well, also supported by findings in a recent systematic 
review [12–14,27]. Finally, because the Qiagen kit and bead-capture require different 
input volumes, we used TCam-2 conditioned medium to detect the differences in miRNA 
levels between different input volumes. We report an overall lower detection limit for the 
Qiagen kit, possibly related to total RNA extraction versus targeted extraction. However, 
when using increasing volumes of Cel-miR39-3p, we found lower levels with the Qiagen 
kit. In other words, adding more input with the same amount of spike-in detected less 
of the miRNA when isolating the samples using the Qiagen kit. This is likely explained by 
the loss of spike-in miRNA during the precipitation step.

CONCLUSIONS

We conclude that in low volume ranges, the bead-capture method is therefore superior 
and more useful for studies with young patients or mice where less starting volume is 
available. In summary, the Qiagen kit is the preference compared to the bead-based 
approach for expected low-expressed miRNAs. However, when limited sample volume 
is available, the bead-capture method outperforms the Qiagen kit. These results will 
aid future studies to determine the optimal isolation method for miRNA detection both 
using serum and plasma. 
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Supplementary Materials: The following are available online at www.mdpi.com/xxx/
s1, Figure S1: Quality control values of Spike-in Cel-miR39-3p (A) and has-miR30b-5p (B). 
Figure S2: Qiagen kit (A) and bead-capture (B) isolated levels of hsa-miR371a-3p plotted as 
40 – (Ct371 – (Ct20a – Ct20a average). Table S1: Raw data and corrections for hsa-miR371a-
3p corrected for hsa-miR30b-5p, extracted using the bead-capture technique. Table S2: 
Raw data and corrections for hsa-miR371a-3p corrected for hsa-miR30b-5p extracted 
using the Qiagen kit. Table S3: Raw data and corrections for hsa-miR371a-3p corrected 
for hsa-miR20a-5p extracted using the bead-capture technique. Table S4: Raw data and 
corrections for hsa-miR371a-3p corrected for hsa-miR20a-5p extracted using the Qiagen 
kit. Table S5: Raw Ct values for hsa-miR375.
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ABSTRACT

Germ cell tumors (GCTs) are malignancies derived from primordial germ cells, of which the 
latter are formed in the yolk-sac during early embryogenesis. Like primordial germ cells 
and embryonic stem cells, specific histologies of GCTs display high levels of the miR371a-3 
cluster, a relatively recently discovered liquid biopsy-based marker for these cancers. 
Expression of this cluster is predominantly a characteristic of embryonal stem cells where 
it is suggested to be involved in the maintenance of pluripotency. Considering that 
virtually all malignant GCT patients harbor elevated blood levels of these miRs (teratomas 
excluded), this study aims to elucidate whether these miRs have a functional oncogenic 
role in the tumor cell or are a mere passenger effect. To investigate this, CRISPR Cas9-
mediated knockouts were generated, introducing mutations in the miR371a-3 cluster in 
embryonal carcinoma GCT cell lines NCCIT and 2102Ep. The results show that absence of 
miR-371 has no impact on differentiation, cell growth, or cisplatin response. Knockout of 
both miR-372 and miR-373 showed an (slight) increase in LATS2, verifying this as a target 
of miR-372 and miR-373, but not miR-371. In addition, these clones developed xenografts 
in nude mice, while the miR could not be detected in the blood. Finally, for the first time, 
we were able to generate viable clones with a knockout of the entire miR-371-3 cluster in 
GCT cells. This suggests that the miR-371-3 cluster is not involved in tumor maintenance, 
the increase in cluster levels may be a remnant from the primordial germ / embryonal 
stem cell origin combined with a lack of selection pressure on loss of this cluster. 
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INTRODUCTION

Germ cell tumours (GCTs) are neoplasms originating from primordial germ cells (PGCs), 
which are the stem cell of the germ line (Bosl & Motzer, 1997; Oosterhuis & Looijenga, 
2019). These cells are formed during early embryogenesis and migrate from the yolk sac 
along the midline of the body and eventually only reside in the genital ridge to form the 
future gonads under physiological conditions (Nikolic et al., 2016; Oosterhuis & Looijenga, 
2019). If PGCs do not differentiate and remain in a toti- or pluripotent state, GCTs can 
develop (Oosterhuis & Looijenga, 2019). GCTs can originate anywhere in the migratory 
route of the PGCs along the midline of the body, however, they are most common in the 
gonads and less commonly found in extragonadal sites such as, the retroperitoneum, 
mediastinum, as well as intracranially (Oosterhuis & Looijenga, 2019). 

GCTs can be divided into various types, depending on histology, type of precursor 
lesion, pathogenesis, status of genomic imprinting and their developmental potency 
(Oosterhuis & Looijenga, 2005, 2019). Most common are Type I and Type II GCTs, which 
occur in both males and females. Type I are the non-germ cell neoplasia in situ (GCNIS)-
related tumours and are mostly diagnosed at paediatric age, consisting of, either or 
both, teratomas and yolk sac tumours (Looijenga, 2014; Oosterhuis & Looijenga, 
2005). Type II are the GCNIS-related tumours, where GCNIS lesions precede Type II 
GCTs (Skakkebaek et al., 1982). Depending on histology, the Type II GCTs include non-
seminomatous and seminomatous GCTs (seminoma in males and dysgerminoma in 
females). Non-seminomatous tumours can be further divided into embryonal carcinomas, 
choriocarcinomas, yolk sac tumors, and teratomas (Müller et al., 2021; Nauman & Leslie, 
2022). In males, pure testicular seminomas are the most common Type II GCT comprising 
approximately half of the cases, with a median age of diagnosis at 35 years old (Radtke 
et al., 2018; Stang et al., 2023). The non-seminomas, which can be a mix of the non-
seminomatous elements, develop earlier at around 25 years of age and present about 
30% of the cases. The remaining cases are a combination of seminomatous and non-
seminomatous tumors (Dieckmann et al., 2018; Oosterhuis & Looijenga, 2005). 

Type II testicular GCTs (TGCTs) account for 60% of the malignancies found in young 
adult males ranging from 15 to 44 years of age (Cheng et al., 2018; Oosterhuis & Looijenga, 
2005, 2019; Palumbo et al., 2019). Each year, over 9000 males are diagnosed with TGCT 
in the United States (Siegel et al., 2022). This makes TGCTs the most prevalent solid 
malignancy found in men within this age group. Furthermore, in Caucasian populations, 
the incidence of TGCTs is increasing annually with up to 3-6% (Baade et al., 2008; Nigam 
et al., 2015; Walschaerts et al., 2008). Risk factors for GCNIS lesions, and therefore TGCTs, 
are related to testicular dysgenesis syndrome comprising of cryptorchidism, hypospadias, 
and poor quality of semen (Müller et al., 2021; Skakkebæk et al., 2001). 

Other than a similar transcription profile including the pluripotency factors NANOG, 
POU5F1 (OCT3/4), and SOX2, PGCs and embryonic stem cells share a low mutation rate 
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compared to somatic cells (Looijenga et al., 2003; Bloom et al., 2019). Upon DNA damage, 
embryonic stem cells and PGCs are more prone to become apoptotic due to a lack of 
G1 checkpoint in the cell cycle and high expression levels of wildtype TP53 (Hong et al., 
2007; Ottaviano et al., 2021). This makes TGCTs remarkably sensitive to DNA-damaging 
chemotherapy, such as cisplatin (Bloom et al., 2019; Lobo et al., 2020). Consequently, if 
treated, patients with TGCTs have a high overall survival rate of over 95% after 5 years 
(Gillessen et al., 2019; Mele et al., 2021). Treatment of TGCTs consists of orchiectomy often 
combined with adjuvant platinum-based chemotherapy or radiotherapy. Up to 30% of 
the patients with metastatic TGCTs are not cured after the initial treatment (Lobo et al., 
2020). Furthermore, 10-15% of the patients show intrinsic or acquired cisplatin resistance 
(Lorch et al., 2010; Országhová et al., 2022). Of these patients, 50% will eventually die as 
a result of the tumour since the treatment options are limited (Lobo et al., 2020). This 
drastically increases the years of life lost in these young patients hence why TGCTs are 
the highest-ranking cancer regarding premature years of life lost per death (Song et al., 
2020). Up to 40% of surviving patients that have undergone chemotherapy experience 
impaired hearing and approximately 25% must cope with fertility complications (Brydøy 
et al., 2009; Hartmann et al., 1999). Additionally, chemotherapy can cause cardiovascular 
disease and other secondary malignancies, thereby increasing noncancer mortality (Fosså 
et al., 2007; Kvammen et al., 2016). Because there are limited alternative therapies, it is 
important to focus on improving the current treatment strategies. 

Currently, serum tumour markers (STMs) are used to diagnose and monitor GCTs 
(Gilligan et al., 2010). Clinical management and risk stratification of patients with GCTs 
depends on the measures of three STMs: α-fetoprotein (AFP), β-human chorionic 
gonadotropin (β-hCG), and lactate dehydrogenase (LDH) (Gilligan et al., 2010; Leão et 
al., 2021; Mead, 1997). However, seminomatous cells do not produce AFP and the levels 
of β-hCG and LDH are normal in half of the patients with seminomas (Almstrup et al., 
2020; Gilligan et al., 2010; Sidi et al., 1984; Smith et al., 2018). The STM levels for patients 
with non-seminomas are higher and show elevated levels of AFP, β-hCG, and LDH in up 
to 60%, 40%, and 60% of the patients with advanced disease, respectively (Almstrup et 
al., 2020; Gilligan et al., 2010). The expression of these markers differs for the distinct non-
seminomatous GCTs (Kinkade, 1999; Smith et al., 2018). Other than low sensitivity, these 
STMs also show low specificity (Almstrup et al., 2020; Gilligan et al., 2010). Elevated levels 
of AFP are also seen in liver disease, gastrointestinal malignancies, and other tumours, 
the latter causes an increase in β-hCG levels as well, while an elevation in LDH levels can 
be caused by anything causing cellular lysis (Gilligan et al., 2010; Lange & Winfield, 1987). 
Because these markers also decay slowly, 3 days for β-hCG and 5 to 7 days for AFP, the 
period of monitoring before diagnosis becomes several weeks (Leão et al., 2021; Stevens 
et al., 2016; Willemse et al., 1981). 
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Other biomarkers that have been proven to have high sensitivity and specificity 
preclinically but are not used in the clinic for GCTs yet, are certain microRNAs (miRNA) 
(Condrat et al., 2020; Gillis et al., 2007; Murray et al., 2011). To fully understand the set-up 
and results presented in this study, it is important to understand the fundamentals of 
miRNA biosynthesis. miRNAs are small non-coding RNAs that post-transcriptionally 
regulate gene expression (Ghildiyal & Zamore, 2009; Green et al., 2016). Following the 
canonical pathway of biogenesis, the miRNA gene is transcribed after which the primary 
miRNA (pri-miRNA) is cleaved by DROSHA resulting in a precursor miRNA (pre-miRNA) 
hairpin that is exported out of the nucleus by XPO5 (Figure 1; Filipowicz et al., 2008). In 
the cytoplasm, the pre-miRNA is further processed by DICER to produce a mature miRNA 
duplex of approximately 22 nucleotides long (Filipowicz et al., 2008; Lu & Rothenberg, 
2018). Often only one strand will function as the mature miRNA and is loaded into the 
RNA-induced silencing complex (RISC), while the other strand is degraded (Filipowicz et 
al., 2008). The strands are specified as either the 3p or 5p strand. RISC searches for mRNA 
that is mostly complementary to the miRNA and silences the gene either via degradation 
or the prevention of mRNA translation (Filipowicz et al., 2008). Binding of the miRNA is 
reliant on the seed sequence; the first 2-8 nucleotides on the 5’ end of the mature miRNA 
strand will bind to the 3’ untranslated region of the target mRNA (Chipman & Pasquinelli, 
2019). One of the miRNA clusters that is expressed uniquely in embryonic stem cells is 
the miRNA-371/372/373 (miR-371-3) cluster located on chromosome 19 (Suh et al., 2004). 

About two decades ago it was found that this cluster is also expressed in all Type I 
and II gonadal and extragonadal GCTs, except for teratomas (Eini et al., 2013; Gillis et al., 
2007; Looijenga et al., 2007; Murray et al., 2011; Voorhoeve et al., 2006). The miRNAs are 
secreted into the bloodstream by the tumor cells, where they are highly stable (Eini et 
al., 2013; Murray et al., 2011). Additionally, the miRNAs have a short half-life of less than 12 
hours (Radtke et al., 2018). Taken together this makes them excellent potential biomarkers 
according to the Lange-Winfield criteria (Lange & Winfield, 1987; Leão et al., 2021). A 
study measuring the miR-371a-3p serum levels of GCT patients compared to healthy 
controls showed that miR-371a-3p has a sensitivity of 90% and a specificity of 94% with 
positive predictive values over 97% (Almstrup et al., 2020; Dieckmann et al., 2019). The 
short half-life of the marker also makes it possible to closely monitor treatment response 
(Spiekermann et al., 2015). The miR-371a-3p levels significantly lowered after orchiectomy 
as well as during chemotherapy, while levels increased in patients with relapsed disease 
(Dieckmann et al., 2019; Murray et al., 2011; van Agthoven et al., 2017). Pre-treatment 
levels of miR-371a-3p can also be used for prognostic value, indicating the progress-free 
survival and overall survival of patients with Type II GCTs (Mego et al., 2019). The inability 
of miR-371a-3p to detect teratoma is a limitation (Looijenga et al., 2007; Mego et al., 2019). 
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 Figure 1: microRNA biogenesis. 
miRNA (cluster) gene is 
transcribed to produce 
primary miRNA (pri-miRNA). 
Pri-miRNA is cleaved by 
DROSHA into precursor miRNA 
(pre -miRNA),  which is 
transported out of the nucleus 
by XPO5. Pre-miRNA is 
processed by DICER to 
produce a miRNA duplex. One 
strand of the miRNA duplex is 
incorporated into the RNA-
induced silencing complex 
(RISC) and used as a template 
for finding complementary 
mRNA. Translation of this 
(partially) complementary 
mRNA is then silenced either 
by degradation of mRNA or 
inhibition of translation.

The function of the miR-371-3 cluster has not been fully elucidated yet. However, 
suppression of the murine homolog miR-290-5 cluster causes partially penetrant 
embryonic lethality and a reduced number of germ cells in the gonads (Medeiros et al., 
2011). Due to the high expression of the miR-371-3 cluster in embryonic stem cells and 
the hypothesis that this cluster is under regulation of OCT3/4 and SOX2, it is suggested 
the cluster functions as a regulator of stem cell maintenance (Tiscornia & Carlos Izpisú 
A Belmonte, 2010; Wu et al., 2014). Overexpression of the cluster has been shown to 
promote proliferation in cancer cells via the Wnt/β-catenin signalling pathway to enhance 
stem cell renewal (Zhou et al., 2011). Cell proliferation also increased after overexpression 
of the miR-371-3 cluster because of P53 inactivation (Voorhoeve et al., 2006). The cluster 
is hypothesized to target Large Tumour Suppressor homolog 2 (LATS2), consequently 
increasing the level of active P53-inhibitory protein MDM2 (Aylon et al., 2006; Lee et al., 
2009; Voorhoeve et al., 2006). 

This raises the question of whether overexpression of the miR-371-3 cluster is an 
oncogenic driver or a passenger effect in GCT development and maintenance, as well 
as whether the expression of miR-371-3 influences the tumour response to cisplatin. 
To investigate this, two GCT cell lines were used, the NCCIT cell line and 2102Ep cell 
line (Andrews et al., 1980; Teshima et al., 1988). The NCCIT cell line is derived from a 
mediastinal embryonal carcinoma and carries a heterozygous TP53 mutation with loss 
of heterozygosity of the wildtype allele (hemizygous TP53 mutation) (Teshima et al., 
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1988). 2102Ep cells are testicular embryonal carcinoma-derived containing wildtype TP53 
(Andrews et al., 1980; Wang et al., 1980). Using CRISPR/Cas9, the cell lines were modified 
to generate knockouts (Kos) for either miR-371a, miR-372, and/or miR-373. After obtaining 
valid KO clones, the cells were characterized by investigating cell growth and cisplatin 
response was measured, in addition to analysis of expression profiles of the miR-371-3 
cluster and mRNA of pluripotency factors OCT3/4 and SOX2 and several P53 pathway-
related transcripts. Cell growth, differentiation status and morphology were not reliant 
on the expression of the miR-371-3 cluster, neither was cisplatin response. We propose 
that the high levels of the miR-371-3 cluster found in GCTs is a remnant of their precursor 
cells, either PGCs or embryonal stem cells. Furthermore, we postulate that these high 
levels are only present due to a lack of selective pressure on loss of the cluster, without 
fulfilling an (important) function in oncogenic maintenance. 

MATERIALS AND METHODS

Cell culture

The 2102EP cell line (RRID:CVCL_C522) was cultured in DMEM with 4.5 g/L D-glucose and 
L-glutamine (Gibco, Thermo Fisher Scientific, Bleiswijk, The Netherlands). The NCCIT cell 
line (RRID:CVCL_1451) was cultured in RPMI with GlutamaxTM-I (Gibco, Thermo Fisher 
Scientific, Bleiswijk, The Netherlands). Media was supplemented with 10% foetal bovine 
serum and 1% penicillin-streptomycin. Cells were passaged by trypsinization twice every 
week and incubated at 37°C and 5% CO2. 

Generating knockout using CRISPR-Cas9

1 µL of 100 µM crRNA (guide for hsa-mir-371a-3p: TCTTTTGAGTGTTACCGCTT; hsa-mir-372: 
CACCCTGTGGGCCTCAAATG; or hsa-mir-373: TCATACTGGGATACTCAAAA) was added to 1 
µL of 100 µM tracrRNA for the single CRISPR Kos. 0.5 µL of 100 µM crRNA guide 372, 0.5 
µL of 100 µM crRNA guide 373, and 1 µL of tracrRNA were combined. This was heated for 
5 minutes at 95°C and left at room temperature for an hour to allow duplex formation. 
Ribonucleoprotein complexes were made by combining 1.5 µL buffer R with 0.25 µL Cas9, 
1.75 µL guide RNA duplex, and 1.75 µL buffer R. The complexes were incubated for 10 
minutes at room temperature. Cells were trypsinized and resuspended in medium without 
Pen/Strep. Approximately 300.000 cells were centrifuged, medium was removed and 8 
µL of buffer R was added. 4 µL of component mixture was added and electroporated at 
1200V for 20ms three times using the Neon Transfection system (Thermo Fisher Scientific, 
Bleiswijk, The Netherlands). On day 0, cells were cultured in medium without Pen/Strep. 
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For the monoclonal expansion of KO cells, 1000 cells/10 mL were plated from the 
bulk. Monoclonal colonies were picked and expanded for characterization. 

DNA extraction

For characterization of the clones, DNA was extracted. 1 mL of cell suspension was 
centrifuged at 2000 rpm for 5 minutes. Supernatant was removed, after which 
QuickExtract™ DNA Extraction Solution (Lucigen, Biosearch Technologies, Halle-Zoersei, 
Belgium) was used according to manufacturer’s instruction. The samples were run at 65°C 
for 10 minutes and another 5 minutes at 98°C in a PCR machine. Samples were stored in 
1:2 MilliQ dilution at -20°C. 

DNA extraction for Real Time quantitative PCR analysis was done according to 
manufacturer’s instruction using the Dneasy® Blood & Tissue kit (Qiagen, Venlo, The 
Netherlands, cat.nr.69504). 

Polymerase Chain Reaction (PCR)

20 µL total volume consisting of 10 µL GoTaq® G2 Hot Start Green Master Mix (Promega, 
Leiden, The Netherlands), 6 µL MilliQ, 2 µL gDNA, and 2 µL primer mix (1:1 forward and 
reverse primer). Using a Bio-Rad T100 Thermal Cycler samples were incubated at 95°C 
for 5 minutes, followed by 34 cycles of: 1) 95°C for 30 seconds; 2) 58°C for 30 seconds; 
3) and 72°C for 30 seconds, and a final extension step of 7 minutes. The following 
primer sequences were used to target hsa-miR-371, hsa-miR-372, and hsa-miR-373: 
forward primer hsa-miR-371 (CCTCACACGTGTTCCTTCCT), reverse primer hsa-miR-371 
(CTGCGGGTATAGTTGCCTAC), forward primer hsa-miR-372 (TCTGATGGGTAAGTGCTTCCA), 
reverse primer hsa-miR-372 (CCGAGAGTGGACTGTGTTGA or ATACAGCCCCTTGGTCACAG), 
forward primer hsa-miR-373 (AGCAGCTGTGACCAAGGG), and reverse primer hsa-miR-373 
(TTCCGAACTTCACCCAAACC). 

