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ABSTRACT  Testicular germ cell tumors (TGCTs), ie, seminomas and nonseminomas, account for 
1% to 3% of all neoplasms in men. They are the most common cancer in young white males and 
are unique in their responsiveness to cisplatin-based chemotherapy. For this reason, TGCTs are 
considered a model for curative disease. However, up to now, the molecular mechanisms behind 
this exceptional responsiveness to DNA-damaging agents have remained unclear. A hypersensi-
tive apoptotic response, as well as a reduction in the proficiency to repair cisplatin-induced DNA 
damage might account for this behavior. In this review, building on recent findings of p53-induced 
apoptosis and DNA-repair mechanisms in TGCTs, we will discuss the molecular bases that drive 
tumor sensitivity to cisplatin, emphasizing the new therapeutic approaches proposed to eventu-
ally constrain tumor recurrence, and target TGCTs which are unresponsive to standard therapies. 
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Introduction

Testicular cancer constitutes the most common solid tumor to 
affect men between 15 and 40 years of age (Bosl and Motzer, 
1997). Approximately 95% of primary testicular tumors arise from 
embryonic germ cells, either primordial germ cells (PGCs) or gono-
cytes, and as such, are more appropriately referred to as testicular 
germ cell tumors (TGCTs). Other more rare testicular neoplasms 
are derived from non-germ cell tissues such as the stroma (Sertoli 
and Leydig cell tumors) and lymphocytes (lymphomas). Rarely, 
germ cell tumors can arise outside the testis, typically in midline 
locations, with the mediastinum, retroperitoneum, and brain con-
stituting the most common extragonadal primary tumor sites. This 
anatomical distribution is possibly related to the migration route of 
PGCs during embryogenesis (Wylie, 1999). 

Although the majority of advanced TGCTs are curable by 
cisplatin-based chemotherapy, the biological basis of this exquisite 
sensitivity remains unclear. An improved understanding of such 
mechanisms could enable the identification of new molecular targets 
that play a role in the cisplatin resistance observed in a fraction of 
germ cell tumors and more commonly in tumors of somatic origin. 

Cisplatin kill cells by damaging DNA. Following DNA damage, 
cells respond by activating a DNA-damage response that either 
leads the cell to repair the lesion promoting resistance to treatment, 
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or die by the activation of the apoptotic response. Key players in this 
response are thus DNA-damage repair pathways and apoptosis-
inducing mechanisms. This review will focus on the pro-apoptotic 
role of p53 in the response of TGCT to cisplatin-induced DNA dam-
age and will highlight recent discoveries linking a reduced efficiency 
of DNA repair with resultant enhanced p53-mediated pro-apoptotic 
response amongst TGCT, to their exquisite cisplatin sensitivity.

Epidemiology

The incidence of TGCTs is highly variable depending on the 
country, with Scandinavian countries displaying the highest inci-
dence at nearly 10 per 100,000 whereas rates in Asian and African 
countries are less than 2 per 100,000 (McGlynn and Cook, 2009). 
However, the worldwide incidence of TGCTs has more than doubled 
over the past 40 years, and it is still increasing. In addition, 2% of 
patients will develop a second testicular primary TGCT (Fossa et 
al., 2005). Thus, although malignant tumors of the testis are rare, 
this trend highlights the importance of identifying the pathogenic 
mechanisms of their origin, and developing new therapies for 
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patients who do not respond, or relapse to currently available 
chemotherapy regimens (see below).

Pathology and pathogenesis

Histopathologically, TGCTs can be classified in two major 
groups: seminoma and non-seminoma with the latter category also 
including tumors that contain both seminoma and nonseminoma 
components. Pure seminomas are composed of uniform, large 
polyhedral cells surrounded by connective tissue stroma. They 
comprise about 50% of TGCTs with a median age at diagnosis of 
35 - 39 years. Non-seminomas, which also account for approxi-
mately 50% of cases are often comprised of a mixture of multiple 
cell types including embryonal carcinoma (EC), teratoma, chorio-
carcinoma, and yolk sac tumor. The median age at diagnosis of 
nonseminoma is about 10 years younger than seminoma, ranging 
from 25 – 29 years of age. In order to be classified as seminoma, 
there cannot be any nonseminomatous component present in the 
tumor. Embryonal carcinoma has been demonstrated to be both 
undifferentiated and pluripotent and is considered the stem cell 
component of nonseminomas, analogous to a malignant form of 
embryonic stem cells. 

