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Abstract: Testicular germ cell tumors share a marked sensitivity to cisplatin, contributing to their
overall good prognosis. However, a subset of patients develop resistance to platinum-based treatments,
by still-elusive mechanisms, experiencing poor quality of life due to multiple (often ineffective)
interventions and, eventually, dying from disease. Currently, there is a lack of defined treatment
opportunities for these patients that tackle the mechanism(s) underlying the emergence of resistance.
Herein, we aim to provide a multifaceted overview of cisplatin resistance in testicular germ cell
tumors, from the clinical perspective, to the pathobiology (including mechanisms contributing to
induction of the resistant phenotype), to experimental models available for studying this occurrence.
We provide a systematic summary of pre-target, on-target, post-target, and off-target mechanisms
putatively involved in cisplatin resistance, providing data from preclinical studies and from those
attempting validation in clinical samples, including those exploring specific alterations as therapeutic
targets, some of them included in ongoing clinical trials. We briefly discuss the specificities of
resistance related to teratoma (differentiated) phenotype, including the phenomena of growing
teratoma syndrome and development of somatic-type malignancy. Cisplatin resistance is most
likely multifactorial, and a combination of therapeutic strategies will most likely produce the best
clinical benefit.
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1. Introduction: A Brief Overview over Testicular Germ Cell Tumors

Testicular germ cell tumors (TGCTs) are the most frequent solid neoplasms arising in men aged
until 34 years, and their incidence is rising worldwide [1]. This is due to environmental risk factors,
together with a genetic contribution (the “genvironment” model) [2]. These tumors are part of the
broader family of germ cell tumors (GCTs), remarkable for their link to developmental biology [2,3].
Among GCTs, which include also ovarian and extragonadal tumors of all age groups (pediatric and
adult), type II TGCTs stand out as the most frequent and clinically challenging due to their malignant
behavior. They have a unique pathobiology, deriving from primordial germ cells (PGCs)/gonocytes that
are arrested in their maturation, and evolve towards a precursor neoplastic lesion, germ cell neoplasia
in situ (GCNIS) [4]. This lesion is in the center of the 2016 World Health Organization classification for
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these tumors [5] and will almost invariably progress into invasive cancer, which histologically and
clinically is divided into two distinct subgroups, with different prognosis and response to treatment:
seminomas, the neoplastic resemblance of PGCs, and the nonseminomas. The latter, frequently more
aggressive, are heterogeneous, including both embryonal carcinoma (the neoplastic resemblance of
embryonic stem cells—ESCs), the extraembryonic derived choriocarcinoma and yolk sac tumor, and the
most differentiated somatic-like teratoma [5].

TGCTs represent a unique model of curable cancer [6], which is mostly due to introduction of
cisplatin, in the 1970s, that changed the paradigm of patient care [7]. Currently, survival rates frequently
surpass 95%, and even patients relapsing or presenting disseminated disease are effectively treated
with this agent, given in several successive treatment courses, if needed [8]. Since, at present, 70%
of patients will be diagnosed with the localized disease only [9], efforts should be directed towards
uncovering biomarkers (like vascular invasion [10]) that discriminate patients that will relapse and
thus deserve adjuvant systemic treatment after surgery from those that are cured by orchiectomy alone
and can avoid the long-term side effects of this compound and that are already reported to impact
the quality of life of young-adult cancer survivors [11–13]. In other words, avoiding overtreatment
should be a major aim of current clinical research; however, on the other side of the spectrum, there
are TGCT that develop resistance to cisplatin. This is an uncommon event but long recognized and
clinically meaningful, since there is a lack of alternative treatments for these patients, which are the
ones experiencing important morbidity (and mortality) [14]. Study of this phenomenon has pointed
towards several implicated mechanisms but, to date, a definitive culprit is missing, and biomarkers for
predicting its emergence are still lacking, despite recent promising breakthroughs [15–23].

In this review, we sought to briefly present the clinical scenario of a cisplatin-resistant disease
in TGCT, critically summarize the various mechanisms potentially involved in this event, indicate
which tools are available for illuminating this event, and, finally, approach some promising therapeutic
options for these patients.

2. The Clinical Impact of a Cisplatin-Resistant Disease

Even upon metastatic dissemination, TGCT cure rates may go up to 90% [18]. For those
patients that relapse (around 30%, particularly common in those with poor prognostic features
at diagnosis) [8], still 50% of these will achieve complete remission upon a salvage, multimodal
chemotherapy, meaning that the proportion of GCT patients actually completely failing to respond
to platinum-based treatment is only 3–5% [18,24]. This is, however, the subset of patients with
cisplatin-resistant disease that end up dying of their disease within a few months. Clinically,
a platinum-refractory disease has been defined (although with variations depending on the study) as a
disease that continually progresses under chemotherapy, that relapses/progresses after second-line
platinum-based chemotherapy, or that responds/remains stable during the initial cisplatin-based
treatment but relapses within one month of completing it [8,18]. In practice, definitions of a response
to chemotherapy can be envisioned from several perspectives, both clinical complete remission
(with negative imaging scans and normalization of alpha-fetoprotein (AFP) and human chorionic
gonadotropin (HCG) serum levels), surgical complete remission (implying the absence of residual
macroscopic disease after the surgical procedure), or pathological complete remission (allowing the
presence of necrosis/fibrosis or mature teratoma but no evidence of a nonteratoma viable disease),
all of which bring distinct inputs to clinical decision-making [25].

Treatment of a platinum-refractory disease is discussed in appropriate guidelines [26] or reviewed
elsewhere [8,18,27]. Importantly, whereas a study showed no superiority of a high-dose strategy
compared to a conventional dose [28], it has been suggested that, at least in some tumors, there is actually
only a partial resistance to platinum that may be overcome through high-dose chemotherapy [29].
In other words, part of the resistant disease could be a consequence of undertreatment. Multiple drug
combinations are, indeed, available [18,26] that can be combined with surgery; in patients undergoing
salvage treatment, around 40% of residual masses contain viable nonteratoma disease, and surgical
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excision should be pursued whenever technically possible independently of the size of the mass to
improve the outcome [18]. “Desperation” (salvage) surgery can also be beneficial in certain patients
with no more systemic options available, as opposed to palliative chemotherapy [30]. Late relapses
(more than two years after completing systemic treatment), which are rare events (1–3% of patients
with advanced disease), constitute another challenge; studying the biology of these tumors may
provide insights on the emergence of cisplatin-resistant phenotype as well, since they seem to be
enriched in yolk sac tumor morphology and include events of somatic (non-germ cell) malignancy
and present with high microsatellite instability (MSI) and BRAF mutations [31]. Novel molecularly
targeted therapies are currently under study, some in clinical trials, but have not yet produced results
leading to integration in the clinic, probably due to the pathobiological heterogeneity of the disease and
selection of patient cohorts [18]. This also indicates that cisplatin resistance should be multifactorial
and that targeting a single marker will not be sufficient to reverse the phenotype, enhancing the need
for establishing specific biomarkers of response to specific drugs.

