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Introduction

More than 35 years ago the first paper describing atypical spermatogonia in testicular biopsies from two patients was published (Skakkebaek, 1972a). Both patients later developed overt testicular tumours indicating that the abnormal cells were precursor cells of the malignant tumours (Skakkebaek, 1972b). This original study is to our knowledge one of the first descriptions of a true tumour/cancer stem cell [START_REF] Nielsen | The fine structure of possible carcinoma-in-situ in the seminiferous tubules in the testis of four infertile men[END_REF]. Today, CIS (also known as intratubular germ cell neoplasia or testicular intraepithelial neoplasia) is generally accepted as the common pre-invasive precursor cell that gives rise to testicular germ cell tumours (TGCTs) of the adolescents and young adults [START_REF] Ulbright | Atlas of tumor pathology. Tumors of the testis, adnexa, spermatic cord, and scrotum[END_REF][START_REF] Oosterhuis | Testicular germ-cell tumours in a broader perspective[END_REF]. There are two other types of TGCTs, which develop without a CIS stage: spermatocytic seminoma of elderly men and infantile germ cell tumours. Both of these tumour types are rare and have remained at a steady low incidence level [START_REF] Visfeldt | Testicular germ cell tumours of childhood in Denmark, 1943-1989: incidence and evaluation of histology using immunohistochemical techniques[END_REF]. The opposite is true for TGCTs, originating from the CIS precursor stage, which have increased in incidence over the last several decades and now constitute the most prevalent malignant cancer among young male adults in Northern and Western Europe, with a life time frequency in Denmark of approximately 1% [START_REF] Richiardi | Testicular cancer incidence in eight northern European countries: secular and recent trends[END_REF].

The TGCTs originating from CIS are traditionally subdivided into two histologically distinct groups, seminomas (also called classical seminoma to distinguish from spermatocytic seminoma) and non-seminomatous germ cell tumours, each constituting approximately 50%. Whereas the seminoma is a generally uniform tumour and resembles early fetal germ cells and CIS cells, the more malignant non-seminomas are very heterogeneous and encompass embryonal carcinoma (EC), choriocarcinoma, teratomas, yolk sac tumour, and can also contain elements of seminoma [START_REF] Ulbright | Atlas of tumor pathology. Tumors of the testis, adnexa, spermatic cord, and scrotum[END_REF]. EC cells of the non-seminomas have the ability to differentiate into a wide range of cell types, and show a phenotypic resemblance to the inner cell mass cells and epiblast from the early embryo. Hence, EC cells represent a malignant caricature of the human embryonic stem (ES) cells that are derived in culture from the inner cell mass [START_REF] Andrews | Teratocarcinomas and human embryology: pluripotent human EC cell lines[END_REF][START_REF] Solter | From teratocarcinomas to embryonic stem cells and beyond: a history of embryonic stem cell research[END_REF]. However, many EC cells show limited developmental potency, or even nullipotency, which might be regarded as the ultimate consequence of adaptation occurring in tumours that have developed over a period of twenty or more years [START_REF] Baker | Adaptation to culture of human embryonic stem cells and oncogenesis in vivo[END_REF]. Intriguingly, a recent report suggested that nonseminomas, most likely the yolk sac tumour component, also may have the potential to differentiate to germ cells, although this needs independent confirmation [START_REF] Honecker | Germ cell lineage differentiation in non-seminomatous germ cell tumours[END_REF]. Taken together, the observations from pathology suggest that the common pre-invasive CIS cells have the capability to develop into many different germinal and somatic tissues and may be regarded as A c c e p t e d M a n u s c r i p t 4 pluripotent or truly totipotent. In that sense, we believe that CIS is a cancer stem cell for both TGCT types, seminoma and non-seminomatous tumour. However, it is debated that CIS has to be first reprogrammed to EC, which then is a stem cell for somatic components of non-seminomas.

