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Summary
Spermatogonial cells are the postnatal initiators of spermatogenesis and fulfil essential
proliferative and differentiation functions across lifetime, in order to ensure successful
sperm

formation

and

fertilization

potential

of

an

organism.

Furthermore,

spermatogonial cells are the only stem cell population in the body which convey
genetic information to the embryo. During postnatal testis maturation, spermatogonial
cells are characterized by significantly different transcriptional programs. However, the
underlying chromatin landscape which may contribute to such dynamic gene
expression remains largely unknown.
The work presented in this thesis analyses chromatin accessibility differences
between early postnatal and steady-state adult spermatogonial cells in the mouse
testis. Using bioinformatics tools, chromatin accessibility profiles were correlated with
newly generated and previously published gene expression profiles and histone
modifications, in order to reveal novel characteristics of the age-dependent molecular
phenotype of spermatogonial cells.
We found that open chromatin in spermatogonial cells undergoes significant
reorganization during testis development, with predominantly more accessible regions
in adult spermatogonial cells than in cells from postnatal developing testis. Motif
enrichment analysis predicted specific transcription factor families in the regions of
differential accessibility, suggestive of distinct age-specific regulatory networks.
Biological pathways associated with more accessible regions in adult spermatogonia
were consistent with RNA metabolism, maintenance of a cell stem state and cell fate
priming, whereas less accessible regions displayed enrichment in pathways
predominantly involved in developmental processes. By integrating chromatin
accessibility, transcriptome and histone modifications data from several postnatal
timepoints, we revealed 4 categories of differentially accessible regions in proximity of
genes with dynamic expression profiles across age, and we describe specific patterns
of activating, repressive or bivalent histone modifications at each of these categories.
By assessing chromatin accessibility specifically at transposable elements (TEs), we
showed that certain subtypes, mainly components of the ERVK-LTR family, become
less accessible in adult spermatogonia, whilst specific LINE L1 subtypes increase in
accessibility. Exemplary LTR loci within the subtypes with altered chromatin
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accessibility coincided with transcription starting sites (TSSs) of pluripotency genes,
suggesting an age-dependent dynamic regulatory potential of TEs on the proliferation
and differentiation capabilities of spermatogonial cells. In addition, some of the more
accessible LINE L1 loci were distinctively associated with olfactory receptor gene
regions within the genome, prompting further investigation into the non-random gene
expression regulation that certain TE subtypes may fulfil in spermatogonial cells. The
abundant number of enriched transcription factor motifs situated at the differentially
accessible TEs also emphasize important regulatory role for these TE subtypes in
spermatogonial cells across postnatal testis maturation.
Lastly, we investigated how an environmental insult applied in early postnatal
development, during spermatogonial cell establishment and first division rounds, could
alter their molecular phenotype. By investigating several levels of transcriptome
regulation, we found differences in the transcript usage of several genes encoding
RNA-binding proteins and known splicing factors in spermatogonial cells of exposed
pups. Chromatin accessibility assessment in spermatogonial cells from control and
stressed pups shortly after the end of the stress exposure revealed regions of
differential accessibility between the 2 groups, and their association with pathways
related to numerous metabolic and immune processes. Notably, we also found testis
and blood alterations in immune signalling, implying that an altered testis milieu,
potentially via systemic factors, could alter spermatogonial cells in ways described
above. In the Conclusions and Outlook section of the thesis we explore how our
findings contribute to the current knowledge about spermatogonial cell age-dependent
transcriptome and epigenetic profiles, what further experiments would be needed to
validate these results, and the implications of our results for assessing germline
reactivity to environmental insults and lifestyle factors.
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Zusammenfassung
Spermatogonien sind die postnatalen Initiatoren der Spermatogenese und erfüllen
lebenslang wesentliche Proliferations- und Differenzierungsfunktionen, um die
erfolgreiche Spermienbildung und das Befruchtungspotential eines Organismus zu
gewährleisten. Darüber hinaus sind Spermatogonien die einzige Stammzellen im
Körper, die direkt zur genetischen Information eines Nachkommens beitragen.
Spermatogonien zeichnen sich durch signifikant unterschiedliche Programme zur
Regulation

der

Gene

während

der

postnatalen

Hodenreifung

aus.