3. Models for Studying Cisplatin Resistance Biology

The challenge of studying cisplatin resistance biology is clear if one takes into consideration
both the low frequency of the event and the lack of access to histological material from these patients
(Figure 1). Accurate pathological assessment of the primary tumor by a GCT-dedicated pathologist is
of utmost relevance for establishing prognosis and adjusting treatment strategies [5,25,32]. However,
patients with known and previously treated metastatic disease that develop cisplatin resistance do
not always undergo surgery or biopsy (either because the patient has no clinical conditions, it is not
technically feasible, or it is risky – like in the case of brain metastases – or because it is simply deemed not
necessary during the course of systemic treatment). This limits studies on cisplatin resistance biology
in actual patient samples, with representation of the whole heterogeneity related to individual patient.
Consensus guidelines for pathological handling of post-chemotherapy retroperitoneal lymph-node
dissection (RPLND) specimens indicate the need for generous sampling (at least one block per
centimeter of maximum diameter, although, very often, more sections should be made, making it very
laborious), to clearly identify nonteratoma disease, which otherwise could be missed [33]. Indeed,
subtypes such as seminoma are particularly sensitive to DNA-damaging agents, while others such as
yolk sac tumor appear frequently in the cisplatin-resistant metastatic context, reflecting differences in
biology. Overall, studies on cisplatin resistance making use of such chemo-exposed patient samples
are scarce [31,34–37], and researchers often turn their attention to primary tumors of patients known to
have developed resistance in the future, which is suboptimal given their chemo-naïve constitution [15].
Additionally, there is great heterogeneity within mixed tumors, with the cisplatin-resistant metastatic
histological component not always being the dominant clone within the primary tumor; this is
another argument in favor of interrogating the metastatic tumor instead of the primary. Indeed, the
morphological heterogeneity is also accompanied by remarkable molecular differences among specific
histological subtypes, as demonstrated in the integrated analyses of Shen et al. [38].
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Figure 1. Illustrative histopathological examples of the infrequent tumor specimens from patients 
with the metastatic cisplatin-resistant disease. (A) A brain metastasis of a 35-year-old patient, 
presenting with stage III disease, undergoing multiple cisplatin-based courses of treatment, showing 
disease progression. The patient underwent excision of the brain metastasis, showing 
choriocarcinoma, in a bloody background. (B) A lung biopsy of a 21-year-old patient with a lung 
metastasis in the form of embryonal carcinoma, representing the disease progression after a first-line 
platinum treatment. Inset: tumor cells showed an immunoexpression of OCT3/4. (C) The previous 
patient was treated with multiple courses of cisplatin-based chemotherapy, but the disease 
progressed. He underwent salvage surgery, with a resection of lung metastases again showing a 
persistence of embryonal carcinoma, as illustrated in the figure, but ended up dying from disease. (D) 
A brain metastasis of a 25-year-old patient with stage III disease at presentation. He was treated with 
multiple courses of cisplatin-based chemotherapy, but the disease progressed under treatment with 
the emergence of a brain metastasis showing a yolk sac tumor histology. Inset: tumor cells showed a 
diffuse immunoexpression of alpha-fetoprotein. The patient underwent brain resection and 
radiotherapy to the brain but died from disease. (E,F) A post-chemotherapy retroperitoneal lymph-
node dissection of a metastatic mass in a stage II patient. Dedicated sampling of the mass led to the 
finding of a small foci of a residual, viable nonteratoma disease, in the form of embryonal carcinoma, 
within a background of fibrosis and necrosis. (E) Inset: tumor cells showed an immunoexpression of 
OCT3/4. Within the specimen areas of the residual, mature teratoma were also present (F), with 
evidence of mature cartilage, smooth muscle, and intestinal epithelium. Cases were treated in our 
institute and retrieved from the pathology archive. 

More commonly, research makes use of in vitro and in vivo preclinical models (Table 1). Indeed, 
many authors have studied cisplatin resistance mechanisms, phenotype, and the effects of specific 
drugs in the most well-characterized (T)GCT cell lines: NCCIT, 2102Ep, NTera-2 (non-seminoma-
related cells) and TCam-2 (seminoma-like cell line) by making use of their matched cisplatin-resistant 
clones, obtained by culturing cells continuously and under long-term exposure to increasing doses 
of cisplatin (as described in detail elsewhere [20]). Importantly, dimethyl sulfoxide (DMSO), 
commonly used as a drug vehicle, was demonstrated to induce cisplatin resistance and differentiation 
in embryonal carcinoma cells, which should be taken into consideration when designing biological 
studies [39]. Moreover, in vivo mouse models of resistant disease can also be used by implanting 
cisplatin-resistant human tumor specimens or, more commonly, by injecting the resistant clones of 
(T)GCT cell lines available [40–42]. 

Figure 1. Illustrative histopathological examples of the infrequent tumor specimens from patients with
the metastatic cisplatin-resistant disease. (A) A brain metastasis of a 35-year-old patient, presenting
with stage III disease, undergoing multiple cisplatin-based courses of treatment, showing disease
progression. The patient underwent excision of the brain metastasis, showing choriocarcinoma, in a
bloody background. (B) A lung biopsy of a 21-year-old patient with a lung metastasis in the form
of embryonal carcinoma, representing the disease progression after a first-line platinum treatment.
Inset: tumor cells showed an immunoexpression of OCT3/4. (C) The previous patient was treated with
multiple courses of cisplatin-based chemotherapy, but the disease progressed. He underwent salvage
surgery, with a resection of lung metastases again showing a persistence of embryonal carcinoma,
as illustrated in the figure, but ended up dying from disease. (D) A brain metastasis of a 25-year-old
patient with stage III disease at presentation. He was treated with multiple courses of cisplatin-based
chemotherapy, but the disease progressed under treatment with the emergence of a brain metastasis
showing a yolk sac tumor histology. Inset: tumor cells showed a diffuse immunoexpression of
alpha-fetoprotein. The patient underwent brain resection and radiotherapy to the brain but died from
disease. (E,F) A post-chemotherapy retroperitoneal lymph-node dissection of a metastatic mass in a
stage II patient. Dedicated sampling of the mass led to the finding of a small foci of a residual, viable
nonteratoma disease, in the form of embryonal carcinoma, within a background of fibrosis and necrosis.
(E) Inset: tumor cells showed an immunoexpression of OCT3/4. Within the specimen areas of the
residual, mature teratoma were also present (F), with evidence of mature cartilage, smooth muscle, and
intestinal epithelium. Cases were treated in our institute and retrieved from the pathology archive.