Viability assay

Viability assays were performed in three technical and two or three biological replicates. 
Cells were cultured in aforementioned conditions in increasing densities of 0, 500, 1.000, 
2.000, 4.000, 6.000, 8.000, and 10.000 cells in 100 µL per well in a 96 well plate. After 4 
days, the CellTiter-Glo® 2.0 Luminescent Cell Viaility Assay kit (Promega, Leiden, The 
Netherlands) was used to analyse cell viability. 1:1 CellTiter-Glo® was added and mixed for 
5 minutes. After 10 minutes of incubation at room temperature, cells were transferred to 
a Pierce white opaque 96-well plate (Thermo Fisher Scientific, Bleiswijk, The Netherlands, 
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cat.nr. 15042) and luminescence was measured on the ID3 Spectramax (Molecular Devices, 
San Jose, CA, USA). 

Cisplatin viability assay

On day 0, 1000 E371 cells or 2000 NCCIT clone cells in 50 µL were plated per well in a 96 
wells plate. On day 1, 50 µL of 0.66 µM, 2 µM, 4 µM, 8 µM, 12 µM, 16 µM, 20 µM, 32 µM, 
and 64 µM was added in RPMI or DMEM with 0.9% NaCl. On day 4, 1:1 CellTiter-Glo® was 
added for luminescence measuring as described above. 

RNA isolation

Total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific, Bleiswijk, The 
Netherlands), according to manufacturer’s instruction. To measure the quality and 
quantity, the NanoDrop One (Thermo Fisher Scientific, Bleiswijk, The Netherlands) and 
Qubit 4 Fluorometer (Invitrogen™, Thermo Fisher Scientific, Bleiswijk, The Netherlands) 
were used. RNA was stored at -80°C. 

Real Time quantitative PCR (RT-qPCR) miRNA

The TaqMan microRNA Reverse Transcription kit (Thermo Fisher Scientific, Bleiswijk, 
The Netherlands, cat.nr 4366597) was used to synthesize cDNA of the purified (mi)RNA. 
RT primers and assays used were: housekeeper RNU48 (001006), and hsa-mir-371a-3p 
(002124), hsa-mir-372 (000560), hsa-mir-373-3p (000561), and hsa-mir-885-5p (002296). 
TaqMan Real Time qPCR was performed in duplo using 2X TaqMan Advanced Master 
Mix and 20X TaqMan Advanced miRNA assays for RNU48, miR-371a-3p, miR-372, miR-
373-3p, and miR-885-5p. PCR was run in the MicroAmp Fast Optical 96-Well Reaction 
Plate (Thermo Fisher Scientific, Bleiswijk, The Netherlands, cat.nr. 4346906) on the 
QuantStudio™ (Thermo Fisher Scientific, Bleiswijk, The Netherlands) 12k Flex. CRISPR/
Cas9-edited clones were normalized against their respective parental cell line.

RT-qPCR miRNA Advanced

Isolated RNA was used to synthesize cDNA using the TaqMan Advanced miRNA cDNA 
Synthesis kit (Thermo Fisher Scientific, Bleiswijk, The Netherlands, cat.nr. A28007) 
following manufacturer’s instructions. TaqMan Advanced assays used were: housekeepers 
hsa-miR-20a-5p (478007_miR) and hsa-miR-30b-5p (478586_miR), and targeted assays 
for hsa-miR-371a-3p (478070_miR), hsa-miR-371a-5p (478851_miR), hsa-miR-371b-3p 
(478852_miR), hsa-miR-371b-5p (478853_miR), hsa-miR-372-3p (478071_miR), hsa-miR-
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372-5p (478854_miR), hsa-miR-373-3p (478363_miR), hsa-miR-373-5p (478073_miR). 
PCR was run in the MicroAmp Fast Optical 96-Well Reaction Plate (Thermo Fisher 
Scientific, Bleiswijk, The Netherlands, cat.nr. 4346906) on the QuantStudio™ (Thermo 
Fisher Scientific, Bleiswijk, The Netherlands) 12k Flex. CRISPR/Cas9-edited clones were 
normalized against their respective parental cell line.

RT-qPCR miRNA in Conditioned Medium 

Medium was extracted from cultured cells and stored at -20°C. miRNAs were isolated 
from the conditioned medium using the miRNeasy Serum/Plasma Advanced kit (Qiagen, 
Venlo, The Netherlands, cat.nr. 217204) following manufacturer’s instruction or by bead-
capturing using the TaqMan miRNA ABC Purification kit – Human panel A (Thermo 
Fisher Scientific, Bleiswijk, the Netherlands). For purification using bead-capturing, the 
KingFisher Flex with 96 KF Head, KingFisher 96 KF microplate, KingFisher 96-Tip combs 
for KF Magnets and the Ultrasonic Waterbath M2800H-E were used. 

Non-human spike-in control ath-miR-159a (000338) and cel-miR-39-3p (000200) was 
used. cDNA was synthesized using the TaqMan miRNA Reverse Transcription kit, following 
manufacturer’s instruction. The RT primers used were: ath-miR-159a, housekeepers hsa-
miR-20a-5p (000580) and hsa-miR-30b-5p (000602), targeted RT primers were for hsa-
miR-371a-3p (002124), hsa-miR-372 (000560), and hsa-miR-373-3p (000561). PCR was 
performed using 2X TaqMan Advanced Master Mix and 20X TaqMan Advanced miRNA 
assays in a MicroAmp Fast Optical 96-Well Reaction Plate on the QuantStudio™ 12k Flex. 
CRISPR/Cas9-edited clones were normalized against their respective parental cell line.

RT-qPCR mRNA

cDNA was synthesised according to manufacturer’s instruction using total RNA, 
oligod(T)18 and random hexamers. For PCR, 2X TaqMan Advanced Master Mix was 
used together with 20X TaqMan Advanced gene expression assays: housekeeper HPRT 
(hs02800695_m1), POU5F1 (hs04195369_s1), SOX2 (hs01053049_s1), TP53 (hs01034249_
m1), CDKN1A (hs99999142_m1), BBC3 (hs00248075_m1), PMAIP1 (hs00560402_m1), BAX 
(hs99999001_m1), and LATS2 (hs00324396_m1/hs01059009_m1) in duplo. PCR was run 
using MicroAmp Fast Optical 96-Well Reaction Plate (Thermo Fisher Scientific, cat.nr. 
4346906) in a MicroAmp Fast Optical 96-Well Reaction Plate on the QuantStudio™ 12k 
Flex. CRISPR/Cas9-edited clones were normalized against their respective parental cell 
line.



167

6

miR371a-3 cluster functionality in germ cell tumor cell lines 

RT-qPCR 3p amplification

For chromosome 3p amplification analysis, purified total DNA was used. 2X Power SYBR 
Green Master Mix with primers p48+p49 (control 100bp), p50+p51 (control 200 bp), p57+p58 
(3p amp 100bp), or p59+p60 (3p amp 200bp) were run as a standard run on a MicroAmp 
Fast Optical 96-Well Reaction Plate on the QuantStudio™ 12k Flex. The used primer 
sequences were for p48 (GCCCGACATTCTGCAAGTCC), p49 (GGTGTTGCCGGGAAGGGTT), 
p50 (TGT TGACTCGATCCACCCCA), p51 (TGAGCTGCAAGT T TGGCTGAA), p57 
( TGC ATGA A A AGC TC TC TCCC A),  p58 (AGC TGC TGAGTAGGGGTGTA),  p59 
(TGGAGTGGTGTACTAGCGGA), p60 (GAAGTGGGAGTCCACGGAAC). CRISPR/Cas9-edited 
clones were normalized against their respective parental cell line.

Western Blot

Cells were harvested by cell scraping and lysed using Laemmli buffer. Samples were 
incubated at 70°C for 10 minutes. Protein concentrations were measured using the Pierce 
Micro BCA Protein Assay Kit (Thermo Fisher Scientific, Bleiswijk, The Netherlands, cat.nr. 
23235). 1:4 Laemmli sample buffer containing 10% β-mercaptoethanol was incubated 
with the desired amount of protein at 95°C for 5 minutes. 54 µg of protein was loaded 
into a 4-15% Mini-Protean TGX Stain-Free precast gel (Bio-Rad Laboraties, Lunteren, The 
Netherlands). The proteins were transferred to 0.2 µm PVDF membrane blotting paper 
using the Turbo Trans-Blot system (Bio-Rad Laboraties, Lunteren, The Netherlands). The 
membrane was incubated overnight at 4°C with mouse anti-LATS2 primary antibody 
(1:2500, Thermo Fisher Scientific, Bleiswijk, The Netherlands; #CF804435) or mouse anti-
β-actin primary antibody (1:5000, Thermo Fisher Scientific, Bleiswijk, The Netherlands; 
#MA5-15739). After washing three times for 5 minutes with PBS-Tween 0.1%, the samples 
were incubated with goat anti-mouse IgG (H+L) horseradish peroxidase conjugated 
(1:5000, Thermo Fisher Scientific, Bleiswijk, The Netherlands; #G21040) as secondary 
antibody and washed again. Proteins were visualized using Clarity Western ECL substrate 
(Bio-Rad Laboraties, Lunteren, The Netherlands) and the ChemiDoc (Bio-Rad Laboratories, 
Lunteren, The Netherlands).

Imaging

Brightfield images were obtained using the Leica Dmi1 (Leica Microsystems, Amsterdam, 
The Netherlands).
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Data visualization and analysis

Data was analyzed and visualized using Synthego ICE, Graphpad Prism 9, SnapGene 6.2.1., 
miRTargetLink2.0, and Adobe Illustrator 27.5

RESULTS

Generation of NCCIT miR-371a knockout lines

NCCIT clones with a miR-371a KO were generated using CRISPR/Cas9. The guide was 
designed to modify the sequence surrounding miR-371a-3p (Figure 2A). Sanger 
sequencing analyzed by Synthego ICE or SnapGene (InDels over 40 base pairs) showed 
four suitable NCCIT miR-371 KO (N371) clones that had deletions of up to 25 nucleotides 
surrounding the Cas9 cut site (Figure 2B). Using RT-qPCR, miRNA levels were measured. 
The miR-371a-3p profile of the N371 clones showed that KO clones N371-3, -5, -11, and 
-12 had lower to no levels of miR-371a-3p, while the wildtype miR-371 clones harbored 
unchanged (N371-1) or even increased levels of miR-371 (N371-10) (Figure 3A). The levels 
of miR-372 and miR-373 remained unaltered for all clones, except for clone N371-10. 
This clone demonstrated substantially increased levels of miR-372 and miR-373, in line 
with the elevated expression of miR-371a, likely due to clonal effects (Figure 3B). The 
putative molecular marker of teratomas, miR-885-5p (Lobo et al., 2019), was unaffected 
in all clones (Figure 3C). As the CRISPR/Cas9 guide was designed to cut in miR-371a-3p, 
it was predicted that miR-371b(-5p) on the reverse strand of miR-371a was also negatively 
affected. Further downstream analysis of the expression profile of the miR-3p and miR-5p 
arms with advanced RT-qPCR illustrated that both the 3p and 5p arm of miR-371a had 
decreased levels in the KO clones (Figure 3D). Coincidently, miR-371b levels of both the 
miR-3p and miR-5p arm were also decreased in the KO clones while remaining relatively 
unchanged in the wildtype clones. Analysis of the secretion of the miR-371-3 cluster 
into conditioned medium confirmed the reduction of miR-371a-3p in the KO clones and 
showed again slightly increased levels of the whole cluster in clone N371-10 (Figure 3E). 
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Figure 2: Knockout of miR-371. A) The CRISPR/Cas9 cut site (red dashed line) of the CRISPR Guide (orange) lies 
in the sequence of hsa-mir-371a/b and mature miR-371a-3p and miR-371b-5p. B) InDel size of N371 clones as 
indicated by analysis of Sanger sequencing data using ICE Synthego.

N371 clones display no difference in mRNA expression or growth

To investigate the differentiation state of the various miR-371 KO clones, RT-qPCR was 
performed to look at the expression of pluripotency markers OCT3/4 (POU5F1) and 
SOX2. The expression of OCT3/4 and SOX2 were similar to NCCIT parental in all clones 
(Figure 4A). Due to the putative involvement of the miR-371-3 cluster in the P53 pathway, 
expression of various genes in this pathway were studied. KO of miR-371 caused no major 
difference of the P53 pathway-related transcripts, TP53, P21 (CDKN1A), BAX, PUMA (BBC3), 
and NOXA (PMAIP1) (Figure 4B). The mRNA levels of the hypothesized direct target of the 
miR-371-3 cluster, LATS2, was unaffected as well (Figure 4C). Cell growth was investigated 
by seed density assays. The clones displayed similar growth rates as well as morphology, 
indicating no effect of miR-371 KO on cell growth and survival (Figure 4D and 4E). 
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Figure 3: Expression profile of miR-371-3 cluster in NCCIT miR-371 (N371) knockout clones. A) Fold change 
of the level of miR-371a-3p in the N371 clones compared to NCCIT parental. B) Fold change levels of miR-372 and 
miR-373-3p in N371 clones compared to NCCIT parental. C) Level of miR-885-5p in N371 clones. D) Advanced 
logFold change levels of miR-371-3 cluster including the miR-3p and miR-5p arms of the miRNAs in the cells of 
N371 clones. E) Level of secreted miR-371-3 cluster in the conditioned medium of N371 clones, normalized to 
either RNU48 (red) or hsa-mir-30b (green).
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Figure 4: Expression of pluripotency markers, P53-pathway targets, and cell growth and morphology of 
N371 clones. A) Fold change expression of the pluripotency markers: OCT3/4 (POU5F1) and SOX2.  B) Fold change 
expression of P53-related transcripts: TP53, P21 (CDKN1A), BAX, PUMA (BBC3), NOXA (PMAIP1). C) Fold change 
level of LATS2 expression. D) Exponential growth curve defined by absolute viability of increasing cell densities. 
N=3. E) Morphology of the six clones. Magnification: 300x.

Because cisplatin is the standard treatment for GCTs, the cisplatin response was 
measured in N371 KO clones by exposing the clones to increasing cisplatin concentrations 
(Figure S1A). The derived IC50s showed that some N371, but not all, clones carrying miR-
371 KO mutations were more sensitive to cisplatin (Figure S1B). These results indicate that 
miR-371 is not necessary for NCCIT cell growth nor cisplatin response. Moreover, it does 
not affect mRNA levels of the measured pluripotency markers and P53-related targets.
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Generation of 2102Ep miR-371a knockout lines

Since NCCIT cells have a hemizygously mutated TP53 (Teshima et al., 1988), the response 
to miR-371 KO may differ in GCT cells harboring wildtype TP53. To further investigate 
the function of miR-371 in GCT cells with wildtype TP53, miR-371 KO clones (E371) were 
generated in 2102Ep cells using CRISPR/Cas9 with the previously discussed guide (Figure 
2A). Sanger sequencing and subsequent ICE analysis demonstrated that two clones had 
deletions surrounding the expected Cas9 cut site; clone E371-B harboured deletions 
of 2 and 46 nucleotides, while clone E371-G harboured two relatively large deletions 
of 19 and 23 nucleotides (Figure 5). Of the clones, four had an one base pair insertion 
on each allele (Figures 5 and S2A). Analysis of the expression profile of the miR-371-3 
cluster indicated that these four clones indeed did not have significantly altered miR-
371a-3p levels compared to 2102Ep parental (Figure S2B). Clone E371-C demonstrated 
closest similarity to 2102Ep parental regarding miR-371-3 cluster levels (Figure 6A). The 
miR-371a-3p levels in E371 KO clones B and G were significantly lower or undetermined. 
The levels of the other miRNAs of the miR-371-3 cluster remained unchanged compared 
to 2102Ep parental (Figure 6B), as were the levels of miR-885-5p (Figure 6C). Similar to 
N371, both the 3p and 5p arm of miR-371a were negatively affected by KO of miR-371a-
3p in E371 (Figure 6D). The secretion of the miR-371-3 cluster by the E371 clones was 
measured by RT-qPCR after two different methods of miRNA isolation of conditioned 
medium. Both methods show a similar trend among the E371 KO clones, E371-B and 
E371-G secrete lower levels of miR-371a-3p compared to E371-C when normalized to the 
parental control (Figure 6E).

Figure 5: InDel size of 2102Ep miR-371a knockout (E371) 
clones. InDel size of E371 clones as indicated by analysis of 
Sanger sequencing.
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E371 clones display no difference in mRNA expression or growth

To verify the results obtained in the N371 clones, expression levels of the pluripotency 
markers and P53 pathway-related transcripts were measured via RT-qPCR in the E371 
clones. Expression of OCT3/4 and SOX2 were unchanged compared to 2102Ep parental 
(Figure 7A). mRNA of genes involved in the P53 pathway were unaffected by KO of miR-
371 (Figure 7B). The levels of TP53, BAX, PUMA (BBC3), NOXA (PMAIP1), and LATS2 were 
increased in clone E371-C (Figures 7B and 7C), accompanied by a worse performance 
in cell growth (Figure 7D). Results of the exponential cell growth curve indicate clonal 
differences independent of miR-371 KO with clone E371-B and -G outperforming clone 
E371-C (Figure S3). The morphology of the clones did not demonstrate any discrepancies 
(Figure 7E). Next, cisplatin response was measured in the same manner as for the N371 
clones. Unlike the N371 KO clones, the E371 clones did not acquire cisplatin sensitivity 
after miR-371 KO (Figure S4). Previous research illustrated that CRISPR/Cas9 editing and 
clonal expansion can cause amplification of chromosome 3p25.3, associated with cisplatin 
resistance (Timmerman et al., 2022). No gain of chromosome 3p25.3 seen in the E371 
clones (Figure S5). These results suggest that the differences in cisplatin response are 
clonal, unrelated to miR-371 KO status. 

Generation of CRISPR/Cas9 NCCIT miR-372 and/or miR-373 knockout 
clones

Analysis of the strongly validated targets of the cluster using miRTargetLink2.0, illustrated 
that miR-372 and miR-373 are the miRNAs with the broadest network of targets (Figure 
S6). Therefore, to investigate if the increase of miR-371a in GCTs is due to a passenger 
effect or oncogenicity of the other miRNAs in the miR-371-3 cluster, we generated NCCIT 
clones with either a miR-372 (N372), miR-373 (N373), or combination (N23c) KO mutation 
(Figure 8A). A total of eight clones were characterized beyond Sanger sequencing, of 
each line a CRISPR-edited wildtype was taken as a control. Sanger sequencing analysis 
showed that one of the N372 KO clones harboured an allele with a relatively shorter 
deletion of 4 nucleotides and one long deletion of 117 nucleotides surrounding the 
expected Cas9 cut site in miR-372, the other clone harboured two longer deletions of 27 
and 23 nucleotides, respectively (Figure 8B). The N373 KO clone had deletions of 10 and 
13 nucleotides in miR-373. Sanger sequencing of clone N23c-3 showed one allele with 
an inversion of the 5’ ◊ 3’ strand sequence into the 3’ ◊ 5’ strand between the cut sites of 
Cas9 in miR-372 and miR-373, causing double KO of miR-372 and miR-373 (Figure 8C). 
The other allele of clone N23c-3 harboured a 2-base pair insertion in miR-373, we were 
unsuccessful in elucidating the miR-372 sequence of this allele. Clone N23c-10 had two 
large deletions in miR-372, yet harboured wildtype alleles for miR-373.
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Figure 6: Profile of miR-371-3 cluster in 2102Ep miR-371 knockout (E371) clones. A) Fold change level of 
miR-371a-3p in E371 clones compared to 2102Ep. B/C) Fold change levels of B) miR-372 and miR-373 and C) miR-
885-5p are unchanged after knockout of miR-371. D) logFold change of both miR-3p and -5p arm of the miRNAs 
of miR-371-3 cluster, miR-371a-3p and miR-371a-5p (outlined in red) measured by advanced RT-qPCR. E) Fold 
change levels of secreted miR-371-3 cluster isolated from conditioned medium either by total miRNA isolation 
(red) or using the magnetic bead-capture method (green).
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Figure 7: Expression of mRNA and cell growth of E371 clones. A) Fold change of pluripotency markers mRNA 
expression OCT3/4 (POU5F1) and SOX2 compared to 2102Ep parental. B) Fold change of mRNA of TP53 and its 
pathway related genes, P21 (CDKN1A), BAX, PUMA (BBC3), NOXA (PMAIP1). C) Fold change of LATS2 expression 
in E371 clones normalized to 2102Ep parental. D) Cell growth as defined by the absolute viability of different cell 
densities. N=3. E) Morphology of the E371 clones. Magnification: 50x.



