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Abstract

Carcinomain situ (CIS) testis, known also as intratubular germ oelbplasia, is the cancer stem
cell from which testicular germ cell derived tumeuTGCTs) of the testis arise. TGCTs can
proliferate into morphologically homogeneous semiae or can differentiate into virtually any
type of tissue and form teratomas (non-seminon@§.cells display a close phenotypic similarity
to fetal germ cells (primordial germ cells or goyias) suggesting an origin due to a developmental
delay or arrest of differentiation of early germll€eThe pluripotency of these neoplasms has
recently been explained by a close resemblancéef expression profile to that of embryonic
inner cell mass cells studied in culture as emhryastem cells, with high expression of
transcription factors associated with pluripotersyych as NANOG and OCT3/4, as well as proteins
found in several tissue specific stem cells, suicABAP2C (AP-2) or KIT. CIS and seminomas
highly express a number of pre-meiotic germ cedicific genes, which are down-regulated during
development to non-seminomas, while the expressiather embryonic markers, such as SOX2,
is up-regulated. The mechanistic pathways and t&adactors remain to be elucidated of both the
initial transformation of fetal germ cells into Ct®lls and the progression of CIS cells into an
invasive tumour in the young adult. However, eviersupported by epidemiological studies
indicate that disturbances in the hormonal microenment of the differentiating gonads may
results in both the neoplasia and a host of oth@blems later in life, such as genital

malformations, decreased spermatogenesis, anddidgrypogonadism.
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1. Introduction

More than 35 years ago the first paper describipgi@al spermatogonia in testicular biopsies from
two patients was published (Skakkebaek, 1972a)h Batients later developed overt testicular
tumours indicating that the abnormal cells werecpreor cells of the malignant tumours
(Skakkebaek, 1972b). This original study is to kmowledge one of the first descriptions of a true
tumour/cancer stem cell (Nielsen et al., 1974).aydCIS (also known as intratubular germ cell
neoplasia or testicular intraepithelial neoplassayenerally accepted as the common pre-invasive
precursor cell that gives rise to testicular geeth wmours (TGCTSs) of the adolescents and young
adults (Ulbright et al., 1999; Oosterhuis and Leonga, 2005). There are two other types of TGCTS,
which develop without a CIS stage: spermatocytimisema of elderly men and infantile germ cell
tumours. Both of these tumour types are rare ane hamained at a steady low incidence level
(Visfeldt et al., 1994). The opposite is true fdBQTs, originating from the CIS precursor stage,
which have increased in incidence over the lasersdvdecades and now constitute the most
prevalent malignant cancer among young male aduliéorthern and Western Europe, with a life
time frequency in Denmark of approximately 1% (Racti et al., 2004).

The TGCTs originating from CIS are traditionadlybdivided into two histologically distinct
groups, seminomas (also called classical seminendistinguish from spermatocytic seminoma)
and non-seminomatous germ cell tumours, each ¢otstj approximately 50%. Whereas the
seminoma is a generally uniform tumour and resesbbaly fetal germ cells and CIS cells, the
more malignant non-seminomas are very heterogersulisncompass embryonal carcinoma (EC),
choriocarcinoma, teratomas, yolk sac tumour, amdatso contain elements of seminoma (Ulbright
et al., 1999). EC cells of the non-seminomas haeeability to differentiate into a wide range of
cell types, and show a phenotypic resemblanceddrher cell mass cells and epiblast from the
early embryo. Hence, EC cells represent a maligoantature of the human embryonic stem (ES)
cells that are derived in culture from the innel oeass (Andrews, 1998; Solter, 2006). However,
many EC cells show limited developmental potencyewen nullipotency, which might be regarded
as the ultimate consequence of adaptation occuminigmours that have developed over a period
of twenty or more years (Baker et al., 2007). tntingly, a recent report suggested that non-
seminomas, most likely the yolk sac tumour comptreeo may have the potential to differentiate
to germ cells, although this needs independentiroaftion (Honecker et al., 2006). Taken
together, the observations from pathology sugdedtthe common pre-invasive CIS cells have the

capability to develop into many different germirsald somatic tissues and may be regarded as
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pluripotent or truly totipotent. In that sense, dieve that CIS is a cancer stem cell for both TGC
types, seminoma and non-seminomatous tumour. Howitve debated that CIS has to be first re-
programmed to EC, which then is a stem cell fora@rcomponents of non-seminomas.