More commonly, research makes use of in vitro and in vivo preclinical models (Table 1). Indeed,
many authors have studied cisplatin resistance mechanisms, phenotype, and the effects of specific drugs
in the most well-characterized (T)GCT cell lines: NCCIT, 2102Ep, NTera-2 (non-seminoma-related
cells) and TCam-2 (seminoma-like cell line) by making use of their matched cisplatin-resistant clones,
obtained by culturing cells continuously and under long-term exposure to increasing doses of cisplatin
(as described in detail elsewhere [20]). Importantly, dimethyl sulfoxide (DMSO), commonly used
as a drug vehicle, was demonstrated to induce cisplatin resistance and differentiation in embryonal
carcinoma cells, which should be taken into consideration when designing biological studies [39].
Moreover, in vivo mouse models of resistant disease can also be used by implanting cisplatin-resistant
human tumor specimens or, more commonly, by injecting the resistant clones of (T)GCT cell lines
available [40–42].
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Table 1. In vitro and in vivo models for studying a cisplatin-resistant disease in (testicular) germ
cell tumors.

In Vitro Models

Cell Line Features Resistant Clone and
References

NCCIT
Primary mediastinal. Adult male. Mixed

nonseminoma (with embryonal carcinoma).
p53-mutated [43].

NCCIT-R [42,44]

2102Ep Primary testicular. Adult male. Mixed nonseminoma
(with embryonal carcinoma). Wild-type p53 [43]. 2102Ep-R [44,45]

NTera-2 Primary testicular. Adult male. Embryonal
carcinoma. Wild-type p53 [43]. NT2-R [42,44]

TCam-2 Primary testicular. Adult male. Seminoma. BRAF
V600E mutation [46,47]. TCam-2-R [48]

Others less commonly
used

NOY-1-R (yolk sac tumor), H12.1RA, H12.1D,
1411HP, 1777NRpmet, GCT44 (mixed tumor),

Tera-CP, 833K-R (embryonal carcinoma), GCT27-R,
SuSa-R (teratoma), and P19 (mouse-derived and

embryonal carcinoma).

[48–55]

In vivo models

Injection of resistant cell lines. [42,53]

Implantation of human tissue samples. [41]

4. Dissecting Cisplatin Resistance Mechanisms

4.1. General Overview and Insights from Various Tumor Models

Cisplatin stands as one of the very first metal-based chemotherapy drugs, and it is widely used to
treat cancer patients, including TGCTs but, also, head and neck, cervical, ovarian, bladder, and lung
cancers [56]. It exerts its antineoplastic effects by acting in more than one front: binding to DNA and
creating lesions (namely, protein-DNA complexes and inter/intra-strand DNA adducts, the latter being
appointed as the most prominent lesion), which, eventually, are no longer amenable to be repaired
by the existent DNA repair mechanisms; disrupting of the DNA, mRNA, and proteins’ syntheses;
impeding replication; promoting the accumulation of reactive oxygen species; and activating signaling
pathways that culminate in cell death [57]. Despite its clinical usefulness, two main factors currently
limit the efficacy of cisplatin: drug-elicited toxicities (mainly dependent on the dosage), including
nephrotoxicity, ototoxicity, neurotoxicity, hepatotoxicity, and gastrointestinal toxicity, among others
(reviewed elsewhere [58]), and the emergence of resistance.

For organization purposes, cisplatin resistance has been organized by some authors [17,59–61]
based in the order of events that follow introduction of the drug in the human body: pre-target
mechanisms, on-target mechanisms, and post-target mechanisms (Figure 2). Pre-target mechanisms
include those that occur before cisplatin actually binds to its targets in the cell; these are classical
ways of (general) drug resistance and include decreased intracellular accumulation of the drug due
to alterations in transporters and, also, increased efflux. Available studies have shown that efflux
mechanisms are most likely not the main pre-target mechanism, with most evidence indicating reduced
uptake as the main culprit. Within this mechanism, the involvement of copper transporters seems
the most relevant, both in uptake and efflux (with the downregulation of CTR1 and upregulation of
ATP7A/ATP7B in cisplatin-resistant tumors, respectively) [62]. To date, however, available studies
are scarce and show reduced expression of efflux pumps [63]. Pre-target mechanisms also comprise
the upregulation of cytoplasmic scavenger players (like reduced glutathione—GSH [64]) that bind
to cisplatin, hindering its action. Although some evidence pointing towards overall low levels of
these detoxifier players in TGCTs (possibly contributing to the marked sensitivity to cisplatin) and
upregulation in teratoma (cisplatin-resistant) [63,65], robust clinical evidence is lacking, with some
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studies reporting conflicting data [66,67]. Currently, pre-target mechanisms can be viewed as possibly
contributive to resistance, but further work is needed focused on TGCTs and on patient material.
On the other hand, on-target and post-target mechanisms have been the most studied (and, thus,
will be further detailed in the following sections). The first refers to alterations that implicate DNA
adducts formed upon cisplatin binding. Many studies have focused on the various DNA repair
systems, as the cisplatin resistant phenotype is shown to gain the ability to repair DNA lesions more
proficiently and faster [68] or, alternatively, is able to tolerate such lesions by the upregulation of
specific polymerases that bypass DNA adducts [69]—both ways not triggering the desired apoptosis
cascade, leading to tumor persistence. As for post-target mechanisms, they refer precisely to alterations
in these final downstream signaling pathways that culminate in apoptosis. The disruption of signaling
(including the p53/MDM2 axis) and of the apoptotic machinery itself (including factors like BCL2)
have been implicated [70,71]. Lastly, several off-target mechanisms of resistance to this drug are being
acknowledged that cause alterations in signaling cascades, which indirectly disrupt cisplatin actions
and impedes cell death. These include, for instance, autophagy (generally activated in response to
chemotherapy and being shown to be upregulated in cisplatin-resistant tumors [72]) or chaperones
and receptors that exert pro-survival signals (such as heat shock protein 27—HSP27—and ERBB2 [73]).
Evidence is building on the contributory role of these mechanisms in several cancer models that acquire
a resistance to cisplatin and deserve explorations in studies dedicated to TGCTs. Indeed, a recent study
on TCam-2 cell lines (including an in vivo mouse model) showed that testis developmental related gene
1 (TDRG1) promotes autophagy via the p110β/Rab5/Vps34 (PI3-kinase class III) cascade, contributing
to cisplatin resistance [74]. Overall, and despite that specific studies for TGCTs are needed to confirm
the relevance of these mechanisms, insights from other tumor models can be used as surrogates to
pinpoint general mechanisms likely to be involved in cisplatin resistance (Table S1). The contribution
of shifts in the epigenetic landscape of TGCTs has also been shown to impact the resistant phenotype.
Additionally, specific pathways and cancer hallmarks were implicated in cisplatin resistance and
deserve further exploration, such as the PI3K-AKT-mTOR (due to the frequent loss of PTEN) or IGF1R
pathways (overactivated in resistant cells [75]).
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Figure 2. Pre-target, on-target, post-target, and off-target mechanisms involved in cisplatin resistance in
(testicular) germ cell tumors. Most studies have focused on the on-target and post-target mechanisms
(evidence: +++). Pre-target mechanisms are not thought to be major factors in the acquisition of
cisplatin resistance in these tumors (evidence +/−). Other mechanisms are currently being explored, and
related data is building up. A better understanding of these mechanisms underlies the development of
specific effective therapies of cisplatin-resistant patients (italics). Notice that epigenetic (de)regulation
can be found within any type of mechanism. See text for details. Abbreviations: TLS: translesion
synthesis, EMT: epithelial-to-mesenchymal transition, and TKIs: tyrosine kinase inhibitors.
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In the following subsections, we will further dissect some of the mechanisms involved in cisplatin
resistance that have been the focus of intense research, specifically in TGCTs.

