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Summary
Erika Hilbold
Elucidation of molecular mechanisms by which deletion of connexin 43 in Sertoli cells
prevents murine spermatogenesis, and investigation of the murine candidate gene Dmrtb1
in human testis showing normal and impaired spermatogenesis
A significant decline in male reproductive function has been reported in recent years but many
underlying causes are still largely unknown. By generating a conditional Sertoli cell-specific
connexin 43 (Cx43) knockout mouse line (SCCx43KO), a translational mouse model was
created. Connexins are gap junction proteins which are involved in direct cell-cell
communication and interaction, cell differentiation and cell cycle regulation. Cx43 is known as
the predominant testicular gap junction protein and pubertal differentiation marker located
between Sertoli cells and germ cells as well as between adjacent Sertoli cells within the
seminiferous epithelium. Moreover, its expression is required for normal testicular
development and successful spermatogenesis. Alterations in its expression are associated with
several human testicular disorders, e.g., spermatogenic arrest at spermatogonial level,
Sertoli cell-only syndrome and the transition from preinvasive germ cell neoplasia in situ
(GCNIS) to seminoma. Adult SCCx43KO males are infertile and show, e.g., an arrested
spermatogenesis at the level of spermatogonia or a Sertoli cell-only syndrome similar to human
phenotypes. First obvious histomorphological differences are observable between eight- and
ten-day-old SCCx43KO and wild type mice, when germ cells of the latter enter meiotic
prophase I, while the vast majority of germ cells of SCCx43KO animals arrest at the
spermatogonial stage. Hence, molecular mechanisms and signaling pathways were studied in
eight-, ten- and twelve-day-old SCCx43KO mice compared to wild type littermates by
performing

next-generation

sequencing

(NGS).

Additionally,

qRT-PCR

and

immunohistochemistry were conducted to further investigate murine candidate genes and
validate NGS results at protein level. NGS revealed many significantly differentially expressed
genes in the prepubertal SCCx43KO mice. For example, germ cell-specific genes were mostly
downregulated and found to be involved in meiosis and spermatogonial differentiation
(e.g., Dmrtb1, Sohlh1). In contrast, Sertoli cell-specific genes implicated in Sertoli cell
maturation and proliferation were mostly upregulated (e.g., Amh, Fshr). Furthermore, gene
ontology (GO) analysis yielded 158 significant GO terms (e.g., “GO:0007141 male meiosis I”)
1
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for the comparison of all SCCx43KO with all wild type samples. Time specific comparison of
SCCx43KO with wild type samples revealed ten significant GO terms at all three time points.
Eight of these GO terms were found related to meiosis such as “GO:0007140 male meiotic
nuclear division” and “GO:0000795 synaptonemal complex”. In addition, pathway analysis
assigned significantly regulated genes to related pathways and highlighted for instance the
“gonadotropin-releasing

hormone

receptor

pathway”,

“Wnt

signaling

pathway”,

“CCKR signaling map” and “inflammation mediated by chemokine and cytokine signaling
pathway”. Taken together, Cx43 in Sertoli cells at days eight, ten and twelve post natum appears
to be required for the progression of the first wave of spermatogenesis, especially for the
transition between mitosis and meiosis in germ cells, and for proper regulated Sertoli cell
maturation. Besides, the murine candidate gene, Dmrtb1, was examined in corresponding
human deficiencies using testicular biopsy specimens as this gene was found to be the most
downregulated gene in eight-day-old SCCx43KO compared to wild type mice in a previous
microarray study and raw NGS data revealed a significant downregulation for Dmrtb1 in all
three investigated age groups of SCCx43KO mice. After cell count specific normalization of
NGS data, Dmrtb1 was identified as the fifth most significantly downregulated gene in
ten-day-old SCCx43KO animals in comparison with wild type littermates. According to its
functions in murine spermatogenesis, a relevant role for DMRTB1 was found regarding the
transition between mitosis and meiosis in human germ cells. Additionally, an altered DMRTB1
expression was observed in spermatogenic arrest at the level of spermatogonia, suggesting a
correlation with mitosis and transformation into B-spermatogonia. Furthermore, most GCNIS
cells and tumor cells lacked DMRTB1, implying a possible involvement in neoplastic cell
proliferation and progression into invasive testicular germ cell tumors (TGCTs). Thus, for the
first time, a murine candidate gene identified in the SCCx43KO mice was found to be critical
for normal spermatogenesis and spermatogenic disorders in men, thereby confirming the
SCCx43KO mouse line as a translational mouse model for studying male factor infertility and
identifying genes which might be associated with TGCT development. In this context, Sohlh1,
Sohlh2 and Ovol1, for example, seem to be potential candidate genes for future studies in men.
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Zusammenfassung
Erika Hilbold
Ermittlung molekularer Mechanismen der gestörten Spermatogenese in präpubertären
Mäusen mit Sertoli Zell-spezifischer Deletion des Connexin 43-Gens (SCCx43KO) und
Untersuchung des murinen Kandidatengens Dmrtb1 im menschlichen Hoden mit
normaler und gestörter Spermatogenese
In den letzten Jahren wird vermehrt über eine signifikante Abnahme der männlichen
Reproduktion berichtet, jedoch sind die zugrundeliegenden Ursachen größtenteils unbekannt.
Mittels der Generierung einer Mauslinie (SCCx43KO), die durch einen konditionalen
Knockout von Connexin 43 (Cx43) in Sertoli Zellen gekennzeichnet ist, entstand ein
translationales Mausmodell. Connexine sind Proteinuntereinheiten von Zell-Zell-Kanälen, die
bei Zusammenlagerung als Gap Junctions bezeichnet werden. Gap Junctions sind an der
direkten Zell-Zell Kommunikation und Interaktion, der Zelldifferenzierung und der
Regulierung des Zellzyklus beteiligt. Im Hoden ist Cx43 das dominierende Gap Junction
Protein und bekannt als pubertärer Differenzierungsmarker. Innerhalb des Keimepithels
kommen aus Cx43 aufgebaute Gap Junction Kanäle zwischen Sertoli Zellen und Keimzellen
sowie benachbarter Sertoli Zellen vor. Außerdem ist Cx43 absolut erforderlich für eine normale
Hodenentwicklung und eine erfolgreiche Spermatogenese. Expressionsveränderungen stehen
im Zusammenhang mit verschiedenen testikulären Störungen des Mannes, zum Beispiel mit
einem Spermatogenesearrest auf Höhe der Spermatogonien, einem Sertoli-cell-only Syndrom
oder dem Übergang von einer Keimzellneoplasie in situ (GCNIS) zu einem Seminom. Adulte,
männliche SCCx43KO Mäuse sind unfruchtbar und weisen unter anderem einen Arrest der
Spermatogenese auf Höhe der Spermatogonien oder ein Sertoli-cell-only Syndrom auf, die
vergleichbar mit dem humanen Phänotyp sind. Zwischen jungen SCCx43KO Mäusen und
Wildtyptieren sind erste offensichtliche, histomorphologische Unterschiede im Alter zwischen
acht und zehn Tagen erkennbar, wenn die Keimzellen der Wildtyptiere in die Prophase I der
Meiose eintreten, während die Keimzellen der SCCx43KO Mäuse auf Höhe der
Spermatogonien aufhören sich weiterzuentwickeln. Aus diesem Grund sind die molekularen
Mechanismen und mögliche Signalwege in acht, zehn und zwölf Tage alten Mäusen im
Vergleich zu ihren Wildtyp-Geschwistern mittels Next-Generation-Sequencing (NGS)
untersucht worden. Ergänzend wurden qRT-PCR und Immunhistochemie verwendet, um
3
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murine Kandidatengene weiter zu erforschen sowie die Ergebnisse aus der NGS-Analyse auf
Proteinebene zu validieren. Die NGS-Analyse ergab viele signifikant regulierte Gene in den
präpubertären

SCCx43KO

Mäusen

verglichen

mit

ihren

Wildtyp-Geschwistern.

Keimzell-spezifische Gene waren größtenteils herunterreguliert und an der Meiose beteiligt
oder stehen im Zusammenhang mit der Differenzierung von Spermatogonien (zum Beispiel
Dmrtb1 und Sohlh1). Im Gegensatz dazu waren die Sertoli Zell-spezifischen Gene, die in
Verbindung mit der Sertoli Zell-Reifung und -Proliferation stehen, vor allem hochreguliert
(zum Beispiel Amh und Fshr). Des Weiteren ist eine Gene-Ontology (GO)-Analyse
durchgeführt worden. Diese ergab beim Vergleich aller SCCx43KO Proben mit allen Wildtyp
Proben 158 signifikante GO terms (zum Beispiel „GO:0007141 male meiosis I“). Die
zeitspezifische GO-Analyse zeigte zehn GO terms auf, die in allen drei untersuchten
Altersgruppen signifikant waren. Acht dieser zehn GO terms stehen in Verbindung mit der
Meiose. Zu diesen zählen zum Beispiel „GO:0007140 male meiotic nuclear division“ und
„GO:0000795 synaptonemal complex“. Ergänzend ist eine Pathway-Analyse für die signifikant
veränderten Gene durchgeführt worden, um diese Gene Pathways zuzuordnen. Dabei sind der
„Gonadotropin-releasing hormone receptor pathway“, der „Wnt signaling pathway“,
„CCKR signaling map“ und der „inflammation mediated by chemokine and cytokine signaling
pathway“ hervorzuheben. Zusammengefasst erscheint Cx43 an den untersuchten Tagen
erforderlich für die Progression der ersten Spermatogenesewelle, insbesondere für den
Übergang zwischen der Mitose und Meiose, sowie für eine korrekte Sertoli Zell-Reifung zu
sein. Darüber hinaus ist Dmrtb1 mithilfe des Mausmodells als Kandidatengen zur
vergleichenden

Untersuchung

an

humanen

Hodenbiopsien

mit

unterschiedlichen

Spermatogenesestörungen identifiziert und nachfolgend untersucht worden. Dmrtb1 wurde aus
folgenden Gründen ausgewählt: In einer vorhergehenden Microarray-Studie war Dmrtb1 das
am stärksten signifikant herunterregulierte Gen in acht Tage alten SCCx43KO Mäusen im
Vergleich mit Wildtyp-Geschwistern und die NGS-Rohdaten der aktuellen Studie ergaben eine
signifikante Herunterregulierung für Dmrtb1 in allen drei untersuchten Altersstufen der
SCCx43KO Mäuse. Nach Zellzahl-spezifischer Normalisierung war Dmrtb1 schließlich das
fünft stärkste signifikant herunterregulierte Gen in zehn Tage alten SCCx43KO Mäusen
verglichen mit ihren Wildtyp-Geschwistern. Übereinstimmend mit seinen Funktionen für die
murine Spermatogenese, konnte eine relevante Rolle für DMRTB1 für den Übergang zwischen
Mitose und Meiose humaner, männlicher Keimzellen ermittelt werden. Zusätzlich ist bei der
Untersuchung von Spermatogenesearresten auf Höhe der Spermatogonien ein verändertes
Expressionsmuster von DMRTB1 festgestellt worden, das in Korrelation mit der Mitose und
4
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der Transformation in B-Spermatogonien zu stehen scheint. Des Weiteren fehlte DMRTB1 in
den meisten GCNIS- und Tumorzellen, was für eine mögliche Beteiligung an der
neoplastischen Zellproliferation und Progression zu invasiven Keimzelltumoren des Hodens
sprechen könnte. Somit konnte zum ersten Mal für ein murines Kandidatengen, das in den
SCCx43KO Mäusen identifiziert wurde, eine Rolle für die Spermatogenese und
Spermatogenesestörungen des Menschen nachgewiesen werden und dadurch das SCCx43KO
Mausmodell als translationales Mausmodell zur Erforschung der männlichen Unfruchtbarkeit
und der Ermittlung von Kandidatengenen, die auch mit der Entwicklung testikulärer
Keimzelltumoren in Verbindung gebracht werden können, bestätigt werden. In diesem
Zusammenhang erscheinen zum Beispiel Sohlh1, Sohlh2 und Ovol1 vielversprechende und
weitere Kandidatengene für zukünftige Studien mit humanen Biopsieproben zu sein.

5

General introduction

1 General introduction
1.1 Short overview
Involuntary childlessness is a worldwide problem in today’s society. Almost every sixth couple
is affected by infertility. The inability to conceive children is a heavy burden for couples, often
leading to a sense of incompleteness and failure, which could cause depression, arguments, and
broken relationships.
According to the World Health Organization (WHO), infertility is defined as “the failure to
achieve a clinical pregnancy after twelve months of regularly unprotected sexual intercourse”
(Zegers-Hochschild et al. 2009). From the 48.5 million couples globally affected by infertility,
approximately 39% are caused solely by infertile women, 20% are due to male factors, 26% are
linked to a combination of both male and female impediments, while the cause of the remaining
15% is unknown (Nieschlag 2009). Moreover, 30% of infertile men receive the diagnosis of
idiopathic infertility (Tüttelmann & Nieschlag 2010) which means that the underlying causes
remain unidentified.
Additionally, a rising incidence of testicular germ cell tumors (TGCTs) that occur most
commonly in young men has been reported worldwide in recent years (Chien et al. 2014;
Ghazarian et al. 2017; McGlynn et al. 2003; Trabert et al. 2015). This incidence varies in
different ethnicities and thereby is most pronounced in Scandinavian countries and less
prevalent in African and Asian countries (Chia et al. 2010; Ferlay et al. 2015; Trabert et al.
2015). Although testicular cancer makes up only 1% of all solid cancers in males diagnosed
with cancer, TGCTs account for up to 60% of all malignant cancers in young men (Looijenga
2009; Oosterhuis & Looijenga 2005) and in Europe, 12000 new cases of TGCT are diagnosed
every year (Looijenga et al. 2014).
Both pathologies, idiopathic infertility in men as well as TGCTs in young men, have been
associated with altered connexin 43 (Cx43) expression and synthesis (Brehm et al. 2002; Brehm
et al. 2006; Defamie et al. 2003; Steger et al. 1999b).
Connexins are gap junction proteins involved in direct cell-cell communication and interaction,
cell differentiation and cell cycle regulation (Willecke et al. 2002). Besides functions related to
gap junction intercellular communication (GJIC), several non-canonical functions of connexins
have been reported (Leithe et al. 2018). Especially Cx43 has been shown to affect cell growth
and differentiation independently of GJIC (Leithe et al. 2018). Furthermore, Cx43 is the
7

General introduction
predominant testicular gap junction protein and a pubertal differentiation marker (Batias et al.
2000; Brehm et al. 2002; Risley et al. 1992; Steger et al. 1999b) located between Sertoli cells
and germ cells, as well as between adjacent Sertoli cells within the seminiferous epithelium
(Batias et al. 1999; Batias et al. 2000; Bravo-Moreno et al. 2001; Juneja 2003; Juneja et al.
1999; Perez-Armendariz et al. 2001; Risley et al. 1992; Roscoe et al. 2001). Moreover, its
expression is an absolute requirement for normal testicular development and initiation of
spermatogenesis (Brehm et al. 2007; Sridharan et al. 2007).
By generating a conditional Sertoli cell-specific Cx43 knockout (SCCx43KO) mouse line
(Brehm et al. 2007; Sridharan et al. 2007), a translational mouse model of a deletion of Cx43
only in Sertoli cells has been created. Adult SCCx43KO males show, e.g., an arrest of
spermatogenesis at the level of spermatogonia or a Sertoli cell-only syndrome similar to human
phenotypes. As the first wave of spermatogenesis is inhibited in these knockout mice,
SCCx43KO males are infertile (Brehm et al. 2007; Sridharan et al. 2007). Thus, this mouse
model provides opportunities for further research regarding infertility. Although the occurrence
of testicular tumors has not yet been detected in SCCx43KO mice, this model may also be
useful to identify candidate genes involved in human testicular cancer pathogenesis.
A previous study (Giese et al. 2012) investigated the testes of eight-day-old SCCx43KO mice
in comparison with those of their wild type littermates by means of microarray analysis in order
to detect possible signaling pathways and molecular mechanisms leading to the testicular
phenotype in adult SCCx43KO mice and their failure to pass through the first wave of
spermatogenesis. In total, 658 significantly regulated genes were found in testes of SCCx43KO
mice. Of these candidate genes, 135 were upregulated, while 523 genes were downregulated
(Giese et al. 2012). Furthermore, the majority of the downregulated genes were
germ cell-specific and essential for mitotic and meiotic progression of spermatogenesis,
including Stra8, Dazl and members of the DM (doublesex and map-3) gene family such as
Dmrtb1 (also known as Dmrt6) (Giese et al. 2012). Dmrtb1 was found to be the most
downregulated gene in eight-day-old SCCx43KO mice compared to their wild type littermates
(Giese et al. 2012).
These data revealed that deletion of Cx43 in Sertoli cells leads to multiple alterations of gene
expression in prepubertal mice and primarily affects germ cells.
The present study aimed to further analyze the molecular mechanisms and possible signaling
pathway(s) by which deletion of Cx43 in prepubertal Sertoli cells prevents germ cell
proliferation and progression of spermatogenesis, resulting in the observed phenotype in the
8
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adult SCCx43KO mice performing next-generation sequencing (NGS). Additionally, the study
set out to investigate candidate genes from SCCx43KO mice in corresponding deficiencies
using human testicular biopsies. The candidate genes could be used as helpful and future
markers for investigators to explore human testicular biopsies from patients showing
corresponding spermatogenic disorders, and for studying the molecular mechanisms of
(idiopathic) human male sterility.
Thus, the first part of this thesis focused on examining eight-, ten- and twelve-day-old
SCCx43KO mice compared to their wild type littermates by means of NGS.
Results obtained for candidate genes identified by NGS were exemplary verified by quantitative
RT-PCR and at protein level using immunohistochemistry.
In the second part of this thesis, the murine candidate gene, Dmrtb1 was investigated in
corresponding human testicular biopsy specimens using RT-PCR and immunohistochemistry.
This study was conducted on the basis of microarray data (Giese et al. 2012) and raw NGS data
during analysis and verification of the transcriptome analysis. Dmrtb1 was selected as it was
identified in a previous microarray analysis as the most downregulated gene in eight-day-old
SCCx43KO mice (Giese et al. 2012). Additionally, raw NGS data revealed that Dmrtb1 was
significantly differentially expressed in eight-, ten- and twelve-day-old SCCx43KO mice.
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1.2 Male reproductive organs
The male reproductive system comprises external and internal organs. Penis, urethra and
scrotum belong to the external organs, whereas accessory sexual glands, testis, epididymis and
vas deferens are referred to as internal organs (Voß 2011). The adult male gonads are
represented by the testes and fulfil two main tasks: the production of male gametes and the
synthesis of male sexual hormones (androgens). These processes take place in two separate
compartments, the testicular parenchyma (seminiferous tubules, rete testis and ductuli
efferentes) and the testicular stroma (dense connective tissue, interstitial tissue including
Leydig cells, which synthesize androgens). All procedures involved in producing spermatozoa
are described as spermatogenesis (Weinbauer et al. 2010).

