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On the origin of germ cell neoplasia
in situ: Dedifferentiation of human
adult Sertoli cells in cross talk with
seminoma cells in vitro ™

Abstract

Germ cell neoplasia in situ (GCNIS) is the noninvasive precursor of testicular germ cell tumors type II, the most common cancer
in young men, which originates from embryonic germ cells blocked in their maturation. GCNIS is associated with impaired Sertoli
cells (SCs) that express fetal keratin 18 (KRT18) and the pluripotency factor SRY-Box transcription factor 2 (SOX2). According to
the current theory concerning the origin of GCNIS, these SCs are prepubertal cells arrested in their maturation due to (epi)genetic
anomalies and/or environmental antiandrogens. Thus, they are unable to support the development of germ cells, which leads to their
maturational block and further progresses into GCNIS. Alternatively, these SCs are hypothesized to be adult cells dedifferentiating
secondarily under the influence of GCNIS. To examine whether tumor cells can dedifferentiate SCs, we established a coculture model
of adult human SCs (FS1) and a seminoma cell line similar to GCNIS (TCam-2). After 2 wk of coculture, FS1 cells showed progressive
expression of KRT18 and SOX2, mimicking the in vivo changes. TCam-2 cells showed SOX2 expression and upregulation of further
pluripotency- and reprogramming-associated genes, suggesting a seminoma to embryonal carcinoma transition. Thus, our FS1/TCam-
2 coculture model is a valuable tool for investigating interactions between SCs and seminoma cells. Our immunohistochemical and
ultrastructural studies of human testicular biopsies with varying degrees of GCNIS compared to biopsies from fetuses, patients with
androgen insensitivity syndrome, and patients showing normal spermatogenesis further suggest that GCNIS-associated SCs represent
adult cells undergoing progressive dedifferentiation.
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Introduction

Germ cell neoplasia in situ (GCNIS) is the noninvasive precursor
of testicular germ cell tumors type II (TGCT), which accounts for up
to 60% of all malignancies diagnosed in Caucasian men aged 20 to
40-y old [1,2]. The TGCT incidence rate has increased by 70% over
the last 20 y [3,4]. Despite extensive research, TGCT etiology remains
unclear. Defined risk factors for TGCT are cryptorchidism [5], infertility
[6], and familial predisposition [7]. In addition, genome-wide association
studies have indicated an association between a number of single-nucleotide
polymorphisms and TGCT [8,9]. Environmental influences, such as
exposure to androgen disrupters, lifestyle factors, and perinatal characteristics
have no clear associations with TGCT [10,11]. It is likely that the combined
action of (epi)genetic and (micro)environmental factors leads to TGCT [12].

The current model of TGCT pathogenesis (Fig. 1A) states that GCNIS
originates from embryonic germ cells—either primordial germ cells (PGC)
or gonocytes—blocked in their maturation [13]. The causes of the
developmental arrest of PGC/gonocytes are unknown. After puberty, GCNIS
eventually progress into seminoma, which is similar to GCNIS and PGC
with respect to gene expression and histology [13,14] or reprogram the
pluripotency into embryonal carcinoma (EC) [13]. GCNIS, seminomas,
and EC express the pluripotency markers OCT3/4 and NANOG, but
pluripotency transcription factor SOX2 is only expressed by EC [15].

Tumorigenesis is strongly influenced by nonmalignant cells that comprise
the tumor microenvironment [16]. Interestingly, GCNIS cells occupy the
spermatogonial niche of the adult testis together with Sertoli cells (SCs) that
are impaired in their differentiation [17,18].

SCs must differentiate from an immature fetal phenotype to an adult
phenotype to support spermatogenesis [19]. This terminal differentiation
during puberty is defined by changes in their morphology [20], the
conversion to a nonproliferative state, the formation of the blood-testis barrier
(BTB), and changes in their protein expression profile [19]. For example, SCs
in fetal testes express keratin 18 (KRT18) and vimentin (VIM), whereas SCs
in adult testes express VIM only [21,22]. Most of the fetal marker KRT18
is lost at a gestational age of 20 wk, and it is completely absent around
birth, signaling the earliest transition of SCs to a mature state [17,23]. The
expression of androgen receptor (AR), by contrast, begins in late puberty and
is a hallmark of adult SCs [19,24]. SCs in GCNIS-containing tubules of
adult testis are positive for AR [25], but they also express KRT18 [17,26] and
SOX2 [27]. SOX2 is not expressed in fetal gonads from 15 wk of gestation
onward, indicating either aberrant expression of SOX2 in GCIN-associated
SCs or persistent expression, assuming that SOX2 is expressed before 15 wk
of gestation [27].