4.2. TGCTs, Cisplatin Resistance, and DNA Damage Repair Systems

In a sense, the chemosensitivity of a specific neoplasm is dependent on its capacity to sense
DNA damage and activate the so-called DNA damage response (DDR) and, importantly, on how it
preferentially tends to respond to such damage (i.e., activating apoptosis or, on the contrary, cell cycle
arrest and repair). In TGCTs, specifically, the expression levels of players involved in DNA repair is,
overall, low (possibly relating to germ cell biology, programmed to follow an “all or nothing” fate
decision and promote apoptosis to avoid transmitting DNA damage to the germline [68]); this is
one of the reasons why these tumors are so sensitive to cisplatin, a DNA-damaging agent. It is not
surprising, then, that an improved ability to repair DNA damage is a general feature commonly leading
to cisplatin resistance.

The mismatch repair (MMR) DNA repair system, responsible for correcting small insertions or
deletions, cannot, on its own, repair damage induced by cisplatin (i.e., the inter-strand adducts) but,
importantly, is able to detect it (and, hence, activate apoptosis), especially MLH1 and MSH2 [59,76].
Hence, this concept of a “less-active MMR system, lower detection of errors, and lower signaling for
apoptosis” has been explored in TGCTs as well: indeed, a lower expression of MMR proteins and related
MSI have been associated to a cisplatin-resistant phenotype in clinical samples (and, additionally,
BRAF mutations) [34,36]. MMR deficiency has long been recognized to occur in TGCTs and shown to
affect prognosis [77], and, recently, a case attributed to a germline mutation (i.e., Lynch syndrome)
has also been described, although this patient responded well to cisplatin treatment [78]. Some
studies have pinpointed a correlation between tumor differentiation (OCT3/4 negativity, namely in
teratomas, both chemo-naïve primaries, and chemo-treated metastases) and a relative decrease in MMR
proteins expression, which would explain the less propensity for apoptosis in these subtypes [35,79,80].
However, some controversy in literature persists and more studies are needed to better explore
the exact mechanism of how MMR proficiency interferes with cisplatin resistance. One study on
133 chemo-naïve primary TGCTs, 16% of which developed refractory disease, reported absence of
BRAF mutations and of MSI [81]; however, studies including cisplatin-treated patient samples are
more likely to tackle this matter [34]. Another mechanism worth exploring in the future is the one
related to activation of translesion synthesis (TLS) induced by the absence of MMR proteins, which, in
turn, potentiates skipping or bypassing of DNA adducts, again avoiding apoptotic-triggering [82].
Indeed, and as mentioned above, the increased action of specific polymerases (i.e., increased TLS) has
also been connected to cisplatin resistance [69].

Theoretically, the nucleotide excision repair (NER) system should assume an important role in
detecting and repairing cisplatin DNA adducts associated with distortion of the DNA helix. The low
expression of players within this pathway (XPA, XPF, and ERCC1) in TGCTs has been implicated in
extreme sensitivity to this drug [83,84]. The upregulation of XPA has been documented in resistant
cell lines, and this has been translated to patient samples, where its expression additionally correlated
with a poor prognosis and refractory disease [85]. ERCC1 immunoexpression has also been suggested
to associate with a lower sensitivity to cisplatin [86]. Additionally, interacting factors may affect the
efficiency of this repair system; HMGB4 was shown to impede the function of the NER system in
TGCTs, and in vitro knockout resulted in an increased resistance [87]. However, surprisingly, other
studies similar in setting (both in vitro and using tissue samples) have failed to prove this shift in
expression of NER proteins in resistant tumors [88–90]. More definitive data is needed to conclude on
the role of NER in cisplatin sensitivity, but the implication of other DNA repair systems is also likely.
For instance, and although the base excision repair (BER) system is responsible for DNA damage that
does not distort the DNA helix, it could also be implicated in the sensitivity to ionizing radiation and
bleomycin (often combined with cisplatin in the BEP regimen), as demonstrated by the increased
in vitro resistance to this drug upon the overexpression of Ape1/ref1 [91]. However, the study also
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included a modest set of ten TGCT tissues all showing high expressions of this player across histologies,
limiting the role of immunohistochemistry for discriminating sensitive and refractory cases.

Moreover, the homologous recombination (HR) DNA repair system, responsible for repairing
double-strand breaks (which occur as a consequence of inter-strand crosslinks), is also limited in action
in (T)GCT cell lines (with diminished RAD51 foci) [92]. This is particularly interesting given the
advances in cancer treatment in tumor models that are defective in this pathway (taking advantage of
synthetic lethality [93]), specifically with poly (ADP-ribose) polymerase (PARP) inhibitors; an in vitro
study demonstrated the antitumor effect of this agent in monotherapy (dependent on the degree of HR
deficiency and PARP1 expression) and, additionally, potentiated its sensitivity to cisplatin [92]. PARP
was shown to be overexpressed in TGCT tissues compared to normal testis [94]. The ongoing clinical
trial with Olaparib in GCT patients (NCT02533765) will further elucidate on its clinical utility.

