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    Chapter 26   
 Epidemiology, Biology, and Genetics 
of Adult Male Germ Cell Tumors 

             Darren     R.     Feldman      and     R.    S.    K.     Chaganti     

           Introduction 

 Germ cell tumors (GCTs) comprise more than 95 % of testicular neoplasms [ 1 ,  2 ] and 
account for the most common cancer diagnosis each year among adolescent and 
young adult (AYA) men in developed countries. Despite being associated with a 
nearly universal favorable outcome, GCTs display extraordinary diversity in their 
histologic appearance, clinical presentation, and genetic composition, which relates 
to their unique biology as the malignant counterpart of a spectrum of tissues involved 
in human development. Derived from malignant transformation of a germ cell, histo-
logically, GCTs are broadly separated into two histologic subtypes, seminomatous 
GCT (SGCT) and nonseminomatous GCT (NSGCT). More than 90 % of GCTs orig-
inate in the testis, although they can also arise at extragonadal sites, typically midline 
structures such as the mediastinum, retroperitoneum, and pineal gland. This chapter 
will review the epidemiology, biology, and genetics of GCTs with a special focus on 
insights gained over the last decade as well as persistent areas of controversy.  

   Epidemiology 

 Since most agencies providing cancer statistics (e.g., American Cancer Society, 
SEER) report tumor incidence by primary site (e.g., breast, lung, testis, etc.) rather 
than histologic type, annual crude incidence rates for GCTs must be estimated from 
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knowledge of the annual testicular cancer incidence (8,590 cases per year) [ 3 ], the 
proportion of testicular cancers that are GCTs (>95 %) [ 1 ,  4 ], and the proportion of 
GCTs that arise outside of the testis (6 %) [ 5 ]. Based on these values, we estimate 
that approximately 9,000 cases of GCT will be diagnosed among men in the United 
States in 2012. As such, GCTs comprise only slightly more than 1 % of tumors 
diagnosed in American men each year. The number of cases diagnosed in women is 
even smaller and is beyond the scope of this review. 

 It is important to note that while GCTs are rare, they still represent the most com-
mon tumor to affect men between the ages of 15 and 34. In addition, the incidence 
has been increasing by more than 1 % per year over the last few decades [ 6 – 8 ]. The 
median age at the time of diagnosis ranges from 25 to 29 for NSGCT and from 35 
to 39 for SGCT [ 9 ]. Similar to histology, primary tumor site also varies by age with 
pineal gland GCTs nearly always diagnosed before the age of 30 [ 5 ]. Incidences 
also vary by location and ethnic/racial background. For example, the incidence is as 
high as 10 per 100,000 among men in Scandinavian countries such as Norway com-
pared to approximately 5 per 100,000 among men in the United States and approxi-
mately 1 per 100,000 among men in parts of Asia and Africa [ 6 ]. GCTs are also 
signifi cantly more common in Caucasians, compared to African Americans, 
Hispanic Americans, and Asian Americans [ 9 ]. 

 Risk factors for development of GCT are listed in Table  26.1 . The most well 
proven risk factor for testicular GCTs is a history of cryptorchidism. Without surgical 

   Table 26.1    Germ cell tumor risk factors   

 Characteristic  Risk estimates or comment [reference] 

 Disorders of male development 
  Cryptorchidism  Five to nine-fold increased risk, 10 % lifetime risk [ 11 ,  12 ] 
   Disorders of sex 

development 
 Variable, depends on specifi c disorder [ 14 ,  109 ] 

 Family history 
  Brothers  Five to nine-fold increased risk in brothers [ 21 – 23 ] 
  Fathers/sons  Two to four-fold increased risk in fathers/sons [ 21 – 23 ] 
 Infertility/subfertility  18–22-fold increased risk (all were seminomas) [ 13 ] 
 GCT history 
  Prior history of GCT  2 % of patients in the US with testicular GCT develop contralateral 

testicular GCT [ 15 ]. History of an extragonadal GCT also increases 
the risk of metachronous testicular GCT [ 20 ]. 

  ITGCNU  50 % patients with ITGCNU develop testis cancer within 5 years [ 19 ] 
 Environmental exposures 
  Marijuana use  3.5-fold more common among GCT patients vs. controls [ 29 ,  30 ] 
  Pesticide exposure  Higher levels found in men and mothers of men with testis cancer 

as compared to controls and control mothers [ 31 ,  32 ] 
 Genetic abnormalities/changes 
  SNP in KITLG  Homozygosity for the dominant allele associated with up to a 

4.5-fold increase in risk of GCT [ 25 ,  110 ] 
  Klinefelter’s syndrome  Risk factor for Mediastinal Primary NSGCT, not testicular GCT [ 33 ] 

  Abbreviations:  GCT  germ cell tumor,  ITGCNU  Intratubular germ cell neoplasia of unknown sig-
nifi cance,  US  United States,  SNP  single nucleotide polymorphism,  KITLG  KIT ligand,  NSGCT  
nonseminomatous germ cell tumor  
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correction, approximately 5–10 % of cryptorchid patients will develop testicular 
GCT [ 10 ]. While orchiopexy, particularly when performed early in life (and certainly 
before puberty) [ 11 ] can decrease this risk, it does not eliminate it, and these patients 
also remain at risk for development of contralateral testicular GCTs. Hypospadias, 
another common male congenital malformation, was also recently demonstrated to 
increase the risk of testicular GCT development in a Danish cohort study [ 12 ].