1.2.1 Histology of the testis
The testes occur as a pair of organs in humans, domestic mammals and rodents. Each testis is
oval shaped and surrounded by the tunica albuginea, a thick, white and fibrous capsule that is
covered by the visceral layer of the tunica vaginalis. From the tunica albuginea, partitions of
connective tissue (septula testis) extend to the inside of the organ and divide it into lobules
(lobuli testis) (Maximow & Bloom 1957). Each lobule comprises three or four convoluted
seminiferous tubules that are surrounded by the interstitial tissue (Knoblaugh & True 2012).
The convoluted seminiferous tubules segue into tubuli recti and lead to the rete testis, which is
located under the tunica albuginea in mice and should not be mistaken for atrophic seminiferous
tubules (Knoblaugh & True 2012). Next, a collecting chamber followed by efferent ductules
connect the testis with the epididymis (Knoblaugh & True 2012).
1.2.1.1 Interstitial tissue
The interstitial tissue consists of loose connective tissue, which fills the spaces between the
seminiferous tubules and encompasses blood and lymph vessels, thin collagenous fibers,
nerves, and other cell types such as fibroblasts, immune cells and above all, the testosterone
and insulin-like factor 3 (INSL3) producing interstitial cells (Leydig cells) (Liebich 2010;
Maximow & Bloom 1957; Weinbauer et al. 2010). Towards the seminiferous epithelium, the
loose connective tissue condenses to a Lamina limitans. This layer comprises contractile
myofibroblasts (stratum myoideum), collagenous fibers (stratum fibrosum) and the basement
membrane (stratum basalis) (Liebich 2010).
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1.2.1.2 Seminiferous epithelium
The adult seminiferous epithelium (Figure 1-1) is composed of germ cells at different
maturation stages as well as somatic Sertoli cells and it lines the seminiferous tubules
(Maximow & Bloom 1957). These are covered by a Lamina propria, which comprises a
basement membrane, a collagenous layer and myofibroblasts (peritubular myoid cells)
(Weinbauer et al. 2010). By contraction, peritubular myoid cells support the transport of mature
sperm towards the lumen of the seminiferous tubules (Weinbauer et al. 2010).

Figure 1-1: A schematic extract of a seminiferous tubule.
Shown are an adult Sertoli cell, germ cells at various maturation stages and different Sertoli cell
functions. Within the seminiferous epithelium, a distinction is made between a basal and an
adluminal compartment. Both are separated by the BTB which is necessary for undisturbed
spermatogenesis because from the stage of leptotene spermatocytes these germ cells appear to be
foreign for the immune system and would be attacked by immune cells.
N: Nucleus of the Sertoli cell, Sg: spermatogonium, pL: preleptotene spermatocyte, P: pachytene
spermatocyte, rsd: round spermatid, elsd: elongated spermatid, BM: basement membrane,
BTB: blood-testis-barrier, modified from Clermont 1993.

11

General introduction
1.2.1.2.1

Germ cells and spermatogenesis

Germ cells differentiate from primordial stem cells which embryonically migrate to the
germinal epithelium (Liebich 2010). Until puberty the germinal epithelium consists solely of
spermatogonia (and pre-Sertoli cells) (Brehm 2019). After puberty, these germ cells undergo
phases of proliferation and maturation, ending with the release of elongated spermatids into the
tubular lumen (Figure 1-2) (Liebich 2010). Thereby, the following developmental stages are
passed through: spermatogonia, primary spermatocytes, secondary spermatocytes, round
spermatids, elongated spermatids and spermatozoa (sperm). However, the sperm attain their
full maturity only during their migration through the internal male reproductive organs and
become capable of fertilization after capacitation in the female genital tract (Liebich 2010).

Figure 1-2: Histology of an adult human (A) and murine (B) seminiferous tubule.
In each case, a seminiferous tubule with normal spermatogenesis surrounded by interstitial tissue
is shown (hematoxylin-eosin staining). Composition of seminiferous tubules is basically
comparable between human and mouse. White arrows: spermatogonia, striped arrows:
spermatocytes, dotted arrows: round spermatids, black arrow heads: elongated spermatids, black
arrows: Sertoli cell nuclei, striped arrow heads: peritubular myoid cells, asterisk: Leydig cells,
scale bars: 20µm, numerical aperture: 0.50.

The term “spermatogenesis” describes the entire process of germ cell production starting with
spermatogonial stem cells and ending with mature sperms (Figure 1-3) (Bergmann 2005). The
whole process can be divided into four distinct phases: 1) mitotic proliferation and
differentiation of spermatogonia (diploid germ cells), 2) meiotic division of spermatocytes
(tetraploid) to spermatids (haploid), 3) transformation of spermatids into testicular sperm and
4) the sperm release into the tubular lumen (Bergmann 2005; Weinbauer et al. 2010). The first
12
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phase is also referred to as spermatogoniogenesis or together with the second phase as
spermatocytogenesis, the third one as spermiogenesis and the fourth as spermiation (Liebich
2010; Weinbauer et al. 2010). Furthermore, the first three phases take place within the germinal
epithelium (Bergmann 2005).
Mitotic proliferation and differentiation of spermatogonia:
The earliest generation of spermatogenic cells (following primordial germ cells and gonocytes)
is called spermatogonia. These cells are located near to the basement membrane of the
seminiferous tubule (basal compartment) and contain a double set of chromosomes as all other
cells of the body do (Bergmann 2005). Each chromosome (n) consists of a DNA double helix
(chromatid, C) (Bergmann 2005). Thus, spermatogonia are diploid (46xy, 2n2C) (Bergmann
2005). The spermatogonia themselves can be divided into types Apale, Adark and B by
morphological criteria (Bergmann 2005), whereby Adark-spermatogonia are considered to
present the spermatogonial stem cell pool (Ehmcke et al. 2006). Moreover, A- and B-type
spermatogonia are mitotically active and a part of Apale-spermatogonia differentiate into
B-spermatogonia (Bergmann 2005). B-spermatogonia, in turn shift towards the lumen of the
tubule and enter meiosis (Bergmann 2005). Furthermore, these cells are not completely
separated from each other. In fact, they are in contact via intercellular bridges which result from
incomplete cytokinesis after the final mitotic division (Bergmann 2005). In this manner clones
are formed and ensure a uniform germ cell maturation (Bergmann 2005).
Meiotic division of spermatocytes:
Directly before the beginning of the meiotic division, preleptotene primary spermatocytes arise
out of B-spermatogonia (Weinbauer et al. 2010). Then the DNA of preleptotene primary
spermatocytes is doubled (46xy, 2n4C) and marks the entry of meiosis (Bergmann 2005). This
is followed by primary spermatocytes passing through the different phases of meiosis (in the
adluminal compartment) and after the first meiotic division, two secondary spermatocytes
(46xy, 1n2C) are derived from one primary spermatocyte. In the second meiotic division, one
secondary spermatocyte divides without doubling of the DNA, resulting in two haploid germ
cells (23x or 23y, 1n1C) called spermatids (Bergmann 2005).
Transformation of spermatids into testicular sperm
The spermatids that occur initially are round in shape, mitotically inactive and undergo
a noteworthy and intricate transformation to become differentiated elongated spermatids and
sperm (Weinbauer et al. 2010). This transformation is characterized by the following processes:
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formation of 1) sperm head, 2) acrosome and 3) flagellum, as well as 4) expulsion of
superfluous cytoplasm (Bergmann 2005).

Figure 1-3: Schematic sequence of spermatogenesis.
Spermatogenesis starts with A-spermatogonia undergoing mitosis. Thereby, one daughter cell
preserves the reservoir of A-spermatogonia and the other becomes a B-spermatogonia. The latter
can undergo further mitosis and finally differentiate into primary spermatocytes. Subsequently,
these cells continue on with meiosis I to yield secondary spermatocytes, which go into meiosis II
and produce round spermatids. These cells undergo a transformation process to become elongated
spermatids and finally sperm (own scheme designed according to Bergmann 2005 and
Brehm 2019).
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1.2.1.2.2

Temporal appearance of spermatogenic cells in prepubertal mice

After birth, the murine seminiferous epithelium only contains Sertoli cells and gonocytes
(Bellve et al. 1977). Three days post natum (p.n.), first spermatogonia (type A) can be detected
(Vergouwen et al. 1991). Type B spermatogonia can be observed in eight-day-old mice for the
first time (Bellve et al. 1977). Next, the first primary spermatocytes (preleptotene stage of
meiotic prophase I) are detectable ten days p.n., whereas primary spermatocytes in the zygotene
stage are present at day twelve of development and an early pachytene stage is attained by
day 14 (Bellve et al. 1977). The late pachytene stage, however, is not observable until days
18-20 p.n. (Bellve et al. 1977). By day 20, secondary spermatocytes and round spermatids can
be found in increasing numbers (Bellve et al. 1977). At days 28-31 of development, elongated
spermatids can be detected and spermatogenesis is completed by day 35 (Vergouwen et al.
1993). Then the full number of germ cells are present in the seminiferous epithelium
(Vergouwen et al. 1993). From that time-point onwards, germ cells at different maturation
stages can be found in parallel during spermatogenesis. Nonetheless, always appearing in the
same sequential order, these are referred to as particular cellular associations and the temporal
sequence is known as spermatogenic cycle (Weinbauer et al. 2010). Moreover, the number of
these associations depends on the species (Weinbauer et al. 2010): in men, only a six-stage
system is used, whereas in mice, a distinction of twelve phases can be made and additionally
the development of spermatids in mature spermatozoa can be distinguished in 16 stages
(Oakberg 1956; Weinbauer et al. 2010).
1.2.1.2.3

Hormonal regulation of spermatogenesis

On the one hand, spermatogenesis is genetically controlled and on the other hand, it is
hormonally regulated (Figure 1-4) by the hypothalamic-pituitary axis with a negative feedback
mechanism (Brehm & Steger 2005; Weinbauer et al. 2010). The latter has been thoroughly
examined and the understanding thereof plays a decisive role in identifying diagnosing and
treating andrological problems (Weinbauer et al. 2010).
The hypothalamic gonadotropin releasing hormone (GnRH) controls the synthesis and
secretion of the pituitary gonadotropins, luteinizing hormone (LH) and follicle-stimulating
hormone (FSH). Thereby, LH stimulates the testosterone production in Leydig cells and its
secretion, whereas FSH encourages spermatogenesis by targeting Sertoli cells (De Kretser et
al. 2016).
In Sertoli cells, synthesis of the androgen-binding protein (ABP) as well as secretion of inhibin
and activin are induced by FSH (Brehm & Steger 2005). Binding to ABP enables testosterone
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to pass through Sertoli-Sertoli junctional complexes (BTB) (Brehm & Steger 2005).
Testosterone from Leydig cells itself binds either to the Androgen receptor (AR) of Sertoli cells,
leading to a stimulation of spermatogenesis, to the AR of peritubular myoid cells, resulting in
contraction of these cells and in the following to transportation of mature sperm or to the AR
of Leydig cells, thereby regulating its own synthesis (De Kretser et al. 2016; Weinbauer et al.
2010). Moreover, via negative feedback, testosterone suppresses the secretion of GnRH and
gonadotropins, whereas FSH release is selectively inhibited by the Sertoli cell product inhibin
(Weinbauer et al. 2010).

Figure 1-4: Hormonal regulation of spermatogenesis.
Shown is the control circuit of testicular hormonal regulation. Continuous line: positive impact,
dashed line: negative effect, ABP: androgen-binding hormone, GnRH: gonadotropin-releasing
hormone, FSH: follicle-stimulating hormone, LH: luteinizing hormone (Brehm & Steger 2005).
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1.2.1.2.4

Sertoli cells

In 1865, the young physiologist Enrico Sertoli published the first description of testicular
somatic cells in the seminiferous epithelium of human testis and called them “cellule
ramificata” (Bettendorf 1995). Subsequently these cells were named after him, the Sertoli cells.
Inter alia, Sertoli cells are characterized by prominent cytoplasmic projections and
ramifications, to which they owe their first name (Weinbauer et al. 2010). Furthermore, Sertoli
cells are located within the seminiferous epithelium and extend from the basement membrane
to the lumen of the seminiferous tubule, thereby surrounding a certain number of germ cells
completely (Figure 1-1), with the exception of basal stem cells (De Kretser et al. 2016;
Weinbauer et al. 2010). In doing so, they define the final sperm production and testicular
volume by taking up approximately 25-40% of the volume of the seminiferous epithelium in
adult testis (De Kretser et al. 2016; Weinbauer et al. 2010). The precise number of sperm per
Sertoli cell is species-dependent (Weinbauer et al. 2010). Moreover, each Sertoli cell is at its
base in contact with five to six neighboring Sertoli cells building the blood-testis barrier (BTB)
by means of the Sertoli-Sertoli junctional complex (tight, adherens and gap junctions) (Brehm
& Steger 2005; De Kretser et al. 2016). Thereby, the seminiferous epithelium is divided by the
BTB into a basal and adluminal compartment (Figure 1-1). Early-stage germ cells are situated
in the basal compartment and thus have unrestricted access to all substances circulating in the
blood and lymphatic fluid (Pelletier et al. 2020). In contrast, more mature germ cell stages are
strictly separated from the latter by localization in the adluminal compartment (Brehm 2019;
Pelletier et al. 2020). This distinction ensures successful prevention of detecting haploid and
antigenic germ cells by the immune system as well as offering the opportunity to create a special
milieu for the meiotic process and sperm development (Brehm 2019; Weinbauer et al. 2010).
As already indicated, Sertoli cells fulfill a variety of tasks. While fetal and neonatal Sertoli cells
are predominantly involved in the development of a functional testis and male sexual
differentiation (e.g., synthesizing anti-Müllerian hormone (AMH) to ensure regression of the
Müllerian ducts, reviewed in Josso et al. 2001), adult Sertoli cells assume support of germ cells
and hence are also known as “nurse cells” (Franca et al. 2016; Sharpe et al. 2003). In brief,
adult Sertoli cells 1) take up nutritional and supporting functions, 2) phagocyte degenerating
germ cells and residual bodies, 3) synthesize and secrete various proteins, 4) support and
coordinate intraepithelial movement of germ cells and sperm release into the tubular lumen
(spermiation), 5) secrete tubular fluid and finally 6) build the BTB (Liebich 2010).
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1.2.1.2.5