4.3. TGCTs, Cisplatin Resistance, the p53/Mdm2 Axis, and Apoptosis Initiation

A susceptibility to apoptosis is determinant for the intrinsic sensitivity of tumors to treatment [43].
The tumor suppressor p53 (so-called “guardian of the genome”) is activated upon DNA damage
or abnormal cell growth and orchestrates the decision to enter cell-cycle arrest, either promoting
cell repair or senescence or inducing apoptosis; these fate decisions are proportional to the severity
and nature of the activating signal. Inactivation of p53 by mutations is common in somatic cancers,
allowing cells with DNA damage to endure, promoting tumorigenesis [95]. The role of p53 in TGCTs
is quite distinct [96,97]; since DDR is limited in these tumors, there is a low selective pressure for
mutations in DDR players; hence, p53 mutations are hardly found in these tumors, which overexpress
wild-type p53 [98,99]. They are known to have a “hyperactive p53 signaling” (meaning that, upon
DNA damage, like treatments with cisplatin, the p53-orchestrated proapoptotic response precedes
DNA repair) [100]. Embryonal carcinoma cells are hallmarked by functional p53, low levels of MDM2
(which targets p53 for proteasomal degradation), and upregulation of OCT3/4, which induce members
of the proapoptotic cascade NOXA and PUMA [101]. Studying the role of p53 in in vitro models can be
of further help given the distinct p53 mutational status in representative cell lines (see above). It is
certain that p53 mutations may emerge in cisplatin-resistant tumors [102,103], but other mechanisms
of inactivation should be involved, contributing to resistance and poor outcome. The role of p53 in
TGCTs and in cisplatin resistance is still controversial and may be very complex, since proapoptotic
or antiapoptotic functions may develop in tumors, depending on the context (with p53 assuming a
proapoptotic function in cisplatin-sensitive cells but protecting cells from apoptosis in intrinsically
resistant cells) [104]. Some p53 family members (namely, p63 and p73) may further contribute to the
equilibrium in case of p53 loss and may be epigenetically regulated, as demonstrated in studies of
GTAp63 and Tap73 isoforms [105,106]. Additionally, it is known that miR-372 and miR-373, markers
of these tumors (except teratoma; see below), downregulate the p53 pathway by targeting LATS2 [107].
Moreover, there have been several reports that MDM2 amplifications are enriched in cisplatin-resistant
tumors by inactivating p53 and its proapoptotic program, which is supported by the efficacy of MDM2
inhibitor Nutlin-3 in cisplatin-resistant cases, promoting sensitivity to cisplatin [108–110]. Studies
focusing solely on immunohistochemistry for p53 and MDM2 in primary tumors have been conflicting,
some failing to show ability to predict disease recurrence after cisplatin treatment and others showing
up- and downregulations of MDM2/p53, respectively [70,111–113]. Current knowledge indicates
the p53 pathway as a contributor to the cisplatin resistance phenotype but not solely responsible for
cisplatin resistance. The role of other MDM2 family members, such as MDM4, could be explored in the
future [114]. However, if, for TGCTs, evidence about the role of the p53 pathway is still debatable,
it is building up in respect to mediastinal GCTs of nonseminoma histology. These have a distinct
behavior, with a worse prognosis (accounted for in the IGCCCG risk classification), and studies aimed
at dissecting their molecular pathobiology evidenced specificities that distinguish them from their
gonadal counterparts [115,116]. In a recent study, Nappi et al. [115] have demonstrated that the amount
of somatic mutations in mediastinal nonseminomas is higher compared to primary tumors and pointed
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out TP53 mutations to determine poorer outcomes (with patients dying from disease), suggesting a
more definitive role of p53 in these high-risk tumors, frequently being cisplatin-resistant. Confirmation
of these findings in larger studies may lead to the emergence of targeted therapies for this aggressive
form of the disease. Additionally, evidence is also building that leukemias, often associated with
mediastinal nonseminoma GCTs, derive from a founding clone common to both entities, containing
TP53 and PTEN mutations, explaining the poor prognosis and resistance to treatment [117].

Moreover, further studies should be pursued on players directly involved in apoptotic machinery,
as, for instance, the deregulation of the proapoptotic player BOK, which was associated with an
enhanced resistance to cisplatin, possibly in equilibrium with the antiapoptotic MCL1, shown to be
overexpressed in TGCTs [118,119]. While a high Bax/Bcl-2 ratio (i.e., high proapoptotic/antiapoptotic
ratio) was identified to explain the hypersensitivity of GCT cells to etoposide [120], this was not
confirmed regarding cisplatin resistance and not validated as a prognostic in metastatic patient
samples [121,122]. Cell cycle regulation for sure can contribute to cisplatin resistance, as demonstrated
by the differential (over)expression of CCND1 (Cyclin D1) in platinum-resistant tumor samples [123].
Again, more definitive studies are lacking concerning these apoptosis/cell cycle effectors.