All TGCTs originate from a precursor lesion, known as carcinoma 
in situ (Skakkebaek, 1972), also referred to as an intratubular germ-
cell neoplasia unclassified (ITGCNU) lesions. The pathogenesis 
of ITGCNU lesions remain unknown but are most likely due to 
delayed or blocked maturation of PGC/gonocyte during develop-
ment (Looijenga et al.). Several risk factors for TGCT have been 
identified. The most well-proven risk factor is being born with an 
undescended testicle (cryptorchidism), which occurs in approxi-
mately 3 of every 100 live male births (Moller and Skakkebaek, 
1997). True cryptorchidism, however requires a lack of testicular 
descent by 6 months and when using this definition, the incidence 
drops to approximately 1 out of every 100 births. The risk of devel-
oping TGCT for patients with cryptorchidism approximates 10% 
and approximately 10% of TGCT cases are also accounted for by 
men with a history of cryptorchidism (Kanto et al., 2004, Prener et 
al., 1996). Infertility (Lilford et al., 1994) and other forms of gonadal 
dysgenesis constitute additional risk factors for TGCTs (McGlynn 
and Cook, 2009). Prior diagnosis of TGCT also predisposes to 
development of a second TGCT in the contralateral testis. This 
occurs in about 2% of men with a first TGCT (Fossa et al., 2005). 
Additionally, patients with extragonadal germ cell tumors (GCTs) 
are at increased risk for developing TGCT, occurring in up to 6% 
of mediastinal primary GCT patients in one study (Hartmann et 
al., 2001). Maternal risk factors such as old age at pregnancy, and 
maternal in utero high level of estrogens, have been associated 
with the increased risk of TGCTs (McGlynn et al., 2008) indicating 
that the primary lesion likely occurs in PGCs/gonocytes in utero, 
possibly as part of the aforementioned testicular dysgenesis. 
Family history also portends a higher risk of TGCT development. 
For example, the risk among brothers of patients with TGCT has 
been estimated at 5-9 times that of an age-matched popula-
tion. Familial aggregations of TGCTs have also been described 
(Greene et al. 2010). Proposed genetic risk factors include specific 
abnormalities on the Y chromosome(Anderson et al., 2009) and 
polymorphisms of KIT ligand and KIT signaling [13]. Furthermore, 
nearly all invasive TGCTs display gain of additional copies of the 
small arm of chromosome 12, most often as an isochromosome 

(i12p)(Kanetsky et al., 2009, Korkola et al., 2009a, Korkola et al., 
2009b, Rosenberg et al., 2000), indicating that the relative over-
representation of 12p sequences is of crucial importance for the 
progression of this cancer. However, in spite of much effort, the 
relevant gene(s) have not been identified so far, although various 
candidates (including NANOG and KRAS2) have been suggested 
to play a role (for more details see Looijenga et al., 2011).

TGCT treatment response to cisplatin

Prior to the introduction of cisplatin in the mid-1970s, chemo-
therapy for GCTs was only minimally effective. In fact, GCTs were 
once the leading cause of cancer death among men between 15 
and 34 years of age. Remission rates for patients with metastatic 
disease approximated only 25%. In 1977, Einhorn and Donohue 
reported impressive results with a chemotherapy regimen com-
prised of cisplatin, vinblastine and bleomycin (PVB) in patients with 
disseminated disease (Einhorn and Donohue, 1977a, Einhorn and 
Donohue, 1977b, Einhorn and Donohue, 1977c). By adding cisplatin 
to vinblastine and bleomycin, remission rates were increased to 
nearly 80%, beginning the modern chemotherapy era for GCTs. 
Following the introduction of cisplatin, a major emphasis of research 
in GCT between 1980 and 2000 concentrated on establishing clini-
cal factors capable of distinguishing which patients were likely and 
which were unlikely to be cured with standard chemotherapy. These 
efforts culminated in the publication of the International Germ Cell 
Cancer Collaborative Group (IGCCCG) risk classification system, 
which separates patients into good, intermediate-, and poor-risk 
groups with expected durable remission rates of 90%, 70%, and 
40%, respectively (1997). Important prognostic factors in this 
system include seminomatous vs. nonseminomatous histology, 
sites of metastatic disease, levels of tumor markers, and primary 
tumor site (mediastinum vs. retroperitoneal/gonadal). Concurrent 
and subsequent efforts focused on reducing the toxicity of chemo-
therapy programs for good-risk patients and improving the efficacy 
of treatment for intermediate- and poor-risk patients. A series of 
successive well-designed and well-executed clinical trials led to the 
establishment of 4 cycles of etoposide (EP) plus cisplatin (EPx4) 
and 3 cycles of EP plus bleomycin (BEP) as standard first-line 
treatment programs for patients with good-risk GCTs. For intermedi-
ate- and poor-risk GCTs, BEPx4 has emerged as the standard-of-
care for first-line treatment. Nevertheless, despite these excellent 
regimens, up to 30% of patients will fail to be cured with first-line 
chemotherapy, including 50% of poor-risk patients. Nevertheless, 
the ability to cure such a high proportion of patients with widely 
metastatic disease renders GCTs unique amongst solid tumors. 
For this reason TGCT-derived cell lines and tumor specimens have 
been studied extensively in an attempt to identify the molecular 
characteristics underlying cisplatin sensitivity. Although complete 
mechanisms are not yet clear, recent studies have demonstrated a 
fundamental role for both the enhanced responsiveness of TGCTs 
to p53-mediated apoptosis induced by DNA damage, and reduced 
ability of TGCTs to repair cisplatin-induced DNA damage (see be-
low). These characteristics are almost certainly inherited from the 
cells of origin (PGCs / gonocytes) since cisplatin sensitivity inversely 
correlate with the degree of differentiation. In fact while PGCs are 
particularly prone to cope with DNA damage by inducing apoptosis 
within irreparably damaged cells (Katayama et al., 2002) the loss 
of embryonic features as observed in mature teratomas, correlates 
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with increased cisplatin resistance. Teratomas are considered 
completely insensitive to chemotherapy and therefore often are 
found within the pathologic specimens of residual tumor masses 
surgically resected after completion of chemotherapy. In vitro stud-
ies have confirmed that the relationship between differentiation 
and cisplatin-resistance. For example, when the pluripotent EC 
cell lines, NTERA-2D1 (NT2/D1) and Tera-2 are induced towards 
terminal differentiation by treatment with retinoic acid, these cells 
lose their hypersensitivity to cisplatin treatment, (Andrews, 1984, 
Timmer-Bosscha et al., 1998) even after only 48hs of stimulation 
(Gutekunst et al., 2011). Surgical resection of residual teratomas 
is of clinical relevance. In fact, while teratomas can be biologically 
inert; they undergo malignant transformation in 6% to 14% of the 
cases, underlying the importance of identifiying of new less-invasive 
therapies (i.e. chemotherapies) for their eradication.