According to the current hypothesis, SCs associated with GCNIS are
prepubertal cells arrested in their differentiation due to genetic anomalies
and/or environmental agents like xeno-estrogens and antitestosterones.
The immature SCs fail to stimulate the germ cells and constitute a
microenvironment that allows PGC/gonocytes to survive in the postnatal
testes. The PGC/gonocytes that fail to differentiate into prespermatogonia
may further develop into GCNIS [28-30]. However, there has been
an ongoing discussion on whether the impaired SCs are immature cells
contributing to the development of GCNIS (Fig. 1A, Theory 1) or adult cells
that dedifferentiate under the influence of GCNIS and/or the underlaying
pathological process (Fig. 1A, Theory 2). The second theory is supported by
evidence that adult SCs are capable of dedifferentiation. For example, KRT18
is re-expressed in monkey testes following heat treatment [31].

Testing these hypotheses is immensely difficult due to the inaccessibility
of the fetal testis (where dysgenesis would occur) and the lengthy time period
(20—45 y) before outcomes can be observed. Because of the lack of suitable
model systems for GCNIS, experimental testing is not yet possible [32,33].
Furthermore, while stroma reprogramming in carcinomas is well described,
stromal changes in benign forms of tumors remain poorly characterized [34].

To our knowledge, no studies concerning the possible reciprocal influences
of GCNIS/seminoma cells and SCs have been conducted.

For the present study, we established a coculture model with the adult
human SC line FS1 [35] and the seminoma cell line TCam-2 [36] to
determine whether seminoma cells can dedifferentiate SCs. Furthermore,
we conducted immunostaining and ultrastructural studies of SCs in human
testicular biopsies with varying degrees of GCNIS and compared our findings
with normal spermatogenesis (nsp), fetal testes from 6 wk of gestation
onward, and prepubertal seminiferous cords of patients with androgen
insensitivity syndrome (AIS).

Materials and methods

Materials and methods for cell lines and cell culture, human samples,
RNA isolation, ¢cDNA synthesis, and reverse transcription-PCR (RT-PCR),
immunostaining, cell proliferation assessment of FS1 and TCam-2 cells in
monoculture and direct coculture by cell counting method, RNA isolation and
microarray analysis, analysis of secretory factors in conditioned media (CM) by
proteome profiler human XL cytokine array, and histomorphometric analysis of
SOX2 and KRT18 expression on serial sections with varying degrees of GCNIS
can be found in the online supplement.

Cell coculture model

For direct coculture, FS1 cells were cultured in 24-well plates.
After 24 h, the medium was replaced by 1:1 mixture of medium I
[4.5 g/l D-glucose, 40 pM L-glutamine (Sigma), 1% sodium pyruvate
(Gibco, by Life Technologies), 20% fetal calf serum (PAA Laboratories
GmbH), 1% nonessential amino acids, and 1% penicillin/streptomycin]
and medium II [Rosewell Park Memorial Institute 1640 medium (Gibco)
and supplemented with 2 pM L-glutamine, 10% fetal calf serum, and
1% penicillin/streptomycin], and TCam-2 cells were added in 2 different
proportions: 7500 FS1 + 7500 TCam-2 cells/well and 5000 FS1 + 10,000
TCam-2 cells/well, followed by 2 or 3 wk of coculture at 37°C and 5% CO,
in 2-to-3-d rotations.

For indirect coculture, we used 6 well ThinCert (Greiner Bio-One) cell
culture inserts with translucent membranes (0.4 ©m). We seeded 50,000 FS1
and TCam-2 cells in the apical chamber on the upper side and the underside
of the membrane, respectively. In further experimental settings, TCam-2 cells
were seeded in the insert and FS1 cells in the 6 well plate. The cells were
cocultured for 3 wk in a 1:1 mixture of medium I and II at 37°C and 5%
CO,; in a 2-to-3-d rotation.

For control, FS1 cells were cultured in direct and indirect coculture
with equine-bone-marrow-derived mesenchymal stromal cells (eBM-MSC)
provided by Prof. Dr. C. Staszyk, Department of Veterinary Anatomy,
Histology, and Embryology, Justus-Liebig-University, Giessen, Germany. For
further controls, FS1 and TCam-2 monocultures of 15,000 cells/well were
used. For each condition, 4 biological and 10 technical replicates were
generated.

Fluorescence-activated cell sorting (FACS)

There were no data in the literature regarding surface antigens for FS1
and TCam-2 cells. Thus, we selected several markers for phenotyping from
the Human Cell Surface Marker Screening (PE) Kit (Biolegend) based on
the mRNA expression of each cell line in the microarray data, with the
criterion of “genes expressed by FS1 cells but not by TCam-2 cells”. Samples
were stained according to the manufacturer’s instructions with fluorochrome-
labeled human monoclonal antibodies or appropriate isotype controls for 30
min at 4°C and washed with HBSS (300 g for 5 min at 4°C) before analysis.