The remarkable potential of CIS cells raises the immediate question of their origin. A few years after their initial discovery, a morphological similarity to gonocytes was noted and it was proposed that CIS cells could be remnants of undifferentiated embryonic/fetal cells [START_REF] Nielsen | The fine structure of possible carcinoma-in-situ in the seminiferous tubules in the testis of four infertile men[END_REF][START_REF] Skakkebaek | Carcinoma-in-situ of the testis: possible origin from gonocytes and precursor of all types of germ cell tumours except spermatocytoma[END_REF]. Their fetal origin was supported by immunohistochemical studies of proteins present in CIS also shown to be present in primordial germ (PG) cells and gonocytes, and by identifying CIS cells in prepubertal patients, who later developed TGCTs, indicating that the cells had originated prior to puberty [START_REF] Muller | Cryptorchidism and testis cancer. Atypical infantile germ cells followed by carcinoma in situ and invasive carcinoma in adulthood[END_REF]. Additional support was provided by epidemiological studies showing that the increase in TGCTs was related to birth cohort rather than year of diagnosis [START_REF] Bergstrom | Increase in testicular cancer incidence in six European countries: a birth cohort phenomenon[END_REF]. Remarkably, further epidemiological studies demonstrated that first-generation immigrants to Sweden had the same risk for developing TGCTs as in their country of origin, whereas second-generation immigrants had the same risk as native Swedes (Hemminki et al., 2002;Hemminki and Li, 2002). Besides strongly indicating the fetal origin of TGCTs in young adults, these epidemiological studies also showed the aetiological importance of environmental factors in development of the CIS cells, although some genetic predisposition also plays a role. Hence, TGCTs in young adults have been proposed to be part of a larger testicular dysgenesis syndrome (TDS) that includes mild genital malformations and certain forms of infertility, all thought to be highly influenced by environmental exposures [START_REF] Skakkebaek | Testicular dysgenesis syndrome: an increasingly common developmental disorder with environmental aspects[END_REF]. So, 35 years from the initial description of CIS cells, it has become increasingly clear that the attention of investigators dealing with the TGCTs and their origin has to focus on both the early in utero gonadal development and the impact of the multitude of different environmental factors that can negatively affect this process, including the so-called endocrine disruptors. In this review we will summarise findings concerning the phenotype and genotypic signature of CIS cells and discuss the hypotheses concerning their origin and how these embryonic cells in the adult develop into a malignant tumour. CIS cells have many morphological similarities with PG cells and early gonocytes [START_REF] Nielsen | The fine structure of possible carcinoma-in-situ in the seminiferous tubules in the testis of four infertile men[END_REF][START_REF] Albrechtsen | Carcinoma in situ of the testis. Some ultrastructural characteristics of germ cells[END_REF][START_REF] Skakkebaek | Carcinoma-in-situ of the testis: possible origin from gonocytes and precursor of all types of germ cell tumours except spermatocytoma[END_REF]. Relatively early on it was identified that the three cell types share the expression of immunohistochemical markers such as placental-like alkaline phosphatase (PLAP) or the stem cell factor receptor KIT [START_REF] Giwercman | Placental-like alkaline phosphatase as a marker of carcinoma-in-situ of the testis. Comparison with monoclonal antibodies M2A and 43-9F[END_REF][START_REF] Meyts | Expression of the c-kit protein product in carcinoma-in-situ and invasive testicular germ cell tumours[END_REF][START_REF] Jorgensen | Expression of immunohistochemical markers for testicular carcinoma in situ by normal human fetal germ cells[END_REF]. These markers are now commonly used in the clinical setting to help identify CIS in surgical biopsies. More recently, the expression profiles of CIS cells studied by microarrays [START_REF] Almstrup | Embryonic stem cell-like features of testicular carcinoma in situ revealed by genome-wide gene expression profiling[END_REF][START_REF] Skotheim | Differentiation of human embryonal carcinomas in vitro and in vivo reveals expression profiles relevant to normal development[END_REF] provided a series of candidate marker genes, such as TFAP2C (AP2γ) [START_REF] Hoei-Hansen | Transcription factor AP-2gamma is a developmentally regulated marker of testicular carcinoma in situ and germ cell tumors[END_REF], which has shown promising results as a possible marker of CIS cells in semen samples [START_REF] Hoei-Hansen | Towards a non-invasive method for early detection of testicular neoplasia in semen samples by identification of fetal germ cell-specific markers[END_REF].