Proliferation and differentiation of Sertoli cells

It is supposed that events in fetal, neonatal or peripubertal life determine the final Sertoli cell
numbers in adults and hence also define the final sperm production in adult animals and men
(Orth et al. 1988; Russell & Peterson 1984; Sharpe 1994; Sharpe 1999; Sharpe et al. 2003).
In the fetal gonad, Sertoli cells are the first cells that differentiate from bipotential precursors
of the supporting lineage shortly after activation of Sry gene, thereby indicating development
into the testis for the first time (Nel-Themaat et al. 2011; Wilhelm et al. 2007). Up-regulation
of sex-determining genes such as Sox9 and Gata4 is the first indication of this male
differentiation (Barrionuevo et al. 2006; Bielinska et al. 2007; Chaboissier et al. 2004; Kent et
al. 1996; Ketola et al. 1999; Morais da Silva et al. 1996; Nel-Themaat et al. 2011; Sekido et al.
2004; Viger et al. 1998). In addition, immature Sertoli cells are assumed to act as organizers of
the male gonad, coordinating the differentiation of all other cell types (Wilhelm et al. 2007).
Overall, these cells are known to be responsible for 1) seminiferous cord formation,
2) preventing germ cells from entering meiosis and 3) differentiation and function of Leydig
cells (Mackay 2000). Furthermore, the AMH, one of the first proteins found to be secreted by
fetal Sertoli cells, ensures regression of female reproductive tract structures (Müllerian ducts)
and Amh transcripts have already been detected 12.5 days post coitum in fetal mouse testes
(Munsterberg & Lovell-Badge 1991; Tran & Josso 1982).
In general, Sertoli cell development is composed of two phases: proliferation and
differentiation. During the fetal period, rodent Sertoli cells begin to proliferate and by
days 12-21 p.n., this mitotic activity decreases, while Sertoli cell differentiation clearly
increases concomitantly (Griswold et al. 1977; Kluin et al. 1984; Steinberger & Steinberger
1971; Vergouwen et al. 1991; Wang et al. 1989). Sertoli cells undergo differentiation during
the onset of puberty, thereby experiencing a remarkable time period within their life by
developing from an undifferentiated pre-Sertoli cell into a differentiated and mature Sertoli cell
(Brehm & Steger 2005; Sridharan 2010).
In the fetus, pre-Sertoli cells form epithelial aggregates that build the testicular cords, the
prospective seminiferous tubules (Wilhelm et al. 2007). This phase of differentiation is
characterized by polarization of these cells and a changed expression of certain extracellular
matrix proteins (Wilhelm et al. 2007). Hence, pre-Sertoli cells are deemed as nonpolarized,
scattered somatic cells expressing Sry and/or Sox9, whereas Sertoli cells are polarized, located
in the testis cords and still express Sox9 (Wilhelm et al. 2007). During their further
development, Sertoli cells show an astonishing change in morphology and functions, and once
proliferation ceases, these cells probably never proliferate again under normal conditions
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(Brehm & Steger 2005; Kluin et al. 1984; Sharpe et al. 2003; Sridharan 2010; Vergouwen et al.
1991). Thus, Sertoli cells are still considered as terminally differentiated (post-mitotic) (Brehm
& Steger 2005; Kluin et al. 1984; Sharpe et al. 2003; Sridharan 2010; Vergouwen et al. 1991).
However, recent studies indicate that Sertoli cells are more in a “quiescent” maturation state
rather than terminally differentiated (Ahmed et al. 2009; Nalam et al. 2009; Rotgers et al. 2019;
Rotgers et al. 2014; Tarulli et al. 2006; Tarulli et al. 2012, see also Hilbold et al. 2020).
Nevertheless, nurse-like and supporting functions accomplished by adult Sertoli cells are an
immediate result of the postnatal maturation process, which, among others, includes the
development of extensive cytoplasmic processes between differentiating germ cells and of
specific cell organelles, the occurrence of numerous filaments and microtubules and especially
the formation of the BTB creating the two distinct compartments within the seminiferous
epithelium and supporting germ cell migration from the basal lamina towards the lumen of the
seminiferous tubule (Brehm & Steger 2005; Smith & Braun 2012).
As indicated above, a close interaction between Sertoli cells and germ cells takes place.
Therefore, maturing germ cells are supposed to be a possible inducer of the functional
maturation of Sertoli cells which is supported by the simultaneous appearance of the first
meiotic germ cells and the end of Sertoli cell proliferation (Brehm & Steger 2005; Sharpe et al.
2003; Weinbauer et al. 2010). However, initiation of meiosis is not solely responsible for
functional Sertoli cell maturation as it has been shown that absence of germ cells does not
compulsorily lead to a cessation of Sertoli cell maturation in animals and men (Brehm & Steger
2005; Sharpe et al. 2003). Nonetheless, loss of meiotic and post-meiotic germ cells results in
functional alterations of (mature) Sertoli cells, which show characteristics of immature cells or
dedifferentiation (Boujrad et al. 1995; Brehm et al. 2002; Brehm & Steger 2005; Guitton et al.
2000; Jégou & Sharpe 1993; Kliesch et al. 1998; Sharpe et al. 1993; Steger et al. 1996; Steger
et al. 1999a).

19

General introduction

1.2.2 Disorders in spermatogenesis
1.2.2.1 Spermatogenic arrest
An arrest of spermatogenesis describes interrupted germ cell maturation at the level of a specific
cell type. Accordingly, spermatogenic arrest can occur at the spermatogonial stage (Figure 1-5),
at the level of spermatocytes or at the stage of round spermatids. In men, it is most frequently
found at the level of primary spermatocytes (Martin-Du Pan & Campana 1993; Nieschlag et al.
2009).

Figure 1-5: Hematoxylin-eosin staining of a human (A) and murine (B) spermatogenic arrest at
spermatogonial level.
Seminiferous tubule showing an arrest of spermatogenesis at the level of spermatogonia (white
arrows). (B) derives from an adult SCCx43KO mouse. Black arrows highlight Sertoli cell nuclei.
Scale bars: 20µm, numerical aperture: 0.50.

Arrested spermatogenesis can primarily be caused by genetic factors or can be due to secondary
factors: the former represent chromosome anomalies in somatic cells (e.g., trisomy) or in germ
cells (for example, anomaly of synaptonemal complex) (Martin-Du Pan & Campana 1993). The
latter are iatrogenic causes, nutritional and metabolic factors, infections, endocrinopathies or
various testicular causes such as testicular torsion or cryptorchidism (Martin-Du Pan &
Campana 1993). However, men with non-obstructive azoospermia regularly show meiotic
arrest that is often described as idiopathic because no genetic or other origin can be found
(Behre et al. 2000-).
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With regard to the arrested spermatogenesis at spermatogonial level, this histopathological
appearance can be observed in the case of gonadotropin insufficiency or after germ cell damage
in consequence of radiotherapy or chemotherapy (Martin-Du Pan & Campana 1993). Moreover,
disappearance of Cx43 expression has been found in affected seminiferous tubules but in the
interstitial tissue this connexin was still present between Leydig cells (Defamie et al. 2003;
Steger et al. 1999b).
Depending on whether the spermatogenic arrest appears partial or total, patients show either
oligospermia or azoospermia (Martin-Du Pan & Campana 1993; Nieschlag et al. 2009). In the
case of a partial arrest of spermatogenesis, sperm production can be so limited that no
measurable level of sperm is found in the ejaculate but testicular sperm extraction (TESE) still
remains possible (Nieschlag et al. 2009). However, there is no known therapy for spermatogenic
arrest and the final diagnosis can only be made by testicular biopsy (Nieschlag et al. 2009).
As genes associated with spermatogenesis are known to be highly conserved between humans
and mice (Jamsai & O'bryan 2011; Tamowski et al. 2010), transgenic mouse lines are used to
investigate functions of specific genes and idiopathic infertility. For example, AR knockout
(ARKO) mice have been generated to elucidate androgen/testosterone functions in selective
tissues (Yeh et al. 2002). Among different alterations, ARKO mice have been shown to exhibit
for example an arrest of spermatogenesis at the level of pachytene spermatocytes (Yeh et al.
2002). Moreover, Cx43 expression in Sertoli cells has been found to be essential for successful
spermatogenesis (Brehm et al. 2007, see also Chapters 1.2.2.2 and 1.4). In consequence of loss
of Cx43 in Sertoli cells, SCCx43KO mice show, e.g., a spermatogenic arrest at the level of
spermatogonia comparable to the human testicular phenotype (Figure 1-5).
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1.2.2.2 Sertoli cell-only syndrome
The Sertoli cell-only syndrome or germ cell aplasia (Figure 1-6) was first described by
Del Castillo et al. in 1947 as a new testicular syndrome that is characterized by small testes and
sterility in otherwise normal-appearing men (Del Castillo et al. 1947). Testicular biopsies
revealed complete absence of the germinal epithelium but histologically unremarkable Sertoli
and Leydig cells (Del Castillo et al. 1947). Meanwhile, it is the most common cause of
non-obstructive azoospermia in men (Nieschlag et al. 2009).
A distinction is made between a total germ cell aplasia and a focal Sertoli cell-only syndrome:
the former has seminiferous tubules with a reduced diameter containing only Sertoli cells but
no germ cells in the whole testis (Behre et al. 2000-). The latter shows Sertoli cell-only tubules
but occasional foci with seminiferous tubules comprising germ cells to a various degree,
whereby these tubules often exhibit quantitatively and qualitatively limited spermatogenesis
(Silber et al. 1995).
Also in connection with Sertoli cell-only syndrome, absence of Cx43 in the seminiferous
epithelium has been observed, whereas it was still expressed in the interstitial tissue (Defamie
et al. 2003; Steger et al. 1999b). Therefore, it has been hypothesized that these Sertoli cells
show a stage of deficient differentiation and impaired communication by means of Cx43 gap
junctions (Defamie et al. 2003; Steger et al. 1999b).
Generally, testosterone production in Leydig cells is not impaired and, therefore, these men are
normally androgenized and germinal aplasia is often first diagnosed due to the failure to achieve
pregnancy (Behre et al. 2000-; Nieschlag et al. 2009).
Sertoli cell-only syndrome can occur as a consequence of testicular dislocation, viral infections,
anti-neoplastic therapy with radiation and/or chemotherapy or it is congenital, e.g., due to
microdeletions of the Y-chromosome (Behre et al. 2000-; Foresta et al. 1998; Nieschlag et al.
2009; Simoni et al. 2008).
A total or focal germ cell aplasia can only be diagnosed by testicular biopsy (Nieschlag et al.
2009). Careful examination of multiple testicular biopsies of both testes is necessary to make
the final diagnosis of a total (or focal) germ cell aplasia (Bergmann & Kliesch 2009; Nieschlag
et al. 2009).
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Figure 1-6: Hematoxylin-eosin staining of a human (A) and murine (B) seminiferous tubule with
Sertoli cell-only syndrome.
Seminiferous tubules contain only Sertoli cells (nuclei marked by black arrows). In humans, the
lamina propria and basal lamina appear to be thickened (A, arrow head). In adult SCCx43KO
mice, additional Sertoli cell clusters (white arrow) are often observable. SCCx43KO: Sertoli cellspecific connexin 43 knockout, scale bars: 20µm, numerical aperture: 0.75 (A) or 0.50 (B).

Men with a complete Sertoli cell-only syndrome always show azoospermia and at present, no
therapy is available (Behre et al. 2000-; Nieschlag et al. 2009). However, patients with a focal
germ cell aplasia can also exhibit azoospermia or oligoasthenoteratozoospermia to a varying
degree (Nieschlag et al. 2009). For these latter cases, assisted reproductive techniques (ART),
e.g., intracytoplasmic sperm injection (ICSI), after TESE might be successful to father children
(Nieschlag et al. 2009).
The Sertoli cell-only syndrome can also be found in some transgenic mouse lines, including
SCCx43KO mice. Due to Cx43 deletion in Sertoli cells, these adult mice also show Sertoli cellonly tubules (Figure 1-6; see also Chapter 1.4). In contrast to human Sertoli cell-only tubules,
intratubular Sertoli cell clusters can often be observed in adult/older mutants.
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1.2.2.3 Germ cell neoplasia in situ
Germ cell neoplasia in situ (GCNIS) is deemed as non-invasive precursor of human type II
TGCTs (malignant seminoma and non-seminoma) (Skakkebæk 1972; Skakkebaek et al. 1987).
Since the fourth edition of the WHO classification of urogenital tumors, former terms such as
carcinoma in situ (CIS), intratubular germ cell neoplasia unclassified (ITGNU) as well as
testicular intraepithelial neoplasia (TIN) and gonocytoma in situ have been replaced by GCNIS
(Moch et al. 2016) as they all have in common that the same lesion is meant, namely the
occurrence of cells with a typical morphology (Figure 1-7), the GCNIS cells, in seminiferous
tubules.
Niels E. Skakkebæk described “atypical germ cells” in “abnormal seminiferous tubules” and
suspected a CIS in infertile men for the first time in 1972 (Skakkebæk 1972). These cells
appeared as large cells with large irregular nuclei and clear cytoplasm in single rows along the
basement membrane (Skakkebæk 1972). Furthermore, the diameter of these “abnormal
seminiferous tubules” showed a reduction of approximately 25% (Skakkebæk 1972).
Moreover, due to morphological similarities, shared common characteristics in gene expression
patterns and proteomics, it now seems to be confirmed that GCNIS cells originate from fetal
germ cells which have failed to differentiate at the stage of primordial germ cells or gonocytes
(Almstrup et al. 2004; Looijenga 2009; Looijenga et al. 2011; Rajpert-De Meyts 2006; RajpertDe Meyts et al. 2016b; Skakkebaek et al. 1987; Sonne et al. 2009).
Until puberty GCNIS cells persist in the seminiferous tubules, but as soon as hormone
production changes and meiosis is triggered, they begin to proliferate and develop into invasive
TGCTs with a risk of 70% in seven years up to 100% in ten years (Giwercman et al. 1991;
Jorgensen et al. 1990; Oosterhuis & Looijenga 2005; Rajpert-De Meyts 2006).
In GCNIS tubules, an altered expression pattern of Cx43 was detected that could be associated
with the transition of preinvasive GCNIS into invasive TGCTs (Brehm et al. 2002; Brehm et
al. 2006).
At present, preinvasive GCNIS is rarely detected because it is mainly asymptomatic and it can
only be diagnosed reliably by testicular biopsy (Rajpert-De Meyts et al. 2016a; Spiller &
Bowles 2017). Thus, clinical diagnosis at this early stage is rare and happens primarily in men
with fertility problems (Rajpert-De Meyts et al. 2016a; Spiller & Bowles 2017). Usually
diagnosis is made after germ cell tumor transformation (Spiller & Bowles 2017). As in patients
with a testicular tumor GCNIS is present in the contralateral testis in 5-8% of cases, it is
generally recommended to perform a testicular biopsy simultaneously with the orchidectomy
of the tumorous one (Rajpert-De Meyts et al. 2016a).
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Figure 1-7: Hematoxylin-eosin staining of human germ cell neoplasia in situ (GCNIS).
Seminiferous tubules only contain GCNIS cells (black arrows) as well as Sertoli cells (nuclei
marked by white arrows), and have a small diameter. GCNIS cells are large cells, typically located
in a single row along the basement membrane, have large and irregular nuclei as well as a clear
cytoplasm. Scale bar: 100µm, numerical aperture: 0.50.

In view of the relatively young age of the affected men (malignant germ cell tumors are the
most common malignant tumor in men at the age of 25-40 (Nieschlag et al. 2009)), it would be
highly desirable to identify and treat GCNIS before development into invasive tumors and, thus
to reduce long-term side effects of treatment (Spiller & Bowles 2017). Currently, the most
promising approaches of detecting GCNIS non-invasively are the presence of certain
micro-RNAs, especially miR-302, miR-367, miR-371-3, which are greatly expressed in
GCNIS, in blood serum or the occurrence of the cell surface receptor TDGF-1 (CRIPTO) in
blood serum of patients with GCNIS or diverse tumor subtypes (Dieckmann et al. 2012;
Rijlaarsdam et al. 2015; Spiller et al. 2016).
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1.2.2.4 Seminoma
In most cases of testicular cancer (approximately 95%), the neoplasia originates from germ
cells and the majority of these tumors are found in young men (Rajpert-De Meyts et al. 2016a).
Moreover, these tumors can be divided into TGCTs derived from GCNIS and into TGCTs
unrelated to GCNIS, whereby seminoma belong to the first category (Moch et al. 2016) and
represent almost half of all testicular tumors (Bosl & Motzer 1997). Seminoma cells resemble
GCNIS cells (Figure 1-8), which in turn appear very similar to fetal gonocytes (Rajpert-De
Meyts et al. 2000-). These cells proliferate homogenously, thereby retaining features of the
germinal lineage (Rajpert-De Meyts et al. 2000-). Additionally, they share a common gene
expression profile with GCNIS cells and fetal gonocytes (Rajpert-De Meyts et al. 2000-).