176

Chapter 6

 
Figure 8: Knockout of miR-372 and miR-373. A) The cut site (red dashed line) of CRISPR/Cas9 lies in the sequence 
of mature miR-372-5p or miR-373-5p using the CRISPR guides (orange). B) Three miR-372 CRISPR-edited clones 
(N372) were continued to characterize: wildtype N372-2, and miR-372 knockout clones N372-7 and N372-10.  
C) Two miR-373 CRISPR-edited clones (N373) were characterized: wildtype N373-3 and knockout clone N373-5. 
D) Three miR-372 and miR-373 CRISPR-edited clones (N23c) were characterized: double-knockout clone N23c-3, 
wildtype N23c-4, and miR-372 knockout N23c-10.

The other allele of clone N23c-3 harboured a 2-base pair insertion in miR-373, we 
were unsuccessful in elucidating the miR-372 sequence of this allele. Clone N23c-10 had 
two large deletions in miR-372, yet harboured wildtype alleles for miR-373. The miR-371-3 
cluster profile showed that miR-371a-3p levels were similar in the cells of all clones, while a 
steep decrease could be seen in miR-372 levels in the miR-372 KO clones N372-2, N372-10, 
N23c-3, and N23c-10 compared to NCCIT parental (Figure 9A). Clones N373-5 and N23c-3 
had lower levels of miR-373 compared to NCCIT parental. Similar results were obtained 
when measuring the levels of secreted miR-371-3 cluster in conditioned medium (Figure 
9B), indicating that the miRNAs were absent in the generated KO clones. 
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Increase in LATS2 mRNA levels after knockout of both miR-372 and  
miR-373

The expression of the pluripotency markers and P53-related transcripts were measured 
in the N372, N373, and N23c clones using RT-qPCR. KO of either miR-372 or miR-373 gave 
similar levels of OCT3/4 and SOX2 as NCCIT parental (Figure 10A). For the double-KO 
clone N23c-3, the levels of the pluripotency markers decreased by a fold change of near 
three. Expression levels of the P53-related genes in the clones did not differ from NCCIT 
parental, except for a decrease of CDNK1A (P21) in clone N372-10 (Figure 10B). This clone 
had a significantly higher absolute IC50 than all clones but N373-3 and N23c-3 (Figure S7). 
Nonetheless, no miR-371-3 cluster-related differences could be demonstrated in cisplatin 
response of the clones. Remarkably, clone N23c-3 had a more than 3.5-fold increase in 
LATS2 expression, despite similar levels of other P53-related transcripts compared NCCIT 
parental, indicating an effect of miR-372 and miR-373 (Figure 10C). Analysis of the cell 
growth of the clones, illustrates similar growth curves for most clones (Figure 10D). 
Double-KO clone N23c-3 had a more levelled growth curve. However, clonal differences 
could also be seen for the clones with wildtype miR-371-3 cluster. The morphology of 
the clones showed no difference (Figure 10E). 

Increase in LATS2 in double-knockout clone

To get more insight into the increase in LATS2 expression in clone N23c-3, Western blot 
was performed. Western blot showed a relatively higher intensity of LATS2 in the double-
KO clone N23c-3 compared to its CRISPR-edited wildtype counterpart clone N23c-4 
(Figure 11A). LATS2 protein intensity was not increased in the N372 clones, however 
clone N373-5 appears to have higher intensity of LATS2 as well (Figure 11B). This indicates 
a positive effect of miR-373 KO on LATS2 protein levels.

Double-knockout cells are able to form tumors in vivo

To test the hypothesis on whether miR372 and miR373 are responsible for oncogenic 
features, we subcutaneously xenografted double-knockout clone N23c-3 and wildtype 
control N23c-4 into both sides of mice (two tumors per animal, three animals per cell line). 
Tumors were harvested, formalin fixed, paraffin embedded and stained for histology using 
H&E at endpoints (data not shown). All animals developed tumors and no differences in 
histology was identified, i.e., all cases were embryonal carcinomas. To confirm, plasma 
of the the xenografted mice was analysed using the respective miR levels (Figure 12). 
Indeed, plasma of the animals injected with the double knock-out cell line showed only 
presence of miR371a, with low to absent levels of miR372/373. In contrast, the wildtype 
injected animals, serving as controls, all three miRs were detected. 
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GCT cells survive knockout of miR-371-3 cluster

To confirm the passenger effect of miR-371a on the transcription of the miR-371-3 cluster, 
we generated miR-371 KO clones in the miR-372 and miR-373 double-KO clone N23c-3 
(NT) using CRISPR/Cas9. Six triple KO clones were further characterized (Figure S8). 
Analysis of the miR371-3 cluster profile confirmed the decreased levels of miR-371a-
3p, and consequently the entire cluster, in all clones (Figure 13A). Noticeable is how 
some clones had even lower levels of miR-372 and miR-373 than their precursor clone 
N23c-3 while no CRISPR/Cas9-editing was performed on these miRNAs at that time. The 
secreted miR-371-3 cluster levels in the conditioned medium of the clones showed similar 
decreases in the miR-371-3 cluster levels (Figure 13B). mRNA expression of OCT3/4 and 
SOX2 was unchanged in response to miR-371-3 cluster KO compared to NCCIT parental 
(Figure S9A). Clone NT-9 displayed lower levels of the pluripotency marker as well as 
higher levels of P21, expectedly due to clonal differences. Surprisingly, LATS2 expression 
was only increased in half of the clones (Figure S9C). The morphology and cell growth 
rates of the NT clones were indistinguishable (Figure S9D and E). 
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Figure 9: miR-371-3 profile of N372, N373, and N23c clones. A) Profile of fold change of miR-371-3 cluster in cells 
of miR-372, miR-373, or combination knockout clones compared to NCCIT parental. B) Profile of fold change of 
secreted miR-371-3 cluster by N372, N373, and N23c clones compared to NCCIT parental.
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Figure 10: Expression of mRNA and cell growth of N372, N373, and N23c clones. A) Fold change of OCT3/4 
(POU5F1) and SOX2 compared to NCCIT parental. B) Expression level of mRNA of P53-related transcripts: TP53, 
P21 (CDKN1A), BAX, PUMA (BBC3), and NOXA (PMAIP1). C) Fold change of LATS2 expression compared to NCCIT 
parental. D) Cell growth as defined by the absolute viability of increasing cell densities. N=2. E) Morphology of 
the clones in culture. Magnification: 300x.
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Figure 11: Western blot of β-actin and LATS2. A) Protein signal intensity of β-actin (housekeeper) and LATS2 
(red arrow) in double-knockout clone N23c-3 and CRISPR-edited wildtype clone N23c-4. B) Protein signal intensity 
of β-actin (housekeeper) and LATS2 in N372, N373, and N23c clones.

Figure 12: miR-371-3 cluster levels in mouse plasma after xenografting N23c-3 or wildtype N23c-4. miR 
levels measured in the plasma from separate animals depicted as 40 minus the deltaCt (high values indicate high 
miR levels). Only plasma coming from animals injected with the N23c-3 (KO) show strong reduced levels of the 
miR372 and 373, indicating that indeed these tumors are coming from double-knockout cells.
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Figure 13: miR-371-3 cluster profile NT clones. A) Fold change of miR-371-3 cluster levels in cells of NT clones 
compared to NCCIT parental. B) Fold change of secreted miR-371-3 cluster levels in conditioned medium of NT 
clones compared to NCCIT parental.
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DISCUSSION

For over a decade it has been known that the miR-371-3 cluster is expressed and secreted 
by all malignant GCT cells (Eini et al., 2013; Gillis et al., 2007; Looijenga et al., 2007; Murray 
et al., 2011; Voorhoeve et al., 2006). Of this cluster, miR-371a-3p is most studied in the 
serum of (T)GCT patients (Syring et al., 2015). Therefore, we tried to elucidate if this 
miRNA had oncogenic properties, if its presence is a passenger effect of the transcription 
of the miR-371-3 cluster and miR-372 and/or miR-373 are the oncogenic drivers, or if 
transcription of the entire miR-371-3 cluster is a passenger effect in GCTs, or more precise, 
a remaining phenotype from their precursor cells. In this study, for the first time, CRISPR/
Cas9-edited GCT cell clones were generated harbouring both individual KO mutations 
of the miR-371-3 cluster miRNAs and various combinations. 

Investigation of the N371 and E371 KO clones showed a decrease not only in 
miR-371a-3p levels, but also in miR-371a-5p levels (Figures 3D and 6D). This indicates 
that a mutation in miR-371a-3p causes a defect in the formation of the miR-371a 
hairpin, therefore impairing the maturation of both miRNAs (Figure 14). Along with 
the expression of the miR-371-3 cluster, miR-885-5p expression was measured as this 
miRNA is a putative molecular marker for teratoma; the only GCT histology that does 
not secrete the miR-371-3 cluster. The unchanged levels of miR-885-5p compared to 
their parental cell line (Figure 3C and 6C) was in concordance with results obtained 
from mouse xenografts. Xenografting of N371 KO clones in mice showed no histological 
differentiation and similar tumour growth between wildtype and KO clones (data not 
shown). This indicates that miR-371 is not required for maintenance of pluripotency in 
the embryonal carcinoma phenotype. mRNA data of the pluripotency markers OCT3/4 
and SOX2 and cell morphology demonstrate this as well (Figures 4A/E and 7A/E). mRNA 
expression of transcripts involved in the P53 pathway, especially the miR-371-3 target 
LATS2, did not differ significantly from NCCIT/2102Ep parental and are thus likely not a 
target of miR-371. This is substantiated by earlier research indicating miR-372 and miR-373 
to be responsible for regulation of LATS2 (Voorhoeve et al., 2006). Clonal differences were 
observed in cell growth and cisplatin response; however these could not be designated 
to the loss of miR-371 as results varied between miR-371 KO clones (Figure S1 and S4). 
We therefore concluded that the increased levels of miR-371a-3p in GCT cells are not 
involved in cell survival after tumour establishment. 
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Figure 14: Expected miRNA biogenesis after CRISPR/Cas9 editing. Proposed model of impairment of miRNA 
biogenesis after InDel in one arm of the miRNA. miR371 is used as an example of an edited miR while miR372 and 
373 serve as wildtype controls.

This conclusion was followed by the investigation of the possibility that the increase 
in miR-371a-3p is due to tumor dependency on miR-372 and/or miR-373, and because the 
cluster is transcribed to form one pri-miRNA the increase in miR-371 is merely a passenger 
effect of the transcription of the full cluster. Most interesting were the results obtained 
from the miR-372 and miR-373 double-KO clone. While KO of either miR-372 or miR-
373 did not affect LATS2 expression, the combination KO of both increased LATS2 levels 
(Figure 10C). To verify the increase and study the possibility that the miRNAs silence 
the gene by preventing mRNA translation and not only mRNA degradation, Western 
blot was performed. The increase in LATS2 was confirmed, showing a higher protein 
signal intensity in the double-KO clone (Figure 11). The increase in LATS2 after KO of 
miR-372 and miR-373 is consistent with our earlier findings of Voorhoeve et al., (2006), 
showing that increasing miR-372 and miR-373 expression decreased LATS2 mRNA levels 
2-fold and protein levels 4- to 5-fold, indicating a combination of mRNA degradation and 
translational inhibition of the miRNAs. The increase in cell proliferation demonstrated 
by the researchers after transduction with a miR-371&2 or miR-373 vector was seen by 
us as a slight decrease in cell proliferation in the double-KO clone. However, it is difficult 
to confirm if this decrease in cell proliferation was due to the loss of miR-372/373 in 
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the generated clones. Mostly because clones harbouring similar or no mutations did 
not always demonstrate comparable growth, indicating clonal differences. Considering 
that NCCIT cells carry hemizygously mutated TP53, no effect was seen in the mRNA 
levels of TP53 in our clones. Nonetheless, the increase in the miR-371-3 cluster in GCTs 
with wildtype TP53 may be advantageous to the tumour by suppressing P53-regulated 
apoptosis via LATS2 (Aylon et al., 2006; Voorhoeve et al., 2006). Interestingly, clones that 
grew slower had increased levels of LATS2. This is in line with the findings of Voorhoeve 
et al., (2006), however, we also observed this effect in clones with mutations in miR-371 
(Figure S3B) and not only in miR-372 or miR-373-mutated clones. This may indicate an 
off-target effect of editing in the miR-371-3 cluster or an effect independent of the cluster. 
Interestingly, both wildtype and double-knockout cells were able to form tumors in vivo. 
Strikingly, no impact on histology was identified resulting from the double-knockout 
compared to the wildtype cells (embryonal carcinoma, and absence of differentiated 
elements). Due to the known levels of these miRs during embryonal development we 
expected that loss of these miRs would, if there would be tumor formation at all, at 
least have an impact on viability or histology (i.e., differentiation into teratoma). The 
explanation could be related to residual functionality of miR371 in the double-knockout 
cells. In vivo xenografting of triple-knockout clones would be a logical next step to further 
study this. 

Using miRTargetLink 2.0 targets of the miR-371-3 cluster can be analysed as weak 
and/or strong validated (Kern et al., 2021). This shows that miR-372(-3p) and miR-373(-
3p) are the strongest representatives of the cluster regarding strongly validated targets 
(Figure S6). This corresponds with RNAseq data of the N371 clones, which indicates no 
significant difference in the miR-371-3 cluster targets with strong validation compared 
with NCCIT parental (data not shown). It is striking that many targets with strong 
validation are involved in the regulation of metabolic processes. This was confirmed 
by RNAseq of the N371 clones, likely due to lower levels of miR-371a-5p, an inhibitor 
of hypoxia-inducible factor-1α (Yao et al., 2016). One strong validated target that all 
three miRNAs of the cluster share is Dickkopf-1 (DKK1), an inhibitor of the Wnt signalling 
pathway crucial for embryonic development (Semënov et al., 2008). An increase in the 
miR-371-3 cluster may therefore help induce or maintain pluripotency via Wnt signalling 
in GCT cells (Zhou et al., 2011). 

It Is Important to note that the miR-371-3 cluster is not the only interactor of its 
targets, thereby complicating a study into the function of only this cluster. This may 
clarify why only half the NT KO clones show a slight increase in LATS2 levels (Figure 
S9C). A luciferase assay using a luciferase expressing vector with a miR (371a/2/3) target 
sequence in the 3’ untranslated region could really verify that the edited miRNAs are 
non-functional. Furthermore, due to the hemizygous mutation of TP53 in NCCIT, the 
results may vary in 2102Ep as this cell line might be more dependent on the expression 
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of the miR-371-3 cluster, this in line with results indicating that GCTs expressing high 
miR-371-3 cluster levels did not have TP53 mutations (Voorhoeve et al., 2006). Therefore, 
it will be of interest to repeat the experiments in 2102Ep to investigate the dependency 
of the TP53 status. There is also a possibility of CRISPR/Cas9 off-target effects. As was seen 
in N371 clone 10, this clone harboured wildtype miR-371-3 cluster, however the levels 
of the cluster were slightly but consistently increased (Figure 3). This suggests that just 
binding and cutting by Cas9 in the cluster, followed by correct repair after CRISPR/Cas9 
treatment, may influence the clones DNA in a way that allows for higher expression. 

The important outcome of this study is that we were able to generate GCT-derived 
cells with triple KO of the miR-371-3 cluster which would not be possible if the miR-371-3 
cluster was essential for survival of GCT cells. One possibility is that an, thus far, unknown 
oncogenic driver causes the increase in miR-371-3 cluster expression, which is necessary 
for oncogenic onset of GCT development, yet after the GCT is established, the miRNAs 
may not have a function anymore. One theory is that the increase in the miR-371-3 cluster 
could, in part, help developing GCT cells escape P53-mediated apoptosis; as LATS2 is 
inhibited and degraded by the cluster, P53 levels will also decline thereby decreasing 
the amount of apoptosis-inducing BAX (Hemann & Lowe, 2006; Qu et al., 2019; Runyan et 
al., 2008). To confirm the need for the miR-371-3 cluster during oncogenic onset a study 
should be performed demonstrating that induced pluripotent stem cells or embryonic 
stem cells harbouring a miR-371-3 cluster KO mutation are not capable of becoming a GCT. 
Yet, researchers have not succeeded in inducing undifferentiated GCTs from stem cells. 
Another, more likely, possibility is that the expression level of the cluster does not get 
downregulated or lost once a miR-371-3 cluster-expressing PGC, or other GCT precursor 
cell, transforms into a GCT cell (Bosl & Motzer, 1997; Oosterhuis & Looijenga, 2019; Suh 
et al., 2004). The latter being more likely especially in the light of GCTs embryonic-like 
phenotypes, including maintaining DNA integrity and low mutation rate, which makes 
that GCTs likely harbour a negative selection on genetic rearrangements (Bloom et al., 
2019). Therefore, indicating no negative selection in expressing the cluster as well as no 
positive selection on losing this expression. This would result in the expression of miR-
371-3 cluster in undifferentiated GCT cells. 

Even though we propose that the miR-371-3 cluster is not required for the 
maintenance of established GCTs, studies have shown that it is an excellent biomarker 
that should be incorporated as standard STM for GCTs, together with AFP, β-hCG, and 
LDH (Almstrup et al., 2020; Dieckmann et al., 2019; Gilligan et al., 2010). Although it is still 
difficult to say something about aggressiveness of the tumor solely based on these miRs, 
the levels of miR-371a-3p indicate the presence of a malignant GCT and therefore have 
prognostic value in the clinic.
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SUPPLEMENTARY

Figure S1: Cisplatin response of N371 clones. A) Average S-curve of cisplatin response of N371 clones defined 
by relative viability of cells exposed to increasing cisplatin concentrations. Graph represents the means of triplicate 
experiments. B) Absolute IC50 of N371 clones. Bars represent the means of triplicate experiments. Statistical 
analysis by one-way ANOVA. * P ≤ 0.05.

Figure S2: InDel size and miR-371-3 cluster profile E371 clones. A) InDel size of all expanded E371 clones.  
B) miR-371-3 cluster profile of E371 clones with insert of 1 nucleotide.
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Figure S3: Exponential growth curve of all E371 clones. A) Growth curve defined by the absolute viability of 
increasing cell densities of the E371 clones including clones with insert of 1 nucleotide. B) Fold change levels of 
P53-related transcripts in other E371 clones with insertion of 1 nucleotide.

Figure S4: Cisplatin response of E371 clones and 2102Ep parental. A) Average S-curve of cisplatin response of 
E371 clones defined by relative viability of cells exposed to increasing concentrations of cisplatin. Graph represents 
the means of triplicate experiments. B) Absolute IC50 of E371 clones. Bars represent the means of triplicate 
experiments. Statistical analysis by one-way ANOVA. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001.
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Figure S5: 3p25.3 amplification of E371 
clones. Gain of chromosome 3p25.3 in E371 
clones compared to 2102Ep parental.

Figure S6: Strongly validated targets of the cluster. miRTargetLink2.0 analysis of strongly validated targets 
of the miR-371-3 cluster.
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Figure S7: Cisplatin response of N372, N373, and N23c clones. A) Average S-curve of cisplatin response of 
N372, N373, and N23c clones defined by relative viability of cells exposed to increasing concentrations of cisplatin. 
Graph represents the means of triplicate experiments. B) Absolute IC50 of N372, N373, and N23c clones. Bars 
represent the means of triplicate experiments. Statistical analysis by one-way ANOVA. * P ≤ 0.05; ** P ≤ 0.01; *** 
P ≤ 0.001.