A landmark in the understanding of CIS and the derived invasive cancers was the identification of POU5F1 (OCT3/4) and NANOG expression, which are known for their association with pluripotency in ES cells (Figure 1) [START_REF] Looijenga | POU5F1 (OCT3/4) identifies cells with pluripotent potential in human germ cell tumors[END_REF][START_REF] Meyts | Developmental expression of POU5F1 (OCT-3/4) in normal and dysgenetic human gonads[END_REF][START_REF] Hoei-Hansen | Stem cell pluripotency factor NANOG is expressed in human fetal gonocytes, testicular carcinoma in situ and germ cell tumours[END_REF]. These two transcription factors are, together with SOX2, key regulators of the formation and maintenance of the inner cell mass during preimplantation development and for sustaining self-renewal in ESCs [START_REF] Scholer | New type of POU domain in germ line-specific protein Oct-4[END_REF][START_REF] Nichols | Formation of pluripotent stem cells in the mammalian embryo depends on the POU transcription factor Oct4[END_REF][START_REF] Niwa | Quantitative expression of Oct-3/4 defines differentiation, dedifferentiation or self-renewal of ES cells[END_REF][START_REF] Avilion | Multipotent cell lineages in early mouse development depend on SOX2 function[END_REF][START_REF] Chambers | Functional expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells[END_REF][START_REF] Mitsui | The homeoprotein Nanog is required for maintenance of pluripotency in mouse epiblast and ES cells[END_REF]. Among others, knock-out studies of both Pou5f1 and Nanog in mice have implicated these genes in the first and second initial fate decisions in mammalian development, respectively [START_REF] Cavaleri | Nanog: a new recruit to the embryonic stem cell orchestra[END_REF][START_REF] Chambers | Functional expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells[END_REF].

Although very useful, experimental studies in animals have demonstrated differences in developmental biology between mice and humans. Stem cells have been isolated from adult mouse testes that exhibit properties similar to ES cells [START_REF] Guan | Pluripotency of spermatogonial stem cells from adult mouse testis[END_REF][START_REF] Seandel | Generation of functional multipotent adult stem cells from GPR125+ germline progenitors[END_REF], and these studies showed that a subset of spermatogonial stem cells in mouse testes retain the embryonic phenotype of PG cells and gonocytes. In humans a different scenario is seen, where NANOG and OCT3/4 (together with KIT and AP2γ) are expressed in PG cells and gonocytes, but are downregulated during the second half of pregnancy and until 2-4½ months of post-natal age [START_REF] Jorgensen | Expression of immunohistochemical markers for testicular carcinoma in situ by normal human fetal germ cells[END_REF][START_REF] Meyts | Developmental expression of POU5F1 (OCT-3/4) in normal and dysgenetic human gonads[END_REF][START_REF] Hoei-Hansen | Transcription factor AP-2gamma is a developmentally regulated marker of testicular carcinoma in situ and germ cell tumors[END_REF][START_REF] Honecker | Pathobiological implications of the expression of markers of testicular carcinoma in situ by fetal germ cells[END_REF][START_REF] Hoei-Hansen | Stem cell pluripotency factor NANOG is expressed in human fetal gonocytes, testicular carcinoma in situ and germ cell tumours[END_REF]. During this early infantile period, a transient increase in the production of testicular hormones occurs, known as the 'mini-puberty' [START_REF] Forest | Evidence of testicular activity in early infancy[END_REF], which coincides with A c c e p t e d M a n u s c r i p t 6 the final stage of differentiation of gonocytes into infantile spermatogonia [START_REF] Hadziselimovic | The significance of postnatal gonadotropin surge for testicular development in normal and cryptorchid testes[END_REF]. Although NANOG and OCT3/4 are down-regulated, downstream factors identified in ES cells, UTF1 and REX1 [START_REF] Niwa | Molecular mechanism to maintain stem cell renewal of ES cells[END_REF][START_REF] Kristensen | Cytokine signalling in embryonic stem cells[END_REF][START_REF] Nishimoto | Oct-3/4 maintains the proliferative embryonic stem cell state via specific binding to a variant octamer sequence in the regulatory region of the UTF1 locus[END_REF], continue to be expressed throughout the male development in spermatogonia and are still present in the adult testes (Kristensen et al., in press). The continued expression of UTF1 and REX1, apparently uncoupled functionally from OCT3/4 and NANOG, shows that the partial embryonic phenotype of the germ cells is still evident in the mature human testes. The link between CIS cells and embryonic cells has been further supported by a study showing a substantial overlap between human ES cells and CIS cells' gene expression profiles [START_REF] Almstrup | Embryonic stem cell-like features of testicular carcinoma in situ revealed by genome-wide gene expression profiling[END_REF].