Figure 1-8: Hematoxylin-eosin staining of human seminoma.
Tumor cells morphologically resemble germ cell neoplasia in situ (GCNIS) cells.
Scale bar: 100µm, numerical aperture: 0.50.

Furthermore, in seminoma cells, a complete loss of Cx43 membrane expression has been
observed, implying that Cx43 plays a role in the progression phase from preinvasive GCNIS to
invasive TGCTs (Brehm et al. 2006; Roger et al. 2004). Also a failure of intercellular
communication via functional Cx43 gap junctions might be possible (Brehm et al. 2006; Roger
et al. 2004).
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TGCTs are usually detected as a unilateral testicular mass that is painless (Rajpert-De Meyts et
al. 2016b). However, in 30% of cases, patients suffered from pain and the most common
misdiagnosis is an epididymitis or an orchitis (Nieschlag et al. 2009). Diagnosis is made by
palpation and ultrasonography (Nieschlag et al. 2009). Biochemical serum tumor markers,
e.g., alpha fetoprotein, human chorionic gonadotropin or lactate dehydrogenase (LDH), in
blood samples play a further role in diagnosing and monitoring TGCTs (Rajpert-De Meyts et
al. 2016a). LDH is used as marker for seminoma (Rajpert-De Meyts et al. 2016a). Other
markers such as placental-like alkaline phosphatase (PLAP) are also found in serum but have
not been used in routine clinical practice (Rajpert-De Meyts et al. 2016a).
As first treatment, the affected testicle is radically removed and the surgical orchiectomy
specimen has to be histopathologically examined (Rajpert-De Meyts et al. 2016b). Next,
clinical staging and risk stratification have to be performed (Rajpert-De Meyts et al. 2016b).
Depending on the final diagnosis, postsurgical management comprises surveillance,
radiotherapy and systemic chemotherapy (Rajpert-De Meyts et al. 2016a). In general, TGCTs
are highly curable (Rajpert-De Meyts et al. 2000-). Thus, more than 80% of patients achieve
a sustained complete remission (Rajpert-De Meyts et al. 2000-). Nevertheless, long-term effects
have to be taken into account, especially regarding reproductive health and fertility. It is
therefore recommended to offer cryopreservation to men who are considering having children
(Nieschlag et al. 2009).
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1.3 Connexins, gap junctions and intercellular communication
Gap junctions are clusters of intercellular channels that enable adjoining cells to communicate
directly with each other by direct transfer of small molecules (≤ 1kDa) and ions (Bruzzone et
al. 1996a; Goodenough et al. 1996; Goodenough & Paul 2009; Kumar & Gilula 1996). This
cytosolic exchange, also referred to as GJIC, plays a crucial role in the regulation of cell growth
and differentiation as well as in the maintenance of tissue homeostasis (Aasen et al. 2016).
Each intercellular channel is composed of two hemichannels, the connexons (Figure 1-9),
which in each case are contributed by the two adjacent cells and thus directly connect the
cytoplasm of one cell to another by head-to-head docking (Bruzzone et al. 1996a; Goodenough
et al. 1996). Each connexon in turn consists of six structural proteins, the connexins, which can
be of the same type or made-up of different connexins (Bruzzone et al. 1996a; Kumar & Gilula
1996). A connexin is a four transmembrane domain protein with two extracellular loops,
a cytoplasmic loop and an intracellular N- and C-terminal (Goodenough et al. 1996).
The nomenclature of connexins is derived from the abbreviation “Cx” for connexin, followed
by the number of the respective molecular mass of the predicted polypeptide in kilodaltons
(Beyer et al. 1987). Additionally, the distance between the outer leaflets of the cell membranes
of neighboring cells is about 20nm (Bruzzone et al. 1996b). However, in the area of the
intercellular channels, it is minimized to approximately 2nm, appearing as a “gap” and therefore
these junctions are called gap junctions (Bruzzone et al. 1996b; Goodenough & Paul 2009).
Moreover, gene names of genes coding for connexins start with “GJ” for gap junction (Beyer
& Berthoud 2018). In humans, twenty-one of these genes have been identified and in mice, the
connexin gene family has consisted of twenty members since 2004 (Söhl & Willecke 2004).
Expression of different connexins depends on the species, tissue and tissue differentiation
(Risley et al. 1992; Söhl & Willecke 2004; Willecke et al. 2002). Thus, some connexins can be
used as differentiation markers or have potential as prognostic markers in several cancer types
(Aasen et al. 2019; Butterweck et al. 1994; Sirnes et al. 2015).
Besides their functions as channels, connexin proteins also have channel-independent functions
such as interacting with cytoplasmic signaling molecules, connexin-linked sequestering of
transcription factors, migration of their C-terminal to the nucleus and cell adhesion functions
(reviewed in Leybaert et al. 2017). For example, domains of the Cx43 C-terminal end can be
involved in protein interactions that allow crosstalk between Cx43 and cytoskeletal and/or
regulatory proteins (Leithe et al. 2018).
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Figure 1-9: Gap junctions.
The protein structure of a connexin is schematically shown. It is a four-transmembrane protein.
Six connexins form a connexon, also known as hemichannel (A). Two connexons, one from each
neighboring cell, build an intercellular channel (= gap junction channel). These channels are
named differently depending on the connexin and connexon composition (B). Intercellular
channels enable direct communication (signaling molecules ≤ 1kDa, ions) between adjoining cells
(C). Many cell-to-cell channels together form a gap junction plaque and each channel can close
and open independently from the other channels (D), modified from Mathias et al. 2010;
Mutagenetix (Tm) et al.; Wong last updated 23rd May 2019.

With regard to the human and murine testis, Cx43 expression has been demonstrated in
peritubular myoid cells, in Leydig cells and in the seminiferous epithelium between adjoining
Sertoli cells as well as between germ cells and Sertoli cells (Batias et al. 2000; Bravo-Moreno
et al. 2001; Risley et al. 1992). Hence, as the predominant testicular gap junction protein, Cx43
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particularly plays an important role in testicular development, germ cell and Sertoli cell
differentiation as well as in spermatogenesis (Batias et al. 2000; Bravo-Moreno et al. 2001;
Brehm et al. 2002; Brehm et al. 2007; Decrouy et al. 2004; Gerber et al. 2014; Giese et al. 2012;
Hollenbach et al. 2018; Noelke et al. 2015; Risley et al. 1992; Rode et al. 2018; Sridharan et
al. 2007; Weider et al. 2011a; Weider et al. 2011b). Additionally, the following connexin
proteins have also been identified in rodent testis so far: Cx26, Cx30.2, Cx31, Cx32, Cx33,
Cx36, Cx37, Cx45, Cx46 and Cx50 (Kidder & Cyr 2016; Pelletier et al. 2015; Pointis et al.
2010; Risley et al. 1992; Tan et al. 1996).
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1.4 Sertoli cell-specific knockout of Cx43
To investigate the role of Cx43, initially a general Cx43 knockout mouse model was generated
(Reaume et al. 1995). However, total disruption of the Cx43 gene leads to perinatal death due
to heart malformation and consequently these knockout mice were not suitable for examining
spermatogenesis (Reaume et al. 1995). Remarkably, already at birth it was observed that mutant
mice of both sexes had unusually small gonads and severely reduced germ cell numbers (Juneja
et al. 1999).
Additionally, three knockin mouse lines were generated to examine unique and shared functions
of Cx43 (Plum et al. 2000; Winterhager et al. 2007). For this purpose, Gja1 was replaced by
the coding sequence of Cx32 and Cx40 (Plum et al. 2000) or Cx26 (Winterhager et al. 2007).
The offspring of all three transgenic mouse lines were viable but showed (1) cardiac anomalies
at varying degrees and (2) impaired spermatogenesis, resulting in sterile mutant males,
indicating on the one hand, some shared functions of these connexins concerning vital functions
and, on the other hand, uniqueness of Cx43 regarding fertility (Plum et al. 2000; Winterhager
et al. 2007). Thus, a conditional SCCx43KO mouse line was generated using the Cre-LoxP
recombination system (Figure 1-10) (Brehm et al. 2007; Sridharan et al. 2007).
In general, for using the Cre-LoxP recombination system, two transgenic mouse lines are
crossbred. One mouse line contains the Cre recombinase, a 38-kDa protein from bacteriophage
P1 (Van Duyne 2001), which is coupled to a cell type specific promoter. In the other mouse
line, the target gene is flanked by loxP sites (locus of crossing over P1). Each loxP site
comprises 34 base pairs (bp), more precisely two palindromic sequences (13bp) and an
8bp core region (Hamilton & Abremski 1984; Hoess et al. 1982). The Cre enzyme cleaves and
exchanges DNA between two loxP sites. Hence, it is possible to cut out a specific gene when
this gene is surrounded by loxP sites. Furthermore, due to coupling of the Cre recombinase to
a cell type specific promotor, the target gene can only be excised in a specific cell type,
a specific tissue or at a specific time frame (Hamilton & Abremski 1984; Hoess et al. 1982; Kos
2004; Nagy 2000).
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Figure 1-10: Cre-LoxP recombination system.
The principle of the Cre-LoxP recombination system is based on crossing two transgenic mouse
lines. One mouse line contains the Cre enzyme (coupled on a cell type specific promotor) which
identifies loxP sites and exchanges the DNA between two of these. The other mouse line comprises
the target gene surrounded by loxP sites. In this special cell type of the homozygous offspring, the
target gene is excised, whereas in all other cell types, the target gene still remains unchanged
(Wang 2004).

In the actual case of the SCCx43KO mouse model (Brehm et al. 2007; Sridharan et al. 2007),
Amh was used as Sertoli cell-specific promotor and thus AMH-Cre mice (Lecureuil et al. 2002)
were crossed with Cx43flox-LacZ mice (Theis et al. 2001; Theis et al. 2000). The latter
transgenic mouse line contains the target gene Gja1 that encodes for Cx43 surrounded by loxP
sites. Under the control of the Amh promotor (active from 12.5 days post coitum),
Cre recombinase excises Gja1 in Sertoli cells. Additionally, a silent LacZ-reporter gene is
integrated (coding for β-galactosidase) subsequent to the flanked Gja1 and it is only activated
after deletion of the target gene (Theis et al. 2001; Theis et al. 2000). Therefore, β-galactosidase
is only expressed in Sertoli cells lacking Cx43 and can be used to validate successful Gja1 gene
deletion (Figure 1-11).
Mating of these two transgenic mouse lines leads to wild type, heterozygous and homozygous
offspring. In contrast to their heterozygous littermates, homozygous SCCx43KO males are
infertile. Female offspring, heterozygous as well as homozygous, however, are fertile (Brehm
et al. 2007; Sridharan et al. 2007). Therefore, female, homozygous SCCx43KO mice can be
used for breeding.
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Figure 1-11: Representative β-galactosidase immunohistochemistry in a ten-day-old SCCx43KO
(A) and WT (B) mouse.
Observed β-galactosidase expression in Sertoli cells of a SCCx43KO mouse confirmed successful
Gja1 deletion (A). Arrows highlight immunonegative germ cells. Sertoli cells (and germ cells) of a
WT mouse were immunonegative (B).
SCCx43KO: Sertoli cell-specific connexin 43 knockout, WT: wild type, Scale bars: 50µm,
numerical aperture: 0.75 (A+B).

Macroscopically, the external genitalia as well as epididymes, ductus deferentes, coagulating
glands (also known as anterior lobes of the paired prostate (Valkenburg & Williams 2011)),
seminal vesicles and prostate of heterozygous and homozygous SCCx43KO males do not show
obvious abnormalities (Brehm et al. 2007). However, testes of homozygous SCCx43KO mice
are significantly smaller and weigh considerably less but testes are located in exactly the same
place (normal testis descent) compared with their wild type and heterozygous SCCx43KO
littermates (Figure 1-12) (Brehm et al. 2007; Sridharan et al. 2007).
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Figure 1-12: Macroscopical phenotype of urogenital tracts of adult WT (A), heterozygous (B) and
homozygous (C) SCCx43KO littermates.
Adult homozygous SCCx43KO mice (C) have much smaller testes compared to their heterozygous
(B) or WT littermates (A).
SCCx43KO: Sertoli cell-specific connexin 43 knockout, WT: wild type, t: testis, e: epididymis,
dd: ductus deferens, sv: seminal vesicles. Scale bars: 1 cm, modified from Brehm et al. 2007.
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spermatogenesis in wild type and heterozygous SCCx43KO mice, whereas homozygous
SCCx43KO males show to a great extent (95%) arrested seminiferous tubules at spermatogonial
level or Sertoli cell-only syndrome, vacuolated tubules and intratubular cell clusters (Figure
1-13) (Brehm et al. 2007). Interestingly, in the remaining 5% of seminiferous tubules in adult,
homozygous SCCx43KO mice, qualitatively intact spermatogenesis with elongated spermatids
can be observed (Brehm et al. 2007). It is unknown why this residual spermatogenesis is
possible because neither a defective deletion of Gja1 nor a compensation of Cx43 by another
connexin has so far been found. Moreover, Sertoli cell numbers per seminiferous tubule are
increased and the numbers of spermatogonia per tubule are decreased in adult homozygous
SCCx43KO mice (Brehm et al. 2007; Sridharan et al. 2007).
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Figure 1-13: Hematoxylin-eosin staining of a seminiferous tubule of adult WT (A), heterozygous
(B) and homozygous (C) SCCx43KO mice.
Seminiferous tubules of adult WT (A), heterozygous (B) and homozygous (C) SCCx43KO mice
are shown in comparison. WT mice (A), heterozygous (B) SCCx43KO mice revealed normal
spermatogenesis. Adult homozygous SCCx43KO (C) exhibited impaired spermatogenesis in the
form of Sertoli cell-only tubules (C) or spermatogenic arrest at spermatogonial level (not shown).
SCCx43KO: Sertoli cell-specific connexin 43 knockout, WT: wild type, scale bars: 50µm, modified
from Weider et al. 2011a.

Remarkably, Sertoli cells still seem to proliferate in adult homozygous SCCx43KO males
(Sridharan et al. 2007) in contrast to Sertoli cells in wild type mice that normally cease to
proliferate approximately two weeks after birth (Vergouwen et al. 1991). Besides, adult Sertoli
cells in homozygous SCCx43KO mice show a typical adult morphology and express mature
markers implying an intermediate phenotype that possess characteristics of both
undifferentiated and differentiated Sertoli cells (Weider et al. 2011b).
In addition, significantly increased Leydig cell numbers are found in adult homozygous
SCCx43KO males compared with wild type mice (Noelke et al. 2015). Interestingly, Cx43
protein expression is almost absent in Leydig cells in adult homozygous SCCx43KO mice that
is consistent with reduced Cx43 mRNA detection even though Gja1 is only excised in Sertoli
cells (Noelke et al. 2015). However, steroid synthesis seems to be unaffected (Noelke et al.
2015).
To detect possible signaling pathways and molecular mechanisms leading to the testicular
phenotype in adult SCCx43KO mice and their failure to pass through the first wave of
spermatogenesis, a microarray analysis was conducted with eight-day-old homozygous
SCCx43KO mice and wild type littermates (Giese et al. 2012). At this age, type B
spermatogonia appear for the first time (Bellve et al. 1977) and testicular histology does in fact
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indicate first differences between homozygous SCCx43KO mice and their wild type littermates
(Figure 1-14).

Figure 1-14: Hematoxylin-eosin staining
SCCx43KO and WT littermates.

of

seminiferous

cords/tubules

of

homozygous

Comparison of homozygous SCCx43KO mice (top row) with wild type littermates (bottom row)
revealed an reduced germ cell number (germ cells marked by white arrows) already in
eight-day-old SCCx43KO mice (A, D) and no more mature germ cells as spermatogonia (B),
whereas in wild type mice, first primary spermatocytes (black arrows) (E) were detectable ten
days pn. At the age of twelve days, the differences were even more obvious between these two
genotypes (C, F). Striped arrows (E) highlight mitotic figures.
KO: knockout, pn: post natum, SCCx43KO: Sertoli cell-specific connexin 43 knockout,
WT: wild type, scale bars: 50µm, numerical aperture 0.75.