   Infertility and subfertility have been associated with increased risks of develop-
ing testicular GCTs. One study found that 0.25 % of men presenting with infertility 
were subsequently found to have testicular cancer, a rate approximately 20-fold 
higher than the SEER estimates (0.01 %) of the incidence among men of similar age 
and race during the same time period [ 13 ]. Patients with disorders of sex develop-
ment, which commonly coexist with male infertility, also appear to be at increased 
risk of testicular GCT development [ 14 ]. 

 A prior history of GCT or its noninvasive precursor lesion, intratubular germ cell 
neoplasia of unknown signifi cance (ITGCNU) are additional strong risk factors for 
the development of GCTs. Approximately 2 % of men in the United States with 
unilateral testicular GCT will eventually develop contralateral GCT during their 
lifetime [ 15 ]. In Scandinavian countries where testicular cancer has a higher inci-
dence, the risk of contralateral GCT may be even greater [ 16 ,  17 ]. If untreated, 
IGCNU, identifi ed on testicular biopsy, performed for the workup of infertility or in 
a patient with a diagnosis of GCT in the contralateral testis, portends an extremely 
high risk of invasive GCT development (≈50 % within 5 years) [ 18 ,  19 ]. A prior 
history of extragonadal GCT is also associated with an increased risk of a subse-
quent testicular GCT diagnosis [ 20 ]. 

 Family history constitutes another risk factor for GCT, with brothers of patients 
with testicular GCTs carrying a 5–12-fold increase in risk and sons accruing an 
approximately two-fold increase in risk [ 21 – 24 ]. Recently, several germ-line DNA 
single nucleotide polymorphisms (SNPs) were found to increase the likelihood of 
developing GCTs, possibly explaining a familial predilection. Genome wide asso-
ciation studies (GWAS) performed by two independent groups demonstrated that 
patients homozygous for a SNP within the  KIT  ligand ( KITLG / SCF ) on  chromosome 
12q22 carried up to a 4.5-fold increased risk of developing a GCT [ 25 ,  26 ]. In addi-
tion, SNPs in downstream effectors of  KIT  such as the  SPRY4  gene on chromosome 
5q313 were also associated with an increased risk of developing testicular GCTs 
[ 25 ]. Since KIT signaling is known to play an important role in germ cell develop-
ment and fertility [ 27 ,  28 ], these fi ndings may provide a plausible pathway- based 
explanation as to why testicular GCTs may be more common in men with infertility 
or subfertility. 

 Some environmental exposures have recently been proposed as risk factors for the 
development of testicular GCTs. Two retrospective case-control studies found fre-
quent and long-term marijuana use to be more prevalent among patients diagnosed 
with nonseminomatous (but not seminomatous) testicular cancer as compared to 
age-matched controls [ 29 ,  30 ]. Other environmental exposures, especially those 
occurring in utero, such as pesticides, have also been proposed to increase the risk of 
testicular GCT development [ 31 ,  32 ]. Finally, Klinefelter’s syndrome has been dem-
onstrated to signifi cantly increase the risk for mediastinal but not testicular GCTs 
[ 33 ]. No other mediastinal GCT risk factors have thus far been identifi ed.  
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   Pathobiology and Histology of Germ Cell Tumors 

   Germ Cell Development 

 GCTs have a fascinating biology which relates to the pluripotent nature of their cell 
of origin, the developing germ cell. A brief review of male gonadal development, 
spermatogenesis, and embryogenesis can be helpful to understanding the biology 
and range of histologies seen in GCTs. Arising from the embryonic ectoderm, the 
primordial germ cell (PGC) is fi rst recognized during gastrulation based on its 
expression of alkaline phosphatase [ 34 ]. PGCs subsequently migrate to the genital 
ridge, where they further develop into gender-distinct gonads, a process dependent 
upon the presence (male) or absence (female) of stromal expression of the  SRY  gene, 
located on the Y chromosome. In males, PGCs in combination with Sertoli cells 
form seminiferous cords which, along with Leydig cells, subsequently organize into 
the embryonic gonads by about 2 months of gestational age. PGCs differentiate into 
gonocytes, which then cease proliferation until after birth. Postnatally, gonocytes 
begin proliferating again, and mature into undifferentiated Type A spermatogonia by 
about 3 months of age. Prior to and culminating with the initiation of puberty under 
stimulation from gonadotrophins, Type A spermatogonia mature into Type B sper-
matogonia. In AYA men, Type A spermatogonia are postulated to comprise the 
gonadal stem cells, existing as either Type Ad (dark type), a non- dividing germ cell 
reserve in case of destruction or loss, or Type Ap (pale type), an actively dividing, 
possibly self-renewing germ cell population. Following a single mitotic division, 
Type B spermatogonia become primary spermatocytes, which in turn undergo DNA 
replication and then two meioses, ultimately resulting in 4 haploid gametes. 
Spermiogenesis ensues, leading to the formation of mature spermatozoa.  

   Germ Cell Transformation to GCT 
and Histologic Differentiation 

 GCTs arise when developing germ cells undergo malignant transformation. The 
earliest recognizable abnormal histology during this transformation is ITGCNU 
which is thought to represent the non-invasive precursor to all GCTs [ 35 ]. Upon 
becoming invasive, GCTs are separated into the two histologic categories, semi-
noma and nonseminoma. 