There are, however, marked differences in the expression of embryonic genes among the histological types of overt tumours derived from CIS. The phenotype of seminoma is very close to that of CIS, whereas the phenotype of EC, considered the undifferentiated stem cell compartment of nonseminomas, resembles much closer that of ES cells, suggesting a re-programming or a dedifferentiation event (Sperger et al., 2003;[START_REF] Almstrup | Genome-wide gene expression profiling of testicular carcinoma in situ progression into overt tumours[END_REF][START_REF] Skotheim | Differentiation of human embryonal carcinomas in vitro and in vivo reveals expression profiles relevant to normal development[END_REF][START_REF] Korkola | Down-regulation of stem cell genes, including those in a 200-kb gene cluster at 12p13.31, is associated with in vivo differentiation of human male germ cell tumors[END_REF]. This is supported by the high expression of SOX2 in EC (Perrett et al. in press), for example, while in seminoma this marker is virtually negative (Sperger et al., 2003;[START_REF] Santagata | Embryonic stem cell transcription factor signatures in the diagnosis of primary and metastatic germ cell tumors[END_REF]. A further somatic differentiation of EC is observed in nearly all nonseminomas and this event is associated with down-regulation/inactivation of the embryonic pluripotency genes (Figure 1, 3) [START_REF] Skotheim | Differentiation of human embryonal carcinomas in vitro and in vivo reveals expression profiles relevant to normal development[END_REF][START_REF] Korkola | Down-regulation of stem cell genes, including those in a 200-kb gene cluster at 12p13.31, is associated with in vivo differentiation of human male germ cell tumors[END_REF].

The similarities between the ES cell lines and CIS cells do not stop at gene expression patterns, there are also remarkably similar patterns of genomic aberrations in the two cell types (Figure 2). CIS cells are known to undergo polyploidization and DNA content in the triploid to hypotetraploid range has been identified in CIS adjacent to both seminoma and non-seminoma (Ottesen et al., 2004b). Although polyploidization seems to appear prior to the establishment of extra 12p material (Geurts van [START_REF] Geurts Van Kessel | Chromosome 12q heterozygosity is retained in i(12p)-positive testicular germ cell tumor cells[END_REF][START_REF] Oosterhuis | A malignant mixed gonadal stromal tumor of the testis with heterologous components and i(12p) in one of its metastases[END_REF]Ottesen et al., 2004b), the specific stage at which tumour development is initiated and genomic instability introduced remains unresolved. Due to technical problems only a small number of cases of CIS have been examined for chromosomal aberrations, however a range of imbalances were detected, including gains of regions of the chromosomes 7, 8, 12, 14, 15, 17 and X [START_REF] Looijenga | Comparative genomic hybridization of microdissected samples from different stages in the development of a seminoma and a non-seminoma[END_REF]Summersgill et al., 2001;[START_REF] Ottesen | High-resolution comparative genomic hybridization detects extra chromosome arm 12p material in most cases of carcinoma in situ adjacent to overt germ cell tumors, but not before the invasive tumor development[END_REF]Ottesen et al., 2004a;Ottesen et al., 2004b). A recurrent gain of 12p material was demonstrated in the vast majority of overt TGCTs, together with chromosomal aberrations established as typical for TGCTs (Atkin & Baker 1982;Summersgill et al., 2001;and reviewed , 2004). Fascinatingly, the extra 12p material was also observed in several cases of CIS adjacent to overt tumours but was absent in CIS cells with no evidence of invasive growth [START_REF] Looijenga | Comparative genomic hybridization of microdissected samples from different stages in the development of a seminoma and a non-seminoma[END_REF][START_REF] Ottesen | High-resolution comparative genomic hybridization detects extra chromosome arm 12p material in most cases of carcinoma in situ adjacent to overt germ cell tumors, but not before the invasive tumor development[END_REF]Ottesen et al., 2004a;Ottesen et al., 2004b;[START_REF] Skotheim | Novel genomic aberrations in testicular germ cell tumors by array-CGH, and associated gene expression changes[END_REF]. Whereas gains of 17q were only detected in a few CIS cases [START_REF] Ottesen | High-resolution comparative genomic hybridization detects extra chromosome arm 12p material in most cases of carcinoma in situ adjacent to overt germ cell tumors, but not before the invasive tumor development[END_REF]Ottesen et al., 2004b), a recurrent gain of 17q has been associated with non-seminomas in particular, perhaps illustrating the high proliferation potential of this more aggressive tumour [START_REF] Kraggerud | Genome profiles of familial/bilateral and sporadic testicular germ cell tumors[END_REF][START_REF] Skotheim | New insights into testicular germ cell tumorigenesis from gene expression profiling[END_REF].