For sorting, FS1 and TCam-2 cells were cocultivated in 75-cm? flasks.
Around day 12 of coculture, we harvested and sorted the cells by FACS
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Fig. 1. Model of testicular germ cell tumor type II (TGCT) development and comparison of FS1 and TCam-2 cells with sections of testicular biopsies. (A)
Model of TGCT development (modified from Rajpert-De Meyts, 2006 [29]). Differentiation arrest in PGC or gonocytes during prenatal development leads
to GCNIS in seminiferous tubules. From puberty, GCNIS cells may begin to transform into seminoma, nonseminomas, or both. GCNIS is associated with
impaired SCs. The current hypothesis suggests that the impaired SCs are prepubertal cells arrested in their differentiation. They are unable to support normal
spermatogonial development, leading to the differentiation arrest of germ cells (Theory 1). Alternatively, it is hypothesized that these SCs are adult cells that
are dedifferentiating under the influence of GCNIS and/or the underlying pathological process (Theory 2). (B) Immunoreactivity of FS1 cells compared with
SCs in seminiferous tubules. SCs in seminiferous tubules containing nsp (white arrows) as well as FS1 cells show cytoplasmic staining for VIM and nuclear
staining for AR and SOX9. Both are negative for KRT18 and SOX2. Impaired SCs in tubules with GCNIS (black arrows) are also positive for AR, but they
additionally express KRT18 and SOX2. Insets: Negative controls. Scale bars = 50 pm. Scale bars for AR in nsp, GCNIS, and FS1 = 20 pm. (C) TCam-2 cells
show nuclear staining for OCT3/4 and cytoplasmic staining for KRT18 filaments. Scale bar = 50 pm. (D) RT-PCR reaction products from FS1, TCam-2,
nsp, GCNIS, and seminoma (sem). 8-actin, loading control; NT, no template.
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for the surface antigen CD73 (7355, Biolegend). From the CD73-negative
cells, we collected TRA-1-60-R-positive (5389, Biolegend) and TRA-1-60-
R-negative cell fractions. The cells were sorted into 1.5-mL tubes with 500
1L RNase-free PBS. FCM analysis and sorting were conducted on a Canto
IT cell sorter (BD) and data were analyzed using the FACSdiva version 6.1.2
software (BD). Nonspecific staining of the selected antibodies was determined
using the corresponding isotype controls.

After sorting, cell pellets were snap-frozen with liquid N2 and then stored
at —80°C. The remaining sorted CD73-positive cells were resuspended in
medium I, and the CD73-negative cells were resuspended in medium IT and
replated separately in cell culture flasks.

Results

Human adult SC line FSI resembles adult SCs, and TCam-2 cell line

resembles seminoma

This study used FSI cells, which are similar to adult SCs in testicular
biopsies, as they are spindle-shaped with long cytoplasmic extensions and
contain ovoid or irregular-shaped nuclei with typical deep indentations and
prominent nucleoli. As the FS1 cells are reticulated they grew to form a
network. Adult SCs in tubules with nsp (Fig. 2B, white arrows) were positive
for SC markers VIM and SOX9, and adult SC marker AR. They were negative
for the fetal SC marker KRT18 (Fig. 2B, white arrows). Adult SCs were
also negative for SOX2 (Fig. 2B, white arrows) aside from a few scattered
cells (Supplementary Fig. 1A, arrow). Like adult SCs, FSI cells expressed
VIM, SOX9, and AR (Fig. 2B). Similarly, FS1 cells were negative for KRT18
(Fig. 2B) and SOX2 (Fig. 2B). SCs in GCNIS tubules also expressed VIM
(not shown), SOX9 (Fig. 4), and AR (Fig. 2B, black arrows). However, in
contrast to SCs in nsp, they were positive for KRT18 and SOX2 (Fig. 2B,
black arrows and Supplementary Fig. 1A). We did not detect SOX2 in fetal
testis from 6 wk of gestation onward nor in the immature SCs or gonocytes
of patients with AIS (Supplementary Fig. 1A).

Because there are no GCNIS cell lines, we used the seminoma cell
line TCam-2, which shows similarities to GCNIS [36,37]. For example,
whereas tubules with nsp were negative for OCT3/4, GCNIS, seminoma
cells (Supplementary Fig. 1B), and TCam-2 cells (Fig. 1C) showed OCT3/4
nuclear staining. Furthermore, like gonocytes, GCNIS (Supplementary Fig.
1A, arrows), and seminoma cells, TCam-2 cells were negative for SOX2
(Fig. 2D-G, empty arrowhead). TCam-2 cells were flat and polygonal with
large irregular-shaped nuclei and many prominent nucleoli. They contained
cross-striated KRT18 filaments (Fig. 1C). TCam-2 cells grew to form a
monolayer.