Molecular mechanisms of TGCT sensitivity

Mechanisms of drug access to DNA and detoxification
In order to reach its molecular target (DNA), cisplatin must first 

gain access to the cell via transport across the cell membrane 
and escape inherent cellular detoxification processes. Compari-
son of cisplatin-sensitiveTGCT cell lines with relatively cisplatin-
resistant colon and bladder cancer cell lines did not reveal any 
significant difference in cisplatin accumulation (Sark et al., 1995), 
or cellular detoxification mechanisms, such as that involving the 
glutathione-S-transferase (Masters et al., 1996, Sark et al., 1995) 
or metallothionein (Masters et al., 1996, Meijer et al., 2000). More 
recently, we demonstrated that in EC cell lines, cisplatin-induced 
damage, as measured by gH2AX staining (a surrogate marker of 
DNA double strand break [DSB] formation) is not significantly dif-
ferent from that of the relatively cisplatin-resistant cell line U2OS 
(Cavallo et al., 2012). A similar finding was reported by Usanova 
and co-workers using different TGCT cell lines in an experimental 
setting (Usanova et al., 2010). Overall these results indicate that the 
increased responsiveness of EC cell lines to cisplatin is not related 
to upstream events that control drug-access to DNA, and rather, 
suggest downstream events, namely the DNA-damage response, 
as the potential etiology of cisplatin sensitivity among TGCTs.

DNA-damage response
The DNA damage response (DDR) is a complex cellular process 

that detects DNA lesions, signals their presence and promotes their 
repair, enabling the preservation of genomic integrity. This system 
is linked to another important mechanism of maintaining DNA 
integrity, whereby if DNA damage is too great or repair is ineffec-
tive, cellular death pathways, such as apoptosis, are stimulated to 
combat the threats posed by excess or unrepaired DNA damage. 
Thus a reduction in the DNA-repair proficiency or the increased 
sensitivity to pro-apoptotic stimuli are potential mechanisms to 
explain the unique sensitivity of TGCT to cisplatin.

The role of p53 in TGCT response to treatment
The tumor suppressor protein p53 has been shown to medi-

ate cellular stress responses in that p53 can initiate DNA repair, 
cell-cycle arrest, senescence and notably apoptosis (Levine, 
1997, Prives and Hall, 1999). These responses suppress tumor 
formation. Thus it is not surprising that many solid tumors have 
p53 mutations (Greenblatt et al., 1994, Levine, 1997). Surprisingly 

however, p53 mutations are infrequent in TGCTs (Kersemaekers 
et al., 2002, Lutzker, 1998, Peng et al., 1993). This has suggested 
that an intact p53 pathway is responsible for the exquisite apoptotic 
response of TGCTs to DNA-damage, although not all tumors are 
equally responsive. 