The remarkable potential of CIS cells raises thenediate question of their origin. A few
years after their initial discovery, a morphologisamilarity to gonocytes was noted and it was
proposed that CIS cells could be remnants of uedifftiated embryonic/fetal cells (Nielsen et al.,
1974; Skakkebaek et al., 1987). Their fetal origas supported by immunohistochemical studies
of proteins present in CIS also shown to be preseptimordial germ (PG) cells and gonocytes,
and by identifying CIS cells in prepubertal patg&gmho later developed TGCTs, indicating that the
cells had originated prior to puberty (Muller et, @8984). Additional support was provided by
epidemiological studies showing that the increas€GCTs was related to birth cohort rather than
year of diagnosis (Bergstrom et al., 1996). Reniaykafurther epidemiological studies
demonstrated that first-generation immigrants te&mwm had the same risk for developing TGCTs
as in their country of origin, whereas second-gati@n immigrants had the same risk as native
Swedes (Hemminki et al., 2002; Hemminki and Li, 20esides strongly indicating the fetal
origin of TGCTs in young adults, these epidemiatadjistudies also showed the aetiological
importance of environmental factors in developmehtthe CIS cells, although some genetic
predisposition also plays a role. Hence, TGCTsomng adults have been proposed to be part of a
larger testicular dysgenesis syndrome (TDS) theludes mild genital malformations and certain
forms of infertility, all thought to be highly infenced by environmental exposures (Skakkebaek et
al., 2001). So, 35 years from the initial descaptof CIS cells, it has become increasingly clear
that the attention of investigators dealing with TGCTs and their origin has to focus on both the
early in utero gonadal development and the impact of the mukitofl different environmental
factors that can negatively affect this processlunling the so-called endocrine disruptors. In this
review we will summarise findings concerning theepbtype and genotypic signature of CIS cells
and discuss the hypotheses concerning their oagoh how these embryonic cells in the adult

develop into a malignant tumour.
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2. Expression of embryonic marker genesin CIS cells and during invasive progression: The
development of a pluripotent tumour ?

CIS cells have many morphological similarities wWiRks cells and early gonocytes (Nielsen et al.,
1974; Albrechtsen et al., 1982; Skakkebaek etl887). Relatively early on it was identified that
the three cell types share the expression of imimstamchemical markers such as placental-like
alkaline phosphatase (PLAP) or the stem cell faeoeptor KIT (Giwercman et al., 1991; Rajpert-
De Meyts and Skakkebaek, 1994; Jorgensen et &5)1%hese markers are now commonly used
in the clinical setting to help identify CIS in gigal biopsies. More recently, the expression
profiles of CIS cells studied by microarrays (Alnugt et al., 2004; Skotheim et al., 2005) provided
a series of candidate marker genes, suci-a®2C (AP2y) (Hoei-Hansen et al., 2004), which has
shown promising results as a possible marker of &I in semen samples (Hoei-Hansen et al.,
2007).

A landmark in the understanding of CIS and theveerinvasive cancers was the identification
of POUSF1 (OCT3/4) andNANOG expression, which are known for their associatwith
pluripotency in ES cells (Figure 1) (Looijenga ét 2003; Rajpert-De Meyts et al., 2004; Hoei-
Hansen et al., 2005). These two transcription facaoe, together with SOX2, key regulators of the
formation and maintenance of the inner cell massndupreimplantation development and for
sustaining self-renewal in ESCs (Scholer et al9Q01Nichols et al., 1998; Niwa et al., 2000;
Avilion et al., 2003; Chambers et al., 2003; Mitstil., 2003). Among others, knock-out studies of
both Pou5f1 and Nanog in mice have implicated these genes in the first ascond initial fate
decisions in mammalian development, respectivegvéeri and Scholer, 2003; Chambers et al.,
2003).