After performing RT-PCR (Fig. 1D), we confirmed VIM and SOX9
expression in FS1 cells, which resulted in strong specific bands at 102 bp and
151 bp. AR was barely detectable. FS1 did not express OC73/4, NANOG,
or SOX2 but did show a weak band for KRT18 at 90 bp. TCam-2 showed
strong VIM, KRT18, OCT3/4, and NANOG expression. SOX9 and SOX2
mRNA bands were barely detectable. Homogenates of human testicular
biopsy specimens with nsp expressed VIM and SOX9 (attributable to the
SCs) and AR (attributable to SCs and peritubular myoid cells). Homogenates
with GCNIS furthermore expressed KR718 and SOX2 (attributable to the
impaired SCs) as well as OC73/4 and NANOG (attributable to GCNIS).
Seminoma specimens expressed VIM, OCT3/4, and NANOG and showed a
weak band at 90 bp for KRT18.

Bidirectional crosstalk between FS1 and TCam-2 cells induces KRT18
and SOX2 expression

After a 1-wk direct coculture of FS1 and TCam-2, the TCam-2 cells
were readily detected expressing OCT3/4 and KRT18 (Fig. 2A, empty

arrowhead), while the FS1 cells remained negative for both (Fig. 2A, empty
arrows). After 2 wk, the first KRT18-positive FS1 cells appeared, showing
the typical spindle shape and longitudinally oriented filaments (Fig. 2B,
white arrow). After 3 wk, KRT'18-positive FS1 cells increased considerably
in number (Fig. 2C, white arrow). Using triple immunofluorescence (IF)
against OCT3/4, KRT18, and SOX2 after 2 and 3 wk of coculture, we still
found unchanged FS1 cells (Fig. 2D, empty arrow). However, we additionally
observed FS1 cells expressing KRT18 (Fig. 2E, white arrow) and coexpressing
KRT18 and SOX2 (Fig. 2F, white arrow). These altered FS1 cells were mostly
seen in close contact with TCam-2 cells, but we also found altered FS1 cells
that were further away from the TCam-2 cells (Fig. 2C, white arrow). FS1
cells in the control groups of monoculture or direct coculture with eBM-
MSC did not express KRT18 and/or SOX2 during the same time frame
(Supplementary Fig. 2A-D). Interestingly, about 30% of the TCam-2 cells
expressed SOX2 after 2 and 3 wk of coculture with FS1 (Fig. 2F and G, white
arrowhead).

To investigate distant effects on KRT18 and SOX2 expression, we used
2 different approaches to perform FS1/TCam-2 indirect coculture. In the
first, we cocultured FS1 cells on one side of the membrane and TCam-2 cells
on the other side. FS1 cells expressing KRT'18 were fewer than after direct
coculture, whereas a large number of TCam-2 cells showed SOX2 expression
(Supplementary Fig. 2E, 2F). In the second approach, when TCam-2 cells
were seeded in the insert and FS1 cells on the bottom of the 6 well plate, we
detected only single FS1 cells positive for KRT18.

Bidirectional crosstalk between FS1 and TCam-2 cells increases
proliferation of FS1 cells and induces embryonal carcinoma-associated
genes in TCam-2 cells

To assess the proliferation of FS1 and TCam-2 in coculture, both cell lines
were cultured in monoculture and coculture for 2 wk (Fig. 2H). Cocultured
ESI cells showed a 5-fold increase in their cell number compared with
monoculture, while cocultured TCam-2 cells showed no significant change
in cell number between mono- and coculture (Fig. 21).

Microarray analysis of 3 wk of monocultures and indirectly cocultured
ES1 and TCam-2 cells revealed significant transcriptional alterations after
coculture in TCam-2 cells but not in FS1 cells (Supplementary Fig.
3). FS1 cells showed mRNA expression of KRT18 but not SOX2 in
monoculture and coculture. In TCam-2 cells, SOX2 expression was very
low in monoculture but about 25 times higher after coculture (P< 0.001).
Interestingly, additional pluripotency- and reprogramming-associated genes
were significantly upregulated in TCam-2 during coculture, including
LEFTY1/2, GAL, DPPAS5, NODAL, ZIC3, DND1, DPPA3, GDF3, BCAT1I,
JARID2, and DNMT3B (Fig. 2J).

Crosstalk of FS1 and TCam-2 cells significantly alters their secretory
profile

To explore the mechanisms of paracrine regulation, the Human XL
Cytokine Array ARY022 including 102 specific antibodies was used.
As shown in Supplementary Fig. 4, Cystatin-C, EMMPRIN, IGFBP-
2, GDF-15, CD14, and Angiogenin showed significant upregulation in
the conditioned medium of the FS1 + TCam-2 coculture compared to
monocultures (FS1, TCam-2) and the FS1 + eBM-MSC coculture.