The absence of inactivating mutations in TP53 has been at-
tributed to multiple factors. Comparison of TGCTs with tumors of 
somatic origin has shown that TGCTs lack constitutive activation 
of the DDR, which in somatic tumors functions as a barrier to tu-
mor formation and growth in early stages of cancer development. 
Thus, TGCTs avoid the pressure to select for mutations in DDR 
genes, such as p53 (box A in Fig. 1), Ataxia Telangiectasia Mutated 
(ATM) and Ataxia Telangiectasia and Rad3-related Protein (ATR) 
(Bartkova et al., 2007). Congruent with this observation, ATM and 
ATR pathways have been demonstrated to be intact in several 
TGCT cell lines (Usanova et al., 2010). 

Many tumors that retain wild-type p53 (wtp53) still have dys-
functional p53-related DNA repair and apoptosis, typically due to 
other defects in the p53 pathway. In agreement with this notion, 
it has been found that in seminomas and in the EC component 
of nonseminomas carrying a wt p53, miR372/373 expression is 
upregulated (Box A in Fig. 1). These miRs target the Large Tumor 
Suppressor Homolog 2 (LATS2) serine-threonine kinase, and allow 
cell proliferation irrespective of p53 activation and p21 induction; 
thus also reducing the pressure for TRP53 mutations (Voorhoeve 
et al., 2006). 

Reduced functionality of p53 in some TGCTs has also been 
attributed to Mouse Double Minute 2 Homolog (MDM2), a major 
physiological antagonist of p53. MDM2 is an E3 ubiquitin ligase 
that promotes p53 proteosomal degradation. Additionally, MDM2 
can bind the p53 transactivation domain, thereby also directly 
interfering with p53 transcriptional regulatory mechanisms. In 
most tumors retaining wtp53, MDM2 plays an important role in 
suppressing p53 activity. This is often caused by, overexpression 
of MDM2, and silencing of the MDM2 regulator ADP Ribosylation 
Factor (ARF). Because gain of MDM2 expression and ARF muta-
tions are associated with TGCT development (Datta et al., 2001, 
Iwato et al., 2000), it has been suggested that in TGCTs, MDM2 
functional hyperactivation might suppress p53 function (Box A in 
Fig. 1). In line with this hypothesis, the comparison of different 
TGCT cell lines with a wide difference in their relative resistance 
to cisplatin, have shown that the reduced p53-induced apoptotic 
response observed in cisplatin-resistant TGCT cell lines, is linked 
to sustained MDM2-p53 complex formation (Koster et al., 2011). 
This indicates that in these cells, MDM2 inhibits p53-pro-apoptotic 
function and promotes cisplatin-resistance. In keeping with this 
observation, treatment of TGCT cell lines with the MDM2-inhibitor, 
nutlin-3, caused a strong increase in p53 protein level, and promoted 
p53 pro-apoptotic function, including in cell lines relatively resistant 
to cisplatin (B in Fig.1; Bauer et al., 2009, Koster et al., 2011, Li et 
al., 2010) although not all cisplatin-resistant tumors were equally 
responsive (Li et al., 2010). In addition to MDM2, the expression 
of the MDM2 –homolog MDMx also contributes to inactivation of 
wt-p53, although the effect was found to be of minor importance 
(Li et al., 2010).

The pivotal role of p53 pro-apoptotic function in the sensitivity 
of TGCTs to cisplatin has also recently been shown by studies 
demonstrating that siRNA-mediated silencing of p53 completely 
abrogates the response of EC cell lines to cisplatin (Gutekunst 
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Fig.1. The testicular germ cell tumor  p53-pro apoptotic response is promoted by both genotoxic-
dependent and independent mechanisms. (A) Molecular mechanisms that, in TGCTs, reduces the 
selective pressure for TRP53 mutations (see text for details). (B) Nutlin-3 treatment prevents p53/
MDM2 binding and stabilize p53 promoting its pro-apoptotic function. (C) The treatment of TGCT cell 
lines with the genotoxic drug cisplatin, causes DNA damage, promoting a DNA-damage dependent 
release of p53 by MDM2, and cell death. (D) TGCT cells have a reduced proficiency in the repair of 
ICLs induced by cisplatin. Such defect is due to a reduced function of multiple DNA repair pathways, 
including NER and HR pathways. Whether other DNA-repair pathways, such as TLS and FA are also 
defective is still unknown. (E) non-genotoxic (nutlin-3) and genotoxic (cisplatin) drugs cooperate to 
promote p53 pro-apoptotic function (see text for more details). In red are indicated some of the 
chemical compounds known to stabilize p53 (nutlin-3), induce DNA damage (cisplain) or enhance 
DNA damage-induced cell death in HR-deficient cells (PARP inhibitors). The dotted arrow indicates 
the contribution of genotoxic-damage induced by nutlin-3, in TGCT apoptotic response. Abbreviations: 
DDR, DNA damage response; miR, micro RNA; TLS, translesion synthesis; FANC, Fanconi anemia.