 Seminomas are more similar to ITGCNU than nonseminomas, morphologi-
cally resembling undifferentiated spermatogonial germ cells and expressing pro-
teins common to germ cells in early development such as placental alkaline 
phosphatase (PLAP), KIT, and POU5F1 (OCT3/4) [ 36 – 38 ]. Seminomas typically 
display low mitotic and apoptotic rates and tend to be clinically diagnosed in 
Stage I (limited to the testis), often curable with orchiectomy alone [ 1 ]. 
Nonseminomas include four distinct histologies (embryonal carcinoma [EC], 
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yolk sac tumor [YST], choriocarcinoma [CC], and teratoma [T]), each of which 
parallels a different stage of embryonic or extraembryonic development and dif-
ferentiation. Normal germ cells destined to become gametes are subject to inhibi-
tory signaling that prevents them from undergoing differentiation until fertilization 
with ova is achieved. Thus, nonseminoma formation can be explained by germ 
cells undergoing reprogramming during malignant transformation resulting in the 
acquisition of the capacity for embryonic and extraembryonic differentiation, 
although in a spatially and temporally aberrant manner.  In vitro  evidence supports 
this view as normal PGCs isolated from the mouse and human can be converted 
into pluripotent cells (embryonic germ cells) following exposure to KIT ligand 
(stem cell factor), leukemia inhibitory factor (LIF), and basic fi broblast factor 
(bFGF) [ 39 ]. Epigenetic modifi cations such as DNA methylation and chromatin 
acetylation may play a role in the reprogramming process [ 40 ]. In contrast, SGCTs 
lack the ability to initiate differentiation. 

 Differentiation of EC along embryonic (T) or extraembryonic (YST, CC) path-
ways leads to the decline of pluripotency of the transformed germ cell paralleling 
the process in embryonic development. For example, expression of  POU5F1  in EC 
is downregulated in T, CC, and YST. [ 41 ] EC is considered the malignant counter-
part of an early embryo and is pluripotent. ECs display the highest mitotic and 
apoptotic rates of any GCT histology and have been demonstrated to be genetically 
similar to embryonic stem cells [ 42 ]. The normal zygote at this stage is comprised 
of an inner cell mass surrounded by trophectoderm. The inner cell mass gives rise 
to the fetal tissues and the extraembryonic endoderm, whereas the trophectoderm 
gives rise to the placenta, consisting of an outer syncytiotrophoblast layer and an 
inner cytotrophoblast layer. CC represents malignant transformation of the pla-
centa, and by defi nition must contain both the syncytiotrophoblast and cytotropho-
blast layers. In contrast, malignant syncytiotrophoblast cells that appear in the 
absence of cytotrophoblast cells are not considered CC and in fact, can occur in 
combination with seminoma in the absence of any other nonseminoma component; 
indeed, they are still considered to be pure seminomas. CCs, like the placenta, 
produce HCG and are highly vascular in nature. 

 As normal embryological development continues, the morula undergoes repeated 
cell divisions and eventually the inner cell mass separates into two layers, an outer 
epiblast, which gives rise to the three fetal tissue layers (ectoderm, mesoderm, endo-
derm), and an inner hypoblast, consisting of extraembryonic endoderm, which 
forms the yolk sac. In the embryo, the yolk sac serves as the initial hematopoietic 
organ as well as a source of protein synthesis and nutrient transport. Differentiation 
of malignant germ cells along the yolk sac lineage leads to formation of YST, also 
known as endodermal sinus tumor. YSTs typically express AFP but not HCG in 
contrast to CCs, which express HCG but not AFP. EC, as a pluripotent neoplasm, is 
capable of differentiating into either of these tumor types, and can express both 
HCG and AFP. 

 Sperger and colleagues demonstrated the genetic similarity between EC and 
embryonic stem cells (ESCs) by comparing gene expression signatures of human 
ESC lines, EC cell lines and primary tumors, yolk sac tumor cell lines and primary 
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tumors, seminomas, somatic cell lines, and normal testis. Upon hierarchical cluster-
ing, ESC lines clustered closest with EC tumors as compared to any of the other cell 
lines or tissues [ 42 ]. The original defi nition of ESCs was based on the expression of 
specifi c genes associated with pluripotency regulation including  FGF2 ,  POU5F1 , 
 THY1 ,  SOX2 ,  EBAF1 ,  ZFP42 , and  TDGF1 . Studies from our lab supported the sim-
ilarity between ESCs and ECs; we demonstrated all of the aforementioned genes to 
be expressed by ECs whereas seminomas lacked expression of  SOX2 ,  FGF4 , 
 EBAF1 , and  TDGF1  [ 43 ,  44 ]. These data are consistent with the notion that  SOX2 , 
 FGF4 ,  EBAF1 , and  TDGF1  play a specifi c role in pluripotency. Furthermore, the 
transcription factors known to be important for maintenance of the undifferentiated 
state, such as  POU5F1  ( OCT3 / 4 ) and  NANOG , were upregulated in both ECs and 
seminomas [ 43 ,  44 ]. 

 Teratomas display somatic differentiation of the three tissue layers of the embryo. 
Typically, two or three of these layers are represented in a given teratoma. 
Differentiation can be complete, appearing identical to adult tissue types in the case 
of mature T, or incomplete, resembling fetal tissue in the case of immature T. Both 
mature and immature Ts tend to have low rates of mitosis and apoptosis, although 
this can be more variable in the case of immature Ts. On occasion, Ts can undergo 
malignant transformation, developing into a secondary somatic malignancy derived 
from a particular T tissue type. Common secondary somatic malignant histologies 
include rhabdomyosarcomas, adenocarcinomas, and primitive neuroepithelial 
tumors (PNET). Tumors that recur after prolonged remissions, known as late 
relapses, and mediastinal primary nonseminomas tend to have a higher propensity 
to undergo malignant transformation. 