SCs associated with different degrees of GCNIS show sequential
expression of SOX2 and KRT18

We performed histomorphometric analysis on testicular sections with
varying degrees of GCNIS to assess whether SOX2 and KRT18 expression
in SCs associated with GCNIS represent a no-growth stage or a progressive
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Fig. 3. SCs associated with GCNIS show sequential expression of SOX2 and KRT18. (A) Serial sections of biopsies showing different degrees of GCNIS were
stained with PLAP (to confirm GCNIS), SOX2, and KRT18. The area of remaining nsp was delimited by a blue line. In sections of GCNIS + nsp, most of
the SCs in GCNIS-containing tubules expressed SOX2, whereas KRT18 expression was scattered (black arrows). In sections showing GCNIS-only, almost all
SCs were positive for SOX2 and KRT18. (B) Percentage of stained area of the total GCNIS area (z = 8 for GCNIS + nsp, and 7 = 7 for GCNIS-only).

process and whether there is a chronology in their expression. We compared
biopsies with 100% GCNIS (GCNIS-only) with biopsies containing
2%, 12%, 45%, 50%, 70%, 75%, 78%, and 93% GCNIS along with
remaining nsp (GCNIS + nsp). In GCNIS + nsp and GCNIS-only,

SOX2 immunoreactivity was observed in almost all SCs of tubules

containing GCNIS (Fig. 3A), with mean values of the stained area
around 1% (Fig. 3B). In contrast, KRT18 staining was usually barely
detectable in GCNIS + nsp but was widespread in GCNIS-only (mean
percentage of stained area = 0.28% and 1.3%, respectively, P= 0.031;
Fig. 3A and B).
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Fig. 4. SCs associated with GCNIS coexpress fetal marker KRT'18 and adult marker AR and their morphology resembles the adult SC architecture. (A) Double
immunohistochemistry against KRT'18 and AR on a paraffin section with GCNIS. SCs showed coexpression of cytoplasmic KRT'18 (white arrow) and nuclear
AR (black arrow). Peritubular myoid cells also expressed nuclear AR (arrowhead). Scale bar = 10 pm. (B) Double IF on a frozen section containing tubules
with GCNIS and nsp. SCs in the tubule with GCNIS showed coexpression of KRT18 and AR (white arrow). SCs in a tubule with nsp only expressed AR
(black arrow). Peritubular myoid cells also expressed AR (arrowheads). Scale bar = 100 pm. (C) The seminiferous cords of a 2-y-old patient with AIS contained
mainly SCs (black arrows) and scarce gonocytes (white arrows). The SCs show an immature morphology with large, round, and basophilic nuclei containing
inconspicuous nucleoli. The seminiferous tubule with nsp depicts different steps of germ cell development from spermatogonia (white arrows) up to maturing
spermatids. The SCs show a mature pattern with irregularly outlined, often triangular-shaped nuclei at the basal compartment, which contain prominent
nucleoli (H&E, black arrows). The nuclei uniformly “ring” the tubule, which is readily visible by nuclear SOX9 staining (black arrows). The seminiferous
tubule containing GCNIS shows atypical germ cells that line the basement membrane (white arrows) and displace SC nuclei to a second row (SOX9, black
arrow). SC nuclei show a mature pattern (H&E, black arrows). Scale bar = 50 pm.

SCs associated with GCNIS show coexpression of fetal marker KRT18 in tubules with nsp only expressed AR (Fig. 4B, black arrow). Nuclear AR
and adult marker AR expression was observed in the peritubular myoid cells as well (Fig. 4A,
arrowhead and B, arrowheads).
To investigate whether KRT18 and AR are coexpressed by SCs associated
with GCNIS or if they are expressed by different SCs, we performed double — Morphology of SCs associated with GCNIS resembles adult SC

immunostaining on paraffin sections (Fig. 4A) and frozen sections (Fig. 4B). architecture
We demonstrated the coexpression of cytoplasmic KRT18 (Fig. 4A, white
arrow) and nuclear AR (Fig. 4A, black arrow) in the same SC associated with The pubertal maturation of SCs involves morphological changes of the

GCNIS for the first time. The frozen sections also showed SCs in GCNIS- nuclei and cytoplasm. Thus, the cell architecture of immature SCs differs
containing tubules coexpressing KRT18 and AR (Fig. 4B, white arrow). SCs  considerably from mature cells. We used light and electron microscopy to
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AIS (immature Sertoli cells)

nsp (mature Sertoli cells)

Fig. 5. Ultrastructure of immature SCs in AIS and of adult SCs in nsp. SCs of a 31-y-old patient with AIS are columnar in shape and contain basally located
nuclei. The nuclei (SCN) are large, ovoid, and dark and have no prominent nucleoli. The mitochondria are narrow and elongated with a dense matrix. Few
lysosomes and lipid droplets are seen. Scale bar = 2.5 pm. Inset a, Single stacks of cisternae of rough ER (arrowhead). Scale bar = 0.5 pm. Inset b, Immature
Sertoli cell junctions (arrow). Scale bar = 0.5 pm. Mature SCs at the basal compartment of seminiferous epithelium with nsp show SC nuclei (SCN) with
predominant euchromatin, deep indentations, and typical tripartite nucleoli. A Type A spermatogonium (SG) with basal flattening is present on the basal
lamina. Lanthanum tracer is present only in the intercellular spaces of the basal compartment (white arrows). Scale bar = 2.5 pm. The black arrows show a
typical junctional complex of 2 adjacent SCs (SC), which consists of tight junctions (arrows) with associated bundles of subsurface actin filaments and flat

cisternae of ER. Scale bar = 1.0 pm.

analyze the morphology of SCs in GCNIS tubules and to compare it with
immature SCs in biopsies from patients with complete AIS [38] and mature
SCs in tubules with nsp.