tested (Koster et al., 2011). We interpret such 
cooperative effect, observed also in other 
studies (Bauer et al., 2009, Li et al., 2010), 
as indicating that, although DNA damage is 
not necessary per se to induce apoptosis in 
TGCT, it cooperates with nutlin-3 in the re-
lease of the negative feedback that constrain 
p53 pro-apoptotic function, likely further 
inhibiting MDM2-p53 complex formation. 
This might be due to MDM2 phosphoryla-
tion by the DDR transducers ATM, ATR and 
DNA-PK (Chehab et al., 1999, Shieh et 
al., 1997) and/or the reduced steady state 
level of MDM2 induced by the genotoxic 
treatment in TGCT cells (Li et al., 2010). It 
should also be noted that in some cellular 
contexts nutlin-3 treatment of somatic tumor 
cell lines might have genotoxic effects, as 
it induces the activation of the DDR and 
formation of gH2AX foci (Valentine et al., 
Verma et al., 2010). Although still controver-
sial, such ability seems to be independent 
of p53 status, and unrelated to the role of 
nutlin-3 as MDM2 antagonist (Valentine et 
al., 2011, Verma et al., 2010). Using Flow 
cytometry, we extended these observations 
to TGCTs and found that, in the EC cell 
lines 2102Ep, Tera-1 and NT2D1, though 
nutlin-3 treatment induced a comparable 
stabilization of p53 protein (Fig 2A), the 
magnitude of their apoptotic response was 
not uniform (Fig. 2B). In fact the percent-
age of apoptotic cells (sub G1 fraction) 
was higher in 2102Ep and Tera-1 cell lines 
than in NT2D1 (Fig. 2B). Interestingly, this 
differential response correlated with an 
increased gH2AX staining in 2102Ep and 
Tera-1 (Fig 2C). Although this observation 

et al., 2011). In addition, comparison of the effects of cisplatin on 
EC cell lines to its effects on somatic tumor cells revealed that 
ECs exhibit a hypersensitive reaction to DNA-damage induced 
increases in p53 protein level via a brisk and strong apoptotic 
response (Gutekunst et al., 2011). EC are also hypersensitive to 
the increase in p53 protein level induced by nutlin-3 (Gutekunst 
et al., 2011, Koster et al., 2011). This result has suggested that 
regardless of how increased p53 protein level is achieved, EC cells 
respond by activating the p53-dependent pro-apoptotic pathway, 
causing rapid and massive cell death. Since nutlin-3 is expected 
to stabilize p53 in a non-genotoxic manner (B in Fig. 1)(Thompson 
et al., 2004), the hypersensitive response of EC cells to nutlin-3 
also indicates that defects in DNA repair may not be required for 
EC hypersensitivity to cisplatin (Gutekunst et al., 2011). In addi-
tion, when caspase-mediated apoptosis was inhibited in the EC 
cell line NT2D1 by treatment with Benzyloxycarbonyl-Val-Ala-
Asp(OMe)-fluoromethylketone (zVADfmk), cells were able to repair 
cisplatin-induced damage. This suggested that under genotoxic 
conditions, cisplatin-induced p53-pro-apoptotic response precedes 
DNA-damage repair, and it is thus the primary cause of TGCT sen-
sitivity to the drug (Gutekunst et al., 2011). However, using gH2AX 

as a marker of DSBs, we found that prevention of the apoptotic 
response by zVADfmk, did not rescue the ability of NT2D1 cells to 
repair DNA damage induced by cisplatin (namely interstrand cross-
links [ICLs]) (Cavallo et al., 2012). These discrepant results could 
reflect the fact that the methods used by Gutekunst and co-authors 
likely preferentially detect intrastrand crosslinks (which account for 
over 90% of cisplatin lesions) rather than ICLs (Gutekunst et al., 
2011). TGCTs have been reported to be proficient in intrastrand 
cross-link, but not ICL repair (Usanova et al., 2010), supporting 
this conclusion. Considering our observations, we propose that 
although increased p53 protein level and p53 hypersensitivity are 
the likely causes of the extreme sensitivity of EC to cisplatin, the 
persistence of DNA damage, caused by the reduced proficiency 
of EC cells to repair ICLs, is the trigger of such response (C in Fig. 
1) (Cavallo et al., 2012). Interestingly, it has been demonstrated 
that although nutlin-3 retains apoptotic activity against cisplatin-
resistant TGCT cell lines, the drug is not able to overcome cisplatin 
resistance and induce cell death in all cases (Li et al., 2010). In 
contrast, a separate study demonstrated that when nutlin-3 and 
cisplatin were given in combination, the two drugs cooperated to 
induce apoptotsis in all of the relatively-resistant TGCT cell lines 
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requires further experimental investigations, it suggests that, as 
in other cellular systems, in some TGCT cell lines nutlin-3 treat-
ment can also cause DNA damage (dotted arrow in Fig.1). As 
such, nutlin-3 cannot be used to absolutely distinguish between 
a DNA-damage independent or dependent p53-pro-apoptotic re-
sponses. In addition, we propose that the limited nutlin-3-induced 
apoptotic response observed in some cisplatin-resistant cell lines 
(Li et al., 2010) might reflect the lack of DNA damage induction 
by nutlin-3 in some cellular contexts, or an increased proficiency 
of the DNA repair mechanisms, if damage is induced. Altogether, 
these observations indicate that under genotoxic conditions, DNA 
damage induction/persistence is the trigger for TGCT activation 
of the p53-mediated pro-apoptotic function (Fig. 1C). Although 
p53-dependent apoptosis can be simply induced by increasing 
p53 protein level, DNA-damage induction/persistence likely acts 
as an additional layer of control over p53-pro apoptotic function, 
further promoting cell death (Fig. 1E). In this context variations 
in the proficiency of DNA repair mechanism might significantly 
influence the magnitude of the response to cisplatin (and perhaps 
nutlin-3) treatment, promoting a massive apoptotic response in 
DNA-damage repair deficient cells (box D in Fig. 1), or increasing 
resistance if DNA repair proficiency is improved. 