Figure S8: InDel of NT clones. InDel size of NCCIT triple KO (NT) clones as indicated by Sanger sequencing.
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Figure S9: mRNA expression and morphology of NT clones. A) Fold change of OCT3/4 (POU5F1) and SOX2 
levels in NT clones compared to NCCIT parental. B) Fold change of P53-related genes TP53, TP73, P21 (CDKN1A), 
BAX, PUMA (BBC3), and NOXA (PMAIP1). C) Fold change of LATS2 levels in NT clones compared to NCCIT parental. 
D) Morphology of NT clones. Magnification: 300x. E) Seeding density assay of NT clones (N=1) indicates no real 
differences in proliferation rate.
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ABSTRACT

Malignant testicular germ cells tumors (TGCTs) are the most common solid cancer in 
young men. Current diagnostics for TGCTs include conventional serum protein markers, 
but these lack the sensitivity and specificity needed to serve as accurate markers of 
malignancy across all histologic TGCT subtypes. MicroRNAs (miRNAs) are small non-
coding regulatory RNAs and can be informative as biomarkers of many different 
diseases. In humans, miRNAs of the miR-371-373 cluster are detectable in the serum of 
patients with malignant TGCTs and outperform existing serum protein markers for both 
initial diagnosis as well as disease monitoring. We previously developed a genetically 
engineered mouse model featuring malignant mixed TGCTs consisting of pluripotent 
embryonal carcinoma (EC) and differentiated teratoma. Like the corresponding human 
malignancies, these murine cancers originate during embryonic development and are 
highly sensitive to genotoxic chemotherapy. Here, we report that miRNAs in the mouse 
miR-290-295 cluster, homologs of the human miR-371-373 cluster, were detectable in the 
serum of mice with malignant TGCTs but not in serum from mice with benign teratomas 
or tumor-free control mice. miR-291-293 were expressed and secreted specifically by 
pluripotent EC cells, and expression was lost following differentiation induced by the 
drug thioridazine. Notably, miR-291-293 levels were significantly higher in the serum of 
pregnant dams carrying tumor-bearing fetuses compared to that of control dams. These 
findings reveal that expression of the miR-290-295 cluster in mice and the miR-371-373 
cluster in humans is a conserved feature of malignant TGCTs, further validating the mouse 
model as representative of the human disease. These data also suggest that serum miR-
371-373 assays may contribute to improved patient outcomes by detecting the presence 
of TGCTs in humans before clinical signs of the disease arise, possibly even prenatally.
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INTRODUCTION

Malignant testicular germ cell tumors (TGCT) are the most common cancer diagnosed in 
adolescent and young adult men 15-39 years old in the US, and incidence has increased 
almost 40% in the last 50 years.1 TGCT patients have a 5-year overall survival rate of 95% 
due to the sensitivity of TGCTs to cisplatin-based chemotherapy. The WHO classifies TGCTs 
based on their distinct germ cell developmental origins and histological compositions.2 
Type I TGCTs include teratomas and yolk sac tumors that occur in neonates and children, 
and Type III TGCTs are spermatocytic tumors that develop in older men. The most 
common TGCTs are the Type II TGCTs that arise after puberty and develop from germ 
cell neoplasia in situ (GCNIS), which are believed to originate from primordial germ cells 
(PGCs) that failed to differentiate during embryonic development.3 Of the Type II TGCTs, 
seminomas resemble embryonic germ cells, like the GCNIS lesions they develop from, 
while non-seminomas contain one or more other histological components including 
embryonal carcinoma (EC), yolk sac tumor, choriocarcinoma, and teratoma.2 EC consists 
of malignant pluripotent cells that are capable of self-renewal and differentiation into 
embryonic and extra-embryonic lineages, thus giving rise to the diverse histogenesis 
observed in many non-seminomas.4–7 

To inform TGCT diagnosis and prognosis, clinicians use a set of imaging 
techniques and serum protein markers to detect TGCTs and monitor their response 
to treatment.8 Since the 1970s, α-fetoprotein, β-human chorionic gonadotropin, and 
lactate dehydrogenase have been used as serum biomarkers of TGCTs.9,10 However, these 
traditional biomarkers lack sensitivity and specificity. Only 50% of seminomas and 75% 
of non-seminomas show elevated levels of any one of the three serum proteins, and they 
can be elevated due to other disease processes.11 Thus, a better universal biomarker for 
TGCTs is needed to enable early detection, facilitate accurate diagnosis, and identify 
disease recurrence.

MicroRNAs (miRNAs) are small, noncoding RNAs that interact with target messenger 
RNAs (mRNAs) to regulate their stability and translation, and are vital for development 
and many other biological processes.12 Over a decade ago, miRNAs from the miR-371-373 
cluster were found to be specifically expressed in malignant TGCTs and not in benign 
teratomas.13,14 Since then, these miRNAs have been found to significantly outperform 
traditional serum biomarkers in sensitivity and specificity for TGCT detection, both in the 
context of initial diagnosis as well as follow up. A recent study including 616 TGCT patients 
and 258 controls found that serum miR-371a-3p levels were sufficient to distinguish TGCT 
patients from male controls with 90.1% sensitivity and 94.0% specificity.15 Serum miR-
371a-3p levels have also been found to correlate with primary tumor size and clinical 
stage, and they can be used to evaluate response to treatment, with levels decreasing 
after chemotherapy and orchiectomy.15,16 miR-371a-3p is also a good marker for detecting 
disease relapse. In a cohort of 33 patients with localized disease who underwent 
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orchiectomy, all 10 patients who relapsed showed elevated miR-371a-3p levels at the 
time of recurrence, and these recurrences could be detected on average two months 
earlier using serum miR-371a-3p than with traditional clinical methods.17 miR-371a-3p 
expression is specific to malignant GCTs, as miR-371a-3p is undetectable in the serum of 
patients with testicular cancers of non-germ cell origin as it is in cancer-free controls.18 
One limitation of the miR-371a-3p biomarker is that it is unable to detect pure teratomas, 
suggesting that it is expressed by undifferentiated cells within TGCTs but not following 
differentiation.15

The mouse miR-290-295 cluster is orthologous to the human miR-371-373 cluster, 
and the miRNAs in these clusters have conserved seed sequences.19 Additionally, miR-
290-295 miRNAs are highly expressed in pluripotent mouse embryonic stem (ES) cells, 
just as miR-371-373 miRNAs are expressed in pluripotent human ES cells.20,21 In mouse ES 
cells, miR-290-295 have been implicated in pluripotency maintenance, proliferation, and 
suppression of apoptosis.22–24 They are the first miRNAs to be expressed de novo in the 
embryo—as early as the 2-cell stage—and are critical for embryonic development.25,26 
The miR-290-295 miRNAs are also expressed by PGCs, the cells from which TGCTs 
originate, and are important for PGC migration during embryogenesis.26,27 Therefore, 
we hypothesized that miR-290-295 would serve as serum biomarkers for the presence 
of murine malignant GCTs as well.

The germ cell-specific Pten and Kras mutant (gPAK) mouse is the first genetically 
engineered mouse model of malignant TGCTs.4 These tumors resemble human mixed 
non-seminomas, containing EC that has tumor propagating and metastatic activity and 
also differentiates into teratoma components. gPAK tumors are similar to human TGCTs 
in that they arise from PGCs during embryonic development and are highly responsive 
to cisplatin-based chemotherapy.4 Here, we report that EC cells express and secrete miR-
290-295, and serum miR-290-295 levels can be used to detect EC-containing murine 
TGCTs prior to birth. Additionally, we find that a differentiation-inducing experimental 
therapeutic, thioridazine (TR)28, can eliminate EC from gPAK tumors and concomitantly 
reduces miR-290-295 levels. These findings further validate the gPAK mouse as an 
accurate model of human TGCTs and highlight opportunities for pursuing the use of 
miR-371-373/miR-290-295 in the early detection of subclinical disease, elucidating the 
biological roles of these miRNAs in TGCT pathogenesis, and for testing new therapeutics 
in an animal model in which tumor progression can be easily monitored through serum 
miRNA levels.
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RESULTS

Cultured murine EC cells express and secrete miR-291-293 and 
lose expression upon differentiation. 

We previously characterized three EC cell lines that were derived from Pten-/- malignant 
murine TGCTs with (EC14) or without (EC3, EC11) a KrasG12D activating mutation, and 
reported that these EC cultures can be differentiated with the drugs thioridazine (TR, 
giving rise to TR3, TR11, and TR14 cell lines) and salinomycin (SAL, giving rise to SAL11 
and SAL14 cell lines).28 TR or SAL treatment induces changes in EC cell morphology from 
an ES cell-like to a fibroblast-like state, accompanied by a loss of pluripotency marker 
expression and a loss of tumorigenic potential.28 To determine if miR-290-295 cluster 
miRNAs were expressed by mouse EC cells, we analyzed the expression of miRNAs 
from this family in the EC cell lines and differentiated counterparts. In particular, levels 
of miR-291a-3p (homologous to human miR-372-3p and 373-3p) and miR-292-3p and 
miR-293 (homologous to different isoforms of human miR-371a-3p) were measured as 
representative miRNAs in this cluster and collectively referred to as miR-291-293 hereafter 
(Supplemental Figure 1).19 miR-291-293 miRNAs were highly expressed by all three EC 
cell lines, and this expression was significantly reduced in the TR and SAL-differentiated 
derivatives (Figure 1A). As a precursor to determining if miR-291-293 were present in the 
serum of mice with TGCTs, we next tested if these miRNAs were secreted by cultured EC 
cells. miR-291-293 were detected in the conditioned media of all three EC cell lines, while 
very low to no expression was detected in conditioned media from the differentiated cells 
(Figure 1B). These findings suggest that miR-291-293 expression and secretion is specific 
to the pluripotent state of EC cells and significantly diminished upon differentiation. 

Predicted miR-290-295 targets are enriched in thioridazine-differ-
entiated cells. 

To understand if miR-290-295 have a functional role in regulating gene expression 
in EC cells, we completed RNA sequencing (RNA-Seq) of all three EC cell lines and their 
TR-differentiated derivatives (part of this RNA-Seq data set was previously published28) 
and performed Gene Set Enrichment Analysis (GSEA)29 for predicted targets of mouse 
miRNAs. If miR-290-295 were negatively regulating their target genes, as miRNAs are 
canonically known to do, then the amount of RNA for their predicted target genes 
was expected to be enriched in TR-differentiated cells, since these cells lose miR-291-
293 expression. The miRDB gene sets deposited in the Molecular Signatures Database 
consist of a gene set for each mouse miRNA catalogued in miRDB v6.0 containing high-
confidence computationally predicted target genes as determined by the MirTarget 
algorithm.30,31 GSEA of the 1,769 miRDB gene sets revealed that the gene set consisting 
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of predicted targets of miR-291a-3p and miR-294-3p (MIR_291A_3P_MIR_294_3P) was 
among the most highly enriched gene sets in TR-differentiated cells compared to EC 
cells for all three cells lines (17th most highly enriched in TR3 cells, 14th in TR11 cells, 26th 
in TR14 cells) (Figure 2A). In fact, gene sets of predicted targets of many miR-290-295 
miRNAs were significantly enriched in all three TR-differentiated cell lines compared to 
their parental EC cell lines (Figure 2B). 

Figure 1. miR-291-293 expression in three independent EC cell lines (3, 11, and 14) is lost following 
thioridazine (TR)- or salinomycin (SAL)-mediated differentiation. miR-291-293 expression in (A) cells or (B) 
conditioned media. n = 3 independent replicates per group. Data are mean ± SD. Differences are significant for all 
comparisons between EC and TR or SAL groups (p < 0.001, multiple unpaired t-tests with Holm-Šídák correction 
for multiple comparisons).
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Figure 2. miR-290-295 targets are upregulated in TR-differentiated cells. (A) GSEA enrichment plots for the 
MIR_291A_3P_MIR_294_3P gene set across pre-ranked gene lists comparing gene expression in TR-differentiated 
cells to parental EC cell lines. (B) Significantly enriched (FDR < 0.05) mirDB gene sets associated with the miR-
290-295 cluster in TR-differentiated cells compared to parental EC cell lines with normalized enrichment scores 
(NES) as determined by GSEA. (C) Volcano plots showing differential gene expression of the 106 candidate target 
genes of the miR-290-295 cluster from Schaefer et al.40 Gene names of experimentally determined direct targets 
of the miR-290-295 cluster are labelled. Genes that were significantly upregulated in TR-differentiated cells are 
in red, genes that were significantly downregulated in TR-differentiated cells are in blue, and genes that were 
not significantly differentially expressed are in grey. Significance is defined as a p adjusted value (padj) < 0.05.

A literature search was also undertaken to identify experimentally proven direct 
targets of the miR-290-295 family. In total, 26 target genes were identified from 16 
publications, which were focused primarily on ES cells (Supplemental Table 1).22–24,32–44 
Of these 26 genes, 13 were significantly upregulated and five were significantly 
downregulated in TR3 cells compared to EC3 cells (Supplemental Figure 2). Similarly, 
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14 were significantly upregulated and five were significantly downregulated in TR11 
cells compared to EC11 cells. This suggests that miR-290-295 downregulate the mRNA 
levels of their target genes in EC cells, because expression of many target genes was 
increased following loss of miR-290-295 expression upon differentiation. The decreased 
RNA levels for some target genes following thioridazine-induced differentiation likely 
reflects the predominant influence of regulatory mechanisms other than loss of miR-
290-295 expression. The limited changes in gene expression observed in EC14 cells after 
differentiation, with none of the known miR-290-295 target genes being significantly 
upregulated in TR14 cells, and only two being significantly downregulated, is discussed 
further below. Of the genes that were significantly upregulated in TR3 and TR11 cells 
compared to their parental EC cell line, Cdkn1a, Rbl2, and Lats2 are all negative regulators 
of the G1/S transition that function to slow cell cycle progression.23

Schaefer et al., recently identified 360 genes predicted to be targets of the mouse 
miR-290-295 cluster.40 The target genes were identified through an integrative analysis 
of multiple datasets including computationally-predicted miR-290-295 targets in 
TargetScan, AGO2-miRNA binding and loading data from ES cells, and genes upregulated 
in global miRNA KO ES cells. 106 of these 360 candidate target genes were found to be 
upregulated following miR-290-295 KO in ES cells.40 Although miRNAs can also act by 
inhibiting the translation of their mRNA targets,45 this target gene set focuses on those 
mRNAs degraded by the miR-290-295 cluster. We queried the 106 gene targets of miR-
290-295 in our RNA-seq data from EC and TR-differentiated cells and found that 47 of 
them were significantly upregulated and 35 were significantly downregulated in TR3 cells 
compared to EC3 cells (Figure 2C). Additionally, 50 genes were significantly upregulated 
and 31 were significantly downregulated in TR11 cells compared to EC11 cells. Together, 
these data indicate that many miR-290-295 targets are upregulated following EC cell 
differentiation, although several targets were significantly downregulated, likely because 
of large-scale reprogramming of gene expression following differentiation that is in part 
independent of miR-290-295. None of the 106 target genes were significantly upregulated 
and 23 were significantly downregulated in TR14 cells compared to EC14 cells. This may 
reflect the fact that, unlike TR3 and TR11, which only harbor a Pten inactivating mutation, 
TR14 cells, which have both Pten inactivating and Kras activating mutations, remain more 
highly proliferative and retain some transformed features following differentiation,28 
with miR-290-295 target genes perhaps correspondingly less affected than in TR3 and 
TR11 cells. A greater extent of spontaneous differentiation in EC14 cultures as compared 
to EC3 or EC11 cultures also may obscure identification of differentially expressed genes 
following TR treatment of EC14 cells.
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Serum miR-291-293 detection is specific to mice with EC-containing 
tumors. 

We previously demonstrated that EC cell tumorigenicity is significantly reduced or 
fully abrogated after TR or SAL-mediated differentiation.28 Upon subcutaneous injection 
into immunocompromised host mice, all three EC cell lines formed tumors with EC and 
teratoma components. By contrast, the differentiated derivatives of EC3 and EC11 did 
not form tumors, and the differentiated derivatives of EC14 formed small sarcomas that 
grew much slower than the tumors from the parental EC14 cell line.28 For the present 
study, we tested whether miR-291-293 could be detected in the serum of mice bearing EC 
cell-derived tumors. Serum miR-291-293 levels were high in mice that developed tumors 
from the EC cell lines, but low to undetectable in mice that received differentiated cells 
(except for two mice that received TR11 cells and had detectable serum miR-291-293 levels 
despite having no identifiable tumor) (Figure 3A). One mouse that received EC3 cells and 
had very low levels of serum miR-291-293 formed only one small tumor in which no OCT4 
staining was detected, indicating that the tumor may have lacked an EC component. 
Serum miR-291-293 levels were also low or undetectable in Dazl-/- mice with testicular 
teratomas, as well as in wild-type 129S6 male mice (Figure 3A). These data suggest that 
it is EC within murine TGCTs that expresses and secretes miR-291-293. 

miR-291-293 were also detectable in RNA extracted from EC-cell derived tumor 
tissue as well as normal adult testis tissue (Figure 3B). Expression in normal testis tissue 
was expected, as miR-290-295 and miR-371a-3p were previously shown to be expressed 
in mouse spermatogonia and normal human testis tissue, respectively.27,46 To confirm that 
miR-291-293 expression was specific to germ cells and EC cells, miR-291-293 levels were 
also measured in Dazl-/- testicular teratomas, MMTV-PyMT mammary adenocarcinomas, 
and normal adult mouse spleen. All three of these tissue types had significantly lower 
levels of miR-291-293 compared to EC-derived tumors (Figure 3B). H&E staining and OCT4 
immunohistochemistry confirmed that, as previously reported47, the testicular tumors in 
adult Dazl-/- mice were pure teratomas containing tissues derived from all three embryonic 
germ layers, and unlike gPAK malignant teratocarcinomas, contained no detectable 
OCT4-positive EC (n = 5) (Figure 3C). These results suggest that miR-291-293 detection 
is specific to the presence of EC in the mixed TGCTs of gPAK mice. Interestingly, despite 
comparable levels of miR-291-293 in normal adult testis tissue and EC-containing tumors, 
the miRNAs were not detected in the serum of wild-type male mice (Figure 3A and B), 
observations consistent with previous findings in humans46. These results suggest that 
EC, but not adult germ cells, can secrete detectable levels of the pluripotency-associated 
miRNAs into circulation.
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Figure 3. miR-291-293 expression is specific to EC-containing tumors. (A) miR-291-293 expression in serum for 
mice 2-3 weeks after receiving a subcutaneous injection of EC cells, TR- or SAL-differentiated cells, Dazl-/- mice with 
testicular teratomas, or wild-type 129S6 adult male mice. (B) miR-291-293 expression in EC-derived tumors, normal 
adult testis from 129S6 mice, teratomas from Dazl-/- mice, mammary adenocarcinomas from Pymt mice, or spleens 
from wild-type 129S6 mice. Data represented as mean ± SD. Significant differences exist between groups that do 
not share a letter (p < 0.05, ordinary one-way ANOVA and Tukey’s multiple comparisons test). (C) Representative 
image of H&E-stained Dazl-/- testicular teratomas with tissues derived from endoderm (En), mesoderm (M), and 
ectoderm (Ec) indicated and representative images of OCT4-IHC stained Dazl-/- testicular teratomas (n = 5) and a 
gPAK tumor (positive control). Scale bar = 300 μm.

Thioridazine treatment eliminates EC cells from gPAK tumors, 
reducing serum miR-291-293 levels. 

We next sought to determine if serum miR-291-293 levels were associated with the 
presence of EC cells in spontaneously occurring TGCTs in the gPAK mouse model and 
if expression would be lost following therapy-induced EC ablation in vivo. gPAK mice 
were treated with TR or vehicle control once every three days for three weeks starting 
at 21 days of age, when testicular tumors often can be first detected by palpation in this 
model.4 We previously found that TR treatment significantly extends the survival of mice 
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with human EC cell xenografts, and in a transformed induced pluripotent stem (iPS) cell 
allograft model, TR treatment significantly reduces the percentage of OCT4-positive EC 
cells within tumors.28 Here, TR extended the survival of gPAK mice, although the effect 
was not statistically significant (Figure 4A). Of note, two of eight TR-treated mice reached 
the pre-defined endpoint of 70 days, whereas only one of the nine control mice lived 
past 42 days and none lived beyond 61 days. To determine EC cell abundance within 
tumors from control and TR-treated mice, we performed OCT4 immunohistochemistry 
and quantified the percentage of tumor area that was OCT4-positive. Except for one TR-
treated mouse that had two tumors with OCT4-positive cells, tumors from TR-treated 
mice were depleted of OCT4-positive cells, whereas five of nine control tumors contained 
OCT4-positive cells (Figure 4B&C). 