Seminiferous cords of patients with AIS (Fig. 4, AIS) contained abundant
SCs and few gonocytes. Little or no lumen was observed. The SCs showed
large, rounded, and basophilic nuclei with inconspicuous nucleoli (Fig. 4,
AIS-black arrows), displaying a typical immature morphology [20]. The
gonocytes were large cells with abundant clear cytoplasm and large, vesicular,
euchromatic nuclei containing few strands of heterochromatin (Fig. 4, AIS-
white arrows). Mature SCs of tubules with nsp (Fig. 4, nsp-black arrows)
contained characteristic eosinophilic, triangular-shaped nuclei with large
nucleoli that facilitated their identification within the germinal epithelium.
The nuclei were regularly aligned at the base of the cells, forming a
ring around the tubule. Many spermatogonia rested on the base of the
tubules (Fig. 4, nsp-white arrows). SC nuclei in tubules with GCNIS were

cosinophilic and irregular shaped and contained prominent nucleoli and
thus corresponded to the adult phenotype (Fig. 4, GCNIS-black arrows).
They were displaced to a second row by large atypical germ cells localized
on the basement membrane. These GCNIS cells exhibited a clear cytoplasm
and irregular-shaped nuclei with prominent nucleoli (Fig. 4, GCNIS-white
arrows).

Transmission electron microscopy of SCs of patients with AIS revealed
an immature, prepubertal phenotype [38]. They were low columnar cells
with dark, ovoid nuclei containing finely dispersed chromatin (Fig. 5, SCN).
Their scarce cytoplasm contained sparse organelles, a few lysosomes, and
a few lipid droplets. The mitochondria were narrow and elongated with
irregularly arranged transverse cristae embedded in a dense matrix. Typical
single stacks of cisternae of the rough endoplasmic reticulum (ER) were
observed (Fig. 5, Inset a-arrowhead). Immature cell junctions were present
between adjacent SCs, which originated from focal points of membrane
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GCNIS

Fig. 6. The ultrastructure of SCs associated with GCNIS resembles adult SCs. (A) SCs show typical mature nuclei (SCN) with irregular and indented outlines
and prominent nucleolar complexes. Note the lanthanum tracer passing through the intercellular space (black arrow). Scale bar = 2.5 pum. Inset a, Well-
developed inter-Sertoli cell junctional complex showing typical subsurface bundles of actin filaments and associated endoplasmic reticulum. Lanthanum tracer
passes through the junctional complex (black arrows), indicating its functional disruption. Scale bar = 0.5 pm. (B) SC (SC) processes separate GCNIS cells
from each other and contain Charcot-Béttcher crystalloids (white arrows) and many lipid droplets. Scale bar = 2.5 pm. Inset b, Charcot-Béttcher crystalloid
depicting longitudinal fibrillary arrangement and light cores (white arrow). Note the typical inter-SC junctional complex with lanthanum tracer passing

through the junctional leaflets (black arrows). Scale bar = 0.5 pm.

approximations (Fig. 5, Inset b-arrow). Mature SCs of tubules with nsp
showed irregular-shaped nuclei, usually with one or more deep infoldings
(Fig. 5, SCN). Euchromatin was predominant, and heterochromatin was
limited to the so-called paranucleolar bodies, which were associated with
the nucleolus and thus constitute the tripartite nucleolar complex. Cellular
elongation and the elaborate extension of cytoplasmic processes enabled the
SCs to establish direct contact with the multiple germ cell layers extending
from the base to the lumen. Long, slender mitochondria with a dense matrix
and regular-shaped christae, cisternae of smooth ER, and Golgi apparatus
were abundant. The cytoplasm also showed numerous secondary lysosomes,
lipid vacuoles with indigestible residues, and small, dense granules. Well-
developed junctional complexes between adjacent SCs were identified by
typical subsurface bundles of actin filaments and associated ER (Fig. 5,
black arrows). The actin filaments sandwiched between ER cisternae and
the cell membrane formed circumferentially oriented bundles that showed
dense amorphous material in cross-sections. These junctional specializations

near the base of the epithelium constituted the BTB. The electron-opaque
tracer lanthanum nitrate penetrated the intercellular spaces of adjacent SCs
and spermatogonia in the basal compartment (Fig. 5, white arrows) and
was consistently blocked at the BTB and thus excluded from the adluminal
compartment.