Gains in largely the same chromosomal regions are seen in cultured ES cells after prolonged culture indicating that the microenvironment may play a role in increasing genomic instability [START_REF] Draper | Recurrent gain of chromosomes 17q and 12 in cultured human embryonic stem cells[END_REF][START_REF] Andrews | Embryonic stem (ES) cells and embryonal carcinoma (EC) cells: opposite sides of the same coin[END_REF][START_REF] Baker | Adaptation to culture of human embryonic stem cells and oncogenesis in vivo[END_REF]. Evidence suggests that the ES cells 'adapt' through these genomic gains, proliferating faster and becoming easier to maintain with time in culture. In addition, when cells from such an "adapted" culture were inoculated into a SCID (severe combined immunodeficient) mouse, a teratocarcinoma containing histologically recognisable stem cells was formed, which grew out when the tumour was explanted into culture and exhibited properties of the starting ES cells [START_REF] Andrews | Embryonic stem (ES) cells and embryonal carcinoma (EC) cells: opposite sides of the same coin[END_REF]. Therefore, the "adapted" ES cells resembled the malignant non-seminoma EC cells. As such, ES cells show adaptive changes during culture which mimic changes occurring in CIS and later the derived EC cells during tumour progression. Thus, the non-random genomic aberrations seen in CIS cells may be caused by selection of cells with a proliferative advantage during tumour development and progression (Figure 3), for example those with an over-expression of the pluripotency-related genes located on the short arm of chromosome 12 [START_REF] Clark | Human STELLAR, NANOG, and GDF3 genes are expressed in pluripotent cells and map to chromosome 12p13, a hotspot for teratocarcinoma[END_REF][START_REF] Korkola | Down-regulation of stem cell genes, including those in a 200-kb gene cluster at 12p13.31, is associated with in vivo differentiation of human male germ cell tumors[END_REF]. The simplistic hypothesis would be that only a few genes are involved, perhaps only one from each region amplified. However, the situation may be more complex, which is supported by the historical difficulty in identifying single genes that underlie common chromosome amplifications in various cancers, not only TGCTs [START_REF] Baker | Adaptation to culture of human embryonic stem cells and oncogenesis in vivo[END_REF]. The fact that the microenvironment plays such a defining role in genomic instability in ES cells could indicate that the same is true during the formation of CIS cells. It is quite possible that a disturbance or disruption of the original niche of gonocytes or PG cells may have led to imbalance between proliferation and differentiation resulting in the genetic instability and neoplastic transformation. As time passes, the CIS cells also develop through selection, eventually resulting in the progression to a malignant seminoma or non-seminoma.