Already at this stage (eight days p.n.), germ cell numbers are significantly reduced and a total
of 658 significantly regulated genes were found in homozygous mutants (Giese et al. 2012). Of
these genes, 135 were upregulated and 523 downregulated, whereby the majority of
downregulated genes were germ cell-specific and crucial for mitotic and meiotic progression
of spermatogenesis (Giese et al. 2012).
Recently, prepubertal, postpubertal and adult SCCx43KO mice have been investigated in order
to characterize observed spermatogonia types (Rode et al. 2018). During puberty, mainly
undifferentiated spermatogonia, few differentiating spermatogonia and very few early
spermatocytes (rapidly cleared by apoptosis) have been detected (Rode et al. 2018). Residual
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germ cells in adult SCCx43KO mice have so far been identified as undifferentiated
spermatogonia (Rode et al. 2018).
Additionally, the composition and dynamics of the BTB in SCCx43KO mice have been
investigated (Carette et al. 2010; Gerber et al. 2014; Hollenbach et al. 2018). Carette and
colleagues have demonstrated a persistent integrity of the BTB and a channel-dependent control
of tight and adherens junctions by Cx43 in adult SCCx43KO mice (Carette et al. 2010). In
addition, spatio-temporal alterations in occludin mRNA- and protein-expression have been
detected in consequence of Cx43 loss in Sertoli cells implying that Cx43 might regulate BTB
formation (Gerber et al. 2014).
In a recent study, absence of tight junction proteins claudin-3 and claudin-5 in the seminiferous
epithelium of SCCx43KO mice has been reported, while claudin-11 protein has been found
cytoplasmically increased suggesting an impairment of BTB dynamics in SCCx43KO mice
(Hollenbach et al. 2018). Furthermore, it has been shown that an intact BTB is formed in
adolescent SCCx43KO mice during puberty but this formation appeared to be accelerated in
comparison to wild type animals (Hollenbach et al. 2018).
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1.5 Objectives of the current PhD project
Reduced or absent expression of Cx43 has been associated with disorders of human
spermatogenesis and GCNIS as well as TGCTs (Brehm et al. 2002; Brehm et al. 2006; Defamie
et al. 2003; Steger et al. 1999b). It still remains unclear what exact role(s) Cx43 plays in these
instances.
The transgenic SCCx43KO mouse model offers the opportunity to study effects of absent Cx43
in murine Sertoli cells. As shown in the aforementioned studies, Cx43 deletion in murine Sertoli
cells has great impact on spermatogenesis. However, it is not yet clarified precisely how Cx43
loss in Sertoli cells leads to spermatogenic impairment. Thus, the first part of the current PhD
project was conducted to further elucidate the molecular mechanisms by which deletion of
Cx43 in murine Sertoli cells prevents normal spermatogenesis. The following questions shall
be addressed:
•

Are the results of the previous microarray study (Giese et al. 2012) investigating
eight-day-old SCCx43KO and wild type mice comparable to the present study
using NGS?

•

What effect has the absence of Cx43 in Sertoli cells on the testicular gene
expression in ten- and twelve-day-old SCCx43KO mice?

•

What signaling pathways are affected by Sertoli cell-specific Cx43 deletion in
prepubertal SCCx43KO mice?

•

Which molecular functions, biological processes, cellular components and
protein classes are mainly influenced by Cx43 loss in prepubertal SCCx43KO
mice?

•

What murine genes might be possible and promising candidate genes for future
studies exploring (idiopathic) human male sterility?

For this purpose, eight-, ten- and twelve-day-old SCCx43KO mice and their wild type
littermates were investigated using NGS, qRT-PCR and immunohistochemistry.
The second part of this PhD project focused on examining the murine candidate gene Dmrtb1
in human testis showing normal and impaired spermatogenesis addressing following questions:
•

Does DMRTB1 protein show a comparable expression pattern in normal human
spermatogenesis as in murine spermatogenesis?
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•

Are there alterations in DMRTB1 protein expression in the context of impaired
human spermatogenesis, GCNIS and TGCTs?

For this study, human testicular biopsy specimens were investigated using
immunohistochemistry. This method was complemented by means of RT-PCR.
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2.1 Abstract
Male factor infertility is a problem in today’s society but many underlying causes are still
unknown. The generation of a conditional Sertoli cell (SC)-specific connexin 43 (Cx43)
knockout mouse line (SCCx43KO) has provided a translational model. Expression of the gap
junction protein Cx43 between adjacent SCs as well as between SCs and germ cells (GCs) is
known to be essential for the initiation and maintenance of spermatogenesis in different species
and men. Adult SCCx43KO males show altered spermatogenesis and are infertile. Thus, the
present study aims to identify molecular mechanisms leading to testicular alterations in
prepubertal SCCx43KO mice. Transcriptome analysis of 8-, 10- and 12-day-old mice was
performed by next-generation sequencing (NGS). Additionally, candidate genes were examined
by qRT-PCR and immunohistochemistry. NGS revealed many significantly differentially
expressed genes in the SCCx43KO mice. For example, GC-specific genes were mostly
downregulated and found to be involved in meiosis and spermatogonial differentiation (e.g.,
Dmrtb1, Sohlh1). In contrast, SC-specific genes implicated in SC maturation and proliferation
were mostly upregulated (e.g., Amh, Fshr). In conclusion, Cx43 in SCs appears to be required
for normal progression of the first wave of spermatogenesis, especially for the mitosis-meiosis
switch, and also for the regulation of prepubertal SC maturation.
Keywords: Cx43; impaired spermatogenesis; mitosis-meiosis switch; Sertoli cell maturation;
NGS
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3.1 Abstract
Background: The transcription factor DMRTB1 plays a pivotal role in coordinating the
transition between mitosis and meiosis in murine germ cells. No reliable data are available for
human testis.
Objectives: The present study aims to examine the testicular expression pattern of DMRTB1
in men showing normal and impaired spermatogenesis.
Material and methods: Immunohistochemistry was performed using 54 human testicular
biopsy specimens and a commercial rabbit polyclonal Anti-DMRTB1 primary antibody.
RT-PCR complemented immunohistochemistry. To further characterize immunopositive cells
and possible co-localization, the proliferation marker Ki-67, the tumor marker PLAP and an
Anti-DMRT1 antibody were used.
Results: In men with normal spermatogenesis, a strong immunoreactivity was detectable in a
subset of spermatogonia (38.34 ± 2.14%). Some spermatocytes showed a weak
immunostaining. Adjacent Sertoli cells were immunonegative. Compared with a
hematoxylin-eosin overview staining, these immunopositive cells were almost exclusively
identified as Apale- and B-spermatogonia and primary spermatocytes in (pre-) leptotene,
zygotene and pachytene stage. In patients with spermatogenic arrest at spermatogonial level, an
altered staining pattern was found. No immunoreactivity was detected in Sertoli cells in
Sertoli cell-only syndrome. In germ cell neoplasia in situ (GCNIS) tubules, except for a few
(0.4 ± 0.03%), pre-invasive tumor cells were immunonegative. Seminoma cells showed no
immunostaining.
Discussion: According to previous findings in mice, it seems reasonable that DMRTB1 is
expressed in these normal germ cell populations. Moreover, altered staining pattern in
spermatogenic arrest at spermatogonial stage suggests a correlation with mitosis and
transformation into B-spermatogonia. Absence of DMRTB1 in GCNIS cells and tumor cells
might be associated with uncontrolled neoplastic cell proliferation and progression into invasive
germ cell tumors. Further research is required to elucidate e.g., the role of DMRTB1 in the
malignant transformation of human germ cells.
Conclusion: Our data indicate a relevant role for DMRTB1 regarding the entry of
spermatogonia into meiosis in men.
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4 General discussion
The present study focuses on elucidating molecular mechanisms by which deletion of Cx43
affects murine spermatogenesis and on investigating the murine candidate gene Dmrtb1 in
normal and impaired human spermatogenesis. Alterations in Cx43 expression have been
previously detected in testicular biopsy specimens of men with impaired spermatogenesis,
GCNIS and seminoma (Brehm et al. 2002; Brehm et al. 2006; Defamie et al. 2003; Steger et al.
1999b). In view of the current situation regarding involuntary childlessness and the observed
increasing incidence of TGCTs in young men (Chien et al. 2014; Ghazarian et al. 2017;
McGlynn et al. 2003; Nieschlag 2009; Trabert et al. 2015), it is of great interest to understand
which role Cx43 might play in the pathogenesis of these pathologies and which further genes
might be implicated. Due to the fact that a general gene knockout of Gja1 (coding for Cx43)
led to nonviable mice, which, already at birth showed unusually small gonads and severely
reduced germ cell numbers (Juneja et al. 1999; Reaume et al. 1995), the SCCx43KO mouse
line has been generated (Brehm et al. 2007; Sridharan et al. 2007) in order to establish a model
for the above-mentioned purposes. Adult SCCx43KO mice develop a phenotype similar to men
suffering from a spermatogenic arrest at spermatogonial level and/or Sertoli cell-only syndrome
(Brehm et al. 2007; Sridharan et al. 2007). Thus, analyzing the functions of Cx43 in Sertoli
cells for murine spermatogenesis might also point out possible roles of Cx43 in Sertoli cells for
human spermatogenesis.
Hence, this thesis is composed of two studies: one examines prepubertal SCCx43KO mice in
comparison with their wild type littermates as at this age first morphological and
histomorphological differences of testes are clearly observable. The other study investigates
possible murine candidate genes, especially Dmrtb1, in corresponding human testicular biopsy
specimens.
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4.1 Effects of Cx43 loss in Sertoli cells on intratubular cell
composition
In adult SCCx43KO males, spermatogenesis has been shown to be arrested at the level of
spermatogonia and seminiferous tubules contained solely Sertoli cells as well as intratubular
cell clusters (Brehm et al. 2007). The mean number of remaining germ cells (spermatogonia)
per seminiferous tubule has been found significantly reduced in postpubertal SCCx43KO mice
in comparison with their wild type littermates, whereas a significantly increased mean number
of Sertoli cells per seminiferous tubule has been observed in adult SCCx43KO males compared
to their wild type littermates (Brehm et al. 2007).
The first wave of spermatogenesis is “initiated” a few days after birth in mice (De Rooij &
Russell 2000; Drumond et al. 2011). First B-spermatogonia can be detected eight days p.n. and
pre- and leptotene spermatocytes in ten-day-old and zygotene spermatocytes in twelve-day-old
mice (Bellve et al. 1977). By investigating eight-, ten- and twelve-day-old SCCx43KO animals
and their wild type littermates, the period of spermatogonia dividing into preleptotene
spermatocytes, which, in turn, enter the meiotic process, is covered and considering the adult
phenotype, at this time, first histomorphological differences were expected.
Although at first glance, the eight-day-old SCCx43KO mice and their wild type littermates
appear to have a similar histomorphology, precise analysis of hematoxylin and eosin (H&E)
stained testicular sections (Figure 1-14, A+D) revealed significant differences in the
intratubular cell composition. Giese and colleagues previously reported a three-fold higher
germ cell number in eight-day-old wild type mice in comparison with SCCx43KO littermates,
but no significant differences in Sertoli cell numbers between SCCx43KO and wild type mice
at this age (Giese et al. 2012). Moreover, Rode and colleagues showed a significant reduction
in germ cells in eight-, ten- and twelve-day-old SCCx43KO mice compared to their wild type
littermates (Rode et al. 2018). In order to determine intratubular cell numbers and subsequently
use these numbers to normalize NGS data, SOX9 immunohistochemistry was performed to
mark Sertoli cell nuclei, thus enabling a clear and easy distinction between Sertoli and germ
cells per tubule. In doing so, evident differences in the composition of intratubular cells between
prepubertal SCCx43KO mice and their wild type littermates were observed (Hilbold et al.
2020). Detected germ cell numbers in prepubertal SCCx43KO males (Hilbold et al. 2020) were
in accordance with previous studies (Giese et al. 2012; Rode et al. 2018). Hence, Cx43mediated intercellular communication between Sertoli cells and germ cells appears to be an
indispensable prerequisite for successful spermatogenesis. This assumption is supported by
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observed impairment of spermatogenesis in three knockin mouse lines, in which other genes
coding for other connexins replaced Gja1 but were unable to compensate its functions (Plum et
al. 2000; Winterhager et al. 2007).
Remarkably, in the present study an increase in Sertoli cell numbers was already observed in
eight-day-old SCCx43KO mice in comparison with wild type mice (Hilbold et al. 2020), which
is in contrast to previous findings (Giese et al. 2012). These different results might be traced
back to the different evaluation of the testicular samples, as in the former study, cell numbers
were determined just based on H&E overview staining without labeling a specific cell
population (Giese et al. 2012). Furthermore, in ten- and twelve-day-old SCCx43KO mice
compared to their wild type littermates, an ever-increasing tendency towards higher numbers
of Sertoli cells was found (Hilbold et al. 2020). Even though the differences in Sertoli cell
numbers between prepubertal SCCx43KO and wild type mice were not significant (p < 0.38 to
p < 0.06), this tendency may imply an increased and prolonged period of Sertoli cell
proliferation (Hilbold et al. 2020). This might be one explanation for higher Sertoli cell numbers
in adult SCCx43KO mice (Brehm et al. 2007) and would be in line with observed (single)
Sertoli cell proliferation in adult SCCx43KO mice (Sridharan et al. 2007).
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4.2 Impact of Cx43 deletion in Sertoli cells on gene expression
In order to investigate the gene expression in prepubertal SCCx43KO mice and their wild type
littermates, NGS was performed. In contrast to other methods, such as microarray analysis,
NGS is deemed to be a more precise method for transcriptome profiling (Wang et al. 2009).
Furthermore, it does not depend on existing knowledge concerning the genome sequence
(Wang et al. 2009). It has low background signals, can identify the precise location of
transcription boundaries (to a single base resolution) as well as sequence variations such as
single nucleotide polymorphisms (SNPs) (Wang et al. 2009). Moreover, this technique shows
no limitations regarding a distinct level of quantification (Wang et al. 2009). Thus, the number
of obtained sequences is not restricted and NGS has a large dynamic range of expression levels
over which transcripts can be detected (Wang et al. 2009). Additionally, it has been shown to
be a highly reproducible method for technical and biological replicates (Cloonan et al. 2008;
Nagalakshmi et al. 2008).
Bearing these characteristics in mind, it was assumed that more significantly differentially
expressed genes could be detected in eight-day-old SCCx43KO mice by NGS than have been
detected in a former study by microarray analysis (Giese et al. 2012). Indeed, numbers of
significantly differentially expressed genes in the “eight-day-old age group” were substantially
higher (after normalization: 4253 in the NGS study (Hilbold et al. 2020) versus 658 in the
previous study (Giese et al. 2012)). Nevertheless, former candidate genes, such as Stra8, Dazl,
Dmrtb1 and Dmrtc2 (also known as Dmrt6 and Dmrt7), were found to be significantly altered
in NGS analysis, too, therefore confirming previous findings. According to the obvious
histomorphological differences, the greatest alterations in the gene expression between
prepubertal SCCx43KO mice and their wild type littermates were detected in the “ten-day-old
age group” (Hilbold et al. 2020). Surprisingly, in this age group, cell count specific
normalization in terms of germ cells led to a higher number of significantly differentially
expressed genes in the SCCx43KO animals compared to their wild type littermates although
the SCCx43KO mice contained fewer germ cells than their wild type littermates. The same
changes, but to a lower amount, were observed after germ cell-specific normalization in the
“twelve-day-old age group”. Due to fewer germ cell numbers in the SCCx43KO animals, lower
numbers of altered genes were expected, as was the case in eight-day-old SCCx43KO mice.
This increase in significantly altered gene numbers, however, might derive from the cellspecific occurrence and different cell populations, which might vary between the prepubertal
SCCx43KO mice and their littermates. In the present study (Hilbold et al. 2020), increased
48