Although very useful, experimental studies in aslgnhave demonstrated differences in
developmental biology between mice and humans. $tdis have been isolated from adult mouse
testes that exhibit properties similar to ES c@Bsan et al., 2006; Seandel et al., 2007), ancethes
studies showed that a subset of spermatogonial s&dls1in mouse testes retain the embryonic
phenotype of PG cells and gonocytes. In humangfereit scenario is seen, where NANOG and
OCT3/4 (together with KIT and ARR are expressed in PG cells and gonocytes, butl@an-
regulated during the second half of pregnancy antitl 2-4%2 months of post-natal age (Jorgensen et
al., 1995; Rajpert-De Meyts et al., 2004; Hoei-Hangt al., 2004; Honecker et al., 2004; Hoei-
Hansen et al., 2005). During this early infantikripd, a transient increase in the production of

testicular hormones occurs, known as the ‘mini-pyybéForest et al., 1973), which coincides with
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the final stage of differentiation of gonocytesoinmfantile spermatogonia (Hadziselimovic et al.,
1986). Although NANOG and OCT3/4 are down-regulatdownstream factors identified in ES
cells, UTF1 and REX1 (Niwa, 2001; Kristensen et 2005; Nishimoto et al., 2005), continue to be
expressed throughout the male development in spegmiaia and are still present in the adult testes
(Kristensen et al., in press). The continued exgoasof UTF1 and REX1, apparently uncoupled
functionally from OCT3/4 and NANOG, shows that thertial embryonic phenotype of the germ
cells is still evident in the mature human testds link between CIS cells and embryonic cells has
been further supported by a study showing a sutistarverlap between human ES cells and CIS
cells’ gene expression profiles (Almstrup et al02).

There are, however, marked differences in the esgion of embryonic genes among the
histological types of overt tumours derived fron5CThe phenotype of seminoma is very close to
that of CIS, whereas the phenotype of EC, consibitre undifferentiated stem cell compartment of
nonseminomas, resembles much closer that of ES, clbgesting a re-programming or a de-
differentiation event (Sperger et al., 2003; Alraptet al., 2005; Skotheim et al., 2005; Korkola et
al., 2006). This is supported by the high exprassib SOX2 in EC (Perrett et al. in press), for
example, while in seminoma this marker is virtualggative (Sperger et al., 2003; Santagata et al.,
2007). A further somatic differentiation of EC ibserved in nearly all nonseminomas and this
event is associated with down-regulation/inactoatof the embryonic pluripotency genes (Figure
1, 3) (Skotheim et al., 2005; Korkola et al., 2006)

The similarities between the ES cell lines and & do not stop at gene expression patterns,
there are also remarkably similar patterns of gea@berrations in the two cell types (Figure 2).
CIS cells are known to undergo polyploidization &MdA content in the triploid to hypotetraploid
range has been identified in CIS adjacent to bethisoma and non-seminoma (Ottesen et al.,
2004b). Although polyploidization seems to appe@rgo the establishment of extra 12p material
(Geurts van Kessel et al., 1989; Oosterhuis efl@B9; Ottesen et al., 2004b), the specific stage a
which tumour development is initiated and genomatability introduced remains unresolved. Due
to technical problems only a small number of cade€IS have been examined for chromosomal
aberrations, however a range of imbalances werectdst, including gains of regions of the
chromosomes 7, 8, 12, 14, 15, 17 and X (Looijeriga.e2000; Summersgill et al., 2001; Ottesen
et al., 2003; Ottesen et al., 2004a; Ottesen e2@0D4b). A recurrent gain of 12p material was
demonstrated in the vast majority of overt TGCTsgether with chromosomal aberrations

established as typical for TGCTs (Atkin & Baker 20&ummersgill et al., 2001; and reviewed in
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von Eyben, 2004). Fascinatingly, the extra 12p neltevas also observed in several cases of CIS
adjacent to overt tumours but was absent in Cl$s agith no evidence of invasive growth
(Looijenga et al., 2000; Ottesen et al., 2003; €atteet al., 2004a; Ottesen et al., 2004b; Skotheim
et al., 2006). Whereas gains of 17q were only detem a few CIS cases (Ottesen et al., 2003;
Ottesen et al., 2004b), a recurrent gain of 17q Iwesn associated with non-seminomas in
particular, perhaps illustrating the high proliféwa potential of this more aggressive tumour
(Kraggerud et al., 2002; Skotheim et al., 2002).