Mechanisms of interstrand crosslink repair
The formation of DNA interstrand cross-links (ICLs) lesion causes 

replication fork stalling during the S-phase of the cell cycle, which 
is removed through a replication-dependent homology-direct repair 
mechanism. The latter requires the coordinated action of a complex 
set of DNA repair factors, including those involved in homologous 
recombination (HR), Translesion synthesis (TLS), excision repair 
cross-complementing rodent repair deficiency, complementation 
group 1and 4 protein factors (ERCC1 and ERCC4[XPF]), and 
Fanconi anemia (FA) proteins. 

HR, also termed homology-direct repair, typically occur in 
S-phase and uses the identical sister chromatid to restore the 
original sequence prior to DNA damage. It plays an essential func-
tion in supporting faithful duplication of the genome and telomere 
maintenance in normal cells, but also has a prominent function in 
preserving genome integrity, as it provides a high-fidelity repair or 
tolerance of complex DNA damages (including DNA gaps, DNA 
DSBs and ICLs) which arise either spontaneously, or are induced 
by drugs treatment, (Li and Heyer, 2008). Highlighting an important 

role in the repair of spontaneously arising DNA damage, cells with 
HR defects exhibit a high frequency of chromosome aberrations 
(Pierce et al., 1999). In the context of cancer therapy, of particular 
interest is the induction of DNA damage by exogenous sources. 
Ionizing irradiation as well as bleomycin, neocarcinostatin, etopo-
side and camptothecin promotes (with different mechanisms) DSB 
formation. HR-deficient cells such as breast cancer genes (BRCA) 
BRCA1 and BRCA2 deficient cells are hypersensitive to these 
drugs, underlying the importance of this pathway for DSB repair 
(Moynahan et al., 2001a). BRCA1 and BRCA2 mutant cells (among 
others) are also defective in the repair of frank DSBs introduced 
within a reporter substrate (Moynahan et al., 1999, Moynahan et 
al., 2001b) indicating that DSBs are indeed the critical DNA lesion 
in these cells. In eukaryotes, DSBs have been also found to be a 
pivotal intermediate in the repair of ICLs (Al-Minawi et al., 2009). 
As such the loss of HR mediator proteins leads to a marked in-
crease of the sensitivity to ICL-inducing agents such as psoralen, 
mitomycin C and cisplatin (Hanlon Newell et al., 2008, Moynahan 
et al., 2001a, Takata et al., 2001, Thacker, 2005). High sensitivity 
to ICL agents is also a hallmark of cells derived from FA patients 
(Wang and Gautier, 2010). FA is an inherited disease caused by 
the mutation of at least one of 13 gene products (FANCA, -B, -C, 
D1, -D2, -E, -F, -G, -I, -J, -L, -M, and –N). Among these proteins, 
FANCD1 is identical to BRCA2; thus FANCD1 cells are markedly 
defective in HR (Moynahan et al., 2001b, Nakanishi et al., 2005). 
However other FA cells are only mildly defective in the repair of 
frank DSBs (Nakanishi et al., 2005). This indicates that while FA 
proteins do not play a major role in the repair of DSBs per se, they 
do maintain a specific function in the execution of HR repair in the 
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Fig. 2. Nutlin-3 treatment of testicular germ cell tumor cell lines 
promotes H2AX phosporylation. (A) nutlin-3 treatment induces p53 
stabilization. The indicated cell lines were treated with 10mM nutlin-3 for 
20hs, and analyzed by western blotting for p53 expression. NCCIT cells 
(which express a truncated and inactive p53) were used as negative con-
trol. Tubulin was used as loading control. (B) Nutlin-3 treatment promotes 
TGCT apoptotic response. The indicated cell lines were treated as in A and 
collected for Flow cytometry analysis of the sub-G1 fraction as previously 
described (Cavallo et al., 2012). Results are presented as percentage of 
sub-G1 cells/total. Data are mean values + s.d. of three independent ex-
periments. (C) Nutlin-3 induces gH2AX phosphorylation. Flow cytometry 
analyses of gH2AX positive cells following nutlin-3 treatment. The indicated 
cell lines were treated as in A, and stained with gH2AX antibody as previ-
ously described (Cavallo et al., 2012). Results are presented as percentage 
of gH2AX-positive cells/total. The total population of gH2AX-positive doesn’t 