4.4. TGCTs, Cisplatin Resistance, and Epigenetics

Epigenetics is an important part of the tumorigenesis and classification model of TGCTs [3],
and the generation of epigenetic-based biomarkers constitutes important progress in the field [124].
Targeting epigenetic alterations with specific epidrugs has been promising in the preclinical
setting, despite some clinical studies showing limited benefits (see below). Nevertheless, there
is evidence that DNA methylation profiles (namely, promoter hypermethylation of specific genes) is
differentially distributed among cisplatin-sensitive and –resistant tumors [125]. Among the specific
genes, RASSF1A promoter hypermethylation associates with cisplatin resistance, and molecular
testing in liquid biopsies may be a reliable way of identifying these patients [126,127]. Moreover,
CALCA hypermethylation associated with a cisplatin refractory disease [128]. The sensitivity to
demethylating agents has been shown to correlate to high expression levels of DNA methyltransferase 3B
(DNMT3B) [129,130]. The downstream mechanism is still debatable, but there is evidence relating
to activation of p53 and other relevant targets being repressed by promoter methylation and,
also, by altering pluripotency [131]. Indeed, a wide screening of the TCam-2 cell line after treatment with
5-azacytidine depicted interesting targets, such as demethylation of the tumor suppressor gene KLF11
and the hypermethylation of CFLAR, which are advanced, to contribute to cisplatin resistance [132].
In the same way, a transcriptomics overview of distinct cisplatin-resistant cells showed a significant
and shared enrichment on genes that, in normal instances, should be repressed by the polycomb
repressive complex 2 (PRC2). Indeed, a decrease in PRC2 activity was demonstrated in resistant cells,
accompanied by decreased H3K27me3 and expression of BMI1; moreover, validation of the findings
was accomplished, as treatment with the EZH2 inhibitor GSK-126 induced resistance in parental cells,
while the opposite occurred upon treatment with histone lysine demethylase inhibitor GSK-J4 [133].
An integrated DNA methylation-expression study of pediatric intracranial nongerminomas also
showed that miR-214-3p, which is regulated by promoter methylation, further contributes to cisplatin
resistance by inhibiting Bcl2-like 11, a proapoptotic player [134]. Indeed, several microRNAs were
shown to be differentially abundant among cisplatin-resistant cell lines (namely, the upregulation
of miR-512/515/517/518/525 and downregulation of miR-99a/100/145). Given the interaction of the
miR-371-373 cluster with p53, manipulating this axis may also prove useful in reverting cisplatin
resistance [44], as could be the manipulation of miR-302a, induced upon treatment with cisplatin,
reducing p21 levels and impeding G1 arrest [135].

Overall, it is key to understand epigenetic alterations leading to cisplatin resistance and,
importantly, the mechanisms with which they interact, so that biomarkers can be generated and
epidrugs can be combined with appropriate targeted treatments, achieving maximum antitumor effects.
For instance, the hypermethylation of HR DNA repair genes BRCA1 and RAD51C (see above) have
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been documented in 35% of NSs, and these may possibly be used as biomarkers for sensitivity to PARP
inhibitors [38], like in other tumor models [136]. Another example is the epigenetic regulation of p53,
namely by activity of the methyltransferases SMYD2 and PR-SET7, which leads to inactivation of p53
in NTera-2 cell lines [137–140].

4.5. Seeking for Relevant Mutations/Copy Number Alterations Related to Cisplatin Resistance

Despite many research efforts, a remarkable and more definitive genetic feature (mutation or copy
number alteration [CNA]) is still missing that generates the cisplatin-resistant phenotype. However,
some works have retrieved relevant data from more “genome-wide” approaches. Two recent studies,
making use of cell line models made resistant to cisplatin or cisplatin-resistant TGCTs (primaries
and metastases, the largest series so far on whole genome sequencing), demonstrated that a resistant
disease depicted significantly more CNAs (such as losses of chromosomes 1, 4, and 18 and gains of
chromosome 8); single nucleotide polymorphisms (SNPs); and higher tumor mutational burdens
(TMBs) [15,37]. One study found alterations in genes already known to be involved in the risk of
acquiring TGCTs (DMRTA1), others on genes previously known to contribute to resistance (MDM2,
although the association was not confirmed on the second mentioned study [37]), and uncovered novel
targets (ATRX and NSD1) [15]. Both these new targets are of interest and reinforce the connection of
cisplatin resistance with epigenetics (see above), as the former represents a chromatin remodeler (of the
SWI/SNF family), and the latter constitutes a histone methyltransferase. Another work, including
both primary and matched metastatic cisplatin refractory samples, was able to pinpoint mutations in
genes, clonal in nature, that are potential effectors of cisplatin resistance; not surprisingly, again, these
included mutations/amplifications in genes related to apoptosis (RHBDD1); DNA repair (XRCC2); p53
regulation (MDM2, also showed in another study using matched primary-metastatic samples [141]);
and oncogenic signaling (KIT, NRAS, and PIK3CA) [142]. Authors highlight that mutations like the one
on XRCC2 (or in other HR DNA repair genes) are already present in the chemo-naïve primary TGCT,
which is then selected by cisplatin treatment and becomes dominant in the refractory disease. Finally,
recently, Necchi et al. [143] performed a wide study on 107 chemotherapy-exposed and relapsed
TGCTs, demonstrating that KRAS alterations (mainly amplifications) are particularly common, possibly
indicating that targeting the KRAS pathway may be effective in treating cisplatin-resistant tumors.
Besides the higher TMB in relapsed nonseminomas, additional pathways with relevant alterations
were the ones related to the cell cycle and TP53.

5. Differentiation-Dependent Cisplatin Resistance: Specificities of Teratoma

Within the histological subtypes of GCTs lies the most differentiated form of the disease,
the teratoma. It is composed of mixtures of somatic-type tissues of the three germ layers (ectoderm,
mesoderm, and endoderm) [144] and may arise, like other GCTs, in males and females, either in
the gonads (testis and ovary) or in extragonadal locations. Within TGCTs, teratoma may be seen
in two distinct settings according to the WHO 2016 classification: the prepubertal-type teratomas
(actually not uncommon after pubertal age [5,145]), non-GCNIS-related, with benign behavior (which
include the so-called epidermoid/dermoid cysts [146]), and the post-pubertal-type teratomas, frequently
associated with other GCT components and commonly consisting of tissues with variable degrees of
maturity, with malignant behaviors [147]. There are several reasons for also focusing on this subtype,
specifically; despite being cytogenetically similar to the other GCT components, it is resistant to cisplatin
treatment [148], as during differentiation, there is a growing disruption of the proapoptotic response to
the drug, with the equilibrium shifting towards cell cycle arrest, repair, and quiescence instead [22,149].
Accordingly, teratoma was found to express RB and p21 and to show a low Bax/Bcl-2 ratio [61].
Furthermore, mature teratoma is among the most common subtypes emerging in post-chemotherapy
masses, and the treatment approach differs in these patients (with surgical resection—which is
technically challenging—being the available option [150]) compared to those with viable (nonteratoma)
GCT, who can undergo salvage chemotherapy [25,151]. Interestingly, the most promising liquid
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biopsy-based biomarker of GCTs, the embryonic microRNA miR-371a-3p (for a broad review, refer
to [152]), falls short on the detection of this subtype, specifically (due to the its differentiated nature).
We have recently proposed a model of “microRNA switch”, where the upregulation of miR-371a-3p
in nonteratomatous GCT targets TP53, while across differentiation towards teratoma, miR-371a-3p
is replaced by miR-885-5p, which is upregulated and activates TP53, possibly contributing to the
differential response to cisplatin [40] (Figure 3). The exact mechanism underlying this theory should
be further explored.
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differentiation. MicroRNAs of the 371–373 cluster are upregulated in malignant subtypes (here
represented by a seminoma histology) and target p53 (there are hardly any TP53 mutations in these
tumors). The response to cisplatin is a proapoptotic response. In differentiated mature teratoma,
on the contrary, this cluster is negative, and miR-885-5p is upregulated. The latter is a p53 activator.
The response to cisplatin is directed towards cell cycle arrest, hence the clinical cisplatin resistance.