Knowing that gPAK tumors from TR-treated mice were in most cases depleted of 
EC, we next assessed miR-291-293 levels in the serum of TR-treated and control mice. 
Serum miR-291-293 levels were higher in control mice than in TR-treated mice, although 
the effect was not significant due to the one outlier mouse in the treatment group (Figure 
4D). In fact, only the five untreated mice with tumors containing OCT4-positive cells 
had high levels of miR-291-293 in their serum. There was no significant difference in 
the levels of miR-291-293 in the tumor tissue from control and TR-treated mice (Figure 
4E). These data suggest that elevated serum miR-291-293 levels, but not tumor miR-
291-293 levels, indicate the presence of EC within a tumor. Furthermore, plotting the 
percent OCT4-positive area of a mouse’s tumor(s) against the serum miR-291-293 levels 
from that mouse revealed that miR-291-293 levels were above or below a theoretical 
threshold based on the presence or absence of EC within a tumor, although they do not 
perfectly correlate with the abundance of EC within a tumor (Figure 4F). Because there 
is more variation in tumor miR-291-293 levels, tumors with and without OCT4-positive 
cells cannot easily be distinguished based on tumor miR-291-293 levels alone (Figure 4G). 
These data demonstrate that serum miR-291-293 levels can be used to determine whether 
a mouse carries a tumor that contains pluripotent, malignant cells.
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Figure 4. TR treatment reduces OCT4-positive EC cells in gPAK tumors, resulting in decreased serum miR-
291-293 levels. (A) gPAK mice were treated with TR or vehicle control once every 3 days for 3 weeks starting at 21 
days of age. Kaplan-Meier survival curve depicts the percentage of surviving control (n=9) and TR-treated mice 
(n=8) mice over time. One control mouse and one TR-treated mouse died during the study for reasons unrelated 
to the endpoint criteria and were therefore censored (as indicated by an asterisk). p = 0.2088 (Log-rank test). (B) 
Representative images of OCT4 IHC-stained tumors from control and TR treated mice. Scale bar = 200 μm. (C) 
Percentage of tumor cross-section (area) that was OCT4-positive as determined by IHC. One section per tumor was 
stained and quantified. (D) miR-291-293 expression in serum of control or TR-treated gPAK mice. (E) miR-291-293 
expression in tumors of control or TR-treated gPAK mice. (F & G) Percent OCT4-positive area (data in C) versus 
miR-291-293 expression in (F) serum (data in D) or (G) tumor (data in E). In F, the percent OCT4-positive area per 
mouse for mice with two tumors was determined by calculating a weighted average of the percent OCT4-positive 
area per tumor section proportional to the whole tumor section area. Data represented as mean ± SD. ns = not 
significant (unpaired two-tailed t-test).
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Serum miR-291-293 levels can predict the presence of subclinical gPAK 
TGCTs. 

One of the most useful but unsubstantiated applications of the miR-371-373 
biomarker is in screening seemingly healthy at-risk young men for the early detection 
of subclinical TGCTs. We therefore tested if serum miR-291-293 levels could be used to 
predict the presence of TGCTs in mice prior to clinical signs of the disease. Because TGCTs 
initiate around embryonic day 12.5 (E12.5) in the gPAK mouse model, we hypothesized 
that miR-291-293 could be detected in the serum of pregnant dams carrying a fetus with 
a TGCT. Timed matings were set up between breeders that would generate litters with 
both gPAK and control pups. Noon of the day on which a copulatory plug was found 
was defined as E0.5. Blood was collected from the dam at E18.5 and from all pups at 
14 to 16-days of age (P14-16), before tumors were detectable by palpation. Mice were 
monitored for the development of testicular tumors and a terminal blood collection 
was performed at a humane endpoint or after six weeks of age, which is well beyond 
initial TGCT detection in gPAK mice (Figure 5A).4 Based on the established timing of TGCT 
development in gPAK mice, mice with testicular tumors at collection were assumed to 
have had tumors at P14-16 and E18.5. 

Analysis of serum from pregnant dams carrying a fetus that developed a TGCT 
showed significantly higher miR-291a-3p and miR-292-3p levels than that from pregnant 
dams that did not carry a fetus with a tumor (Figure 5B). Subsequent analysis of serum 
from individual pups at P14-16 revealed that serum miR-291-293 levels were significantly 
greater in pups that had a tumor (although at this time the tumor was not detectable 
by palpation) compared to control male pups without tumors (Figure 5C). Serum miRNA 
levels in tumor-bearing mice were generally lower at P14-16 than at humane endpoint 
when the tumor was clinically apparent; nevertheless, the trend shows that serum miR-
291-293 levels at P14-16 correlated with serum miR-291-293 levels at endpoint (Figure 5D). 
Lower miR-291-293 expression at P14-16 may be due in part to much lower serum input 
volume, since only a small volume of blood could be collected from mice at this age. It is 
also worth noting that small sample volumes at this timepoint also were associated with 
lower assay specificity, as a few neonates without tumors showed similar miR-291-293 
levels as the tumor-bearing littermates (Figure 5C). Together, these data demonstrate 
that serum miR-291-293 levels can be used to detect subclinical TGCTs, as early as during 
fetal development. 
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Figure 5. miR-291-293 expression predicts the presence of subclinical teratocarcinomas. (A) Schematic 
of experimental timeline for samples collected. (B) miR-291-293 expression in serum of pregnant dams (E18.5) 
carrying or not carrying a pup with a testicular tumor. (C) miR-291-293 expression in serum of 14- to 16-day old 
male pups that did or did not have a tumor. (D) miR-291-293 expression in serum of 14- to 16-day old mice and 
at endpoint (samples from the same mouse are connected by a line). ns = not significant, * p < 0.05, ** p< 0.01 
(unpaired two-tailed t-test). 
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DISCUSSION

Just as miR-371-373 are accurate biomarkers for malignant TGCTs in humans, we have 
found that miR-291-293 can serve as biomarkers of malignant TGCTs in mice, providing 
further evidence that the gPAK TGCT model closely resembles the human disease. 
Here, we have shown that both in vitro and in vivo, EC cells express and secrete miRNAs 
from the miR-290-295 cluster. Cultured EC cells derived from murine TGCTs express and 
secrete miR-291-293, and this expression is lost following differentiation by TR or SAL. This 
suggests that miR-290-295 expression is specific to the pluripotent state. It has previously 
been shown that the miR-290-295 cluster is a direct transcriptional target of OCT4, SOX2, 
and NANOG-- all key regulators of pluripotency.48 Additionally, miR-290-295 expression 
enhances the efficiency of somatic cell reprogramming to iPS cells by OCT4, SOX2, and 
KLF4, but does not improve reprogramming efficiency in the presence of C-MYC because 
these miRNAs are downstream effectors of C-MYC.49 Therefore, pluripotency and miR-
290-295 expression are intimately linked.

Not only are miR-290-295 expressed under the control of pluripotency-associated 
transcription factors, but they promote pluripotency themselves by regulating the 
expression of genes involved in multiple biological processes. Our results implicate miR-
290-295 in regulating gene expression in cultured EC cells, as predicted targets of this 
miRNA cluster were upregulated in differentiated cells in which miR-290-295 expression 
is lost. In ES cells, members of the miR-290-295 cluster directly target and suppress 
multiple negative regulators of the G1/S transition, including Cdkn1a (encoding p21), 
Rbl2, and Lats2, thereby promoting proliferation.23 Cdkn1a and Lats2 were significantly 
upregulated in TR3 and TR11 cells as compared to their parental EC cell lines, and Rbl2 
was significantly upregulated in TR11 cells. This suggests that these genes are being 
suppressed in EC cells to support progression through the G1/S transition and cell 
proliferation. After TR-mediated differentiation and loss of miR-290-295, expression of 
these cell cycle regulators increased. Consistent with this, TR-differentiated cells show 
moderately reduced proliferation compared to their respective parental EC cell line.28 
The EC14 line is partially resistant to TR-mediated differentiation, with TR having less 
pronounced effects on proliferation, and accordingly the impacts of TR on miR-290-295 
target gene expression were limited in this cell line.

miR-291-293 also were detected in the serum of mice bearing tumors containing 
EC cells. Allografts derived from cultured EC cells expressed miR-291-293 and secreted 
these miRNAs into the serum. Mice that received injections of differentiated cells, as well 
as wild-type 129S6 adult male mice, did not have elevated serum levels of miR-291-293. 
Interestingly, although EC-derived tumor tissue did have significantly higher expression 
of some of the miRNAs compared to normal testis tissue, the difference in expression 
between these tissue types was much smaller than the difference in miR-291-293 levels 
in the serum of the same mice. It has been previously shown that spermatogonia 
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express miR-290-295, accounting for the expression in adult testis.27 It is possible that the 
spermatogonia that express miR-291-293 do not secrete it into circulation. Alternatively, 
the miRNAs could be secreted by spermatogonia but rapidly degraded while miRNAs 
secreted by EC cells into the serum are protected by extracellular vesicles (EVs). It is known 
that circulating miRNAs are often protected from endogenous RNases by association 
with protein complexes or encapsulation in EVs.50 A previous study showed that the 
human seminoma-derived cell line, TCam-2, secretes exosomes, which are small EVs, 
that contain miR-371a-3p.51 The functional roles for secreted miRNAs, including miR-371-
373, in intercellular communication among TGCT cells or between TGCT cells and their 
microenvironment are currently unknown. 

Consistent with previous findings that pure teratomas in humans do not express 
miR-371a-3p,15 we found that miR-291-293 expression was minimal in testicular teratoma 
tissue from Dazl-/- mice and undetectable in serum from teratoma-bearing mice. This 
suggests that miR-371-373 and miR-291-293 expression in humans and mice with TGCTs 
is specific to the malignant cells within the neoplasms. We also found that mammary 
adenocarcinomas from MMTV-PyMT mice did not express miR-291-293, confirming that 
expression of these miRNAs is not a common feature of malignant somatic cells.

Serum-based detection of EC cell markers in gPAK TGCTs could be an important 
tool in testing experimental therapeutics that aim to target EC cells, as these are the 
tumor-propagating cancer stem cells within these tumors. We previously showed that 
TR, an inducer of cell differentiation, significantly extended mouse survival in a human 
EC xenograft model.28 Here, we show that TR modestly increased the survival of tumor-
bearing gPAK mice, and except for one non-responder, eliminated the OCT4-positive EC 
cells within tumors, suggesting that the increase in survival is due to the loss of the highly 
malignant EC compartment. In the gPAK model, mice develop spontaneous testicular 
tumors that are palpable around 21 days of age on average; however there is much 
variation in the age at which tumors are detectable.4 Because the size of tumors cannot be 
readily measured without advanced imaging tools when they are within the abdominal 
cavity, we started TR administration at 21 days of age in all treated mice, a time point at 
which the malignancy can be quite advanced. The variation in tumor size and disease 
progression at the time of treatment may explain why we did not detect a significant 
increase in survival with TR treatment in this study. 

Paralleling EC loss following TR treatment, serum miR-291-293 levels were 
significantly reduced in TR-treated mice except for one non-responsive outlier. miR-
291-293 expression was not significantly reduced in tumor tissue from TR-treated 
mice compared to that from control mice. This suggests that only tumors with an EC 
component secrete miR-291-293 into the serum at high levels. It is possible that low 
levels of miR-291-293 expression in tumor tissue from both control and TR-treated mice 
is from normal germ cells; however, the gPAK TGCTs usually lack all normal testicular 
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architecture. Correlating the OCT4-positive area of a tumor with the miR-291-293 levels 
in the serum of the mouse bearing that tumor or in the tumor tissue itself, revealed that 
there is a clear diagnostic threshold of serum miR-291-293 abundance, above which it is 
predictive of the presence of an EC-containing tumor. 

One of the most exciting potential applications of the miR-371a-3p biomarker in 
humans is as a screening tool to identify individuals with GCNIS lesions or localized TGCTs. 
If TGCTs are detected at an early enough stage, individuals can undergo surgery and active 
surveillance without the need for adjuvant chemotherapy or radiation2, highlighting the 
value of screening adolescent and young adult men in high-risk groups for GCNIS or 
otherwise undetectable TGCT lesions using the serum miR-371a-3p biomarker. However, 
in one study, miR-371a-3p levels were detectably increased in only 52% of patients with 
GCNIS lesions.52 Here, we found that miR-291-293 expression significantly increased in 
P14-16 mice with TGCTs that were not yet clinically detectable (Figure 5C). However, 
a larger sample size is needed to determine the sensitivity of this assay in detecting 
subclinical disease. Additionally, possibly due to the very small sample volume that can 
be collected from mice at this young age, miR-291-293 levels appeared to be increased 
in a few mice that did not have a tumor, reflecting potential specificity limitations of 
the assay in this specific context. It is unknown whether gPAK TGCTs have a GCNIS-like 
state of dormancy, so the subclinical detection of gPAK TGCTs may not accurately reflect 
detection of human GCNIS lesions, but rather early malignant TGCTs. It is possible that by 
using this mouse model, we could also discover ways to increase sensitivity in detecting 
GCNIS lesions. For example, if miR-291-293 are shed by EC cells in EVs, EVs could be 
isolated from human serum to enrich for miR-371a-3p. Improving the sensitivity of this 
assay may also allow for earlier detection of relapsing disease after treatment.

Since TGCTs initiate during embryogenesis in the gPAK mouse model, as they do 
in humans, we sought to determine if miR-291-293 could be detected in the serum of 
pregnant dams carrying a fetus that has initiated TGCT development. Indeed, maternal 
serum had significantly higher levels of miR-291a-3p and miR-292-3p when carrying a 
fetus with a TGCT compared to pregnant dams with no tumor-bearing pups. In only 
one out of five serum samples from dams carrying tumor-bearing pups did the assay 
fail to detect increased levels of these miRNAs. Additionally, none of the pregnant dams 
that were not carrying a tumor-bearing mouse had elevated levels of miR-291-293 (no 
false positives), which suggests that screening pregnant dams has even better specificity 
than screening P14-16 mice. It is possible that these very early TGCT lesions at E18.5 are 
more undifferentiated than they are at P14-16, and therefore express miR-291-293 at 
greater levels. Therefore, screening pregnant women whose sons would be at high risk 
for developing a TGCT (for example, due to a family history of TGCTs)53, may be more 
successful than the attempts made to screen men for GCNIS. This approach also might 
be informative for non-testicular malignant GCT diagnosed at early age as well.54 One 
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caveat is that miR-371-373 are thought to be expressed by the placenta, as they are 
expressed by some trophoblast cell lines.55 This may obscure the miR-371-373 expression 
from early TGCTs developing in utero, but it is probable that TGCT expression of these 
miRNAs would far exceed the basal expression by the placenta, still making the assay 
diagnostically useful. 

Together, these results further validate the gPAK mouse model as being 
representative of human TGCTs, highlighting its translational potential. Like malignant 
TGCTs in humans, gPAK TGCTs arise during embryonic development, express pluripotency 
markers, are sensitive to chemotherapy, and express mouse homologs of human miR-
371-373. The finding that miR-291-293 can be used as serum biomarkers of malignant 
TGCTs in mice may facilitate in vivo drug screening to discover new therapies for TGCT 
treatment, particularly those aimed at targeting EC. Additionally, this mouse model can 
be utilized to better understand how miR-290-295 and miR-371-373 may contribute to 
TGCT pathogenesis. Finally, this model demonstrates the promise for future studies aimed 
at refining the miR-371-373 assay into a screening tool for malignant TGCT early detection.

METHODS 

Cell culture
Murine EC cell lines were cultured and differentiated as previously described.28 For miRNA 
detection, cells at similar passage were plated, media was changed the following day, 
and 24 hours later the conditioned media was collected and centrifuged at 1500 rpm for 
5 minutes to remove any cellular debris. The cells were pelleted and both the cells and 
conditioned media were stored at -80 °C prior to miRNA expression analysis. 

RNA sequencing and data analysis
RNA sequencing of EC3 and TR3 cells (Pten−/− Kras+/+ Stra8- CreTg OCT4-gfpTg) was performed 
as previously described.28 RNA sequencing of EC11 and TR11 (Pten−/− Kras+/+ Stra8-CreTg) 
and EC14 and TR14 cells (Pten−/− Kras+/G12D Stra8-CreTg OCT4-gfpTg) was performed in a 
previous study.28 Raw, un-normalized counts were filtered for expressed genes, defined 
by a minimum count value of 100 in at least one group. Standard differential analysis 
was done on the filtered genes using DESeq2 (v1.30.1)56 in R (v4.0.2) with R studio. 
Results for each cell line were extracted by comparing the EC cell line to its matched TR-
differentiated derivative, using a false discovery rate cutoff of 0.05. Data were visualized 
using the ggplot2 (v3.3.6), dplyr (v1.0.8), and ggrepel (v0.9.1) packages in R studio. Gene 
Set Enrichment Analysis. DESeq2 normalized count values per gene were averaged across 
three independent replicates per group, and log2 fold change values were calculated 
per gene to compare each TR-differentiated cell line to its parental EC cell line. Data 
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were filtered to include only expressed genes, as defined by a minimum normalized 
count value of 100 in at least one group. Gene lists pre-ranked by log2 fold change 
were then created for each of the three comparisons. Pre-ranked gene lists and miRDB 
gene sets were used for Gene Set Enrichment Analysis, which was performed with 1000 
permutations and a classic enrichment statistic.29–31 

Mouse strains and husbandry
All animals included in this study were handled in accordance with federal and institutional 
guidelines, under Institutional Animal Care and Use Committee-approved protocols. 
Mice were housed in facilities accredited by the Association for the Assessment and 
Accreditation of Laboratory Animal Care International and were cared for in compliance 
with the Guide for the Care and Use of Laboratory Animals.57 gPAK mice were generated 
as previously described.4,58 129S6 and MMTV-Pymt mice were bred and maintained at 
Cornell University. Dazl-/- (Dazl-1L) mice were generated as previously described47 and 
backcrossed to the 129S4 genetic background.

Genotyping
DNA was extracted from mouse tail snips and genotyped by PCR using primers specific 
for Pten and Kras alleles and the Stra8-Cre transgene as previously described.58 Dazl-/- mice 
were genotyped as previously described.47

Subcutaneous cell transplantations 
Tumor tissue derived from subcutaneous transplantation of cultured EC and differentiated 
cells into immunocompromised mice as well as serum from those mice were obtained 
from an experiment reported in a previous study.28

Thioridazine treatment of gPAK mice
At 21 days of age, gPAK mice were randomly assigned to control or TR treatment groups. 
TR-treated mice were injected intraperitoneally with 25 mg/kg thioridazine hydrochloride 
(Sigma) dissolved in sterile 0.9% NaCl and sterile filtered, every 3 days for 3 weeks for 7 
doses total or until humane endpoint criteria were met. Control mice received an equal 
volume of sterile 0.9% NaCl in the same manner. All mice were monitored regularly and 
euthanized by CO2 asphyxiation upon meeting humane endpoint criteria (loss of over 
20% body weight, tumor greater than 2 cm in diameter, severe abdominal distension, 
displaying signs of pain such as hunching and piloerection) or after reaching 70 days of 
age. TR-treated or control mice that did not develop testicular tumors were excluded 
from the study (about 25% of gPAK mice do not develop tumors).4 
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Serum and tissue collection
Blood was collected from pregnant females and neonates via the facial vein. For blood 
collection at endpoint, blood was obtained via intracardiac puncture immediately 
following euthanasia. Blood was allowed to clot at room temperature, then centrifuged 
at 5500 rpm for 10 minutes to separate serum from cellular components. Serum 
was transferred to a new tube and stored at -80 prior to miRNA expression analysis. 
Immediately after blood collection, tissue was dissected and flash frozen in liquid 
nitrogen, then stored at -80 prior to miRNA expression analysis.

Immunohistochemistry and quantification
OCT4 immunohistochemistry was performed on one tissue section per tumor as 
previously described.28 OCT4-positive area per section was quantified using QuPath by 
manually selecting and annotating the areas of OCT4-postive staining and dividing the 
total OCT4-positive area by the total area of the entire tumor section. 