include dead (sub-G1 stage) cells. Data are mean values + s.d. of three 
independent experiments.
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context of ICL damage; which we found to be coupled to replica-
tion (Nakanishi et al., 2011). The FA pathway acts as a sentinel 
in the detection of ICL. Once ICL is encountered, the FA pathway 
is activated and signals downstream to activate the ATR/Chk1-
dependent checkpoint inducing the cell cycle arrest that promotes 
damage repair. The FA also executes ICL repair by coordinating the 
action of HR, TLS and NER. A central event in the pathway is the 
monoubiquitination of FANCD2 and FANCI which is mediated by a 
group of upstream FA proteins (FANCA, FANCB, FANCC, FANCE, 
FANCF, FANCG, FANCL, and FANCM) that are assembled into 
a large nuclear E3 ubiquitin ligase complex, termed the “FA core 
complex”. The initial event that follow ICLs recognition, is thought to 
be followed by the incision of ICLs by serial or combined activities 
of nucleases, including XPF–ERCC1 and MUS81–EME1 (Hanada 
et al., 2006, Niedernhofer et al., 2004). These proteins cut one side 
of the damaged DNA, unhooking the ICL and leaving a gap. The 
gap is subsequently bypassed by TLS polymerases, followed by 
removal of the monoadducts, repairing of the gap. DSBs are thought 
to be a byproduct of the ICL repair process. Because of availability 
of homologous templates, DSBs are subsequently repaired by HR. 
Activated FANCD2/FANCI were shown to be required at multiple 
step in these processes, including the nucleolytic incision and the 
TLS-mediated bypass (Knipscheer et al., 2009) likely promoting 
the recruitment of protein factors at the ICL site. (Hanada et al., 
2006, Knipscheer et al., 2009, Moldovan and D’Andrea, 2009, 
Niedernhofer et al., 2004) 

In the following sections, we will highlight the mechanisms 
of ICL repair shown to be defective in cisplatin-sensitiveTGCTs, 
discussing the potential implications of their reduced proficiency 
for the development of future chemotherapeutics approaches.

TGCTs are defective in DNA damage repair of ICL
In addition to the role of p53-induced apoptotic response dis-

cussed earlier, another key aspect of tumor response to genotoxic 
insults lies in its ability to remove the DNA lesion. Studies of NER 
repair pathway in TGCTs revealed that TGCT cell lines are defec-
tive in this pathway, pointing to it as one of the causes of TGCT 
sensitivity to cisplatin treatment. The first study showing a defec-
tive NER in TGCT was reported by Bedford et al., in 1988. Using 
atomic spectroscopy and alkaline elution, Bedford demonstrated 
that following treatment with cisplatin, bladder cancer cells were 
able to repair most of the DNA damage, while TGCTs could not 
(Bedford et al., 1988). Some years later, Koberle and co-workers 
confirmed this observation (Koberle et al., 1997, Koberle et al., 
1999, Koberle et al., 1996), and proposed that reduced NER 
proficiency was caused by the reduced expression of xeroderma 
pigmentosum, complementation group A (XPA), XPF and ERCC1 
(Welsh et al., 2004); likely due to reduced translation of these 
proteins (McGurk et al., 2006). However, a later study found that 
increasing the level of XPA protein in cisplatin-sensitive TGCT cell 
lines was insufficient to induce resistance to cisplatin or ultraviolet 
(UV) damage (Koberle et al., 2008).. Interestingly however, differ-
ent findings were observed for ERCC1-XPF proteins. In fact, when 
cisplatin-sensitive cells lines were transiently transfected with a 
bi-cistronic mammalian expression vector driving the expression 
of both ERCC1 and XPF, the proficiency of cisplatin-sensitive cell 
lines to repair ICLs was significantly increased, with a protective 
effect on apoptosis induction, although the effect was not dramatic 
(Usanova et al., 2010). Overall, these findings suggest a role for 

impaired DNA repair in the sensitivity of TGCTs to ICL-inducing 
agents, and holds potential for the development of clinically relevant 
strategies to target cisplatin-resistant tumors; by either developing 
drugs able to interfere with ERCC1-XPF and ERCC1-XPA protein-
protein interaction, or reduce the endonuclease activity of XPF. 