SCs in GCNIS tubules displayed morphological features similar to mature
SCs. They extended from the basement membrane to the tubular lumen and
encircled the GCNIS cells with their cytoplasmic processes. The irregularly
formed nuclei showed deep infoldings and prominent nucleoli (Fig. 6, SCN).
The cytoplasm contained large accumulations of lipid-like inclusions and
residual bodies. The inter-SC junctional complexes were well developed and
showed the typical bundles of actin filaments and associated ER cisternae.
However, in contrast with nsp, lanthanum tracer passed through the tight
junction leaflets, indicating the functional disruption of the BTB (Fig. 6,
black arrows). We also found Charcot-Béttcher crystalloids in SCs associated
with GCNIS (Fig. 6, white arrows). They were elongated spindle-shaped
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structures comprised of longitudinally oriented filaments and displayed light
cores occupied by cytoplasmic matrix and a granular material (Fig. 6, Inset b,
white arrow). We observed one crystalloid per SC and, furthermore, annulate
lamellae (not shown).

Newly identified surface markers for FS1 cells: CD59, CD73, and
CD326

We identified 3 novel surface markers for FS1 cells: CD59, CD73,
and CD326. FS1 cells were negative for CD24, CD140a, CD324, LTbR,
TRA-60-R, and TRA-1-81 (Supplementary Fig. 5A). Most of the TCam-
2 cells were positive for CD59 and CD326. Approximately 50% of the
TCam-2 cells were positive for CD324 and TRA-1-60-R. TCam-2 cells were
negative for CD24, CD73, CD140a, and LTbR (Supplementary Fig. 5B).
Therefore, we chose CD73 to identify FS1 cells and to rule out TCam-
2 cells for sorting after direct coculture. From the CD73-negative cells
(TCam-2), we collected TRA-1-60-R positive and TRA-1-60-R negative
cell fractions (Supplementary Fig. 5C). From the replated cells, the CD73-
positive population exhibited a spindle-like morphology typical for FS1 cells.
Both CD73-negative cell fractions showed the flat polygonal morphology
typical of TCam-2.

Discussion

TGCT are considered to be a part of the testicular dysgenesis syndrome
[28], a group of disorders believed to arise from the disturbed development
of the somatic cells in the gonads, which is likely caused by a disruption
in the hormonal microenvironment of the fetus. GCNIS is associated with
impaired SCs that have been theorized as being immature cells arrested
in their differentiation. Disrupted SC function may fail to elicit gonocyte
differentiation, leading to GCNIS development [19,28-30]. Nevertheless,
the degree of testicular dysgenesis is inversely related to the incidence of
GCNIS [39].

Our aim was to discern whether impaired SCs are prepubertal cells
contributing to GCNIS or adult cells secondarily dedifferentiating due to
GCNIS. We established a coculture model with the adult human SC line
FS1 and the seminoma cell line TCam-2. FS1 cells were dedifferentiated
by direct coculturing with TCam-2 cells. They expressed KRT18 and
SOX2, mimicking typical in vivo protein alterations. These changes were
detected from day 14 and increased progressively. In contrast to KRT18
protein, KRT18 mRNA was detected in FS1 cells in coculture with TCam-
2 and in monoculture. These data support post-translational regulation
of KRT18 [40]. Remarkably, we also observed TCam-2 cells expressing
SOX2 after coculture with FS1, a transcription factor generally restricted to
carcinomas. Nettersheim et al demonstrated that TCam-2 cells upregulated
SOX2 after xenografting into the murine flank, where they underwent a
transition from seminoma to EC [41]. In line with that study, TCam-2 cells
showed upregulation of additional EC-, pluripotency-, and reprogramming-
associated genes. Thus, TCam-2 cells upon coculture with FS1 seem to
reprogram into EC.

In men, only immature SCs are proliferative. However, Tarulli et al
[42] identified a few SCs with PCNA reactivity in men after gonadotropin
suppression as well as adjacent to seminoma, while PCNA was absent in SCs
in tubules with GCNIS. The authors suggested that adult human SCs are
not terminally differentiated and have the capacity to dedifferentiate. In our
study, the cell number of FS1 after 2 wk in coculture with TCam-2 was 5
times higher than in monoculture, indicating a loss of differentiation as well.

KRT18 and SOX2 expression in FS1 cells was considerably less after
indirect coculture with TCam-2 cells than after direct coculture. Therefore, it
is advantageous to perform direct coculture and to sort the FS1 and TCam-2
cells afterward via FACS for further analysis. We identified 3 novel surface

markers for FS1 (CD59, CD73, and CD326), of which CD73 was valuable
for ruling out TCam-2 cells.