Overall, this differentiation-dependent cisplatin resistant phenotype most likely differs
substantially in molecular landscape from the cisplatin resistance occurring in a nonteratoma
(nondifferentiated) disease. Nevertheless, insights can be drawn from it. As a model to study the
role of differentiation in resistance, most studies have been treating the several (T)GCT cell lines with
all-trans retinoic acid (ATRA), inducing such differentiation [153–156]. Related to cisplatin resistance,
ATRA was demonstrated to provoke the downregulation of PUMA and NOXA, abrogating apoptosis
elicited by these factors [101]. Logically, differentiation is accompanied by the downregulation of the
transcription factor POU5F1/OCT3/4 (reflecting the immunoexpression pattern of these neoplasms),
which has also been linked to increased resistance to cisplatin [157], namely by downregulating the
aforementioned NOXA and PUMA but, also, the miR-17/-106b cluster, potentiating the activation
of p21 [51,101,158]. Taylor-Weiner et al. [157] indeed showed that both NANOG and POU5F1 were
not expressed in tumors obtained from cisplatin-resistant metastases, like for the in vivo mouse
model of a sensitive and resistant disease, where the xenografts originating on cisplatin-resistant
cell lines exhibited areas with cells of embryonal carcinoma morphology, but with the absence of
OCT3/4 expression [53]. However, although OCT3/4 may have a contributory role on its own by
downregulating pluripotency signatures [148], this was not fully supported by validation studies
(with no difference in staining patterns between sensitive and resistant GCTs), and, also, because other
subtypes than teratoma (choriocarcinoma and yolk sac tumor) are negative for this marker and still
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respond to cisplatin-based treatment [159]. Additionally, available trials with ATRA treatment have
failed to produce clinical benefit in GCT patients [160]. Authors indeed recognize that the loss of
pluripotency markers may be a driver of resistance but, also, simply be a consequence of changes in
the methylation profile related to differentiation after exposure to chemotherapy (or a combination of
both) [157]. More recently, Pierpoint et al. [161] developed a mouse model of metastatic TGCT with
an expression of OCT3/4 that allowed them to study the effects of cisplatin on the EC cell population.
They showed that a treatment with cisplatin selectively depleted these OCT3/4-positive cancer stem
cells (by apoptosis), demonstrating in vivo why DNA-damaging agents are particularly effective in
TGCTs compared to other somatic cancers.

Other particular aspects of teratoma are the growing teratoma syndrome (GTS) and teratomas with
malignant somatic-type transformation. GTS is a potentially life-threatening condition that is clinically
and therapeutically challenging [162]. It was recognized by Logothetis in 1982 [163], and it is clinically
defined as a growing GCT after chemotherapy accompanied by a decrease of the classical serum
tumor markers [164,165]. The biopathology of this phenomenon is still a matter of debate, but one
theory is that embryonal carcinoma cells are induced to differentiate during treatment, assuming the
form of teratoma-forming transit-amplifying cells. These cells endure the cisplatin-based treatment
(as opposed to embryonal carcinoma cells, which die) and further differentiate into a teratoma, which
continues to grow upon continuous treatment [164]. Study of this intriguing phenomenon may also
shed light on cisplatin resistance related to differentiation. However, this is an infrequent occurrence,
with most events figuring in the literature as case reports (refer to Tables S2–S4 for a brief overview
of the most recent—2014–2019—descriptions of these events in the testis, ovary, and in extragonadal
locations, presented chronologically), and larger multicenter cohorts would be beneficial for better
understanding its biology and improving clinical care. Moreover, another rare phenomenon is the
emergence of a somatic-type malignancy within teratoma, mostly in the form of sarcomas (50%) but,
also, primitive neuroectodermal tumors (PNETs) or carcinomas. This occurs mostly in the metastatic
setting, although, possibly, also in the primary tumor [166–169]. These patients show an aggravated
prognosis compared to other GCT patients, and for this reason, treatments may differ. Most notably,
these phenotypes are intrinsically highly resistant to cisplatin, with surgical excision being the only
option, which should be always attempted [166]. Although signatures typical of GCTs are kept within
these tumor forms, it is suggested that the overgrowth of immature elements and activation of specific
oncogenes known to be relevant players in the specific types of somatic cancers (in their own native
location) are behind the pathogenesis of the phenomenon [170]. There is a lack of large molecular
studies on this topic (mostly individual reports [171]), which should be pursued in the future for a
better understanding of this event, leading to better therapeutic alternatives to these patients.

6. Seeking for Novel Treatments Options for Cisplatin-Resistant Diseases

Uncovering new treatment agents for TGCT patients is challenging, given the overall lack of
targetable alterations (such as mutations), like in other tumor types [172]. A summary of some of
the recent drugs showing promise and being tested as targeted therapies for treating TGCT patients
developing cisplatin resistance is presented in Table 2.

6.1. Immunotherapies

Given the recent advances in immunotherapies for cancer treatments, attention has been directed
towards these anti-PD-1/anti-PD-L1 agents [173,174]. The immune microenvironment of TGCTs
is particularly rich and distinct among subtypes [35,175], and the immunoexpression of immune
checkpoints was demonstrated to have prognostic significance [176,177]. However, studies with
these agents in cisplatin-relapsed patients with multiple-treatment courses were, so far, mainly
nonbeneficial [178–180], except for isolated case reports [181] and, for some preliminary data, indicative
of the clinical activity of durvalumab and tremelimumab [179]. One issue worth considering is that
these studies were performed in multiple relapsed unselected populations; finding a reliable biomarker
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for discriminating the subset of patients that will benefit from such therapies may be the key for clinical
success (like demonstrated in some reports, where patients with PD-L1-positive tumors benefited from
the combination of anti-PD-1 pembrolizumab with standard chemotherapy [182]). Immunotherapies
may be effective in the treatment of cisplatin-resistant tumors if the right setting is found [183].