Reduced proficiency in ERCC1-XPF function is not the only DNA-
repair defect observed in TGCTs. We recently found that, ERCC1 
and XPF expression did not correlate with cisplatin sensitivity within 
a panel of EC cell lines with a wide variation in cisplatin sensitivity 
(Cavallo et al., 2012), although ERCC1 protein levels were overall 
reduced. This prompted us to investigate wether EC were also de-
fective in HR, a pathway involved in ICL-repair (see above). Using 
both a GFP-based assay that measures cellular proficiency to repair 
frank DSBs by HR, and a cisplatin-induced Rad51 foci formation 
assay, we found that in EC cell lines, a reduced proficiency of HR 
correlates with TGCT sensitivity to cisplatin. Since PARP inhibition 
has been reported to have a synthetic lethal effect on HR-deficient 
cells, we tested EC sensitivity to the PARP-inhibitor AZD2281. We 
found that EC cells were indeed sensitive to the AZD2281, likely 
because of the increased load of DNA damage induced by the 
PARP inhibitor treatment (Cavallo et al., 2012). More importantly, 
AZD2281 potentiated the effect of cisplatin, mostly in relatively-
resistant cell lines, causing cell death. This indicates that the use 
of PARP-inhibitors might promote p53-mediated pro-apoptotic func-
tion in EC tumors relatively resistant to cisplatin (Fig. 1), perhaps 
inhibiting HR as proposed in other cellular systems (Hegan et al., 
2010). Therefore, combining PARP inhibitor therapy with Cisplatin 
might be able to improve tumor responses, especially in patients 
resistant to cisplatin therapy. However further studies are require 
to confirm these hypotheses. 

Concluding remarks and future directions

DNA damaging drugs such as cisplatin and etoposide are 
highly successful in curing GCTs; however up to 30% of patients 
with advanced disease do not achieve a durable remission with 
first-line chemotherapy. In fact, although some of these men can 
be cured with salvage chemotherapy, approximately half will 
die from this disease. These are young patients, typically in the 
prime of their lives and as such, when death from GCT occurs, it 
accounts for the largest average number of life years lost of any 
adult malignancy (1999). Thus the identification of new therapeutic 
strategies is needed. 

As outlined in this review, an improved understanding of cis-
platin sensitivity and resistance is beginning to emerge. Reduced 
proficiency in DNA damage repair and enhanced induction of 
apoptosis appear to be the key factors underlying the sensitivity 
of TGCTs to cisplatin. Recent identification of alterations in specific 
proteins and pathways that contribute to the unique DNA repair 
and apoptosis phenotype of TGCTs have renewed interest in the 
development of rational novel therapies for cisplatin-resistant GCTs. 
For example, the use of MDM2 inhibitors appears to represent one 
potentially promising approach based on cell culture experiments 
demonstrating a subset of cisplatin-resistant cell lines respond to 
nutlin-3 treatment (Li et al., 2010). In addition, MDM2 inhibitors 
have been found to cooperate with cisplatin-induced damage in 
promoting TGCT cell death (Koster et al., 2011) suggesting that 
combining MDM2 inhibition and cisplatin holds additional promise 
(B,C,E in Fig. 1). MDM2 inhibitors have recently entered phase I 
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clinical trials in haematological malignancies and solid tumors, with 
additional molecules in this class under preclinical study (Wang 
and Hu, 2012). If successful, combination studies with cisplatin 
would be anticipated to follow shortly behind these initial trials. 

Recent identification of the reduced proficiency of EC in HR 
repair indicates PARP inhibitors as another potentially promising 
treatment for these tumors. Our demonstration of the sensitivity 
of resistant ECs to PARP-inhibitor monotherapy and combined 
therapy with cisplatin places this class of drugs in an ideal position 
for further testing prospectively in phase I and II trials of patients 
with cisplatin-resistant GCT. In addition, these results encourage 
extension of these analyses to in vitro testing of more differenti-
ated TGCT tumors (teratomas) which are uniformly resistant to 
cisplatin as well as other cisplatin-resistant tumors with wtp53. 
Despite these results, further efforts are needed to uncover the 
mechanisms that underline EC deficiency in HR and ICL repair, 
including evaluation of the expression and function of TLS and 
FA proteins (Box D in Fig. 1). The next several years of research 
should prove highly fruitful as the mystery of GCT sensitivity to 
cisplatin continues to unravel.
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