RNA isolation from serum and conditioned media
RNA from 100 µL of serum (35 µL for samples from pregnant dams and 15 µL for samples 
from P14-16 pups) or 200 µl conditioned media was isolated using the miRNeasy Serum/
Plasma Advanced Kit (Qiagen) according to the manufacturer’s instructions. To increase 
RNA yield, MS2 carrier RNA (Roche) was added to a final concentration of 1.25 µg/mL. 
During lysis of the samples, a non-mammalian spike-in external control, cel-miR39 
(5.6x108 copies), was added to each sample in order to monitor RNA recovery. RNA was 
eluted from columns with 50 µL of nuclease-free water.

RNA isolation from cells and tissues
Total RNA was extracted from tumor, testis, or spleen tissue or cell pellets using TRIzol 
Reagent (ThermoFisher) according to the manufacturer’s instruction. RNA quantity 
and quality were assessed using the Nanodrop One (Isogen Lifescience) and Qubit 4 
fluorometer (ThermoFisher).

miRNA expression analysis via TaqMan MicroRNA Assay
5 µL of purified RNA from serum or conditioned media samples or 10 ng of total RNA from 
tissue or cells was reversed transcribed using the TaqMan MicroRNA Reverse Transcription 
Kit (ThermoFisher) and the target-specific RT primer from the cel-miR39-3p (ID 000200), 
hsa-miR30b-5p (ID 000602), mmu-miR291a-3p (ID 002592), mmu-miR292-3p (ID 002593), 
and mmu-miR293-3p (ID 001794) TaqMan MicroRNA Assays (ThermoFisher). The final 
volume of 15 µL for each reaction underwent reverse transcription using a BioRad T100 
Thermal Cycler at 16 °C for 30 min, 42 °C for 30 min, followed by a final step of 85 °C for 
5 min. For the final TaqMan PCR, for each of the aforementioned TaqMan MicroRNA 
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Assays, 1.5 µL of the cDNA product was added to 10 µL of 2X TaqMan Fast Advanced 
Master Mix (ThermoFisher) and 1 µL of 20X TaqMan Assay (including the TaqMan probe 
and PCR primer set) and brought up to a final reaction volume of 20 µL. All reactions 
were performed in duplicate. Ct values were measured on a QuantStudio 12K Flex 
device. “Undetected” calls were assigned a Ct value of 40 (maximum number of cycles) 
so that quantification was possible. The cel-miR39-3p assay was performed for serum 
and conditioned media samples as a quality control check to monitor RNA recovery. 
For normalization, endogenous reference miR-30b-5p was used. Targets were corrected 
for average miR-30b-5p levels across biological replicates to correct for deviations in 
the endogenous levels of miR-30b-5p. 40 minus delta Ct transformation was used to 
represent miRNA expression levels. 

Statistical analysis and visualization
Except for analysis of RNA sequencing data, all other statistical analyses were performed 
using GraphPad Prism. Data were visualized using GraphPad Prism. 
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SUPPLEMENTAL MATERIALS

Supplemental Table 1. Genes that were experimentally proven to be direct targets of the miR-290-295 
cluster and their associated publication.

Mouse gene name Reference

Tgfbr2 Guo et al. 201532

Gsk3b Guo et al. 201532

Arhgef3 Guo et al. 201532

Fndc3a Guo et al. 201532

Vim Guo et al. 201532

Cdkn1a Wang et al. 200823

Rbl2 Wang et al. 200823

Lats2 Wang et al. 200823

Casp2 Zheng et al. 201124

Ei24 Zheng et al. 201124

Wee1 Lichner et al. 201122

Fbxl5 Lichner et al. 201122

Dkk1 Zovoilis et al. 200933

Rela Lüningschrör et al. 201234

Pax6 Kaspi et al. 201335

Ccnd1 Gong et al. 201736

Arid4b Goldberger et al. 201337

Mbd2 Cao et al. 201538

Ash1l Kanellopoulou et al. 201539

Tfap4 Schaefer et al. 202240

Runx2 Akshaya et al. 202241

Pfn2 Sangokoya and Blelloch 202042

Atg5 Lu et al. 201943

Becn1 Lu et al. 201943

Mbnl1 Wu et al. 201844

Mbnl2 Wu et al. 201844
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Supplemental Figure 1. Homology of the miR-371-373/miR-290-295 cluster family. Mouse 
miR-291a-3p is homologous to human miR-372-3p and miR-373-3p, whereas miR-292-3p and 
miR-293 are homologous to different isoforms of human miR-371a-3p. 

  

Supplemental Figure 1. Homology of the miR-371-373/miR-290-295 cluster family. Mouse miR-291a-3p is 
homologous to human miR-372-3p and miR-373-3p, whereas miR-292-3p and miR-293 are homologous to different 
isoforms of human miR-371a-3p.
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Chapter 8

DISCUSSION

Introduction

Within this thesis we have touched upon multiple patho-biological as well as clinically 
relevant aspects of (T)GCT research, the most important being biomarkers and tumor 
resistance. After reviewing the role of TP53 in both ES cells and GCTs in Chapter 2, we 
used CRISPR Cas-9 to introduce mutations in TP53 in two GCT cell lines and reported a 
role for TP53 in (T)GCT resistance in Chapter 3. Continuing along the lines of (T)GCT 
resistance, in Chapter 4 we used a larger set of GCT cell lines, both parental and resistant 
isogenic subclones and found a common amplification of the short arm of chromosome 3 
(band p.25.3) in all independently generated resistant subclones. The presence of unique 
breakpoints proved the induced and not pre-selected nature of them. Further analysis 
in publicly available datasets illustrated that this region is a significant marker for (T)GCT 
resistance and therefore, poor prognosis. From Chapter 5 on, we switched our focus 
to (T)GCT liquid biopsy biomarkers, first looking at some technical aspects of (T)GCT 
biomarker miR371a detection using different isolation techniques and starting material. 
Hereafter, we elucidated the functional role of the miR371a-3 cluster in two (T)GCT cell 
lines using a CRISPR-Cas9-mediated knockout approach in Chapter 6. Finally, using a 
well-established in vivo (T)GCT mouse-model, we investigated (T)GCT differentiation 
and the detection of the mouse 371a-3 cluster homologue miRs, the miR291a-5 cluster, 
in Chapter 7. Using the knowledge from the various projects, this discussion will evolve 
around the central themes described in the scope of this thesis; 1) what are the underlying 
mechanism(s) of treatment resistance in (T)GCTs, and 2) what are the possibilities as well 
as limitations of using the miR371a-3 cluster as biomarker for (T)GCTs. 

Aim of this thesis

Ever since the discovery of cisplatin as chemotherapeutic modality for TGCT patients in the 
80s (Higby et al., 1974; Einhorn and Donohue, 1977), research into treatment resistance has 
been hampered due to the assumption that these cancers can be considered “curable”. 
However, the idea of curability is not considering the sheer number of patients that get 
these malignancies and coincidently, the clinically significant number of patients that do 
not respond to treatment and will eventually succumb to their disease (Siegel et al., 2022). 
Not only is (T)GCT resistance still not fully understood, but the lack of knowledge also is 
the fundamental limitation in the discovery of additional salvage (targeted) treatment 
options for treatment resistant patients. Part of this thesis is therefore dedicated to this 
gap in knowledge, focusing mainly on patient stratification and elucidating mechanisms 
of resistance in in vitro and in vivo model systems. 
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Moreover, patient diagnosis and follow-up can be improved as well. Especially 
in patients that have undergone treatment and/or surgical intervention it can be 
challenging to determine if their remaining mass is necrotic or is still containing viable 
tumor. Unfortunately, current clinical biomarkers (AFP, β-HCG and LDH) are only usable 
in ~60% of patients and their diagnostic and prognostic power is limited due to false 
positives and low serum levels in smaller or residual lesions (Almstrup et al., 2020; Leão 
et al., 2022). The miR371a-3 cluster has been proven to outperform these classical clinical 
markers, additionally being informative during treatment response and patient follow-
up (Gillis et al., 2007; Murray et al., 2011; Rijlaarsdam et al., 2015; Syring et al., 2015; van 
Agthoven et al., 2017; Dieckmann et al., 2019; Mego et al., 2019; Almstrup et al., 2020; Leão 
et al., 2022). The second part of this thesis therefore focusses on these miRs, looking at 
methods of detection and isolation, their functional role in (T)GCTs and comparability 
between human and mouse. 

Germ cell tumors and TP53

One of the main similarities between (T)GCTs and ES cells, which distinguishes them 
from other solid malignancies, is their wild-type TP53 status. In Chapter 2 we focused 
on the similarities between ES cells and (T)GCTs based on their TP53 status and 
therefore hypersensitive DNA-damage and apoptotic response (Kersemaekers et al., 
2002; Oosterhuis and Looijenga, 2005; Bauer et al., 2010; Koster et al., 2011; Gutekunst 
et al., 2011; Gutekunst et al., 2013; Bagrodia et al., 2016; Oosterhuis and Looijenga, 2019). 
We argued, that because (T)GCTs so closely resemble ES cells, their hypersensitivity to 
cytotoxic DNA damaging compounds, like cisplatin, is related to their embryonal origin 
and that these cells are therefore wired to protect their genome by undergoing apoptosis 
over (error-prone) DNA repair (Kersemaekers et al., 2002; Filion et al., 2009; Bauer et al., 
2010; Gutekunst et al., 2011; Gutekunst et al., 2013; Koster et al., 2011; Jacobsen and 
Honecker, 2015; Bloom et al., 2019). Following this work, we try to prove the other side 
of the same coin in Chapter 3. If the wild-type TP53 status is indeed one of the main 
causes of chemotherapy sensitivity in (T)GCTs, will TP53 (T)GCT knock-out cells acquire 
resistance? Using CRISPR-Cas9 in two common (T)GCT cell lines, 2102Ep (testicular) and 
NCCIT (mediastinal), harboring both parental and isogenic cisplatin resistant subclones, 
we demonstrated that resistant clones benefit from loss of TP53 and become more 
resistant to cisplatin than their wild-type counterparts (Chapter 3). Although this might 
seem obvious based on the vast amount of work on P53 in many cancers, often indicating 
a worse prognosis upon loss or mutation of TP53, this is not as evident in (T)GCTs, where 
TP53 is rarely mutated (Bagrodia et al., 2016; Shen et al., 2018). Paradoxically, even though 
cells become more resistant to cisplatin upon artificially induced loss of TP53 (Chapter 3), 
and (T)GCT patients, although this is relatively rare, that harbor TP53 generally do worse 
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in the clinic (Bagrodia et al., 2016), it still seems that the embryonal origin of these cancers 
dominates their behavior, genome protection over loss of P53. When TP53 is mutated or 
lost, (T)GCTs respond like other malignancies. The loss or mutation benefits the cancer 
and therefore worsens the prognosis of the patients. However, the selective pressure 
on maintaining a wild-type P53-status seems to be dominant (Bagrodia et al., 2016). This 
discovery, although mechanistic, could be important for patient stratification, that is, 
(T)GCT patients already harboring TP53 mutations (or even loss) in either their primary 
tumor, relapse, or metastasis, might no longer benefit from cisplatin-based treatment. 
While often the number of options will be limited, this could still benefit a small number 
of patients for whom there is both the option of surgical intervention and systemic 
treatment. Unfortunately, a limiting factor of this finding is the lack of drugs targeting 
TP53 mutations. As with many loss-of-function (or complete loss) of tumor suppressor 
genes, it remains challenging to find targeted therapies reactivating mutated genes or 
replacing their function. 

Cisplatin resistance

As mentioned in the previous paragraph, (T)GCT resistance is an important issue in the 
clinic. (T)GCTs account for approximately 1% of male cancers world-wide and of this 
clinically meaningful number, roughly 5% of patients will not survive, mainly due to 
resistant primary or relapsed disease (Trabert et al., 2015; Siegel et al., 2022). In Chapter 3 
and 4 we address this topic, first showing that TP53 can be involved in (T)GCT resistance, 
like discussed above, and secondly studying CNAs in both (T)GCT cell line and publicly 
available patient datasets to find a common chromosomal amplification (3p25.3) 
responsible for (T)GCT resistance in non-seminomas. Up until this point many studies 
have tried to identify common chromosomal rearrangements within (T)GCTs that could 
explain tumor resistance (Ma et al., 2011, Bakardjieva-Mihaylova et al., 2019; Singh et 
al., 2019; Loveday et al., 2020). Combining the knowledge that (T)GCTs (Type II) often 
harbor gain of the short arm of chromosome 12 (i12p) (Geurts van Kessel et al., 1989; 
Van Echten et al., 1995; Oosterhuis and Looijenga, 2019), and that (T)GCTs are known to 
undergo tetraploidization early in the disease onset (Oosterhuis et al., 1989; de Jong et 
al., 1990; Looijenga et al., 1991; Dorssers et al., 2019; Oosterhuis and Looijenga, 2019), one 
can understand why CNAs seem a likely target to explain treatment resistance. Chapter 
4 demonstrates for the first time a common chromosomal rearrangement significantly 
distinguishing between sensitive and proven resistant (T)GCTs (non-seminoma Type 
II male (T)GCTs) in large clinical datasets (Korkola et al., 2008; Bagrodia et al., 2016; 
Zehir et al., 2017; Shen et al., 2018). Not only does the 3p25.3 amplification faithfully 
mark treatment resistant patients, but it is also an independent predictor of treatment 
response adding to the current clinical IGCCCG staging model, while outperforming other 
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stratifying markers like TP53 mutations or MDM2 amplifications. Moreover, this CNA can 
be found back in several other (T)GCTs, like Type I male (T)GCTs, (Type II) germinomas 
and dysgerminomas, as well as YST and CC of the ovary. This finding has significant 
clinical applications as patients could be faithfully stratified based on a single genomic 
rearrangement. Especially for young patients, for whom treatment with cisplatin can 
be associated with many long-term side-effects, this upfront stratification could save 
them from harmful treatment with compounds that their cancer is known to be resistant 
to. Finally, these findings can also be instrumental to find new treatment strategies. 
For example, by single or combination drug screening 3p25.3 amplified cells to find 
compounds that either kill or sensitize these known resistant cells. This could furthermore 
aid in establishing new treatment regimens for clinical trials.

Liquid-biopsy based biomarkers

Finally, it is important to find the least invasive and most informative ways of diagnosis, 
follow-up and (early) relapse detection. Classical STMs that have been in the clinic for 
decades are informative for approximately 60% of patients, with large variations in 
informative power based on histology and stage of the disease (Almstrup et al., 2020; 
Leão et al., 2022). Even though the miR371a-3 cluster as suitable biomarker for (T)GCTs 
(teratomas excluded) has been reported over one decade ago, and many studies have 
already shown its superiority over classical STMs, this biomarker has not made it to the 
clinic yet (Gillis et al., 2007; Murray et al., 2011; Rijlaarsdam et al., 2015; Syring et al., 2015; van 
Agthoven et al., 2017; Dieckmann et al., 2019; Mego et al., 2019; Almstrup et al., 2020; Leão 
et al., 2022). Although there are several reasons why this marker has not made it to clinic 
yet, one is certainly that it can be very challenging to change existing clinical protocols 
based solely on promising preclinical or retrospective studies without a prospective 
proof of principle, of which the first trials are currently running (NCT04914026). Secondly, 
the fact that the miRs “only” identify malignant components of (T)GCTs (all histologies 
except teratomas) could be considered limiting, and although many studies have tried 
to identify specific liquid-biopsy based teratoma markers, none have been confirmed 
prospectively (Lobo et al., 2019; Lafin et al., 2021; Nappi et al., 2021). Finding STMs for 
residual teratoma has a high clinical need as often, post-chemotherapy, it is hard to 
distinguish if the remaining mass is viable tumor tissue (differentiated teratoma tissue) 
or remaining necrotic tumor mass solely based on imaging. Finding STMs for teratoma 
tissue can aid in the decision making between surgical intervention, systemic treatment, 
or active surveillance. Of note, one study reported that combining detection for (hyper)
methylated RASSF1A with the detection of the miR371a-3 cluster can faithfully detect 
teratoma tissue, however this data needs to be validated prospectively (Lobo et al., 2021). 
To aid in this process it is important to standardize research into these biomarkers. In 
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Chapter 5 we demonstrated that there is virtually no difference between using either 
serum or plasma as starting material for measuring the levels of these miRs. Furthermore, 
we show that although a bead-capture based method can be more sensitive, both bead-
capture and kit based total RNA extraction can be used for the detection of the miRs. 
Additionally, in Chapter 6 we demonstrate that this miR-cluster is not required for (T)
GCT cell growth and xenograft tumor formation. Using CRISPR-Cas9 we generated several 
miR371/2/3 knock-out combinations. We demonstrate that although growth rates may 
vary upon knock-out, (T)GCT cells survive and behave normally after removal of the 
miRs. This indicates that the expression of the miRs is likely a passenger effect of the 
oncogenic development of these tumors. More specifically, these cells possibly never lose 
the expression of the miRs due to lack of positive selection on loss of the cluster. Finally, 
by using an in vivo mouse model that develops inducible (T)GCTs, we show in Chapter 7 
that we can detect the miR homologues of the miR371a-3 cluster in mice with (T)GCTs as 
well and, more interestingly, that they behave the same as in human. Most importantly, 
we show that we can detect elevated miR levels in pregnant dams carrying tumor bearing 
offspring, indicating it might be possible to screen mothers carrying children with risk 
of (T)GCT development. 

Cell lines in cancer research

One important take home message from the work presented in this thesis is that (cancer) 
cell lines are still powerful as model systems in (cancer) research. A recent study by 
Salvadores and colleagues screened 614 cancer cell lines and matched them to tumor 
types based on classifiers from roughly 9000 tumors (Salvadores et al., 2020). They report 
that only a fraction of these cell line (~5%) do not represent the tissue and cancer of origin, 
indicated that most cell lines are faithful models of their cancer of origin (Salvadores et 
al., 2020). In Chapters 3, 4 and 6 cell lines are still one of the main drivers behind key 
discoveries; 1) P53 in involved in cisplatin resistance, 2) 3p25.3 amplification is involved 
in cisplatin resistance and 3) the miR371a-3 cluster is not essential for (T)GCT cell survival. 
The strength of this model system lies in the rapid output and clean genetic background. 
For example, in Chapter 3 we hypothesized the knock-out of TP53 might result in more 
genomic aberrations over time, as P53 is an important protector of genome integrity 
(Chapter 2). However, Global Sequencing Array (GSA) indicated that TP53 isogenic knock-
out clones had virtually the same genetic copy number constitution as their parental 
counterparts, possibly due to the embryonic origin of these cell lines. Additionally, we 
obtained similar results in Chapter 4, were the isogenic resistant clones, apart from their 
3p25.3 amplification had similar recognizable copy number patterns as their parental 
counterparts. From a mechanistic point of view, the generation of isogenic subclones 
from the same cell line harbors the most direct informative power. It is interesting to note 
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that these cell lines have been derived roughly 40 years ago (Wang et al., 1980; Teshima 
et al., 1988) and yet were detrimental in the above-mentioned discoveries, indicating the 
strength of basic in vitro work for fundamental pre-clinical research.

Importance of publicly available datasets

Moreover, this thesis illustrates the strengths of publicly available datasets. In Chapter 
3 we used the cBioPortal platform to demonstrate that P53-pathway alterations are 
dependent on anatomical location in (T)GCTs, mediastinal tumors more often harbor 
TP53 mutations while testicular tumors are more likely to have MDM2 amplifications. 
Furthermore, in Chapter 4 we used both large datasets from the MSKCC (Korkola et al., 
2008; Bagrodia et al., 2016; Zehir et al., 2017) as well as data from the TCGA (Shen et al., 
2018) to confirm that the 3p25.3 amplification was indeed present in (T)GCT patients and 
was a marker of tumor resistance. Without public availability and access to such datasets 
some key implications of these works could not be validated, highlighting the importance 
of data sharing and the re-use of data generated by others.