A c c e p t e d M a n u s c r i p t 8

The CIS cancer stem cells

The pathogenesis of TGCTs in young men has not yet been elucidated in detail. However, it is obvious that unravelling the biology of CIS cells is fundamental for the understanding of the aetiology of TGCTs. The CIS cell represents an interesting variant of cancer stem cell since it originates before the tissue that it propagates in is fully differentiated and functional. The concept that cancers arise from 'stem cells' or 'germ cells' was already proposed about 150 years ago and recently, due to advances in stem cell biology, has been given a revival with the proposal of the 'cancer stem cell hypothesis' (reviewed in [START_REF] Wicha | Cancer stem cells: an old idea--a paradigm shift[END_REF]. The two related concepts of this hypothesis are that (i) tumours originate in either tissue stem cells or their immediate progeny through malfunctions in the process of self-renewal. As a result of this, (ii) tumours contain socalled 'cancer stem cells' as a cellular subcomponent that retains key stem cell properties. These properties include self-renewal, which drives tumourigenesis, and differentiation that contributes to the cellular heterogeneity seen in most cancers. However, in contrast to TGCTs, the cellular heterogeneity is limited to the same tissue type in the vast majority of somatic cancers. Cancer stem cells are thought to function in a similar way as normal epithelial tissue stem cells that constantly replenish a tissue with committed differentiated cells not capable of self-renewal. Within the last couple of years experimental evidence in a variety of tumours has lent support to the cancer stem cell hypothesis that represents a paradigm shift in the understanding of carcinogenesis and tumour cell biology [START_REF] Wicha | Cancer stem cells: an old idea--a paradigm shift[END_REF].

The initiation of the neoplastic transformation generating CIS cells, which is discussed in detail below, is most likely triggered by a disturbance in the embryonic, fetal, or -perhaps in some cases -also early postnatal microenvironment of differentiating germ cells. Thus, CIS cells are different from the "usual" somatic cancer stem cells due to their origin in early development long before the tissue is fully differentiated and also in their ability to give rise to tumours with pluripotent potential. Regardless of these differences, CIS cells should be regarded as genuine cancer stem cells. The cells self-renew and are often found in the periphery of these solid tumours.

The CIS cells are malignant cells that have the ability to invade all tubules in the testis and form solid seminomas tumours. In another cases, which tend to be relatively younger men than those who develop seminomas, CIS cells undergo a further development and give rise to non-seminomas, which include a variety of histologically different invasive tumours. This was already shown in the first description of the cells in 1972, where two patients with CIS were followed to the point where they developed invasive tumours (Skakkebaek, 1972b;[START_REF] Skakkebaek | Carcinoma in situ of the testis: frequency and relationship to invasive germ cell tumours in infertile men[END_REF]. Furthermore, later A c c e p t e d M a n u s c r i p t 9 studies showed that patients with CIS, which seemed cured after chemotherapy, developed cancer after the treatment [START_REF] Maase | Residual carcinoma-in-situ of contralateral testis after chemotherapy[END_REF][START_REF] Dieckmann | Residual carcinoma-in-situ of contralateral testis after chemotherapy[END_REF][START_REF] Dieckmann | Persistent testicular intraepithelial neoplasia after chemotherapy[END_REF]. This indicates that the cells have the capacity to repopulate the testis from a single or only few cells, which is a classic characteristic of cancer stem cells. Still, it is unresolved to what degree CIS cells make the transition to the invasive tumours and whether all CIS cells are destined to become invasive. It seems likely that only one or a few cells at a time make the transition to develop into an invasive cancer. However, testes with both seminoma and non-seminoma tumours separated by a non-malignant tissue are not uncommon, indicating a possible polyclonal origin of these tumours from at least two CIS cells.

Much remains unknown regarding the formation of solid tumours from CIS cells , especially the development of non-seminomas. The development of CIS cells to EC is particularly intriguing since it seems to encompass more than just a classic differentiation, and resembles a dedifferentiation to a more original embryonic cell, mimicking cells from the inner cell mass of the early embryo.

Does disturbance of the stem cell niche result in development of CIS cells? The possible role of endocrine disrupters.

The differentiating cells in the child are very susceptible to environmental damage, because development is a highly integrated process in which massive proliferation and extensive differentiation are synchronized with each other and with apoptosis [START_REF] Birnbaum | Cancer and developmental exposure to endocrine disruptors[END_REF].

The extensive growth rates allow for mutagenic and epigenetic alterations. Likewise, differentiation represents a controlled process in which patterns of gene expression undergo large changes.