General discussion
Sertoli cell numbers were already found in prepubertal SCCx43KO mice and are in line with
significantly higher Sertoli cell numbers per seminiferous tubule in adult SCCx43KO mice
(Brehm et al. 2007; Sridharan et al. 2007).
In order to be able to clearly distinguish which cells and in which way their corresponding gene
expression are affected by Cx43 gene loss in Sertoli cells, further research using cell sorting
approaches or cell culture, thereafter investigating single cell populations of the SCCx43KO
mice by NGS, needs to be conducted.
Besides the time-specific comparison of SCCx43KO and wild type mice (day eight versus day
eight, day ten versus day ten and day twelve versus day twelve, respectively), the numbers of
differentially expressed genes were studied by comparing the whole group of SCCx43KO mice
with all wild type littermates (Hilbold et al. 2020). Furthermore, alterations in gene expression
within the SCCx43KO or the wild type group were analyzed. This was achieved by comparing
day ten versus day eight and day twelve versus day eight (Hilbold et al. 2020).
Comparing all SCCx43KO samples with all wild type samples provided an overview of the
dimension of affected genes by Cx43 loss, whereas the comparison of distinct days (day ten
versus day eight and day twelve versus day eight) within the SCCx43KO group and within the
wild type group allowed studying changes in gene expression in the temporal course of
developing mice (Hilbold et al. 2020). In the latter context, transcriptome analysis revealed
significant differences regarding gene expression between eight- and ten-day-old (32,042
genes) and between eight- and twelve-day-old (34,026 genes) wild type mice, which seems to
be consistent with observed histomorphological changes, in particular appearing spermatocytes,
a sign of meiosis initiation (Hilbold et al. 2020).
In the SCCx43KO group, however, only a small percentage of genes were found to be
significantly differentially expressed (532 genes) when comparing the samples of eight- and
ten-day-old mice, suggesting a stop or delay in gene transcription with regard to genes required
for further germ cell development (Hilbold et al. 2020).
Additional evaluation of gene expression in a time-specific course in the wild type mice and
their SCCx43KO littermates and a comparison with data obtained from in vitro tests appear to
be an interesting and promising approach for a future study addressing this issue.
In the present study (Hilbold et al. 2020), the further evaluation concentrated on comparing
alterations in gene expression between the single age groups, i.e., SCCx43KO versus wild type
at eight, ten and twelve days p.n., except for the gene ontology (GO) analysis.
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4.2.1 Gene sets affected by Cx43 loss
GO analysis by gene-set enrichment analysis was conducted in order to gain an overview of
gene sets that are affected by the deletion of Cx43 in Sertoli cells. According to the different
studies on gene expression, GO analysis was performed for comparing all SCCx43KO samples
with all wild type samples and for comparing SCCx43KO with wild type samples of each single
day (day eight, day ten, day twelve p.n.) (Hilbold et al. 2020).
Based on all samples, the analysis revealed 158 significant GO terms (see Table S15 of Hilbold
et al. 2020). These terms included male meiosis I [GO:0007141], positive regulation of G2/M
transition of mitotic cell cycle [GO:0010971], transcription factor TFIID complex
[GO:0005669], gene silencing by RNA [GO:0031047] as well as synapsis [GO:0007129] and
piRNA metabolic process [GO:0034587].
Male meiosis I [GO:0007141]:
This GO term describes “a cell cycle process comprising the steps by which a cell progresses
through male meiosis I, the first meiotic division in the male germline” (Ashburner et al. 2000,
source: GOC: dph, GOC: mah). Among the genes included in this GO term are Ddx4 (also
known as Vasa), Rad51c, Brca2, Rec8, Mei1, Tdrd9, Mov10l1, Spo11, Dmrtc2 (also known
as Dmrt7) and Meioc, which are significantly regulated in the SCCX43KO mice compared to
their wild type littermates at all three age points, suggesting that the absence of Cx43 in Sertoli
cells strongly influences their gene expression.
Positive regulation of G2/M transition of mitotic cell cycle [GO:0010971]:
“Any signaling pathway that activates or increases the activity of a cell cycle cyclin-dependent
protein kinase to modulate the switch from G2 phase to M phase of the mitotic cell cycle” is
related to this GO term (Ashburner et al. 2000, source: GOC: dph, GOC: tb, GOC:
mtg_cell_cycle). For example, Ccnb1, Ccnd1, Cdc7, Pbx1, Stox1, Cdc25b and Cdc25c are
among the corresponding genes and significantly differentially expressed in the SCCx43KO
mice.
Transcription factor TFIID complex [GO:0005669]:
This GO term is defined as “a complex composed of TATA binding protein (TBP) and TBP
associated factors (TAFs) …” (Ashburner et al. 2000, source GOC: krc, GOC: mah). TFIID is
a large multi-protein assembly, comprising the TBP and 13 or 14 different TAFs (Burley &
Roeder 1996; Patel et al. 2019), which functions as a general transcription factor initiating the
transcription of protein-coding genes through recognition of core promotor regions on DNA,
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subsequently leading to the assembly of a pre-initiation complex that is composed of eukaryotic
RNA polymerase II, TFIIH and mediator complexes (Patel et al. 2019). Moreover, TFIID can
interact with cofactors, in particular gene-specific activators and repressors as well as chromatin
modifications, which are associated with active regions on the genome (Albright & Tjian 2000;
Jacobson et al. 2000; Patel et al. 2019; Van Ingen et al. 2008).
Genes related to this GO term are for example Taf1, Taf2, Taf4b, Taf5, Taf6, Taf7, Taf7l,
Taf9b, Taf10, Gtf2e1, Gtf2e2 and Ercc3. Interestingly, all of these aforementioned genes are
significantly downregulated in the SCCx43KO mice, indicating an important role for Cx43
regarding the initiation of transcription.
Gene silencing by RNA [GO:0031047]:
This GO term covers “any process in which RNA molecules inactivate expression of target
genes” (Ashburner et al. 2000, source GOC:dph, GOC:tb, GOC:mah and Matzke et al. 2004).
Related genes are for instance Mael, Tdrkh, Tdrd9, Piwil1, Piwil2, Piwil4, Drosha, Dicer1,
Fkbp6, Ddx4, Ddx17, Nrde1, Lin28a, Lin28b, Ago4 and some micro-RNAs such as Mir125a.
Synapsis [GO:0007129]:
“Synapsis” is defined as “the meiotic cell cycle process where side by side pairing and physical
juxtaposition of homologous chromosomes is created during meiotic prophase …” (Ashburner
et al. 2000, source: GOC: mtg_cell_cycle). Thereby, its beginning is marked by the moment
when chromosome arms pair from the clustered telomeres and its end is characterized by the
completion of the synaptonemal complex or the linear element assembly (Ashburner et al. 2000,
source: GOC: mtg_cell_cycle, Ding et al. 2012a; Ding et al. 2012b). Among others,
corresponding genes are Syce1, Syce2, Syce3, Syce1l, Sycp3, Stag3, Hormad1, Tex11, Tex12,
Tex15, Tex19.1, Spata22, Ccne1, Mei4 and Rec8.
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PiRNA metabolic process [GO:0034587]:
This GO term describes “the chemical reactions and pathways involving PIWI-interacting
RNAs (piRNAs) …” (Ashburner et al. 2000, source: GOC: kmv). PiRNAs belong to the small
non-coding RNAs and are small RNA molecules consisting of 20 to 30 nucleotides (Siomi et
al. 2011). In the germline of many animal species, they associate with PIWI proteins to form
the piRNA-induced silencing complex (piRISC), which silences transposable elements and
hence protects genome integrity (Siomi et al. 2011). piRNAs are processed by
Dicer-independent mechanisms that clearly distinguish piRNAs from the other two classes of
small silencing RNAs in metazoans (miRNAs and siRNAs, reviewed in Siomi et al. 2011).
Corresponding genes of this GO term are, among others, Exd1, Tdrd1, Tdrd9, Tdrkh, Hnmt1,
Gpat2, Mael, Mov10l1, Piwil1, Piwil2, Piwil4 and Fkbp6.
Moreover, based on time, GO analysis yielded 180 significant GO terms at day eight,
47 significant GO terms at day ten and 246 significant GO terms at day twelve (see Tables S1618 of Hilbold et al. 2020). Interestingly, ten GO terms were found significant at all three time
points (Hilbold et al. 2020). Eight of these GO terms describe processes associated with
meiosis, highlighting the importance of Cx43 in Sertoli cells for this germ cell-specific event.
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4.2.2 Functional gene classification
In order to clarify whether significantly regulated genes in SCCx43KO mice are associated with
specific pathways, PANTHER pathway analysis was firstly conducted for all significantly
differentially expressed genes in the eight-, ten- and twelve-day-old mice and secondly, for
possible candidate genes that are significantly differentially expressed in the SCCx43KO
animals in all three age groups, too (see Hilbold et al. 2020). PANTHER pathways with most
gene hits of all significantly regulated genes corresponded to PANTHER pathways with most
gene hits of the significantly differentially expressed genes of the candidate gene list,
underlining the importance of these pathways, e.g., “gonadotropin-releasing hormone
receptor pathway” and “Wnt signaling pathway”, regarding the SCCx43KO phenotype on
the one hand, and on the other hand, confirming the high utility of the established candidate
gene list for identifying possible candidate genes that might play a role in corresponding human
deficiencies (Hilbold et al. 2020).
Remarkably, Gja1 (the gene coding for Cx43) is not associated with any of the identified
PANTHER pathways. Hence, a direct conclusion regarding which exact significance Cx43 has
within a specific pathway was not possible.
However, as GnRH receptor signaling plays a key role in the reproduction of vertebrates
(Bjelobaba et al. 2018), and SCCx43KO animals show an impaired spermatogenesis, it is not
astonishing that this pathway shows the most gene hits. Interestingly, corresponding
Sertoli cell-specific genes such as Inha and Amh (also known as Mis) were found to be
significantly upregulated in the prepubertal SCCx43KO mice indicating an altered or impaired
maturation of Sertoli cells in the absence of the prepubertal differentiation marker Cx43
(see Hilbold et al. 2020 and Chapter 4.2.3). Thus, Sertoli cells missing Cx43 appear to be unable
to fulfill required responsibilities for a successful germ cell maturation.
Furthermore, the Wnt signaling pathway has been shown to be crucial for various processes
such as cell proliferation and cell polarity during development and in adult tissue homeostasis
(Logan & Nusse 2004; MacDonald et al. 2009). Consequently, a disturbed Wnt signaling
pathway is found in many pathologies in animals and humans, including testicular cancer
(Boyer et al. 2009; Chang et al. 2009; Clevers & Nusse 2012; Lombardi et al. 2013). A recent
study reported that TCF7L1, a component of the Wnt signaling pathway and important in
embryonic stem cell self-renewal as well as lineage specification, has been found highly
expressed in non-seminomatous TGCTs (Bu et al. 2019). Thus, TCF7L1 has been considered
as good marker for differentiating seminoma from non-seminoma (Bu et al. 2019).
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Currently, the Wnt signaling network is known to contain several signaling pathways, of which
the β-catenin-dependent pathway is one of the best studied ones (Routledge & Scholpp 2019).
In this pathway, the so-called destruction complex continuously degrades β-catenin in the
absence of Wnt signals and Wnt target genes are suppressed by Groucho and
TCF/LEF transcription factors (Routledge & Scholpp 2019). As autocrine and paracrine
signaling molecules, Wnt proteins act between Wnt-producing and Wnt-receiving cells
(Routledge & Scholpp 2019). Wnt binding to the extracellular domain of a specific
transmembrane receptor and co-receptor leads to a sequence of processes causing cytosolic
accumulation
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β-catenin,
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translocation

to

the

nucleus

and

binding

to

TCF/LEF transcription factors thereby inhibiting their DNA binding and disinhibiting Wnt
target genes such as Ccnd1 (Routledge & Scholpp 2019). Together with its binding partners,
CDK4 and CDK6, CCND1 can form active complexes that phosphorylate and inactivate the
retinoblastoma-associated protein (RB1), thus activating E2F transcription factors and
promoting cell cycle progression (Coqueret 2002; Kato et al. 1993; Lundberg & Weinberg
1998; Weinberg 1995). Besides its functions as a cyclin-dependent kinase regulatory subunit
and RB1 regulator, CCND1 can also regulate the activity of several transcription factors and
interact with histone acetylases, e.g., CCND1 associates with TAFII250 (also known as TAF1),
a TFIID component (Coqueret 2002). In addition to Ccnd1, also Cdk4, Cdk6, Rb1 and Taf1
were significantly differentially expressed in the prepubertal SCCx43KO mice (see Table S13
of Hilbold et al. 2020).
In the testis, expression of several Wnts, e.g., Wnt1, Wnt3 and Wnt5a, and other related
components such as β-catenin has been observed in rodents and humans (reviewed in Lombardi
et al. 2013). Interestingly, sustained activation of Wnt/β-catenin signaling in Sertoli cells caused
degeneration of seminiferous tubules, morphological alterations of Sertoli cells and higher
Sertoli cell numbers as well as an increased expression of AMH and GDNF indicating
continuous proliferation and compromised differentiation of Sertoli cells in the transgenic mice
(Boyer et al. 2008; Tanwar et al. 2010). In the prepubertal SCCx43KO mice, NGS data yielded
a significant upregulation of β-catenin (Ctnnb1) in the ten- and twelve-day-old animals, and
significantly upregulated gene expression of Amh and Gdnf in all age groups (see Table S13
of Hilbold et al. 2020). Data for Amh gene expression were confirmed by qRT-PCR and at
protein level by immunohistochemistry (see Hilbold et al. 2020). Furthermore, prolonged
expression of AMH was detected in all seminiferous cords/tubules up until day 19 p.n. in
SCCx43KO mice (Weider et al. 2011b). Considering similarities between the two transgenic
mouse lines, it is conceivable that alterations in Wnt/β-catenin signaling contribute to the
54