 The most frequent nonseminomatous histology is a mixed form, comprised of 
more than one component (e.g., EC plus T) or a combination of a nonseminoma 
component with a seminoma [ 1 ,  9 ]. The most common pure nonseminoma histol-
ogy is EC [ 1 ,  9 ]. Regardless of histologic subtype, a hallmark of all seminomas and 
nonseminomas is the presence of increased copies of 12p, usually as an isochromo-
some, (i[12p]) [ 45 ].  

   Debate Over the Cell of Origin of GCT 

 Although it is widely agreed that GCTs arise from malignant transformation of 
germ cells along their development, there is disagreement over the precise time 
point at which this occurs. Two models have been proposed. One, proposed by 
Skakkebaek and colleagues [ 46 ], postulates that PGCs or gonocytes, while still  in 
utero , but after reaching the genital ridge, initiate abnormal cell proliferation under 
the direction of KIT pathway activation, leading to ITGCNU. This premalignant 
lesion remains dormant until puberty when, under stimulation from gonadotro-
phins, undergoes further transformation, acquires extra copies of 12p, and evolves 
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to an invasive GCT. As such, this theory supposes that ITGCNU precedes acquisi-
tion of i[12p] and is supported by common expression patterns between PGCs/
gonocytes and ITGCNU, of genes such as  PRDM1 / BLIMP1  and  PRMT5 , as well 
as the observation that not all ITGCNU may contain extra copies of 12p [ 47 ,  48 ]. 
In addition, epidemiologic data and the characteristics of germ cells in develop-
mental abnormality syndromes that predispose patients to GCT such as testicular 
feminization and testicular dysgenesis, are cited in support this hypothesis. Another 
model, proposed by Chaganti and Houldsworth [ 49 ], suggests that the zygotene/
pachytene spermatocyte with a 4n DNA content is the cell of origin. The error-
prone homologous recombination at this stage of germ cell development allows 
acquisition of increased 12p copy number, which leads to aberrant gene expres-
sion, increased mitosis, re-establishment of pluripotentiality, and genomic instabil-
ity that support malignant transformation to GCT. Evidence supporting this theory 
includes the shared chromosomal aneuploidy between GCTs and zygotene/pachy-
tene spermatocytes and the abundant expression of wild-type p53, a hallmark of 
germ cells and GCTs. However, neither hypothesis has been experimentally 
validated.  

   Debate Over the Origin of Extragonadal GCTs 

 Adult GCTs and testicular cancer have become synonymous since more than 95 % 
of testicular cancers are GCTs and more than 90 % of GCTs originate in the testis. 
Nevertheless, 5–10 % of GCTs arise from extragonadal locations, with the most 
common sites including the mediastinum, retroperitoneum, and the pineal gland. 
With the exception of tumors that arise in the pineal gland and show a predominance 
of seminomatous histology (often referred to as germinomas), the majority of 
extragonadal GCTs are nonseminomas [ 5 ]. The concept of retroperitoneal primary 
tumor remains controversial as many believe these cases to represent metastatic 
lesions from testicular tumors that were not able to be identifi ed by ultrasound or at 
orchiectomy. Changes in the testicular parenchyma where a tumor has undergone 
spontaneous regression are referred to as having a “burnt out” appearance and could 
explain the failure to identify a gonadal primary tumor in some cases of solitary 
retroperitoneal GCT masses [ 50 ,  51 ]. 

 Two mechanisms have been proposed to explain how GCTs of extragonadal pri-
mary sites other than the retroperitoneum arise. The conventional hypothesis suggests 
that PGCs or gonocytes get “left behind” while migrating through the embryo to the 
genital ridges and eventually transform. While this model is easy to conceptualize, 
misplaced germ cells at the PGC or gonocyte stage have never been identifi ed in 
developing human embryos. Such cells have been observed in mouse embryos but are 
not viable due to a predilection to rapid apoptosis [ 52 ]. Finally, extragonadal GCTs 
have been identifi ed to have chromosomal changes highly similar to gonadal GCTs 
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with increased 12p copy number and aneuploidy [ 45 ]. These alterations are thought to 
be acquired later in GC development (meiosis of primary spermatocytes) than during 
the migratory stage of gonocytes, raising doubt to this theory and instead supporting 
a common cell of origin for gonadal and extragonadal GCT. An alternative explana-
tion involves the potential of transformed germ cells to undergo reverse migration to 
the mediastinum or pineal gland, where stromal environments left over from embryo-
logical development could remain fertile for transformed germ cell proliferation. At 
present, this remains an open area of controversy.   

   Genetics of Germ Cell Tumors 

   Gain of Chromosome 12p 

 GCTs are one of only a handful of malignancies (e.g., CML, GIST) that contain a 
pathognomonic genetic abnormality, present in nearly all cases. In GCT, this abnor-
mality is the i(12p), which was fi rst described in 1982 by Atkin and Baker during 
karyotyping of metaphase chromosomes from cases of GCTs [ 53 ]. Subsequently, 
several studies have documented approximately 85 % of GCTs to contain this chro-
mosomal abnormality, and in cases where i(12p) was absent, extra copies of part or 
all of 12p occur as tandem duplications  in situ  or within other chromosomes [ 54 ]. 
As such, this assay has provided diagnostic utility for poorly differentiated midline 
tumors of unknown histogenesis, allowing the diagnosis of GCT to be made, and 
permitting administration of potentially curative chemotherapy [ 55 ]. Several studies 
have indicated that i(12p) is evident as early in GCT neoplasm development as 
ITGCNU, yet others have indicated that the appearance of this marker is associated 
with tumor invasion out of the tubules [ 48 ,  49 ,  56 ,  57 ]. 