Questioning published data and common beliefs

Lastly, we demonstrated in this thesis that questioning common believes (dogmas) 
can lead to new discoveries. The NCCIT cell line, described in Chapters 3, 4 and 6, was 
considered to harbor no P53 pathway activity due to the presence of a hemizygous 
mutation in the TP53 allele relatively distal in the protein. However, specifically in the 
resistant subclone of NCCIT harboring the same hemizygous mutation, we demonstrated 
that introducing a mutation more proximal in the gene caused a significant increase in 
cisplatin resistance of this cell line. This result indicated that even mutated, P53 still had a 
function in sensitizing this clone to cisplatin. Furthermore, in Chapter 5 we discussed the 
technical aspects of detection of liquid-biopsy based biomarkers in serum and plasma. 
This study was partially initiated by discrepant results reported in the field regarding a 
marker for the detection of teratoma, of which varying results between groups were 
accounted to a difference in starting materials (serum vs plasma). The strength of this 
chapter is that it faithfully reports on an important assumption that was present in the 
field: serum and plasma can give varying results regarding (T)GCT biomarkers. Although 
simple in set-up, studies like this are detrimental in empirically supporting or rejecting 
certain assumptions, opening the discussion of discrepant results to a more scientific 
approach. Of note, questioning the field and looking for gaps in knowledge can also 
lead to challenging avenues that perhaps have not been explored for reasons. Chapter 
6 started out with the question: is the miR371a-3 cluster an oncogenic driver or a mere 
passenger effect in (T)GCTs? As this question had not been sufficiently answered we 
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generated numerous knock-out models in our common (T)GCT cell lines, eventually 
demonstrating that indeed the expression of the cluster is likely a passenger effect 
probably due to the lack of positive selection pressure on active loss of this cluster. This 
indicates that simple questions can lead to challenging projects.

Personal perspective and future ideas

This thesis is a balanced combination of fundamental and pre-clinical research in which 
one study paves the way for another. While fundamental research will always proof to 
be important to understand the mechanisms behind disease that can then lead to new 
therapies and treatments, pre-clinical research has more direct implications. Chapter 
4 is an example of such a direct implication, where screening for this chromosomal 
amplification can immediately, if independently validated, lead to better patient 
stratification and identification of resistant disease. Unfortunately, the connection 
between clinic and research, although very close in the Princes Máxima Center, often 
requires more than just solid pre-clinical data. This is similar for the miRs, although 
the discovery that these miRs are suitable as biomarkers for (T)GCTs has been made 
almost two decades ago, the first steps towards clinical implications have only been 
taken recently with the start of prospective trials and development of commercial kits. 
Secondly, although not presented in this thesis, screening compounds on these (T)GCT 
cell lines (high-throughput and pilots) formed the foundation for many of these projects. 
Albeit no real alternative targeted treatments could be identified in the compounds 
screened so far, they still lead to new ideas and mechanisms, and eventually the works 
presented in this thesis. As the goal is to eventually help cancer patients survive their 
disease with optimal quality of life, screening compounds should play an important 
part in any form of cancer research, clinical trials, pre-clinical research, and fundamental 
research. Finally, it is important to note that the rarity or curability of a cancer should not 
determine the relevance of its research. (T)GCTs once were considered curable, however 
they are cancers with the most years of life lost, opposed to for example pons gliomas, 
that are incredibly rare but virtually no patient survives these cancers. 

Conclusion

Once the high curability of (T)GCTs with cisplatin was demonstrated in the late 70s, 
(T)GCT were considered curable. These assumptions did not consider two important 
aspects of this disease 1) the age of the patients and incidence of the cancer associated 
loss of life years and 2) the possibility of patients with cisplatin resistant disease for 
whom no alternative treatment is available. We describe two clear factors important for 
cisplatin resistance, one the one hand P53 status linked to anatomical location and origin 
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of the cancer and on the other a chromosomal amplification located on chromosome 
3p marking resistant patients. Moreover, as these tumors are often small, can occur in 
young patients and can leave behind necrotic or differentiated teratoma tumor mass 
post-treatment, biomarkers are incredibly important in diagnosis and monitoring of this 
disease. We describe a standardized way to measure these biomarkers, a possible function 
for these miRs in the tumor cells and, using an in vivo mouse model, a way to possibly 
screen pregnant women carrying at risk children. Although this work is only a fraction of 
the work necessary to fully cure this disease, it indicates that it is possible earn the term 
“curable” for these tumors with the right people, drive, and ideas.
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ENGLISH SUMMARY

Malignant germ cell tumors (GCTs) account for approximately 1% of male cancers 
worldwide and are the most common solid malignancy among males ages 15 to 44 
years old. While the majority of GCTs are of testicular origin, they can also occur extra-
testicular anywhere in the midline of the body, for example in the (retro)peritoneum, 
the mediastinum, and intracranially, in the brain. Of all diagnosed GCT patients roughly 
5% will succumb to their disease and as these cancers often occur in relatively young 
patients (young males but also pediatrically) they are, when considering potential years 
of life lost, the highest-ranking cancer. 

GCTs come in many flavors, but the most important distinction is between the 
embryonic type GCT elements and the fully differentiated teratomas. As GCTs closely 
resemble embryonal germ and stem cells, the cells that form us as organisms from the 
first stages of fertilization, the various intermediates as well as the fully differentiated 
components (teratomas) are present at different developmental stages of a healthy 
individual. Just like embryonal germ and stem cells, GCT cells are overall, with the 
consistent exception of teratomas, very sensitive to DNA-damage and therefore the 
main treatment modality for GCTs is platin-based (cisplatin in adults). Cisplatin is a DNA-
damaging chemotherapeutic agent discovered in the late 70s. Even though cisplatin is 
effective for treatment in the majority of GCT patients, its efficacy is almost fully diminished 
in treatment resistant patients, rendering them with limited options and, in ~50% of cases, 
death because of their disease. Furthermore, cisplatin is highly toxic, and the price of 
treatment often comes with many side-effects like chronic fatigue, heart-disease, kidney 
disease and loss of hearing (ototoxicity), of which the severity is also age dependent. 
This demonstrates a high clinical significance to understand GCT resistance not only to 
improve treatment but also improve upfront patient stratification, avoiding overtreatment 
of intrinsically resistant patients, resulting in severe impact on quality of life.

There are currently a few clinical biomarkers in place for the early detection, 
diagnosis, and surveillance of GCTs (teratoma excluded). Good biomarkers are for example 
hormones and/or proteins that are detectable in bodily fluids (liquid-biopsy based) that 
specifically mark the presence of disease while not being present in healthy individuals. 
Unfortunately, the total set of biomarkers currently used in the clinic have about 60% 
accuracy, which means that only roughly 60% of people that have a GCT have elevated 
levels of these markers. Additionally, some healthy individuals might have elevated levels 
of these markers, called false positives, warranting improvement. The microRNA cluster 
371a-3 has been reported some two decades ago to faithfully mark GCTs (teratomas 
excluded), meaning that no or limited healthy individuals show detectable levels of 
these microRNAs. The majority of patients (>95%) display elevated levels, making them 
excellent biomarkers for GCTs with a high potential to be clinically applicable.
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Lastly, it is important to mention TP53, an important gene in many cancers. This 
gene is considered the ‘guardian of genome’ because under normal circumstances one of 
its main functions is protect genomic integrity and assure that only cells harboring intact, 
damage-free DNA undergo full cellular division. Consequently, this gene appears mutated 
or lost in many solid cancers, essentially giving cancers a “license to divide”. The rule of 
thumb is that patients harboring cancers with TP53 mutations generally do worse in the 
clinic. Additionally, considering all solid cancers, TP53 is either lost or mutated (or both) 
in roughly 50% of cases, making it one of the most important known cancer associated 
genes. Interestingly, TP53 is rarely mutated in GCTs, likely due to the embryonal origin of 
these cancers. One can imagine that embryonal germ and stem cells, the cells responsible 
for the germ cell lineage as well as the development of the entire organism, need to 
maintain the utmost genomic integrity and therefore TP53 is one of the key players in 
facilitating genome protection in these early embryonic cells. It is unknown whether loss 
of TP53 can confer cisplatin resistance in GCTs. 

This thesis focuses on two main topics in GCT research 1) what causes GCT resistance 
and 2) what is the role of the microRNA 371a-3 cluster in GCTs. We focus on resistance, 
both in the light of TP53 mutations as well as other factors, in Chapters 2, 3 and 4 and 
on the microRNAs in Chapters 5, 6 and 7. 

In Chapters 2 and 3 we discuss TP53. First, we study the available literature and 
report on the role of TP53 in embryonal stem cells and speculating about a possible 
role for it in GCTs. We continue along this line in Chapter 3, empirically demonstrating 
a potential role for TP53 in GCT cell lines by introducing artificial mutations in the gene 
using the CRISPR-Cas9 technology. Initially we show that even though being rare, TP53 
mutations can occur in GCTs by investigation of a large publicly available dataset. We find 
that the presence of TP53 mutations almost always coincides with treatment resistance 
and that this furthermore seems to be dependent on the anatomical location where 
the cancer resides. Next, we demonstrate that by introducing defined mutations in the 
TP53 gene, rendering it virtually non-functional, cells become more resistant to cisplatin 
treatment, illustrating that even though they are rare, TP53 mutations can contribute to 
cellular resistance in GCTs.

In Chapter 4 we expand upon the topic of GCT resistance by demonstrating that 
in an independently generated set of sensitive and cisplatin resistant GCT cell lines all 
independently generated resistant clones share the same chromosomal gain, located on 
the short arm of chromosome 3. Additionally, we use several publicly available datasets 
to demonstrate that not only is the specific gain present in GCTs, but it is also significantly 
enriched in the group of GCTs diagnosed in patients who show cisplatin-based treatment 
resistance. Lastly, we demonstrate that stratifying patients based on the chromosomal 
gain adds diagnostic value to the already in-place staging systems currently used in the 
clinic (IGCCCG classification). These findings are highly relevant for the clinic as patients 
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could be stratified upfront, avoiding over-treatment of patients harboring intrinsically 
or relapsed resistant tumors. 

Finally, Chapters 5, 6 and 7 focus on the microRNAs. In Chapter 5 we compare two 
methods for this molecular biomarker detection, coming from different starting materials 
(serum and plasma). We show that there is virtually no difference between serum and 
plasma and the two detection techniques, demonstrating that both can be used to detect 
the microRNAs faithfully. This is a significant contribution to the field in the context of 
development of a clinically applicable test. Chapter 6 is a mechanistic study into the 
microRNA cluster. Again, using the same technique as in Chapter 3 we genetically mutate 
the various microRNAs located in this cluster to study their function in GCT cell lines. We 
find that removing the microRNAs in GCT cell lines has little to no effect on their survival 
indicating that the expression of the microRNAs is likely a passenger effect that occurs 
during early oncogenic development of these cancers. Finally, in Chapter 7 we use a 
mouse model for GCTs to illustrate that we detect the mouse homologue (same versions 
of the same gene in a different animal) of the microRNA cluster in these GCT baring mice. 
Furthermore, we can detect elevated levels of the microRNAs in pregnant mice carrying 
pups that have GCTs, indicating that mothers carrying at risk children could be screened 
for the presence of GCTs in their babies using the microRNAs.

In conclusion, this thesis reports on several aspects of GCT research, being 
significant contributions to the current field. Although this work is only a fraction of 
the necessary work to fully characterize these cancers with the aim to cure all GCT 
patients, it paves a way to new avenues to be explored. The key findings in this work 
are the involvement of TP53 in GCT resistance, the chromosomal gain on the short arm 
of chromosome 3 as marker for GCT resistance, the comparability of serum and plasma 
and various techniques for detection of microRNA371a, the mechanistic work illustrating 
that the microRNAs are likely passenger effects and lastly the fact that mice can be used 
to study various aspects of these specific biomarkers further related to various clinically 
relevant parameters. The latter even suggests the possibility to screen pregnant women 
for the presence of the malignancy during intra-uterine development. However, so far, 
no informative biomarker has been found to identify teratoma, which remains an area 
of potential investigation. 
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NEDERLANDSE SAMENVATTING

Kwaadaardige kiemceltumoren (GCTs) vertegenwoordigen ongeveer 1% van de 
mannelijke kankersoorten wereldwijd en zijn de meest voorkomende solide maligniteit 
bij blanke mannen tussen de 15 en 44 jaar oud. Hoewel de meerderheid van de GCTs van 
testiculaire oorsprong is, kunnen ze ook extra-testiculair voorkomen op elke plaats in de 
middenlijn van het lichaam, bijvoorbeeld in het (retro)peritoneum, het mediastinum en 
in de hersenen. Ongeveer 5% van alle gediagnosticeerde GCT-patiënten overlijdt aan 
hun ziekte, en omdat deze kankers vaak voorkomen bij relatief jonge patiënten (jonge 
mannen maar ook pediatrische patiënten), zijn ze, wanneer dit bekeken wordt vanuit de 
potentiële verloren levensjaren, de hoogst scorende kanker.

GCTs komen in verschillende varianten voor, maar het belangrijkste onderscheid is 
de embryonale type GCT-elementen en de volledig gedifferentieerde teratomen. GCTs 
lijken sterk op embryonale kiem- en stamcellen, dat zijn de cellen verantwoordelijk 
voor de kiemlijn en de ontwikkeling van het hele organisme vanaf het moment van 
bevruchting. Hierdoor kunnen deze tumoren kenmerken hebben van zowel extra-
embryonale structuren (dooierzak, amnionzak) maar ook weefsel wat lijkt op volledig 
gedifferentieerde cellen (teratoom). Net als embryonale kiem- en stamcellen zijn 
GCT-cellen over het algemeen, met de consistente uitzondering van teratomen, zeer 
gevoelig voor DNA-schade, en daarom is de belangrijkste behandeling voor GCTs 
een platina-gebaseerde chemotherapie (cisplatine bij volwassenen). Cisplatine is een 
DNA-beschadigend chemotherapeutisch middel dat eind jaren 70 is ontdekt. Hoewel 
cisplatine effectief is bij de behandeling van de meerderheid van de GCT-patiënten, 
is diezelfde werkzaamheid vrijwel volledig verdwenen bij patiënten die resistent zijn 
voor de behandeling. Bij patiënten met resistente kankers zijn de opties beperkt en in 
ongeveer 50% van de gevallen overlijden ze als gevolg van hun ziekte. Bovendien is 
cisplatine giftig en de behandeling gaat vaak gepaard met bijwerkingen zoals chronische 
vermoeidheid, hartziekte, nieraandoeningen en gehoorverlies (ototoxiciteit), waarvan de 
ernst ook afhankelijk is van de leeftijd. Dit toont het grote klinische belang aan van het 
begrijpen van GCT-resistentie. Dit niet alleen om de behandeling te verbeteren, maar ook 
om het selecteren van het optimale behandelplan van patiënten vooraf te verbeteren. 
Hierdoor kan overbehandeling van intrinsiek resistente patiënten, maar ook mogelijk 
onder behandelen, voorkomen worden, wat de kwaliteit van leven van de individuele 
patiënt zal verbeteren.

Op dit moment zijn er enkele klinische biomarkers voor vroege detectie, diagnose 
en monitoring van GCTs (teratoma uitgezonderd). Goede biomarkers zijn bijvoorbeeld 
hormonen en/of eiwitten die detecteerbaar zijn in lichaamsvloeistoffen (gebaseerd op 
vloeibare biopsie) en specifiek de aanwezigheid van de ziekte markeren zonder aanwezig 
te zijn bij gezonde individuen. Helaas heeft de totale set biomarkers die momenteel in 
de kliniek wordt gebruikt bij GCT-patiënten een nauwkeurigheid van ongeveer 60%, wat 
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betekent dat slechts ongeveer 60% van de mensen met een GCT verhoogde niveaus van 
deze markers heeft. Bovendien kunnen sommige gezonde individuen verhoogde niveaus 
van deze markers hebben, ook wel valse positieven genoemd. Het microRNA-cluster 
371a-3 is zo'n twintig jaar geleden gerapporteerd als een mogelijk betrouwbare marker 
voor GCT's (teratoma uitgezonderd), wat betekent dat geen of weinig gezonde individuen 
detecteerbare niveaus van deze microRNAs vertonen. Vele studies zijn uitgevoerd, en 
hieruit blijkt dat de meerderheid van de patiënten (>95%) verhoogde niveaus vertoont. 
Hierdoor zijn deze embryonale microRNAs uitstekende biomarkers voor de aanwezigheid 
van een GCT met een grote potentie voor klinische toepasbaarheid.

Tot slot is het belangrijk om TP53 te noemen, een belangrijk gen bij veel 
kankersoorten. Dit gen wordt beschouwd als de "bewaker van het genoom" omdat het 
onder normale omstandigheden één van de belangrijkste functies heeft om genomische 
integriteit te behouden en ervoor te zorgen dat alleen cellen met intact, schadevrij DNA 
volledige celdeling ondergaan. Als gevolg hiervan is dit gen gemuteerd of verloren in 
veel solide tumoren, waardoor kankers als het ware een "licentie om te delen" krijgen. 
Als vuistregel geldt dat patiënten met kankers met TP53-mutaties over het algemeen 
een slechter klinisch gedrag vertonen. Bovendien is TP53 in ongeveer 50% van de 
gevallen verloren of gemuteerd (of beide) bij alle solide tumoren, waardoor het één 
van de belangrijkste bekende genen geassocieerd met kanker is. Interessant is dat TP53 
zelden gemuteerd is in GCTs, waarschijnlijk vanwege de embryonale oorsprong van deze 
tumoren. Men kan zich voorstellen dat embryonale kiem- en stamcellen, de hoogste 
genomische integriteit moeten handhaven en daarom is TP53 een van de belangrijkste 
spelers bij het faciliteren van genoombescherming in deze vroege embryonale cellen. 
Het is onbekend of het verlies van TP53 cisplatine resistentie kan veroorzaken bij GCTs.

Dit proefschrift richt zich op twee hoofdonderwerpen in GCT-onderzoek: 1) wat 
veroorzaakt GCT-resistentie en 2) wat is de rol van het microRNA-cluster 371a-3 in 
GCTs. Dit werk focust zich op resistentie, zowel in het licht van TP53-mutaties als andere 
factoren, in Hoofdstukken 2, 3 en 4, en op de microRNAs in Hoofdstukken 5, 6 en 7.

In Hoofdstukken 2 en 3 bespreken we TP53. Eerst bestuderen we de beschikbare 
literatuur en rapporteren we over de rol van TP53 in embryonale stamcellen en speculeren 
we over een mogelijke rol in GCTs. We gaan verder op deze lijn in Hoofdstuk 3, waar we 
een mogelijke rol voor TP53 in GCT-celkweken aantonen door kunstmatige mutaties in 
het gen te introduceren met behulp van de CRISPR-Cas9-technologie. In eerste instantie 
laten we zien dat, hoewel zeldzaam, TP53-mutaties kunnen voorkomen bij GCTs door 
onderzoek beschikbaar in een publieke dataset. We ontdekken dat de aanwezigheid 
van TP53-mutaties bijna altijd samengaat met resistentie tegen behandeling en dat dit 
bovendien lijkt af te hangen van de anatomische oorsprong van de kanker. Vervolgens 
tonen we aan dat door gedefinieerde mutaties in het TP53-gen te introduceren in 
laboratorium modellen waardoor het eiwit niet-functioneel wordt, cellen resistenter 
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worden tegen cisplatine-behandeling. Dit toont aan dat hoewel TP53-mutaties zeldzaam 
zijn, ze kunnen bijdragen aan cellulaire resistentie bij GCTs.

In Hoofdstuk 4 breiden we het onderwerp van GCT-resistentie uit. We tonen 
aan dat in een onafhankelijk gegenereerde set van gevoelige en cisplatine resistente 
GCT-cellen alle onafhankelijk gegenereerde resistente klonen dezelfde chromosomale 
amplificatie hebben, gelegen op de korte arm van chromosoom 3. Bovendien gebruiken 
we verschillende publiek beschikbare datasets om aan te tonen dat niet alleen de 
specifieke amplificatie aanwezig is in GCTs, en dat deze significant verrijkt is in de 
groep GCTs die resistentie vertonen tegen cisplatine-behandeling. Ten slotte tonen 
we aan dat het stratificeren van patiënten op basis van de chromosomale amplificatie, 
prognostische waarde toevoegt aan de al gebruikte stadiëringsystemen in de kliniek 
(IGCCCG-classificatie). Deze bevindingen zijn relevant voor de kliniek, omdat patiënten 
van tevoren zouden kunnen worden gestratificeerd, waardoor overbehandeling van 
patiënten met intrinsiek resistente of teruggekomen ziekte wordt voorkomen.