In biopsies containing GCNIS together with remaining nsp, most SCs in
tubules with GCNIS expressed SOX2, whereas KRT18 staining was usually
scarce. By contrast, in biopsies showing only GCNIS, SOX2 and KRT18
expression was abundant. Assuming that GCNIS-only is a more advanced
stage than GCNIS + nsp, SCs associated with dysplastic germ cells would first
express SOX2. KRT18 expression would occur later and indicate a progressive
process. These data are in line with Kliesch et al [26], who reported that
KRT18 expression in SCs was directly correlated with increasing numbers
of GCNIS cells. The progressive impairment of SCs in correlation with the
degree of GCNIS was also demonstrated by the gradual loss of connexin
43 [43]. Similarly, Nistal et al described inhibin bodies as new markers for
immature SCs, having observed them in SCs associated with GCNIS-only
but not in GCNIS with remaining spermatogenesis [44]. The progressive
impairment of SCs provides evidence for the theory that SCs dedifferentiate
due to the influence of GCNIS or the underlying pathological process.

SCs in tubules with GCNIS express both the fetal marker KRT18 and
the adult marker AR. However, thus far, it has not been determined whether
both markers are expressed by the same SC or whether they are expressed by
different SCs in the same tubule. The latter would indicate the coexistence
of mature and immature SCs. We demonstrated the coexpression of KRT'18
and AR by the same SCs in tubules with GCNIS. The fact that these SCs
coexpress KRT18 and AR but not the transitional maturation markers M2A
and AMH [45], which losses are bracket temporally by the loss of KRT18
[46] and the expression of AR [24], suggests a partial phenotypic reversion
from their previous adult state.

The abundant and apparently early expression of SOX2 in SCs associated
to GCNIS is remarkable. SOX2 was not expressed in adult SCs in nsp,
except in a few scattered cells, which is in line with the findings of de Jong
et al [27]. We did not find SOX2 expression in fetal gonads from 6 wk
of gestation onward nor in immature SCs of patients with AIS. Therefore,
SOX2 expression in SCs associated to GCNIS seems to be rather an aberrant
expression than a persistent expression or re-expression.

The maturation status of SCs is associated with typical morphological
features [20]. Skakkebaek et al [47] described apparently normal SCs when
they first reported GNCIS in 1972. Nielsen et al [48], in studying the fine
structure of GCNIS, indicated that the SCs showed no deviation from the
normal ultrastructure nor did they have the appearance of immature SCs.
Despite these findings, many authors refer to SCs associated with GCNIS as
immature or dysgenetic. Due to these contradictory reports, we studied the
morphology of SCs associated with GCNIS to further detail and compared
it to immature and mature SCs. We found that the morphology of SCs
associated with GCNIS resembles that of adult SCs. We also observed
Charcot-Béttcher crystalloids and annulated lamellae, which are further
distinguishing features of adult SCs [49,50], 50]. Our interpretation was
supported by the ultrastructural appearance of well-developed SC junctional
complexes, one of the most sensitive indicators of SC maturation [38]. The
only alteration observed was the functional disruption of the BTB that we
already reported and attributed to the progtessive dislocation of ZO-1, ZO-
2 [51], and claudin-11 [52] from the BTB into the cytoplasm. Thus, no
morphological support was found for the assumption that the development
of the abnormal germ cells results from abnormal function of immature
SCs.

Our finding that GCNIS-associated SCs resemble adult cells is in line with
the evidence that GCNIS is found in well-differentiated testicular tissue [53].
In contrast, the GCNIS counterpart gonadoblastoma is a neoplastic precursor
lesion found in areas of undifferentiated gonadal tissue or immature testis
differentiation [15,33]. GCNIS and gonadoblastoma may occur in different
areas of the same dysgenetic gonad depending on the level of testicularization
[54]. This may explain why the incidence of GCNIS is inversely related to

the degree of testicular dysgenesis.
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Deficient SOX9 expression in gonadoblastoma supports the current
model of pathogenesis, where immature germ cells—in the absence of
well-formed SCs—retain a fetal phenotype and susceptibility to malignant
transformations [55]. We postulate that, in contrast to gonadoblastoma,
the maturational arrest of gonocytes in fetal testes that leads to GCNIS
is explained by a primary anomaly of the gonocytes rather than by a
failure of immature SCs to support spermatogonial development. We further
hypothesize that the SCs in tubules with GCNIS undergo secondary
dedifferentiation postpubertally due to GCNIS and/or the underlying
pathological process. The dedifferentiating SCs progressively lose the
functions necessary to maintain spermatogenesis, including the BTB. This
progressive derangement probably facilitates the proliferation and neoplastic
progression of GCNIS cells from puberty onward.

Our coculture model suggests that even seminoma cells can alter their
environment and thereby induce dedifferentiation in adult SCs, which
mimics the findings in our ex vivo studies. Based on our data, we conclude
that SCs associated with GCNIS are adult cells that are secondarily
dedifferentiating rather than immature cells contributing to the development
of GCNIS. TCam-2 cells in coculture with FS1 cells showed SOX2
expression and upregulation of further pluripotency- and reprogramming-
associated genes, suggesting a seminoma-to-EC transition. Our FS1/Tcam-2
coculture model is thus a valuable tool for investigating interactions between
SCs and tumor cells.
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