Gains in largely the same chromosomal regionssees in cultured ES cells after prolonged
culture indicating that the microenvironment magypk role in increasing genomic instability
(Draper et al., 2004; Andrews et al., 2005; Bakealge 2007). Evidence suggests that the ES cells
‘adapt’ through these genomic gains, proliferafimgter and becoming easier to maintain with time
in culture. In addition, when cells from such arddpted” culture were inoculated into a SCID
(severe combined immunodeficient) mouse, a teratowama containing histologically
recognisable stem cells was formed, which grewwvdwgn the tumour was explanted into culture
and exhibited properties of the starting ES cdlisdrews et al., 2005). Therefore, the “adapted” ES
cells resembled the malignant non-seminoma EC.c&fissuch, ES cells show adaptive changes
during culture which mimic changes occurring in @8l later the derived EC cells during tumour
progression. Thus, the non-random genomic abenstgeen in CIS cells may be caused by
selection of cells with a proliferative advantageidg tumour development and progression (Figure
3), for example those with an over-expression efghuripotency-related genes located on the short
arm of chromosome 12 (Clark et al., 2004, Korkdlale 2006). The simplistic hypothesis would
be that only a few genes are involved, perhaps on& from each region amplified. However, the
situation may be more complex, which is supportedhle historical difficulty in identifying single
genes that underlie common chromosome amplification various cancers, not only TGCTs
(Baker et al., 2007). The fact that the microenvwnent plays such a defining role in genomic
instability in ES cells could indicate that the gam true during the formation of CIS cells. It is
quite possible that a disturbance or disruptionhef original niche of gonocytes or PG cells may
have led to imbalance between proliferation anteddhtiation resulting in the genetic instability
and neoplastic transformation. As time passes, GH& cells also develop through selection,

eventually resulting in the progression to a maligrseminoma or non-seminoma.
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3. The CIS cancer stem cells

The pathogenesis of TGCTs in young men has nobgeh elucidated in detail. However, it is
obvious that unravelling the biology of CIS cels fundamental for the understanding of the
aetiology of TGCTs. The CIS cell represents anr@siing variant of cancer stem cell since it
originates before the tissue that it propagates flly differentiated and functional. The concept
that cancers arise from ‘stem cells’ or ‘germ cellas already proposed about 150 years ago and
recently, due to advances in stem cell biology, besn given a revival with the proposal of the
‘cancer stem cell hypothesis’ (reviewed in Wichaakt 2006). The two related concepts of this
hypothesis are that (i) tumours originate in eittissue stem cells or their immediate progeny
through malfunctions in the process of self-renewa a result of this, (ii) tumours contain so-
called ‘cancer stem cells’ as a cellular subcompbtieat retains key stem cell properties. These
properties include self-renewal, which drives tungenesis, and differentiation that contributes to
the cellular heterogeneity seen in most cancersveier, in contrast to TGCTs, the cellular
heterogeneity is limited to the same tissue typdénvast majority of somatic cancers. Cancer stem
cells are thought to function in a similar way asmal epithelial tissue stem cells that constantly
replenish a tissue with committed differentiatetisceot capable of self-renewal. Within the last
couple of years experimental evidence in a vaméttumours has lent support to the cancer stem
cell hypothesis that represents a paradigm shifhenunderstanding of carcinogenesis and tumour
cell biology (Wicha et al., 2006).

The initiation of the neoplastic transformation geating CIS cells, which is discussed in
detail below, is most likely triggered by a distanice in the embryonic, fetal, or — perhaps in some
cases — also early postnatal microenvironment fiéreéntiating germ cells. Thus, CIS cells are
different from the “usual” somatic cancer stem @le to their origin in early development long
before the tissue is fully differentiated and alsotheir ability to give rise to tumours with
pluripotent potential. Regardless of these diffeemn CIS cells should be regarded as genuine
cancer stem cells. The cells self-renew and asndfiund in the periphery of these solid tumours.
The CIS cells are malignant cells that have thétaho invade all tubules in the testis and form
solid seminomas tumours. In another cases, whiahtie be relatively younger men than those who
develop seminomas, CIS cells undergo a further [dpueent and give rise to non-seminomas,
which include a variety of histologically differemvasive tumours. This was already shown in the
first description of the cells in 1972, where twatipnts with CIS were followed to the point where
they developed invasive tumours (Skakkebaek, 19BXakkebaek, 1978). Furthermore, later
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studies showed that patients with CIS, which seecuedd after chemotherapy, developed cancer
after the treatment (Maase et al., 1988; Dieckmar888; Dieckmann and Loy, 1991). This
indicates that the cells have the capacity to rafade the testis from a single or only few cells,
which is a classic characteristic of cancer stelts.c8till, it is unresolved to what degree ClSIgel
make the transition to the invasive tumours andthdreall CIS cells are destined to become
invasive. It seems likely that only one or a feWscat a time make the transition to develop into a
invasive cancer. However, testes with both seminamdh non-seminoma tumours separated by a
non-malignant tissue are not uncommon, indicatirqgpssible polyclonal origin of these tumours
from at least two CIS cells.