General discussion
development of the SCCx43KO phenotype. Moreover, Cx43 has been identified as a functional
target for Wnt signaling (Van Der Heyden et al. 1998). Recently, it has been demonstrated that
activating Wnt signaling initiates translocation of Cx43 from cytosol into the nucleus in a
similar manner to that of β-catenin and cross talk between Wnt signaling and Cx43 has been
suggested, as, for example, Cx43 overexpression leads to decreased levels of β-catenin in the
nucleus (Hou et al. 2019; Talhouk et al. 2013). In addition, defective Wnt3 expression in murine
Sertoli cells during or after puberty has been shown to result in reduced Cx43 expression,
subfertility and oligozoospermia (Basu et al. 2018). Taking into account that in the ten-day-old
SCCx43KO mice, several Wnts such as Wnt1, Wnt3a, Wnt8a and Wnt8b were found to be
downregulated (see Table S13 of Hilbold et al. 2020), it seems likely that there is a direct
relation between missing Cx43 expression in Sertoli cells, alterations in the Wnt/β-catenin
signaling pathway and disturbed spermatogenesis.
Further functional classification was conducted for the molecular function, cellular component,
protein class and biological process using the compiled candidate gene list with PANTHER
(see Hilbold et al. 2020). With respect to their molecular functions, the most affected genes in
the SCCx43KO mice were related to “binding” and “catalytic activity” and regarding the
cellular component were allocated to the categories “organelle” and “cell” (Hilbold et al. 2020).
Particularly the protein classes “nucleic acid binding” and “transcription factors” were
represented and according to this, especially “cellular” and “metabolic processes” as well as
“biological regulation” were identified as the most affected biological processes (Hilbold et
al. 2020). These findings highlight the enormous significance of Cx43 for several basic
physiological processes which are required for normal Sertoli cell development and successful
germ cell maturation.
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4.2.3 Sertoli cell-specific genes
In addition to the previous microarray study (Giese et al. 2012), NGS analysis revealed several
significantly and differentially expressed genes (see Supplementary File 1 of Hilbold et al.
2020), which are known to be specifically expressed in Sertoli cells or in both Sertoli cells and
other cell populations such as germ cells.
Genes implicated in Sertoli cell proliferation were found to be significantly upregulated in the
prepubertal mice. For example, Amh, Inha, Inhbb and Fshr (see Hilbold et al. 2020). In
accordance with growing Sertoli cell numbers, the p(FDR) values of these transcripts decrease
with increasing age of the SCCx43KO mice (Hilbold et al. 2020).
These findings are supported, for example by observed upregulation of the type I intermediate
filament Krt18 (see Table S2 of Hilbold et al. 2020), which is known as a marker of immature
Sertoli cells in men (Franke et al. 2004; Rogatsch et al. 1996), and together underline the
importance of Cx43 for successful Sertoli cell maturation.
Moreover, Abel and colleagues investigated gene expression of genes that are specifically or
predominantly expressed in Sertoli cells in Sertoli cell-specific androgen receptor knockout
mice (SCARKO) (Abel et al. 2008). Among the 14 examined transcripts, five have been found
to be significantly altered in these mutant mice, namely Rhox5, Aqp8, Tjp1, Slc38a5 and Gata1
(Abel et al. 2008). In the former microarray analysis (Giese et al. 2012), none of these genes
have been found to be significantly altered in eight-day-old SCCx43KO mice. However, NGS
yielded a significant upregulation of Slc38a5 in eight-, ten- and twelve-day-old SCCx43KO
animals and significantly lower transcript levels of Rhox5 and Gata1 in the ten- and twelveday-old mice, while Tjp1 and Aqp8 were only significantly downregulated in the ten-day-old
SCCx43KO mice (see Table S13 of Hilbold et al. 2020). Since NGS is a more sensitive method
than microarray analysis (Wang et al. 2009), differences in Slc38a5 gene expression levels
between eight-day-old SCCx43KO and wild type mice might be too small for detection by
microarrays. With respect to Tjp1, in adult SCCx43KO mice, a significant reduction in TJP1
(also known as ZO-1) protein levels has been reported (Carette et al. 2010). Thus,
downregulation of Tjp1 in ten-day-old SCCx43KO animals indicates alterations already at this
age, concomitant with initial BTB formation in wild type mice. However, it is surprising that
twelve-day-old SCCx43KO mice did not show any significant differences in Tjp1 gene
expression levels compared to their wild type littermates. This might imply an intermittent
transcription of Tjp1 in prepubertal SCCx43KO mice and seems to be in accordance with
findings of altered, spatio-temporal occludin expression in prepubertal SCCx43KO animals
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(Gerber et al. 2014 and see below). Nonetheless, further research needs to be performed to
address this question.
Furthermore, as it has been assumed that gap junctions provide a cross-talk between
Sertoli cells and/or Sertoli cells and germ cells to coordinate the function and localization of
several junctions at the BTB (Cheng et al. 2010), Giese and fellow researchers as well as Gerber
and colleagues investigated what effect absent Cx43 expression in Sertoli cells has on the
expression pattern of tight junction protein occludin in eight-, ten- and twelve-day-old
SCCx43KO mice, among other ages (Gerber et al. 2014; Giese et al. 2012). In eight-day-old
SCCx43KO mice, no significant differences in mRNA and protein levels have been found
compared to their wild type littermates (Gerber et al. 2014; Giese et al. 2012). However, a delay
of occludin localization at the BTB has been detected in SCCx43KO mice during puberty as
well as a stronger protein expression from twelve days p.n. to adulthood in comparison with
wild type littermates (Gerber et al. 2014). In adult SCCx43KO mice, mRNA and protein levels
of occludin have been shown to be significantly increased compared to wild type mice (Carette
et al. 2010; Gerber et al. 2014). Normally, Ocln expression decreases dramatically in wild type
mice after day ten p.n. (Shima et al. 2004 and Mammalian Reproductive Genetics Database
(mrgd.org)). Using NGS, a significant increase in Ocln transcripts was found in eight-, ten- and
twelve-day-old SCCx43KO mice (see Table S2 of Hilbold et al. 2020). These findings are in
contrast to the microarray analysis and indicate that alterations at gene expression level do
already occur in eight-day-old SCCx43KO animals rather than in older SCCx43KO mice as has
been hypothesized in the microarray study (Giese et al. 2012). This insight again might be
traced back to the higher sensitivity of NGS compared to microarrays (Wang et al. 2009).
Moreover, NGS data confirmed increased protein levels, which have been detected in
twelve-day-old SCCx43KO mice (Gerber et al. 2014).
Furthermore, NGS data revealed significantly altered gene expression of JAM (junctional
adhesion molecule) family members (see Table S13 of Hilbold et al. 2020). Jam2 was found
significantly upregulated in eight-, ten- and twelve-day-old SCCx43KO mice. F11r (also
known as Jam1) and Jam3 were shown to be upregulated in ten- and twelve-day-old
SCCx43KO animals. Additionally, Cldn3 and Cldn4 were found downregulated in ten- and
twelve-day-old mutants and Cldn1, Cldn7 and Cldn11 upregulated in ten-day-old SCCx43KO
mice, while Cldn5, Cldn8 and Tjp2 were not differentially expressed in the prepubertal
SCCx43KO animals compared to their wild type littermates (see Table S13 of Hilbold et al.
2020). Taken together, Cx43 deletion in Sertoli cells also effects gene expression of several
genes coding for tight junction proteins that are involved in BTB formation.
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4.2.4 Germ cell-specific genes
In accordance with the previous microarray study (Giese et al. 2012), a large number of
significantly altered genes in the prepubertal SCCx43KO mice turned out to be
germ cell-specific in the present analysis (Hilbold et al. 2020). Given the fact that the Gja1 gene
was deleted in Sertoli cells (Brehm et al. 2007), major gene alterations were initially expected
to concern Sertoli cell-specific genes (Giese et al. 2012). However, Giese and colleagues have
already shown in eight-day-old SCCx43KO mice that among the downregulated genes, a very
high percentage of these genes were germ cell-specific. This underlines the dependency of both
cell types and their reciprocal regulation (Giese et al. 2012). NGS data (Hilbold et al. 2020)
confirmed these previous findings (Giese et al. 2012) in eight-day-old SCCx43KO mice and
reinforce the results for the ten- and twelve-day-old SCCx43KO animals (see Chapters
4.2.4.1- 4.2.4.3).

4.2.4.1 Genes associated with spermatogonial stem cells
It was of special interest to examine whether Cx43 deletion in Sertoli cells influences gene
expression of genes related to spermatogonial stem cells/undifferentiated spermatogonia.
Assuming this is the case, this would indicate altered germ cell development before its impact
becomes obvious due to the inability of germ cells entering meiosis and the downregulation of
meiosis-associated genes.
Indeed, in this context, Sall4, Lin28a and Lin28b (see review Chen & Liu 2015), Fgfr3 and
Utf1 (Von Kopylow et al. 2016) as well as Zbtb16 (also known as Plzf, Lovelace et al. 2016)
were found significantly downregulated in SCCx43KO by means of NGS at all three
investigated age categories (see Tables S2 and S13 of Hilbold et al. 2020). However, at protein
level, no significant differences were observed in immunostainings for LIN28A and SALL4
(see Hilbold et al. 2020). Only single immunonegative germ cells were identified in sections of
all three age groups immunostained for LIN28A (Hilbold et al. 2020). These findings indicate
that Cx43 loss leads to reduced gene expression of Lin28a and Sall4 (Hilbold et al. 2020).
However, it seems that a sufficient number of transcripts occur for successful translation, thus
enabling the corresponding protein to be detected by the antibodies in most germ cells (Hilbold
et al. 2020). Further studies investigating for example Fgfr3, Utf1 and Zbtb16 are necessary to
better understand the impact of Cx43 loss in Sertoli cells on spermatogonial stem
cells/undifferentiated spermatogonia. Fibroblast growth factor (FGF) and FGFR expression
have been found to be pivotal for maintaining the male reproductive system by sustaining
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germ cell proliferation, survival, growth arrest, differentiation, migration and apoptosis (Cotton
et al. 2008; L'hote & Knowles 2005; Lanner & Rossant 2010). As FGFR3 expression is
restricted to a small subpopulation of non-proliferating, non-differentiating A-spermatogonia
within the human testis (Von Kopylow et al. 2012a; Von Kopylow et al. 2012b), it appears
likely that this subpopulation might be more affected by Cx43 loss in Sertoli cells than others.
Moreover, through balanced self-renewal and differentiation, spermatogonial stem cells
maintain spermatogenesis throughout adulthood, but the underlying regulatory mechanisms are
still poorly understood (Lovelace et al. 2016). A previous study reported that PLZF, SALL4
and DMRT1 might regulate the cell fate of undifferentiated spermatogonia actively by initiating
gene expression programs associated with self-renewal as well as differentiation and/or
passively by repressing genes that prevent spermatogonial self-renewal and differentiation
(Lovelace et al. 2016). In addition, Zhang and colleagues found DMRT1 necessary for
maintaining PLZF expression in undifferentiated spermatogonia (Zhang et al. 2016). When
considering these studies, this might indicate that in consequence of Cx43 loss in Sertoli cells,
in prepubertal SCCx43KO mice, spermatogonial stem cells/undifferentiated spermatogonia are
present. However, due to reduced gene expression of Sall4, Zbtb16 and Dmrt1, this germ cell
population might be hardly able or unable to self-renew and differentiate; hence resulting in
seminiferous tubules with fewer undifferentiated spermatogonia or Sertoli cell-only tubules in
adult SCCx43KO mice (Brehm et al. 2007; Rode et al. 2018).

4.2.4.2 Genes implicated in spermatogonial differentiation
Cx43 deletion in Sertoli cells negatively influences quite a number of genes which are known
to control spermatogonial differentiation (see Hilbold et al. 2020). In this context, the DMRT
gene family plays a pivotal role (Zhang & Zarkower 2017, see Hilbold et al. 2019). In the
murine testis, Dmrt1 is expressed in germ cells and Sertoli cells, which differentiate it from
Dmrtb1 and Dmrtc2 (also known as Dmrt6 and Dmrt7, Zhang & Zarkower 2017). The latter
are restricted to germ cells (Zhang & Zarkower 2017). Dmrt1 has been shown to promote selfrenewal of spermatogonial stem cell as well as differentiation and mitotic proliferation of more
advanced spermatogonia by activating gene expression of Sohlh1, Sohlh2 (see below) and
others but prevents premature initiation of meiosis by inhibiting genes related to the retinoic
acid (RA) pathway such as Stra8, Crabp2 and Cyp26b1 (Matson et al. 2010; Zhang & Zarkower
2017). Additionally, cyclical gene expression in Sertoli cells has been shown to be interrupted
by conditional Dmrt1 loss in germ cells (Matson et al. 2010). Furthermore, DMRT6 has been
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shown to have quite similar DNA binding preferences in vivo as DMRT1, DMRT6 binds some
of the same genes such as Sohlh1 and Sohlh2 but with opposite effects (Zhang et al. 2014b;
Zhang & Zarkower 2017). Hence, DMRT6 coordinates the transition from mitosis to meiosis
by directly repressing Dmrt1, Sohlh1 and Sohlh2, Neurog3 as well as Kit and by activating
transcription of, for example, Sycp2 and Piwil2 (Zhang et al. 2014b; Zhang & Zarkower 2017).
In the case of Dmrt7, this has been found essential for the meiotic prophase I (see
Chapter 4.2.4.3) (Kawamata & Nishimori 2006; Kim et al. 2007). Interestingly, in the
prepubertal SCCx43KO mice, NGS data yielded a significant upregulation of Cyp26b1 and a
significant downregulation of all three Dmrts as well as of Sohlh1 and Sohlh2, Neurog3, Kit,
Stra8 and Crabp2 (see Hilbold et al. 2020) in comparison with their wild type littermates.
Sohlh2 was the most significantly downregulated gene in the eight-day-old SCCx43KO mice
and also significantly downregulated in the two older age categories of SCCx43KO animals
(Hilbold et al. 2020). Crabp2 and Dmrtb1 were among the top ten genes which were found
significantly downregulated in the ten-day-old SCCx43KO mice (Hilbold et al. 2020). Thus,
obtained results emphasize the enormous impact of the Cx43 deletion in Sertoli cells on these
basic regulatory mechanisms of germ cell development.

4.2.4.3 Genes related to meiosis
The most significant alterations of gene expression were observed in the ten-day-old
SCCx43KO mice (Hilbold et al. 2020), when first spermatocytes occur in wild type animals
and spermatogenesis arrests in the SCCx43KO mice. Hence, germ cell subpopulations, which
undergo meiosis are missing in the prepubertal SCCx43KO animals. Furthermore, at first
glance, significantly lower transcripts of genes corresponding to meiosis might simply be
caused due to loss of these germ cells and a lower total germ cell number compared to their
wild type littermates. For this reason, germ cell-specific normalization was performed and
reduced numbers of significantly expressed genes were expected in comparison with raw NGS
data (Hilbold et al. 2020). However, and interestingly, numbers of significantly regulated genes
were higher after the normalization and genes implicated in meiosis were still among the most
significantly expressed genes (Hilbold et al. 2020). A previous study reported that several genes
encoding meiotic proteins are expressed and translated well before germ cells enter meiosis
(Evans et al. 2014) making them interesting candidate genes for studying spermatogenic
disorders such as spermatogenic arrest at the level of spermatogonia. This study (Evans et al.
2014) therefore supports present NGS data.
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In the prepubertal SCCx43KO mice, absence of Cx43 negatively affects genes involved in
meiotic initiation (see Supplementary File 1 of Hilbold et al. 2020), such as Stra8 and Dazl,
genes related to the substages of meiosis I prophase (chromosome pairing, synapsis and
desynapsis) and implicated in the different steps of recombination. During the leptonema, a few
processes run in parallel: homologous chromosomes begin to align, by means of the assembly
of axial elements from cohesion proteins, e.g., SMC1B, REC8 and STAG3, and synaptonemal
complex-specific proteins such as SYCP3 and SYCP2, a chromosomal scaffold begins to form
and after pre-meiotic DNA replication, double-strand breaks occur which are induced by
SPO11, which in turn has been suggested to be initiated by MEI1, MEI4 and REC114 (reviewed
in Handel & Schimenti 2010). Then, the homologous recombination repair machinery
recognizes and resects double-strand breaks, thereby triggering binding by DMC1 and RAD51
(see Handel & Schimenti 2010). With zygonema, homologous chromosome pairing extends
and synapsis is initiated, characterized by synaptonemal complex formation (Handel &
Schimenti 2010). In pachynema, synapsis is completed, the central zone of the synaptonemal
complex is visible and crossing over occurs (Handel & Schimenti 2010). For example, SYCP2,
SYCP3, SYCP1, SYCE1, SYCE2 and TEX12 are involved in synaptonemal complex formation
(reviewed in Handel & Schimenti 2010). In addition, HORMAD1 has been described as a
crucial component of the synaptonemal complex that affects synapsis, recombination and the
inactivation of the meiotic sex chromosome as well as transcriptional silencing (Shin et al.
2010). HORMAD 2 has been shown to be essential for synapsis by means of recruiting ATR
activity (Kogo et al. 2012). After completing recombination, the synaptonemal complex
dissociates in the diplonema and chiasmata are visible, which represent cohesion of homologs
in the recombination sites (crossovers) (Handel & Schimenti 2010). All of these genes (Smc1b,
Rec8, Stag3, Sycp1, Sycp2, Sycp3, Spo11, Mei1, Mei4, Rec114, Dmc1, Rad51, Syce1, Syce2,
Tex12, Hormad1, Hormad2 and Atr) encoding the above-mentioned proteins, were
significantly downregulated in the prepubertal SCCx43KO mice (see Tables S2 and S13 of
Hilbold et al. 2020).
Moreover, genes implicated in transposable element silencing were also found to be severely
affected by the Cx43 deletion. Mael, Tdrd1, Hells, Piwil1, Piwil2 and Piwil4 need to be
mentioned in this context (see Table S2 of Hilbold et al. 2020). MAEL has been shown to be a
perinuclear nuage component that is critical for the repression of transposable elements and
identifies the initiation of meiosis, which is an important step in controlling transposable
elements (Soper et al. 2008). Co-immunoprecipitation of MAEL and TDRD1, PIWIL1 as well
as PIWIL2 has been reported in mice (Costa et al. 2006). The murine PIWI-like proteins
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PIWIL2 and PIWIL4 (also known as MILI and MIWI2) and their interacting repeatingtargeting small RNAs (piRNA) have been shown to play a role in DNA methylation-based
transposable element silencing in mice (reviewed in Soper et al. 2008). PiRNAs associate with
PIWI proteins, germline-specific members of the Agronaute family, to form the piRISC, which
protects the integrity of the genome by silencing transposable elements (Siomi et al. 2011).
Recently, it has been reported that the piRNA pathway described in mice is conserved in the
adult human testis (Hempfling et al. 2017). Additionally, PIWI proteins (and HENMT1) have
been found to be expressed in a germ-cell specific manner and required for transposon control
in men (Hempfling et al. 2017).
Furthermore, in female germ cells, Hells (also known as Lsh) has been shown to be essential
for meiotic chromosome synapsis and retrotransposon silencing (De La Fuente et al. 2006). In
the male germ line, loss of HELLS reduces spermatogonial proliferation, causes a
spermatogenic arrest during the midpachytene stage and has been associated with abnormal
synapsis of homologous chromosomes (Zeng et al. 2011). Thus, Hells plays a crucial role
during male meiosis (Zeng et al. 2011).
Moreover, DMRT7 has been reported to be indispensable for the meiotic prophase I in mice
(Kawamata & Nishimori 2006; Kim et al. 2007). Hitherto, its functions are not fully understood.
Synapsis and XY body formation were normal but meiotic sex chromosome inactivation
(MSCI) was impaired, expression of back-up genes was decreased and retrotransposon
expression was increased in mutant mice, indicating an incomplete meiotic recombination (Date
et al. 2012). After meiosis I, the XY body is invisible and sex chromosome silencing (MSCI)
persists (Namekawa et al. 2006; Turner et al. 2006). In addition, new chromatin marks are
recruited, forming a chromatin domain, the PMSC (post-meiotic sex chromatin), persisting
throughout spermatid differentiation (Namekawa et al. 2006; Turner et al. 2006). In the few
mutant cells that survive up until diplonema, silencing of sex chromosome transcription was
incomplete and PMSC modifications were absent, leading to apoptosis (Kim et al. 2007; Zhang
& Zarkower 2017). Hence, DMRT7 has been suggested as being essential for the transition
between MSCI in pachynema and PMSC in diplonema (Zhang & Zarkower 2017). Nonetheless,
the specific mechanism remains unclear (Zhang & Zarkower 2017). However, on the basis of
its expression in the nucleus, it has been hypothesized that DMRT7 plays a role in the
transcription of piRNA and/ or in the regulation of autosomal genes, which are involved in the
MCSI to PMSC transition (Date et al. 2012; Zhang & Zarkower 2017). On the other hand, its
cytoplasmic expression might indicate a role in recruiting chromatin modifiers for specific
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chromosomes by binding sites on these sex chromosomes, which are present in the cellular
compartment (Zhang & Zarkower 2017).
Furthermore, Ovol1 (also known as movo1) was found to be significantly downregulated in
prepubertal SCCx43KO mice (Hilbold et al. 2020) and appears to be a promising candidate
gene in the pathogenesis of human male factor infertility and cancer (Roca et al. 2013;
Taniguchi et al. 2017). OVOL1 is a highly conserved transcription factor containing C2-H2
type zinc finger domains and a homolog of the Drosophila ovo gene, an ovary-derived factor
(Chidambaram et al. 1997). Gene knockout studies revealed severe defects in several tissues
that normally express Ovol1, such as skin, kidney, the urogenital tract and the testis, in which
OVOL1 promotes pachytene progression by repressing Id2 expression (Dai et al. 1998; Li et
al. 2005). The latter is a positive regulator of proliferation and a negative regulator of
differentiation in multiple cell lineages (Sikder et al. 2003). Interestingly, besides expression in
pachytene and diplotene spermatocytes, ID2 protein has been most abundantly detected in
Sertoli cell nuclei (Sablitzky et al. 1998) and was found to be significantly increased in ten- and
twelve-day-old SCCx43KO mice (see Table S13 of Hilbold et al. 2020). A previous study
showed that overexpression of ID2 induces proliferation of adult post-mitotic Sertoli cells
(Chaudhary et al. 2005). Thus, increased ID2 expression in consequence of Cx43 loss might
cause or at least contribute to rising Sertoli cell numbers in SCCx43KO mice. Turning to Ovol1,
a previous study showed that the promoter of Ovol1 is activated by the LEF1/β-catenin
complex, a transducer of Wnt signaling (Li et al. 2002). As this pathway seems to be disturbed
by Cx43 deletion in Sertoli cells, it may be likely that decreased Ovol1 gene expression in the
prepubertal SCCx43KO mice is related to these alterations.
In summary, Cx43 deletion has impact on gene expression of a large number of different genes
in the prepubertal SCCx43KO mice. Hence, NGS data allow different hypotheses (see Hilbold
et al. 2020) to explain the development of the spermatogenic arrest at spermatogonial level and
infertility in SCCx43KO mice:
1) Sertoli cell maturation seems to be affected resulting in an “immature” cell fate
which might lead to impaired Sertoli cell functions and disturbed spermatogenesis.
2) Loss of Cx43 in Sertoli cells alters gene expression of genes required for forming a
functional BTB which might prevent successful germ cell maturation.
3) Absence of Cx43 in Sertoli cells might disturb spermatogonial stem cell
self-renewal.
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4) Sertoli