Consequently, both cell division and differentiation offer multiple opportunities for the initiation of lesions as well as the promotion of the growth of altered cells initiating the complex process of developing a cancer. Moreover, physiological barriers protective of external factors such as the blood-brain barrier and blood-testes barrier are not complete in utero. Furthermore, the metabolising and elimination capabilities of the developing organism are not fully developed until after birth, leaving the fetus and newborn particularly susceptible to the adverse effects of environmental compounds [START_REF] Birnbaum | Cancer and developmental exposure to endocrine disruptors[END_REF].

Several recent studies have elucidated the mechanism of early differentiation of sexually bipotential primordial germ cells into the male cell lineage, however, much deeper insight into the early human embryogenesis is needed to understand the development of CIS cells. Rare genetic A c c e p t e d M a n u s c r i p t 10 disorders of sex differentiation have yielded insight into the possible mechanisms of CIS cell formation. For example, in some individuals with mutations in SRY and 46,XY gonadal dysgenesis, CIS cells and /or gonadoblastoma may be seen in the streak or in severely dysgenetic streak gonads [START_REF] Muller | Carcinoma in situ, gonadoblastoma, and early invasive neoplasia in a nine-year-old girl with 46,XY gonadal dysgenesis[END_REF][START_REF] Cools | 13 Gonadoblastoma arising in undifferentiated gonadal tissue within dysgenetic gonads[END_REF]. In addition to rare instances of a mutation in SRY, a more commonly observed lack of the Y chromosome in a subset of cells in the developing testis (a mosaic sex chromosome aneuploidy) would cause a focal lack of masculinisation and a varying degree of gonad dysgenesis, often with the occurrence of gonadoblastoma or CIS. However, in the vast majority of cases of sporadic CIS/TGCT in adult men the signs of dysgenesis are very discreet but nearly always consistent with focal lack of proper virilization and gonad maturation, manifested by clusters of distorted tubules and undifferentiated Sertoli cells [START_REF] Hoei-Hansen | Histological evidence of testicular dysgenesis in contralateral biopsies of 218 patients with testicular germ cell cancer[END_REF][START_REF] Nistal | Primary testicular lesions are associated with testicular germ cell tumors of adult men[END_REF]. These studies combined with lessons from disorders of sex differentiation and epidemiological observations support the notion that interference with early male development, either from genetic mutation or environmental factors, can lead to the development of CIS cells and hence neoplasia.

The differentiation of human gonocytes into infantile spermatogonia spans a relatively long period with a gradual down-regulation of the embryonic pluripotency genes and up-regulation of germ cell-specific genes with a role in spermatogenesis. Analysis of the CIS phenotype and the presence of CIS cells in certain conditions associated with testicular dysgenesis have provided strong evidence that developmental arrest in the differentiation of the early germ cell lineage is a core pathogenetic event leading to neoplastic transformation into CIS (Figure 3) (Rajpert-De [START_REF] Meyts | Prolonged expression of the c-kit receptor in germ cells of intersex fetal testes[END_REF][START_REF] Meyts | Developmental arrest of germ cells in the pathogenesis of germ cell neoplasia[END_REF][START_REF] Meyts | Developmental model for the pathogenesis of testicular carcinoma in situ: genetic and environmental aspects[END_REF]). Thus, it seems plausible that the long duration of differentiation leaves a window for disturbances in the hormonal balance that may topple the delicate balance and delay or arrest the differentiation of PG cells or gonocytes into infantile pre-spermatogonia. Moreover, the differentiation of germ cells occurs in an intimate contact with somatic cells in the microcellular "niche", which consists of Sertoli cells, Leydig cells, and peritubular myoid cells, and it is in these few cell types that hormonal and paracrine factors responsible for the differentiation process are produced. These cells are therefore the likely targets of environmental factors such as endocrine disrupters, which is supported by a clear association of germ cell neoplasia with insufficient function of the androgen-producing Leydig cells, and with decreased proliferation of Sertoli cells in association with small testes with reduced spermatogenesis [START_REF] Holm | Leydig cell micronodules are a common finding in testicular biopsies from men with impaired spermatogenesis and are associated with decreased testosterone/LH ratio[END_REF]. Problems with poorly developed or partially hyalinised tubule walls are also a common feature of CIS tubules. All these features can be reproduced in A c c e p t e d M a n u s c r i p t 11 experimental animal models by exposure to selected endocrine disrupters, in particular various antiandrogenic compounds, including phthalates [START_REF] Mylchreest | Male reproductive tract malformations in rats following gestational and lactational exposure to Di(n-butyl) phthalate: an antiandrogenic mechanism?[END_REF][START_REF] Fisher | Human 'testicular dysgenesis syndrome': a possible model using in-utero exposure of the rat to dibutyl phthalate[END_REF][START_REF] Sharpe | Pathways of endocrine disruption during male sexual differentiation and masculinization[END_REF]. There is still only indirect evidence from human studies, but the association of testicular cancer with exposures to some of these compounds has already been suggested by several studies, indicating that the development of CIS cells could be directly coupled to endocrine disruptors disturbing early male development [START_REF] Hardell | Increased concentrations of polychlorinated biphenyls, hexachlorobenzene, and chlordanes in mothers of men with testicular cancer[END_REF][START_REF] Swan | Decrease in anogenital distance among male infants with prenatal phthalate exposure[END_REF][START_REF] Main | Flame Retardants in Placenta and Breast Milk and Cryptorchidism in Newborn Boys[END_REF].