 Regardless of whether or not chromosome 12p gain is present only in fully 
malignant GCT or also ITGCNU, its omnipresence in invasive disease strongly sug-
gests a role in the pathogenesis of GCT. Initially, it was thought that aberration of a 
single gene within 12p would be found responsible for GCT pathogenesis/progres-
sion. However, with more than 400 genes located on chromosome 12p and no over-
whelming evidence to support one gene in particular, conventional wisdom now 
asserts that multiple genes on 12p, possibly in conjunction with other chromosomal 
anomalies, enable invasive GCT development. One gene of particular interest is 
cyclin D2 ( CCND2 ), whose protein product is involved in regulation of DNA repli-
cation at the G1/S transition of the cell cycle. Overexpression of this protein leads 
to increased cell cycling and has been identifi ed in ITGCNU, seminoma, and EC 
[ 58 ]. In contrast, normal spermatogonial cells in the adult testis rarely express 
cyclinD2, although expression of this protein has been observed in neonatal sper-
matogonial cells of the mouse. 

 Additional genes of interest have been identifi ed through gene expression profi l-
ing, including a group of stem cell associated genes all mapping to a 200 Kb region 
at 12p13.31. These genes include  STELLAR ,  NANOG , and  GDF3 , all of which 
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demonstrate elevated expression in seminomas and embryonal carcinomas [ 44 ]. 
The overexpression of these genes through gain of 12p may be responsible for the 
undifferentiated phenotype observed in these two GCT histologies. Furthermore, 
exposure of EC cell lines to differentiating agents such as all-trans retinoic acid 
(ATRA) or bone morphogenic protein 2 (BMP2) lead to downregulation of these 
genes and resultant loss of pluripotency [ 44 ,  59 ,  60 ]. 

 Evaluations of chromosomal changes within GCTs, primarily seminomas, by 
comparative genomic hybridization (CGH) revealed the frequent presence of a 
high-level amplifi cation of the 12p11-12.2 region in addition to gain of the entire 
short arm of chromosome 12 [ 61 ,  62 ]. However, attempts to identify the specifi c 
target gene within this amplicon using molecular cytogenetic studies and global 
genomic screening have not been conclusive [ 63 – 65 ].  

   Chromosomal Changes Other Than 12p 

 In addition to i[12p], conventional karyotype analyses have demonstrated that GCTs 
are aneuploid in DNA content, typically hypertriploid or tetraploid. Specifi c chromo-
somal abnormalities have been identifi ed as recurrent across GCTs, some correlating 
with particular histologic subtypes [ 66 ,  67 ]. For example, breakpoints at 1p32-36 and 
7q11.2 have been associated with teratoma whereas breakpoints at 1p22 correlated 
with yolk sac tumor histology [ 67 ]. Deletion or rearrangement of 12q and deletion of 
6q13-25 constitute other frequently observed chromosomal changes in GCTs [ 66 ]. 

 Interrogation of ITGCNU demonstrated frequent gain of portions of chromo-
somes 1, 5, 7, 8, 12p, and X and loss of DNA content from chromosome 18 [ 48 ,  56 ]. 
Adjacent invasive tumors also exhibited many of these changes but in addition, 
frequently had gains of portions of chromosomes 2, 3, 4, 6,13q, 14q, 17q, 18q, 20, 
and 21 and losses of portions of chromosomes 1p, 4, 6q, 9, 11, 13q, and 19 [ 48 ]. In 
the case of 17q gain,  GRB7  and  JUP  were identifi ed as potential target genes 
through microarray analysis [ 46 ]. 

 Potential tumor suppressor genes involved in GCT pathogenesis have also 
been identifi ed, primarily through loss of heterozygosity (LOH) studies [ 68 ,  69 ]. 
These studies demonstrated GCTs frequently contain loss of regions including the 
known tumor suppressor genes,  RB1 ,  DCC , and  NME . In addition, loss of hetero-
zygosity was demonstrated in regions where other proposed tumor suppressor 
genes are located (1p, 3p, 5q, 10q, 11p, 11q, and 17p) as well as new sites not 
previously identifi ed as containing tumor suppressor genes (1q, 2q, 3q, 5p, 9q, 
12q, 18p, and 20p). Epigenetic modifi cations such as promoter methylation might 
also contribute to loss of heterozygosity for tumor suppressor genes involved in 
GCT histopathogenesis. For example, seminomas have been demonstrated to con-
tain lower levels of promoter methylation than nonseminomas. In addition, meth-
ylation of  MGMT  correlated with loss of its expression [ 70 ,  71 ]. However, 
methylation changes and expression of other genes have not correlated well in 
other studies [ 72 ].  
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   Mutations 

 In contrast to most malignancies, GCTs are believed to contain relatively few driver 
mutations. However, mutations in  KRAS  [ 73 ],  KIT  [ 74 ,  75 ], and  SMAD4  [ 76 ] have 
been identifi ed in some GCTs and have been proposed as important in germ cell trans-
formation.  KIT  is perhaps the most well studied of these genes. In one series, activating 
 KIT  mutations were found in a large proportion of bilateral GCTs, particularly bilateral 
seminomas [ 74 ]. However, other studies did not support this claim [ 77 ,  78 ]. As dis-
cussed earlier, aberration of  KIT  signaling was also recently identifi ed as increasing 
susceptibility to GCT development [ 25 ,  26 ]. More recent efforts by our group and oth-
ers have identifi ed additional mutations within a subset of GCTs, particularly those that 
demonstrate cisplatin resistance [ 111 ].   