Much remains unknown regarding the formation ofdstimours from CIS cells , especially
the development of non-seminomas. The developme@t® cells to EC is particularly intriguing
since it seems to encompass more than just a clas8erentiation, and resembles a de-
differentiation to a more original embryonic cefijmicking cells from the inner cell mass of the

early embryo.

4. Does disturbance of the stem cell nicheresult in development of CIScells? The possiblerole
of endocrine disrupters.
The differentiating cells in the child are very segtible to environmental damage, because
development is a highly integrated process in whiohssive proliferation and extensive
differentiation are synchronized with each othed aith apoptosis (Birnbaum and Fenton, 2003).
The extensive growth rates allow for mutagenic @pigenetic alterations. Likewise, differentiation
represents a controlled process in which pattemngeme expression undergo large changes.
Consequently, both cell division and differentiatioffer multiple opportunities for the initiatiorf o
lesions as well as the promotion of the growth ltérad cells initiating the complex process of
developing a cancer. Moreover, physiological basriprotective of external factors such as the
blood-brain barrier and blood-testes barrier aré oomplete in utero. Furthermore, the
metabolising and elimination capabilities of theveleping organism are not fully developed until
after birth, leaving the fetus and newborn partidyl susceptible to the adverse effects of
environmental compounds (Birnbaum and Fenton, 2003)

Several recent studies have elucidated the memanf early differentiation of sexually
bipotential primordial germ cells into the maleldeleage, however, much deeper insight into the

early human embryogenesis is needed to understendevelopment of CIS cells. Rare genetic
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disorders of sex differentiation have yielded ihsignto the possible mechanisms of CIS cell
formation. For example, in some individuals withtations inSRY and 46,XY gonadal dysgenesis,
CIS cells and/or gonadoblastoma may be seen istthak or in severely dysgenetic streak gonads
(Muller et al., 1992; Cools et al., 2006). In aduitto rare instances of a mutationgRY, a more
commonly observed lack of the Y chromosome in assulof cells in the developing testis (a
mosaic sex chromosome aneuploidy) would cause @ fack of masculinisation and a varying
degree of gonad dysgenesis, often with the occceren gonadoblastoma or CIS. However, in the
vast majority of cases of sporadic CIS/TGCT in adugn the signs of dysgenesis are very discreet
but nearly always consistent with focal lack ofgeovirilization and gonad maturation, manifested
by clusters of distorted tubules and undifferertia®ertoli cells (Hoei-Hansen et al., 2003; Nistal
al.,, 2006). These studies combined with lessonsn fdisorders of sex differentiation and
epidemiological observations support the notiort ihéerference with early male development,
either from genetic mutation or environmental fagt@an lead to the development of CIS cells and
hence neoplasia.