Concluding Remarks

The study of CIS cells has its focus on two major events: (i) the initial development in utero of the CIS cell and (ii) the progression of CIS cells in adulthood to an invasive malignant tumour. There is growing evidence that disturbances of the cellular microenvironment of developing germ cells, also known as their "niche", are of a primary importance in the development of the CIS cells and also in the origin of other disorders of testicular function, even those manifested in adulthood. As these disorders are becoming increasingly common, we must consider the negative impact of the modern Study 1: [START_REF] Looijenga | Comparative genomic hybridization of microdissected samples from different stages in the development of a seminoma and a non-seminoma[END_REF]study 2: Ottesen et al., 2003;study 3: Summersgill et al., 2001. Figure 3: A model of the origin of carcinoma in situ (CIS) of the testis in early development and hypothetical pathways of progression to overt testicular germ cell tumours (TGCTs). The key events in the origin and progression of TGCT are represented in red: (1) The arrest of differentiating primordial germ cells or gonocytes and (2) the increased invasiveness with (in embryonal carcinoma, EC) or without (in seminoma) loss of germ cell phenotype. In the case of non-seminomas, EC is the presumed stem cell compartment that may undergo down-regulation of the pluripotency genes and differentiate to somatic non-seminomatous components such as teratoma (TER), yolk sac tumour (YSC) or choriocarcinoma (CHC) (modified from Rajpert-De [START_REF] Meyts | Developmental model for the pathogenesis of testicular carcinoma in situ: genetic and environmental aspects[END_REF]. 
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  lifestyle and strive to find the responsible factors together with the pathways they target, especially during early human embryogenesis. Numerous studies have demonstrated that germ cell tumours derived from CIS cells mimic embryonic development and constitute a model to study pathways of pluripotent cell differentiation. In this way germ cell tumours and ES cells are highly similar and it has been shown that during extended culture human ES cells recapitulate features of the malignant transformation seen in germ cell tumours. Hence, the knowledge obtained from studies of human ES cells in vitro can help to understand the mechanisms of neoplastic transformation of germ cells and invasive progression of tumours.

  Figure legends:

Figure 1 :

 1 Figure 1: Expression of pluripotency associated proteins OCT4, NANOG, and AP2γ in carcinoma in situ (CIS) cells and testicular germ cell tumours. Images A, D, and G show areas of normal testis (NT, unstained) adjacent to tubules with CIS cells (stained positively for OCT4, NANOG, and AP2γ). Images B, E, and H show examples of classical seminoma strongly positive for the same transcription factors. Images C, F and I show the expression of the three proteins in nonseminomas; note the intensely positive clusters of embryonal carcinoma (EC), whereas the surrounding teratomatous tissues or atrophic tubules without malignancy (in F) show no staining (scale bar 100 µm).

Figure 2 :

 2 Figure 2: Schematic figure showing relative gains in regions of chromosomes (chr) 12, 17, and X detected in three studies analysing CIS adjacent to overt tumours. On the right side of the chromosomes red, blue, and green bars show the extension of the gains observed in study 1, 2, and 3, respectively.
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