   Genetics and Pathobiology of Chemosensitivity and Resistance 

 The introduction of cisplatin in the late 1970s radically changed the outlook for 
post-pubertal men with advanced GCTs, increasing the complete remission rate 
from approximately 25 % to nearly 80 % [ 79 ]. Subsequently, GCTs have become a 
model for the curable malignancy and for investigations into platinum sensitivity. 
With the activity of cisplatin, albeit to a lesser extent, against a number of malignan-
cies, there has been great interest in understanding the biological basis of the plati-
num sensitivity of GCTs as well as the mechanisms of resistance. 

 The transformation from a platinum-sensitive to a platinum-resistant phenotype 
likely depends on changes in several intracellular pathways including those involved 
in cellular response to DNA damage, apoptosis, differentiation, and cell growth 
(Table  26.2 ). Several studies have demonstrated differences in immunohistochemical 
staining of markers of cell proliferation and apoptosis between different GCT his-
tologies [ 80 – 82 ]. For example, in one study, ECs were demonstrated to have the 
highest rate of apoptosis and negative staining for BCL2 in contrast to mature Ts 
which had very low levels of apoptosis and positive staining for BCL2 [ 82 ]. However, 
these investigations did not identify any markers specifi c to platinum resistance. In 
order to more specifi cally identify resistance markers, studies were carried out within 
pure EC specimens, demonstrating improved outcomes for ECs with higher rates of 
proliferation (Ki-67) and lower rates of spontaneous apoptosis [ 83 ].

     Differentiation and Resistance 

 Several pieces of evidence suggest an association between differentiation and devel-
opment of chemotherapy resistance. For example, Ts, which represent somatic dif-
ferentiation of malignant germ cells, are highly chemoresistant with surgical 
resection comprising the mainstay of treatment [ 84 ]. While Ts are thought to lack 
the ability to metastasize, they can nonetheless be problematic through local 
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uncontrolled growth leading to compression of important structures, or differentia-
tion along the lines of a secondary somatic malignancy [ 85 ].  In vitro  studies support 
the concept of differentiation leading to chemotherapy resistance. For instance, the 
pluripotent and undifferentiated EC cell line NT2/D1 undergoes rapid apoptosis 
upon exposure to cisplatin. In contrast, upon exposure to the differentiating agent 
ATRA, NT2/D1 cells become relatively resistant to cisplatin with a marked attenu-
ation in apoptosis [ 86 ]. Other studies have demonstrated that loss of expression of 
 POU5F1 , a stem cell marker involved in maintenance of pluripotency, also corre-
lates with development of cisplatin resistance [ 87 ].  

   DNA Repair Profi ciency and Resistance 

 Since the mechanism of action of cisplatin involves the formation of DNA adducts 
which lead to apoptosis, a long held belief has been that a decreased profi ciency in 
DNA repair underlies the unique sensitivity of GCT to platinum-based chemother-
apy. One study suggested that certain high mobility group (HMG) domain proteins 
specifi c to germ cells could allow shielding of cisplatin-DNA adducts, preventing 
effective DNA repair from taking place and increasing cisplatin sensitivity [ 88 ]. 
GCTs have also been demonstrated to contain decreased levels of the xeroderma 
pigmentosum complementation group A (XPA) protein, which is involved in repair 

   Table 26.2    Proposed mechanisms to explain the typical extreme sensitivity of GCT to cisplatin 
and development of resistance   

 Cellular process  Mechanism 

  DNA repair   GCTs are proposed to have an innate DNA repair defect that forces apoptosis 
in response to DNA damage rather than cell cycle arrest with DNA repair. 
Cisplatin resistance in GCT may result from upregulation of DNA repair 
proteins. 

  Apoptosis   GCTs typically display a brisk upregulation of apoptosis upon exposure to 
DNA damaging agents such as cisplatin. Defects along the apoptotic pathway 
could lead to platinum resistance. 

   TP53    TP53  is typically wild type in GCT vs. frequently mutated in other tumors. 
GCT resistance to cisplatin is associated with  TP53  mutations, possibly 
through inability to activate apoptosis. 

   p21   GCT usually have low levels of cytoplasmic p21 and high levels are 
associated with cisplatin resistance. p21 is a CDKI responsible for inducing 
cell cycle arrest at the G1/S checkpoint to allow for DNA repair. 

  Differentiation   The most common GCT histologies exist in an undifferentiated state such as 
seminoma and embryonal carcinoma. Differentiation such as to teratoma 
leads to platinum resistance. 

  Driver 
mutations  

  BRAF  mutations has been proposed but not validated as being associated 
with cisplatin resistance. p53 mutations are associated with resistance as per 
above. Few other driver mutations have been identifi ed in GCT that associate 
with cisplatin resistance although mutations in  KRAS ,  HRAS ,  PIK3CA , and 
 AKT  were recently also identifi ed within a subset of resistant GCT. 

  Abbreviations:  CDKI  cyclin-dependent kinase inhibitor  
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of DNA adducts and UV radiation-induced photoproducts, providing another pos-
sible explanation for the platinum sensitivity of this tumor type [ 89 ,  90 ]. However, 
another study found confl icting results, demonstrating that sensitive GCT cell lines 
containing low levels of XPA remained capable of effi cient DNA repair. In addition, 
overexpression of XPA did not confer cisplatin resistance [ 91 ]. As such, there 
remains no convincing evidence to support the defective DNA repair hypothesis as 
the underlying Achilles heel of GCT exposed to cisplatin.  