The differentiation of human gonocytes into infenspermatogonia spans a relatively long
period with a gradual down-regulation of the emimigopluripotency genes and up-regulation of
germ cell-specific genes with a role in spermategen Analysis of the CIS phenotype and the
presence of CIS cells in certain conditions assediavith testicular dysgenesis have provided
strong evidence that developmental arrest in tfferdntiation of the early germ cell lineage is a
core pathogenetic event leading to neoplastic foamsation into CIS (Figure 3) (Rajpert-De Meyts
et al., 1996; Rajpert-De Meyts et al., 1998; Rajmsr Meyts, 2006). Thus, it seems plausible that
the long duration of differentiation leaves a windfor disturbances in the hormonal balance that
may topple the delicate balance and delay or athestlifferentiation of PG cells or gonocytes into
infantile pre-spermatogonia. Moreover, the difféi@ion of germ cells occurs in an intimate
contact with somatic cells in the microcellular¢ne”, which consists of Sertoli cells, Leydig cells
and peritubular myoid cells, and it is in these fesll types that hormonal and paracrine factors
responsible for the differentiation process aredpoed. These cells are therefore the likely targets
of environmental factors such as endocrine disraptehich is supported by a clear association of
germ cell neoplasia with insufficient function dfet androgen-producing Leydig cells, and with
decreased proliferation of Sertoli cells in assimm with small testes with reduced
spermatogenesis (Holm et al., 2003). Problems potbrly developed or partially hyalinised tubule

walls are also a common feature of CIS tubules. thbse features can be reproduced in
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experimental animal models by exposure to selesteldcrine disrupters, in particular various anti-
androgenic compounds, including phthalates (Mylesrest al., 1998; Fisher et al., 2003; Sharpe,
2006). There is still only indirect evidence fromnman studies, but the association of testicular
cancer with exposures to some of these compourglslleady been suggested by several studies,
indicating that the development of CIS cells coblel directly coupled to endocrine disruptors
disturbing early male development (Hardell et2003; Swan et al., 2005; Main et al., 2007).

5. Concluding Remarks

The study of CIS cells has its focus on two majeres: (i) the initial developmeim utero of the
CIS cell and (ii) the progression of CIS cells dulihood to an invasive malignant tumour. There is
growing evidence that disturbances of the cellmaroenvironment of developing germ cells, also
known as their “niche”, are of a primary importamcehe development of the CIS cells and also in
the origin of other disorders of testicular funatie@ven those manifested in adulthood. As these
disorders are becoming increasingly common, we massider the negative impact of the modern
lifestyle and strive to find the responsible fasttwgether with the pathways they target, espgciall
during early human embryogenesis. Numerous stuthes demonstrated that germ cell tumours
derived from CIS cells mimic embryonic developmantl constitute a model to study pathways of
pluripotent cell differentiation. In this way gerrell tumours and ES cells are highly similar and it
has been shown that during extended culture hunacelts recapitulate features of the malignant
transformation seen in germ cell tumours. Hence,kifowledge obtained from studies of human
ES cellsin vitro can help to understand the mechanisms of neaplaatisformation of germ cells

and invasive progression of tumours.
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Figurelegends:

Figure 1:

Expression of pluripotency associated proteins Q@QIANOG, and AP® in carcinoman situ

(CIS) cells and testicular germ cell tumours. In®geD, and G show areas of normal testis (NT,
unstained) adjacent to tubules with CIS cellsifst positively for OCT4, NANOG, and ARR
Images B, E, and H show examples of classical samanstrongly positive for the same
transcription factors. Images C, F and | show ttgession of the three proteins in non-
seminomas; note the intensely positive clusteenafryonal carcinoma (EC), whereas the
surrounding teratomatous tissues or atrophic tbaleéhout malignancy (in F) show no staining
(scale bar 10Qum).

Figure 2:

Schematic figure showing relative gains in regiohshromosomes (chr) 12, 17, and X detected in
three studies analysing CIS adjacent to overt tumddn the right side of the chromosomes red,
blue, and green bars show the extension of thesgdiserved in study 1, 2, and 3, respectively.
Study 1: Looijenga et al., 2000; study 2: Ottestesl.e 2003; study 3: Summersgill et al., 2001.

Figure 3:

A model of the origin of carcinomia situ (CIS) of the testis in early development and higptital
pathways of progression to overt testicular gerthtemours (TGCTSs). The key events in the origin
and progression of TGCT are represented in redtlig)arrest of differentiating primordial germ
cells or gonocytes and (2) the increased invase&ngth (in embryonal carcinoma, EC) or without
(in seminoma) loss of germ cell phenotype. In thgecof non-seminomas, EC is the presumed stem
cell compartment that may undergo down-regulatioiin® pluripotency genes and differentiate to
somatic non-seminomatous components such as teadER), yolk sac tumour (YSC) or
choriocarcinoma (CHC) (modified from Rajpert-De N&y2006).
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Figure 3
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