cell-specific

Cx43

loss

might

negatively

affect

spermatogonial

differentiation.
5) RA signaling might be altered.
6) Cx43 deletion in Sertoli cells might prevent initiation of meiotic prophase I.
7) The β-catenin-dependent Wnt signaling pathway might be altered.
8) Intercellular communication between Sertoli cells and germ cells might be
interrupted.
Future studies need to be conducted to address these different issues and to clarify the specific
functions of Cx43 in Sertoli cells.
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4.3 Suitability of SCCx43KO mice as translational model
This research study is the first to examine a murine candidate gene (namely Dmrtb1), which
was identified in the transgenic SCCx43KO mouse line in human testis samples. Male fertility
is a highly complex process and a perfect interplay of different cell types as well as regulatory
mechanisms. These facts make it impossible to model the entire process in vitro. Due to
limitations regarding human studies, animal models, especially mouse models, provide an
alternative option to investigate genes and molecular mechanisms involved in male (in-) fertility
as spermatogenesis genes are highly conserved between mice and humans (Jamsai & O'bryan
2011; Tamowski et al. 2010). Several (infertile) mouse models have been developed over the
last years, these revealing possible candidate genes, which have been used in re-sequencing
studies aiming to identify SNPs or mutations in those genes responsible for spermatogenic
disorders in infertile men (Tamowski et al. 2010). Dazl knockout mice are one example of these
(Tamowski et al. 2010). These mutant mice have a reduced testis size and are azoospermic
(Ruggiu et al. 1997). In men, several studies have been conducted, revealing different results
between ethnicities regarding polymorphisms in the DAZL gene and association with male
infertility risk (Chen et al. 2016; Teng et al. 2002; Tschanter et al. 2004; Zhang et al. 2014a).
Thus, differences between ethnicities appear to be an important reason for evaluating murine
candidate genes in humans.
The SCCx43KO mouse line has been generated to investigate the Sertoli cell-specific role of
Cx43 in spermatogenesis, infertility and the development of TGCTs as an altered expression
pattern of Cx43 has been found in testicular biopsy specimens of men suffering from the latter
disorders (Brehm et al. 2002; Brehm et al. 2006; Brehm et al. 2007; Defamie et al. 2003; Roger
et al. 2004; Sridharan et al. 2007; Steger et al. 1999b). Therefore, Cx43 has been assumed to be
involved, e.g., in the initiation and maintenance of spermatogenesis (Brehm et al. 2007). Indeed,
adult SCCx43KO males show a testicular phenotype similar to men suffering from infertility,
in particular an arrested spermatogenesis at the level of spermatogonia, Sertoli cell-only
syndrome and intratubular Sertoli cell clusters (Brehm et al. 2007; Sridharan et al. 2007).
Hence, this model appears suitable for further investigations regarding causes of disturbed
spermatogenesis and then to “translate” these findings into comparable human disorders.
Although showing higher Sertoli cell numbers per seminiferous tubule and higher Leydig cell
numbers, SCCx43KO mice do not develop human-specific TGCTs. However, also in this
context, it is of major interest to identify genes implicated in developing this murine phenotype
because it has recently been shown that especially alterations in meiotic gene expression can be
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associated with TGCTs (Feichtinger & Mcfarlane 2019). Thus, given the fact that the
SCCx43KO mice have a spermatogenic arrest at spermatogonial level and for the most part do
not enter meiosis, besides Sertoli cell-specific genes, it was assumed that meiotic genes might
also be affected by the Cx43 gene deletions (see Chapters 4.2.3 and 4.2.4). Indeed, genes
involved in spermatogonial differentiation and the transition to meiosis have already been found
altered in eight-day-old SCCx43KO mice (Giese et al. 2012).
Based on the results of this previous microarray analysis (Giese et al. 2012) and raw NGS data
(Hilbold et al. 2020), Dmrtb1 was identified as a very promising candidate gene for
investigating human biopsy specimens of patients suffering from infertility and TGCTs.
Microarray analysis revealed Dmrtb1 as the most downregulated gene in eight-day-old
SCCx43KO mice (Giese et al. 2012). Additionally, raw NGS data yielded a significant
downregulation of Dmrtb1 in eight-, ten-, and twelve-day-old SCCx43KO mice (see Table S12
of Hilbold et al. 2020). After cell count specific normalization of raw NGS data, Dmrtb1 turned
out to be the fifth most downregulated gene in ten-day-old SCCx43KO mice (see Table S13 of
Hilbold et al. 2020). As Dmrtb1 has been shown to be essential for coordinating the transition
in gametogenic programs from spermatogonial differentiation and mitosis to spermatocyte
development and meiosis in mice (Zhang et al. 2014b), first, its expression pattern was
investigated in testis samples of men with normal spermatogenesis and then in samples of men
with pathological changes (see Hilbold et al. 2019). In addition, it was examined whether
DMRTB1 and DMRT1 are co-expressed because in mice, a co-expression has been reported,
and in men, DMRT1 shows a comparable expression pattern as it does in mice (Jorgensen et
al. 2012; Zhang et al. 2014b). Moreover, in men suffering from GCNIS and TGCTs related to
GCNIS, an altered expression of DMRT1 has been shown and implicated in invasive
progression and reprogramming of GCNIS cells into TGCTs (Jorgensen et al. 2013; Kanetsky
et al. 2011; Turnbull et al. 2010). Additionally, DMRT1 has been established as a marker for
spermatocytic tumors, which are unrelated to GCNIS and formerly known as spermatocytic
seminoma (Looijenga et al. 2006).
Using immunohistochemistry and RT-PCR in men with normal spermatogenesis, the
expression pattern of DMRTB1 has been found to be similar to the expression pattern in mice,
also indicating a possible role of DMRTB1 in the mitosis-meiosis switch in humans (Hilbold
et al. 2019). Additionally, co-expression of DMRTB1 and DMRT1 has been observed in the
vast majority of germ cells, whereby DMRTB1 was detected in more mature germ cells
according to results obtained in mice (Hilbold et al. 2019; Zhang et al. 2014b). Thus, it seems
likely that the human gene DMRTB1 takes over the functions of DMRT1 gene as it has been
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assumed in mice (Zhang et al. 2014b). Murine DMRTB1 and DMRT1 can bind each other,
have similar DNA binding sequences and both regulate the expression of several key
spermatogonial regulators such as Sohlh1 and Sohlh2 (Zhang et al. 2014b). Hence, an
antagonistic relationship between the two has been suggested, by which DMRTB1 may repress
Dmrt1 and indirectly regulate its target genes, e.g., Sohlh1, or due to binding competition or
heterodimerization modify each other’s activity (Murphy et al. 2010; Zhang et al. 2014b).
Owing to their similar expression pattern, similar binding features therefore might appear likely.
However, further research is required to assess whether DMRTB1 and DMRT1 indeed have
similar binding motifs in humans and how precisely and to which extent they regulate the
transition between mitosis and meiosis.
Furthermore, altered expression of DMRTB1 in seminiferous tubules with an arrested
spermatogenesis at spermatogonial level (Hilbold et al. 2019) reinforces its suspected role in
normal spermatogenesis.
With respect to the development of GCNIS and transformation into invasive TGCTs, alterations
of DMRTB1 expression have been detected according to previous findings for DMRT1,
strengthening the assumption that meiosis signaling is dysregulated in GCNIS cells and
DMRTB1 as well as that DMRT1 are lost with invasive progression and reprogramming of
GCNIS cells into TGCTs (Hilbold et al. 2019; Jorgensen et al. 2013).
Consequently, it would be appropriate to study whether gene mutations occur in men with
disturbed spermatogenesis, GCNIS and TGCTs. Recently, a mutation in the DMRTB1 gene has
been reported in relation to colorectal cancer and its ability to metastasize to the liver (Ma et al.
2018). Thus, in the case of colorectal cancer, DMRTB1 may be used as a prognostic marker
(Ma et al. 2018).
When studying gene mutations in men, it is important to consider ethnical differences. For
examining the functions of Dmrtb1 in male gametogenesis, two mouse strains (C57BL/6J and
129Sv) have been used and even between these strains clearly recognizable differences have
been observed (Zhang et al. 2014b).
Taken together, for the first time, a murine candidate gene identified in the SCCx43KO mice
by microarray and NGS analysis has successfully been proven in human testicular biopsy
specimens of men with normal and impaired spermatogenesis. Moreover, also in connection
with GCNIS and TGCTs, DMRTB1 seems to play a role. Thus, SCCx43KO mice are a suitable
in vivo model for investigating human male factor infertility as well as for identifying genes
which might be involved in the development of GCNIS related TGCTs.
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5 Concluding remarks and further investigations
The present thesis underlines the intriguing roles of Cx43 in murine Sertoli cells for successful
progression and maintenance of spermatogenesis. It was demonstrated that Cx43 deletion leads
to higher Sertoli cell numbers per seminiferous tubule and impaired Sertoli cell maturation in
prepubertal SCCx43KO mice (Hilbold et al. 2020). Thus, these somatic cells seem unable to
undertake functions required for supporting differentiating germ cells appropriately.
Moreover, in the SCCx43KO mice, intercellular communication appears interrupted by absent
Cx43 expression in Sertoli cells greatly influencing germ cell development. In particular, most
downregulated genes were germ cell-specific and implicated in spermatogonial differentiation
as well as meiosis (Hilbold et al. 2020). It was possible to identify genes which are essential for
normal murine spermatogenesis and might be promising candidate genes for investigating
corresponding human deficiencies using testicular biopsy specimens. Among these genes were
in addition to Dmrtb1 and Dmrt1, for example, Dmrtc2, Sohlh1 and Sohlh2, Tex15, Mei1,
Hells and Ovol1 (Hilbold et al. 2020). As a further part of the present research, the expression
pattern of DMRTB1 (and DMRT1) was examined in men showing normal and impaired
spermatogenesis (Hilbold et al. 2019). Hitherto, DMRTB1 has never been investigated
regarding these issues in humans. However, Dmrtb1 has been identified as coordinator of the
mitosis-meiosis switch in murine germ cells (Zhang et al. 2014b). According to this study,
DMRTB1 seems to regulate the transition between mitosis and meiosis in cooperation with
other genes and therefore it might play a relevant role in human spermatogenesis (Hilbold et al.
2019). Thus, “translation” of a murine candidate gene, identified by the previous microarray
analysis (Giese et al. 2012) and the present NGS analysis of prepubertal SCCx43KO mice
(Hilbold et al. 2020), was possible for the first time and confirmed the established SCCx43KO
mouse line (Brehm et al. 2007; Sridharan et al. 2007) as an interesting translational mouse
model for investigating human male sterility. Additionally, an altered expression pattern of
DMRTB1 has been found in GCNIS and seminoma (Hilbold et al. 2019), thus supporting
assumed dysregulation of meiosis signaling in GCNIS cells (Jorgensen et al. 2013) and
indicating a relationship between altered DMRTB1 expression and malignant transformation
of human germ cells. Taking this into account along with the fact that TGCTs are known to
express genes, which are normally tightly restricted to meiotic cells (Feichtinger & Mcfarlane
2019), and show an altered expression of Cx43 (Brehm et al. 2002; Brehm et al. 2006), the
SCCx43KO mouse model might also be useful to identify candidate genes implicated in the
pathogenesis of TGCTs, even though transgenic mice do not develop testicular tumors.
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Further studies are required to investigate identified murine candidate genes such as Sohlh1,
Sohlh2 and Ovol1 in corresponding human deficiencies to better understand underlying
mechanisms of human male sterility and development of TGCTs. In addition, the particular
function(s) of DMRTB1 in normal human spermatogenesis as well as its possible role in
spermatogenic disorders, testicular cancer and whether gene mutations of DMRTB1 might exist
and be involved in their development, need to be elucidated.
Regarding Cx43, it remains to be clarified how precisely Cx43 influences gene expression of
Sertoli cells and germ cells and consequently several cellular processes. Cell sorting approaches
or single cell cultures will be a next step towards allocating gene expression differences between
SCCx43KO and wild type samples to the different cell population in the case of genes which
are known to be expressed in more than one cell type. Additionally, there is growing evidence
that microRNAs (miRNAs) might influence cell cycling (reviewed in Wang et al. 2019). Recent
studies reported that small interfering RNAs (siRNAs) and miRNAs can pass through gap
junctions, including Cx43-based gap junctions (see reviews Lemcke et al. 2015 and Leybaert
et al. 2017). Thus, the roles of small, noncoding RNAs, i.e., miRNAs, siRNAs and PIWIassociated RNAs (piRNAs), need to be examined in SCCx43KO mice, as altered gene
expression of Dicer1, Agronaute and piwi-like gene family members was detected in the
prepubertal SCCx43KO mice by NGS (see Supplementary File 1 of Hilbold et al. 2020).
Moreover, it appears interesting to add samples of younger animals (with respect to Griswold
2016, especially the day of birth as well as two and five days p.n.) regarding the question
whether and to what extent prospermatogonia and nascent spermatogonia are affected by Cx43
loss in Sertoli cells of the SCCx43KO mice.
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