6.2. Epidrugs

Also, given the role of epigenetics in TGCTs overall and influence in cisplatin resistance
(discussed above), studies have also focused on epidrugs, alone or combined with other agents [16,21].
Demethylating agents (such as guadecitabine) have shown promising results in in vitro and pre-clinical
in vivo studies, namely by resensitizing tumor cells to cisplatin [129,131,184–186]. Although more
convincing data is lacking in clinical studies, which are not so remarkable thus far [187], data from
ovarian GCT patients point towards clinical efficacy and provide data to proceed to phase II trials [188].
Other agents such as HDAC inhibitors [189,190], BET inhibitors [191], or, more recently, ARID1A
inhibitors [192] have also shown good antitumor effect in vitro and should be explored in the future,
possibly in combination with demethylating agents, as shown in a study of ovarian cancer cells exposed
to decitabine and HDAC inhibitor belinostat [186]. A combination of epidrugs with immunotherapies
could be envisaged as a good treatment alternative, given the known epigenetic regulation of the
immune system [193]. Most likely, a multimodal approach, with platinum-based therapy combined
with immunotherapies and epidrugs, will attain the greatest success by targeting and modulating the
several mechanisms of cisplatin resistance, promoting maximum tumor death [16].

6.3. Others

Novel drugs are currently being explored as either alternatives or combination partners of cisplatin,
some of them already being tested in clinical settings [42,194,195]. Follow-up studies on previous data
can be envisioned, since novel therapeutic agents are becoming available; for instance, telomerase activity
has been suggested to also relate to cisplatin efficacy (although data is controversial) and telomerase or
CDK inhibitors could be explored [196–198]. This is a field of research with potential for expanding in
the near future, with several clinical trials currently ongoing (for a recent review, refer to [21]).

Table 2. Summary of some recent studies exploring novel treatment options for cisplatin-resistant
testicular germ cell tumors.

Drug Main Mechanism/Drug Class Main Findings Reference

Cabazitaxel Chemotherapy; Taxane
(microtubule inhibitor)

Clinical study. Limited activity in
heavily treated refractory GCTs. [195]

Dissulfiram ALDH inhibitor (cancer stem
cell marker)

Pre-clinical study. Synergistic
antitumor effect (+ cisplatin) in an
in vivo model. Restores sensitivity

to cisplatin.

[42]

Everolimus mTOR inhibitor Clinical study. Limited activity in
heavily treated refractory GCTs. [194]

Sunitinib RTK inhibitor (including
VEGFR)

Pre-clinical study. Antitumor effect
(including a reduced vasculature) in

an in vivo model, including of a
cisplatin resistant disease.

[199]

Avelumab Immunotherapy; PD-L1
inhibitor

Clinical study. Well-tolerated but
limited activity in heavily treated

refractory GCTs.
[180]

Pembrolizumab Immunotherapy; PD-1
inhibitor

Clinical study. Well-tolerated but
limited activity in heavily treated

refractory GCTs.
[178]

Durvalumab and
Tremelimumab

Immunotherapy; anti-PD-L1
and anti-CTLA4

Clinical study. Partial response and
stable disease in 2 patients;

remaining with disease progression.
[179]
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Table 2. Cont.

Drug Main Mechanism/Drug Class Main Findings Reference

5-azacytidine Epigenetics; Demethylating
agent (nucleoside analog)

Pre-clinical study. Proapoptotic
effect at low nM concentrations and

overcomes cisplatin resistance.
[184]

Decitabine Epigenetics; Demethylating
agent (nucleoside analog)

Pre-clinical study. Causes DNA
damage, promotes p53 and p21

activation, downregulates
pluripotency factors, and activates

ATM. Restores sensitivity to
cisplatin.

[129,131]

Guadecitabine Epigenetics; Demethylating
agent (nucleoside analog)

Pre-clinical study. Restores
sensitivity to cisplatin in in vivo

models.
[185]

JQ1 Epigenetics; BET inhibitor

Pre-clinical study. Induces
apoptosis, more prominent in
resistant clones compared to

parental.

[191]

C63 and
BRD-K98645985

Epigenetics; ARID1A
(chromatin remodeler)

inhibitor

Pre-clinical study. ARID1A
inhibitors sensitizes

cisplatin-resistant cells to ATR
inhibition.

[192]

Romidepsin Epigenetics; HDAC inhibitor Pre-clinical study. Antitumor effect,
including in cisplatin-resistant cells. [190]

Olaparib DNA repair; PARP inhibitor
Pre-clinical study. Antitumor effect
as monotherapy and sensitization to

cisplatin.
[92]

Abbreviations: GCT: germ cell tumor, HDAC: histone deacetylase, mTOR: mammalian target of rapamycin,
PARP: poly (ADP-ribose) polymerase, RTK: receptor tyrosine kinase, and VEGFR: vascular endothelial growth
factor receptor.

7. Conclusions

Cisplatin resistance is one of the major challenges in the clinical approach to TGCT patients.
The acquisition of resistance to platinum-based drugs is common to other tumor models, like bladder
and ovarian cancer, all having in common a poor prognosis and lack of effective alternative therapies.
The biopathology of this phenomenon is most likely multifactorial (although a major, still unidentified
driver alteration is possible), with several concurrent mechanisms leading to the generation, selection,
and propagation of a resistant clone. This way, combination treatment strategies that target multiple
pathways probably will achieve greatest success, especially if novel delivery options are uncovered
that reduce associated toxicities. Additional related challenges include the generation of biomarkers
that predict the development of resistance and of those that, once resistance is recognized, predict
the response to targeted treatments. The use of available and well-characterized cisplatin resistance
preclinical models will continue to be instrumental for pointing towards the best treatment options.
Moreover, liquid biopsies are expanding and gaining terrain in the TGCT field, especially with
miR-371a-3p, proving itself as the most accurate noninvasive biomarker for diagnosis and follow-up of
the disease, getting closer to integration in the clinic [152]. In the same way, liquid biopsy biomarkers
predictive of resistance would be of great value in the field, since no other markers are available to
fulfil this clinical need. The prospective collection of liquid biopsy samples from these pediatric and
adult GCT patients developing a resistance to treatment, and their proper processing and storage,
accompanied by the proper biobanking of tissue samples and international cooperation, will allow us
to improve the clinical management and quality of life of TGCT patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/6/1601/s1.
Table S1: Summary of some recent studies exploring cisplatin resistance in tumor models other than testicular
germ cell tumors. Table S2: Review of the literature regarding the growing teratoma syndrome with a testicular
origin. Table S3: Review of the literature regarding the growing teratoma syndrome with an ovarian origin.
Table S4: Review of the literature regarding the growing teratoma syndrome with an extragonadal origin.
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