   Mutations and Resistance 

 As previously mentioned, GCTs have historically been regarded as a malignancy 
associated with relatively few driver mutations and instead, characterized by more 
global changes in chromosomal content (aneuploidy, and large region chromosomal 
gains and losses). However, inactivating mutation or deletion of the tumor suppres-
sor gene,  TP53 , a critical regulator of the cellular response to DNA damage and 
induction of apoptosis, has been demonstrated to correlate with GCT platinum-
resistance [ 92 ]. Some investigators have proposed that the rare (<5 %) incidence of 
 TP53  loss in GCT as compared to the more frequent (≈50 %) aberrations in other 
malignancies [ 93 ,  94 ] may explain why the vast majority of GCTs are sensitive to 
cisplatin. However, not all  TP53  mutant GCT cell lines have been found to be plat-
inum-resistant [ 95 ], suggesting that  TP53  mutation might not be suffi cient by itself 
to induce resistance in some cases. 

 More recently, the V600E mutation in  BRAF  was reported to be associated with 
resistant GCT. Honecker and colleagues found that 9 (26 %) of 35 resistant GCTs 
harbored V600E  BRAF  mutations as compared to only 1 (1 %) of 100 unselected 
cases. These authors also reported an increase in microsatellite instability among 
resistant GCT tumors as compared to unselected cases [ 96 ]. However, these results 
contrast with those of other groups [ 97 ,  98 ] and have not been confi rmed. Our 
group recently attempted to validate the fi ndings of Honnecker within 46 cisplatin- 
resistant and 24 cisplatin-sensitive GCTs. Using a Sequenom approach, no BRAF 
mutations were identifi ed in any of the tumors. However, mutations in  KRAS , 
 HRAS ,  PIK3CA , or  AKT1  were observed in tumors from 9/46 (20%) patients with 
resistant GCT as compared 0/24 patients with sensitive GCT [ 111 ]. 

 It is possible that with more sensitive next generation sequencing techniques, an 
increasing number of mutations may be identifi ed within GCT that correlate with 
resistance.   
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   Apoptotic Pathway Profi ciency and Resistance 

 In addition to mutations in  TP53 , aberrations in other parts of apoptotic signaling 
could also lead to cisplatin resistance [ 99 ]. For example, a cell line with inability to 
activate caspase-9 maintained cisplatin resistance, independent of whether  TP53  
was wild-type or mutant [ 100 ]. Another study found that upon exposure to cisplatin, 
sensitive GCT cell lines displayed an increase in expression of FAS and recruitment 
of FADD and caspase-8 to FAS, whereas resistant GCT cell lines did not [ 101 ]. 

 Recent work has further implicated aberrations in the p21- CDK2  pathway to also 
lead to cisplatin resistance. Koster and colleagues found sensitive GCT cell lines to 
have decreased cytoplasmic staining for p21 as compared to resistant cell lines. 
Furthermore, silencing of p21 or manipulations to increase p21 shuttling from the 
cytoplasm to the nucleus increased apoptosis and restored the cisplatin sensitivity of 
the resistant GCT cell lines. Finally, these authors demonstrated that phospho-AKT 
is responsible for phosphorylation of p21 that prevents shuttling to the nucleus; 
inhibition of AKT led to decreased cytoplasmic AKT and increased apoptosis upon 
cisplatin exposure of cisplatin-resistant cell lines, an effect that was reversed by 
silencing of  CDK2  [ 102 ,  103 ]. Our recent work demonstrating the presence of 
 PIK3CA  and  AKT1  mutations in cisplatin-resistant but not sensitive GCT [ 111 ], 
lends support to activation of this pathway as a possible mechanism of escape from 
cisplatin-induced apoptosis. 

 Apart from the pluripotency and differentiation hypothesis, the common premise 
to all of the aforementioned mechanisms underlying cisplatin sensitivity and resis-
tance is that GCTs appear to have an innate response to DNA-damaging agents that 
causes rapid initiation of multiple cell death pathways. In many but not all cases, 
this response appears to be dependent upon  TP53 . In contrast, exposure of other 
malignant cell types to cisplatin results in halting of the cell cycle, allowing DNA 
repair and avoidance of apoptosis, followed by re-entry into the cell cycle and active 
proliferation. An improved understanding of the factors that lead to the rapid upreg-
ulation of apoptosis in GCT could have major implications to identifying and over-
coming the mechanisms of cisplatin resistance in other neoplasms.   

   Utility of GCT Genetics to Predict Patient Outcome 

 Investigations into GCT biology and molecular pathogenesis offer not only the 
potential to increase our understanding of these tumors but also to enhance patient 
outcome prediction beyond current systems which rely solely on clinicohistologic 
factors. For example, following orchiectomy, patients with Stage I seminoma, the 
most commonly encountered GCT stage-histology combination, have an approxi-
mately 20 % risk of recurrence. In one study, the presence of specifi c pathologic 
factors such as tumor size >4 cm and rete testis involvement increased the recur-
rence rate from 12 % (for patients with neither factor) to 32 % (for patients with 
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both factors) [ 104 ]. Yet, even in the highest risk cases, the majority of patients 
remain relapse-free without any further treatment. As such, based on the emerging 
appreciation of the long-term risks of radiation (e.g., secondary malignancies) as 
well as the nearly 100 % survival for patients treated at recurrence, adjuvant radia-
tion therapy, once the universal treatment for Stage I seminoma, has fallen out of 
favor over the last several years. It would be highly benefi cial if intratumoral molec-
ular markers that predict recurrence could be identifi ed, aiding in the selection of 
patients for adjuvant therapy as well as intensity of follow-up. 