Hoofdstuk 5, 6 en 7 richten zich op de microRNAs. In Hoofdstuk 5 vergelijken 
we twee methoden voor de detectie van deze moleculaire biomarker, afkomstig van 
verschillende startmaterialen (serum en plasma). We tonen aan dat er vrijwel geen 
verschil is tussen serum en plasma en de twee detectietechnieken, wat aantoont dat 
beide gebruikt kunnen worden om de microRNAs betrouwbaar aan te tonen. Dit is 
een belangrijke bijdrage aan het vakgebied in het kader van de ontwikkeling van een 
klinisch toepasbare test. Hoofdstuk 6 beschrijft een fundamentelere studie naar het 
microRNA-cluster. Opnieuw gebruiken we dezelfde techniek als in Hoofdstuk 3 om de 
verschillende microRNAs in dit cluster genetisch te muteren om hun functie in GCT-cellen 
te bestuderen. We ontdekken dat het verwijderen van de microRNAs in GCT-celculturen 
weinig tot geen effect heeft op hun overleving, wat aangeeft dat de expressie van de 
microRNAs of een neveneffect is wat optreedt tijdens de vroege ontwikkeling van deze 
tumoren of enkel belangrijk is tijdens de eerste stadia van het ontwikkelen van deze 
kanker. Ten slotte gebruiken we in Hoofdstuk 7 een muismodel voor GCTs om aan te 
tonen dat we het muis-homoloog (dezelfde versies van hetzelfde gen in een ander dier) 
van het microRNA-cluster kunnen detecteren in deze muizen met GCTs. Bovendien 
kunnen we verhoogde niveaus van de microRNAs detecteren bij zwangere muizen die 
pups dragen die een GCT hebben, wat aangeeft dat moeders die kinderen met een risico 
op een GCT dragen, gescreend zouden kunnen worden op de aanwezigheid van een GCT 
bij hun baby's met behulp van de microRNAs.

Samengevat onderzoekt deze scriptie de mechanismen van GCT-resistentie en de 
rol van het microRNA-cluster 371a-3 bij deze kankers. Het identificeert TP53-mutaties als 
een mogelijke oorzaak van resistentie en toont aan dat een chromosomale amplificatie 
op de korte arm van chromosoom 3 geassocieerd is met cisplatine resistentie. Bovendien 
laat het zien dat het microRNA-cluster 371a-3 een veelbelovende biomarker is voor de 
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detectie en prognose van GCTs zonder duidelijke belangrijke functies voor het overleven 
van deze tumoren. Deze bevindingen dragen bij aan een beter begrip van GCTs en 
kunnen bijdragen aan verbeterde behandelingen en klinische besluitvorming.
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PHD PORTFOLIO

Discipline-specific educational activities # ECTS

Gene Expression, Epigenetics and Disease 3

Cell Organization in Health and Disease 1.5

Introduction to Stem Cells 2.4

CS&D Masterclass December 12/13 2019 1

CS&D Masterclass November 18 2021 0.5

CS&D Masterclass September 29/30 2022 1

CS&D Retreat March 26 2021 1

CS&D Retreat June 15/16/17 2022 1

CS&D Seminars 4

General educational activities

RISE EU Madame Curie exchange project Trento (2 months full-time) 2.5

PMC Retreat 2021 (Oct 27/28) 0.6

PMC Retreat 2022 (Oct 5/6) 0.6

Symposia/conferences (oral/poster presenter) and other activities

PhD symposium PMC 0.6

Scientific symposium PMC (2 full days) 0.6

TOTAL NUMBER OF ECTS 20.3

STUDENT SUPERVISION

•	 Master internship (Tessa Remmers, 9 months)
•	 Writing assignment (Tessa Remmers, +/- 3 months)
•	 Writing assignment (Maarten Pops, +/- 3 months)
•	 Master internship (Sanne Hillenius, 8 months)
•	 Master internship (Carlijn Friedrichs, 8 months)
•	 Master internship (Marit Buiting, 9 months) 
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DANKWOORD

Daar is het dan, het is klaar. Het voelt alsof ik aan de noodrem van een sneltrein heb 
getrokken en ineens stil sta. Ik wist sinds de 2e klas al dat ik een PhD wilde doen, en die 
PhD moest zijn in kankeronderzoek. Nu, terwijl ik dit dankwoord schrijf, realiseer ik me pas 
hoe de afgelopen jaren in een waas aan me voorbij zijn gevlogen om te kunnen bereiken 
wat ik toen al wilde doen. Nu voor het eerst, hier aan het eind van mijn jeugddroom, vind 
ik mezelf op een plek zonder blik vooruit, voor het eerst zonder plan voor de toekomst. 
In September 2013 begon ik met mijn bachelor biomedische wetenschappen en nu, bijna 
10 jaar later (het is vandaag 20 Juli 2023) ben ik begonnen aan het dankwoord van mijn 
thesis. Wat een geweldig avontuur was dit! Ik heb ook mixed feelings over het afronden 
van mijn PhD tijd, want ik vond dit, het zijn van een PhD student, toch het allermooiste 
wat ik tot nu toe heb mogen doen in mijn academische carrière. Aan de andere kant ben 
ik natuurlijk ook enorm blij dat mijn proefschrift af is en ik deze periode van vallen en 
opstaan af kan sluiten. Er zijn zoveel mensen die dit tot zo’n leuke tijd hebben gemaakt en 
zonder wie ik nooit tot dit punt was gekomen en die mensen wil ik hier graag bedanken. 

Allereerst, mijn promotor Prof. Dr. Leendert Looijenga. Leendert, er staat hier promotor 
maar ik zag je eerder als mijn mentor, want wat heb ik ongelofelijk veel van jou mogen 
leren. Vanaf moment één was er voor mij een klik, want ik voelde dat jij je oprecht 
bekommerde om mij én mijn carrière. Jij hebt altijd in mij geloofd, ook op de momenten 
dat ik dit niet deed. Sterker nog, op veel momenten voelde het alsof jij meer in mij zag 
dan ik zelf kon zien. Ik wil je hier enorm voor bedanken. Al was het eerste jaar turbulent, 
het afkrijgen van de eerste versie van het paper, het ‘werk’ van onze oude postdoc en een 
interne scoop van je oude PhD-student, we hebben altijd de communicatie kort gehouden 
en samengewerkt naar een oplossing. Je zei dat we hier tijdens mijn promotie nog wel om 
gingen lachen en ik denk dat we dat onderweg al meerdere keren hebben gedaan. Ook 
wil ik je bedanken dat je altijd achter me stond. Waar we naar mijn mening een makkelijke 
verhouding hadden, vaak op één lijn zaten en eigenlijk nooit conflicten hebben gehad, 
hield je me, als het nodig was, altijd de hand boven het hoofd. In onze meetings was 
en ruimte voor discussie, maar ook emotie, en als ik ergens niet uitkwam was je altijd 
oplossingsgericht zonder veroordelingen. Je hielp me het beste uit mezelf te halen, mijn 
grenzen te zoeken (en ze te vinden), maar was ook daar voor rust en reflectie als ik mezelf 
voorbij was gelopen. Ik ben enorm dankbaar voor mijn tijd in jouw groep en de dingen 
die wij samen hebben bereikt en ik ben trots om onder jou te mogen promoveren. 

Beste leden van de beoordelings- en leescommissie, hartelijke dank voor de tijd die jullie 
hebben genomen om mijn proefschrift te lezen en zitting te nemen in mijn commissie. 
Ik kijk er naar uit om met jullie van gedachten te wisselen over mijn werk. 
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Sruthi… I know I promised you a full page, although I am not sure if I will manage, you 
deserve a full book worth of thanks. Even though we haven’t always seen eye to eye 
(actually, we rarely have), I always seen our connection as an accelerated siblinghood, 
because you are like a sister to me. In the first year of our PhD we were young and 
although we liked each other, moods could rapidly swing from love to hate and vice 
versa. During the second year we hit puberty, we tested each other, but immediately 
had each other’s back when something external happened. In the final years we’ve 
grown mature and patient towards each other. Still thinking ‘why is he/she being so 
dramatic’ but texting “hey, it’s going to be okay”. Saying you were my rock would be an 
understatement, because Sruthi, if it weren’t for you, I think there would be times where 
I wouldn’t have had the faith in myself to continue in this journey. You made bad days 
manageable, and you made good days great. You always brought great ‘tea’, and I will 
never forget our million looks every time something odd happened the office or I gave 
you the “let’s have coffee nod”. Thank you for everything Sruthi, and I am sure, if your 
absurdly full calendar allows it, we will see each other many more times.

Beste Ad, nog zo iemand zonder wie ik mijn PhD niet had kunnen doen. Want Ad, wat 
heb jij enorm veel data voor mij gegenereerd. qPCRs, DNA-isolatie, PCR, RNA-isolatie, 
conditioned medium, zo lang ik maar het ML-I gedeelte deed, draaide jij nooit je hand 
om voor een assay. Verder hebben elkaar ook goed kunnen vermaken over frikandellen 
samples en de befaamde jaarlijks uitgave van de gouden frikandel. Heel erg bedankt 
voor alles.

Thomas, de redder in nood, niet de postdoc die we verdiende maar de postdoc die we 
nodig hadden. Na het fiasco van jouw voorganger kwam jij als nuchtere factor in onze 
groep. Jouw “ik kan wel wat met R” werd al snel omgezet naar de bio informaticus van 
de groep. Jouw kritische blik heeft me altijd geholpen om meer uit mijn werk te halen 
en een betere onderzoeker te worden. Je was altijd available om te sparren over gaande 
proeven en projecten en we hebben samen een paar keurige papers geschreven. Ik ben 
ook blij dat je tussen je drukke werk-privé leven ook een paar keer de tijd hebt gevonden 
om lekker bier te drinken, heb me altijd kostelijk met je vermaakt!

Lieve Tessa, jij was mijn allereerste student en kwam midden in de chaos van het 3p 
project binnen. Ik was nog een piepkleine baby-PhD die net 6 weken begonnen was en 
samen hebben wij zo belachelijk veel proeven gedaan. Lange dagen in de ML-I, maar 
wel altijd gelachen, drankjes op vrijdag en uiteindelijk samen ook twee papers mogen 
schrijven, we hebben de tijd goed gevuld. Heel erg bedankt voor de leuke tijd en je inzet!
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Lieve Sanne, eerst mijn student en nu sinds kort mijn collega. Ook jij hebt zoveel werk 
verzet tijdens je stage, wat ook resulteerde in dezelfde twee papers. Ik ben blij dat je na 
al mijn adviezen toch uiteindelijk de keuze hebt gemaakt om een PhD te gaan doen. Je 
bent mega slim dus dat moet helemaal goed komen. 

Lieve Carlijn, het voelt meteen al raar om Carlijn te zeggen, hier moet natuurlijk “Lieve 
Lino” staan. Ik kan hier wel zeggen dat je goed gewerkt hebt en dat we ook samen 
één paper hebben geschreven, maar jij weet natuurlijk zelf ook wel dat ik je vooral wil 
bedanken voor de toptijd, en nog beter, de good vibes (en roddels). Vanaf moment een 
hadden we echt perfecte klik, niet gebaseerd op research, maar om onze gedeelde liefde 
om te geiten. Heel erg bedankt voor de leuke maanden, ik wens jou en Hedel veel geluk 
toe (en natuurlijk binnenkort de baby Cisplatino).

Lieve Lotte (Lotsjj Potsjj), ik weet dat jij hier eigenlijk niet thuishoort (wel in mijn 
dankwoord, maar niet tussen de studenten), maar ik doe het lekker toch. Want lieve 
Lotte, je voelde toch wel een beetje als mijn student, maar nog veel belangrijker, een hele 
leuke collega en vriendin. Lekker hitjes draaien in de ML-I, drankjes doen, oh ja, soms ook 
hier een daar een proefje. Ik ben heel blij dat als ik dit boekje aan je mag overhandigen 
je gewoon weer terug bent in Utrecht om naar Ferrari te luisteren (en er een potje van te 
maken). Heel erg bedankt voor de leuke tijd op lab en nu nog steeds erbuiten!

Lieve Marit (Malibu/Mehek), onze tijd samen begon een beetje raar, ik zat in Trento en jij 
zat half zonder begeleider. Ik merkte al wel direct, zowel vanuit Trento als toen ik terug 
was, dat jij extreem zelfstandig bent op het lab. Ik had pas later door hoe grappig je bent 
als persoon. Je had altijd de laatste nieuwsroddels of andere goeie tea voor me paraat. 
Na werk lekker bij Oorlof, in jouw prachtige tuin of mijn balkon zitten, of de Boys kijken 
(helaas toch net niet afgekregen voor het eind van je stage). Heel erg bedankt dat jij de 
laatste periode van mijn PhD zo leuk hebt gemaakt en voor je hulp en lieve woorden 
om te helpen los te laten. Je bent van een student naar een van mijn beste vriendinnen 
gegaan en daar ben ik heel blij mee. 

Dear Ziqin, without you I wouldn’t have been able to complete some of the simplest 
tasks. How is it possible that someone who started only one month after me, literally 
knows everything about anything going on in the Maxima Center. There is literally no 
question you cannot answer, no experiment you do not know. You are one of the most 
driven and smartest people I know, and I am very grateful for our times and discussions 
in the ML-I/coffee corner/office. You are a great guy, just try to go home and sleep once 
in a while.
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Joaquin, my lab brother from another mother (or more colleague from another PI but 
that sounds less catchy). I had the privilege to get to know you about one year into my 
project and things immediately clicked. We shared ideas, projects, half a group and quite 
some beers. I think you are a very clever dude but moreover, you are funny as hell man. 
Appreciate you.

Thijs (Thieske), onze avonturen begonnen allemaal rondom de beste machine in het 
Maxima, de multidrop! Ik kan hier vanalles zeggen maar niemand zal ooit begrijpen 
wat een band samen multidroppen schept, het vergt een speciaal soort persoon. Na je 
master stage kwam je gelukkig terug voor een PhD en hebben we nog op 2 retreats een 
kamer mogen delen. Ik weet dat je jezelf nu al moet verdelen over 2 groepen maar voor 
mij ben je altijd onderdeel geweest van onze groep (als adoptiestudent). 

Kostas, salam aleikum ya akhi. I took the time to learn some of your language to greet 
you. You obviously belong here as well. Although you were spread thin between your 
7+ institutions, it was always nice to see you around the Maxima (and even nicer to see 
you outside the Maxima). Let me know if you are done with your million trips so we can 
finally hang out again.

Lieve Eugenie, waar zou ik (en eigenlijk iedereen in de research) zijn zonder jou. Niet 
alleen verzorg je ons dagelijks van onze bestellingen en nieuwe materialen, maar hielp 
je me ook nog eens persoonlijk aan spullen, zeker in tijden van schaarste, tijdens Covid. 
Heel erg bedankt voor al je harde werk en hulp (vooral alle Cell Titre Glo potjes en 96-
wells platen die je voor me bewaarde!).

To any other colleagues I forgot to mention by name, you know who you are, there is 
just too many people to all mention here. Thank you everyone, especially from the 3rd 
floor ML-I for all the fun times, nice conversations, problem solving, ranting, tips, tricks, 
and laughs. I appreciate you all and will miss the ML-I vibes.

Dear Katie, thank you for all your support from the start and along the way. I really 
appreciate it.

Lieve Mams, jij hebt altijd in mij geloofd, ondanks dat je niet altijd akkoord ging met 
mijn manier van studeren, wist je dat ik altijd op mijn plek zou komen. Ik weet hoe trots 
je op me bent en daar ben ik dankbaar voor.
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Lieve Vadert, ook jij bedankt voor je onvoorwaardelijke vertrouwen in mij. Ik weet dat 
je niet altijd even goed begreep wat ik nou deed maar je toonde altijd interesse en heb 
altijd gevoeld hoe trots je op me was, dankjewel.

Lieve lieve lieve Kimmie, laat je niet misleiden dat jij pas hier staat, de beste bedankjes 
bewaar ik voor het laatst. Allereerst wil ik jou bedanken voor de prachtige voorkant 
van dit boekje (en overige artwork), het is echt heel mooi geworden en dat was het 
zonder jou nooit gelukt. Verder wil ik je bedanken voor alle lieve woorden van support 
en vertrouwen op welk moment ik dat ook nodig had. Jij hebt me er echt doorheen 
getrokken wanneer ik het even niet meer zag zitten, niet alleen de aflopen 4 jaar, maar 
altijd. Van kleine belletjes tot nummers opnemen, jij staat altijd voor me klaar. Ik ben zo 
gelukkig en trots om jou mijn zusje te mogen noemen, je bent echt goud. 

Lieve Maarten (het Paard), begonnen als fulltime student en nu fulltime maat, ik spreek 
jou nog steeds dagelijks en daar ben ik enorm dankbaar voor. Je bent een schat van 
een mens, zorgzaam naar iedereen om je heen maar soms niet zo voor jezelf. Je hebt 
me zoveel geholpen met struggles zowel op werk als privé, je bent een van de liefste 
mensen die ik ken. 

Crazy Louis Laurens (Lulu), mijn god wat ben jij ook inderdaad crazy. Maar ik denk dat als 
ik jou niet had leren kennen tijdens Covid ik zelf ook lachend gek was geworden. Dagen 
op het lab werden ingeruild voor bier drinken op het dak en iets als een ‘schoolnight’ 
was meer een suggestie. Wat hebben wij er toch een heerlijke bende van gemaakt in de 
Casa in die tijden dat de rest zich heeft mogen vervelen. Ik waardeer ook heel erg onze 
diepgaandere gespreken, jouw volwassenheid en geduld en natuurlijk onze holy trinity 
(gym, fortnite, bier). 

Lieve Yousef, dit dankwoord zou niet compleet zijn zonder jou, want waar zou ik 
überhaupt ergens in het leven gekomen zijn door jouw oeroude wijsheid en serene 
innerlijke stilte en rust. Op de meeste dagen waren de gym sessies genoeg om mijn hoofd 
leeg te maken, maar ik kreeg er altijd gratis een therapiesessie van jou bij. Jouw adviezen 
hebben me oprecht geholpen mijn weg te vinden zonder mezelf daarin compleet te 
verliezen. Ik ben echt heel erg blij dat ik jou ken. Als laatste wil ik je hierbij wel nog 
met klem verzoeken een agenda te kopen of desnoods dit boekje te gaan gebruiken 
als planner. Oh ja, kom ook eens terug uit Rotterdam, heb je toch liever permanent in 
Utrecht.
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Brian, je wilde niet in dit dankwoord, ik heb geen idee waarom, maar ik hoop dat als je dit 
leest je ook zelf beseft dat jij helemaal niks te zeggen hebt over mijn boekje. Ik zou je hier 
graag willen bedanken voor de warme gesprekken, de woorden van motivatie, de steun 
in tijden dat het tegen zat, de “het komt wel goed schatje”. Echter is onze vriendschap 
geen Roosvicee reclame en is dat ook niet voor jou weggelegd. Toch had je wel altijd tijd 
om me te laten weten wanneer ik me aanstelde, ondanks dat ik weet dat je druk was met 
je eigen dingen en leven. Ik blijf je toch nog steeds, zelfs na 12 jaar, enorm waarderen, en 
ik ben oprecht dankbaar om je mijn beste vriend (kennis) te mogen noemen. 

Lieve Ruth, mijn allerliefste lievelingsmens. Wat ben jij toch een lief en zorgzaam persoon. 
Ik kan jou alles vertellen en je hoort ook alles. Ik ben zo ontzettend dankbaar, gelukkig 
en trots om jouw vriend te mogen zijn. Samen alles met je te mogen delen en te weten 
dat je er altijd voor me bent. Je hebt me altijd gesteund, zeker in de laatste fasen heb ik 
zoveel op jou kunnen en mogen leunen. Je weet hoe ik over je denk, hoe gelukkig ik met 
je ben en hoe ik op kijk tegen jou als persoon. Ik heb in de afgelopen twee jaar minstens 
zoveel van jou geleerd als ik tijdens mijn PhD heb gedaan. Nu lekker samen verder kijken 
naar de volgende stap en genieten van ons prachtige nieuwe paleisje. Ik hou van jou.



259

A

Addendum