 For advanced disease, a clinicopathologic prognostic system is currently in use, 
known as the International Germ Cell Cancer Collaborative Group (IGCCG) risk 
model [ 105 ]. This classifi cation system takes into account histology (seminoma vs. 
nonseminoma), primary tumor site (mediastinal vs. gonadal/retroperitoneal), tumor 
marker (HCG, AFP, and LDH) levels, and sites of metastases (non-pulmonary vis-
ceral metastases). Based on these factors, patients are classifi ed into good-, interme-
diate-, and poor-risk groups, with 5-year survival rates of approximately 90, 75, and 
50 % respectively [ 105 ]. Therefore, for patients in the poor-risk group, the probabil-
ity of survival is predicted no better than the fl ip of a coin. It would certainly be of 
great value to be able to predict which of these patients will be cured with standard 
chemotherapy so that more intensive or novel strategies could be applied to the 
remaining patients. Similarly, it would be very helpful if we could predict which 10 
and 25 % of patients with good- and intermediate-risk disease, respectively, are 
destined to fail conventional therapy. 

 In general, the molecular markers of cisplatin resistance discussed above could 
all represent potential prognostic factors for patients with advanced GCT, since cis-
platin sensitivity is crucial to the effi cacy of fi rst-line therapy in advanced 
GCT. However, most of these markers have not been validated. Furthermore, even 
those that are well established, such as mutations in  TP53 , occur only rarely among 
resistant cases and are not universally predictive of poor outcome, limiting their 
clinical utility [ 92 ,  93 ,  95 ]. As discussed above,  BRAF  mutations and microsatellite 
instability were recently reported in a retrospective study to be found in more than 
25 % of cisplatin-resistant GCT as compared to only 1 % of unselected cases [ 96 ]. 
While these results are interesting, they have not yet been independently validated, 
or studied in a prospective manner. 

 Several studies have focused on the association of DNA copy number changes 
with outcome in GCT. Early chromosomal comparative genomic hybridization 
(CGH) studies revealed gains of genetic material at multiple sites other than 12p in 
5 of 17 cisplatin-resistant cases as compared to none of the cisplatin-sensitive cases 
[ 62 ]. More recently, another CGH study demonstrated gains of an 8.7 Mb region in 
chromosome 6q and loss of 0.3 Mb region in chromosome 10q to be present in 3 
cisplatin-resistant GCT cell lines that were derived from repeated cisplatin exposure 
of their cisplatin-sensitive parental clones [ 106 ]. However, these fi ndings have not 
been duplicated among additional GCT samples taken from patients with cisplatin- 
resistant disease. 

 Our group performed an array-based CGH (aCGH) on a larger set of tumor spec-
imens (n = 53) with known outcome to cisplatin-based chemotherapy and identifi ed 
16 regions of DNA gain or loss that were associated with 5-year overall survival. 
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Using expression data from this same cohort, we identifi ed 75 probe sets within 
these 16 regions that demonstrated >2-fold differences in expression as compared to 
tumors with normal copy numbers or >3 fold differences in expression as compared 
to normal testis tissue. These data were used to build a model predictive of outcome 
based on expression of these 75 probe sets, which was then applied to an indepen-
dent set of 54 tumors for which we had gene expression profi le data but not aCGH 
data. The model predicted 5yOS with 75 % accuracy and this could be increased to 
80 % when including probes from regions that were predictive of 2-year disease- 
specifi c survival. Importantly, on multivariate analysis, the model’s prognostic 
capability was independent of the IGCCCG risk classifi cation (Unpublished data). 

 Tumor gene expression patterns have recently been studied in multiple malig-
nancies as predictors of outcome. In particular, the OncotypeDx® (Genomic Health) 
assay [ 107 ] has been commercialized for predicting the likelihood of recurrence in 
hormone-receptor positive breast cancer patients with localized lymph node nega-
tive disease treated with adjuvant hormonal therapy. Patients with a high risk of 
recurrence on the OncotypeDx assay are offered adjuvant chemotherapy prior to 
starting hormonal therapy whereas those with a low risk of recurrence are treated 
with adjuvant hormone therapy. 

 Based on the success of this approach in other tumor types, we have recently 
completed an evaluation of differential gene expression as a predictor of outcome in 
GCT. We conducted whole genome microarray analysis on fresh frozen tumor spec-
imens from 74 NSGCTs and used the prediction analysis for microarray (PAM) 
software to identify genes associated with favorable and unfavorable outcomes. In 
total, 170 probe sets corresponding to 135 genes had a signifi cant association with 
5-years OS. When the PAM classifi er was applied to an independent validation set 
of 34 NSGCTs, it correctly predicted 5-years OS with 90 % accuracy. On multivari-
ate analysis, the PAM classifi er was independent of the IGCCCG classifi cation 
model, serving as proof of concept that in GCTs, like other malignancies, gene 
expression-based modeling can enhance outcome prediction [ 108 ]. We further cat-
egorized the prognostic genes into defi ned groups using the GOMINER algorithm. 
Interestingly, overexpression of genes with an immune function (immunoglobulin 
and T-cell related genes) was associated with a favorable outcome, whereas overex-
pression of genes involved in differentiation, particularly into a neural lineage was 
associated with a poor outcome [ 108 ].  

   Conclusions 

 GCTs encompass a fascinating group of neoplasms with diverse clinical features, 
histologic appearance, protein and gene expression patterns, and differentiating 
capability. This vast biologic spectrum relates to the derivation of GCT from malig-
nant transformation of a developing germ cell, existing in an undifferentiated state 
and with capability to acquire pluripotentiality. Despite their diversity, these tumors 
are uniquely sensitive to the DNA damaging agent, cisplatin, and therefore, in 
advanced disease, have among the most favorable prognosis of any metastatic 
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neoplasm. An improved understanding of the biology of these tumors likely will 
provide invaluable insight into gametogenesis, embryology, stem cell biology, and 
mechanisms of cisplatin sensitivity and resistance.     
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