Die

zugrundeliegenden Eigenschaften von Chromatin, welche zu einer solchen
dynamischen Genexpression beitragen, bleiben jedoch weitgehend unbekannt.
Die in dieser Dissertation vorgestellte Arbeit analysiert die Unterschiede in der
Zugänglichkeit

zum

Chromatin

zwischen

frühen

postnatalen

und

reifen

Spermatogonien im Hoden der Maus. Mittels Bioinformatik wurden die Zugänglichkeit
zum Chromatin mit neu erstellten und zuvor publizierten Profilen von Genexpression
und Histonmodifikationen korreliert, um neue Charakteristika des altersabhängigen
molekularen Phänotyps von Spermatogonien aufzudecken.
Wir fanden heraus, dass die Chromatinzugänglichkeit in Spermatogonien während der
Hodenentwicklung eine signifikante Reorganisation erfährt, wobei die zugänglichen
Chromatinregionen in adulten Spermatogonien überwiegend besser zugänglich sind
als in Spermatogonien aus sich noch postnatal entwickelnden Hoden. Die
Motivanreicherungsanalyse sagte spezifische Transkriptionsfaktorfamilien in den
Regionen der differenziellen Chromatinzugänglichkeit voraus, was auf ausgeprägte,
altersspezifische Regulationsmechanismen schliessen lässt. Darüber hinaus waren
die biologischen Stoffwechselwege, die mit leichter zugänglichen Regionen in adulten
Spermatogonien assoziiert waren, konsistent mit dem RNA-Stoffwechsel, der
Aufrechterhaltung
Zellschicksals,

eines

während

Zellstammzustandes
weniger

zugängliche

und

der

Regionen

Vorbereitung

des

vorwiegend

mit

Entwicklungsprozessen assoziiert waren. Durch die Integration von Daten der
Chromatinzugänglichkeit, des Transkriptoms und Histonmodifikationen aus mehreren
postnatalen Zeitpunkten, entdeckten wir 4 Kategorien veränderter Zugangsprofile des
Chromatins in der Nähe von Genen mit dynamischen Genexpression. Ferner
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beschreiben wir spezifische Muster von aktivierenden, repressiven oder bivalenten
Histonmodifikationen in jeder dieser Kategorien.
Indem wir die Chromatinzugänglichkeit speziell an transponierbaren Elementen (TEs)
im gesamten Genom untersuchen, zeigen wir auf, dass bestimmte Subtypen,
hauptsächlich Komponenten der ERVK-LTR-Familie, bei adulten Spermatogonien
weniger

zugänglich

Zugänglichkeit

werden,

erhöhen.

während

spezifische

Beispielhafte

LINE

L1-Subtypen

ERVK-Subtypen

mit

die

veränderter

Chromatinzugänglichkeit überlappten mit Transkriptionsstartstellen (TSS) von Genen
welche die Pluripotenz steuern, was auf ein altersabhängiges, dynamisches
Regulationspotenzial von TEs auf die Proliferations- und Differenzierungsfähigkeit von
Spermatogonien hindeutet. Darüber hinaus waren einige der leichter zugänglichen
LINE L1-Subtypen eindeutig mit olfaktorischen Rezeptor-Genregionen innerhalb des
Genoms

assoziiert,

was

zu

weiteren

Untersuchungen

der

nicht-zufälligen

Genexpressionsregulation führte, die bestimmte TE-Subtypen in Spermatogonien
erfüllen können. Die grosse Anzahl von Transkriptionsfaktormotiven, die an den
differenziell zugänglichen TEs angereichert waren, weist ebenfalls auf eine wichtige
regulatorische Rolle dieser TE-Subtypen in Spermatogonien während der postnatalen
Hodenreifung hin.
Schliesslich untersuchten wir, wie eine Umweltbelastung in der frühen postnatalen
Entwicklung von Mäusen, während der Etablierung der Spermatogonienzellen und der
ersten Teilungen, deren molekularen Phänotyp verändern könnte. Durch die
Untersuchung

mehrerer

Ebenen

der

Transkriptom-Regulation

fanden

wir

Unterschiede in der Transkriptverwendung mehrerer Gene, die für RNA-bindende
Proteine und bekannte Spleissfaktoren kodieren, in den Spermatogonien exponierter
Jungtiere. Die Bewertung der Chromatinzugänglichkeit in Spermatogonien von
gestressten

und

nicht-gestressten

Jungtieren

kurz

nach

dem

Ende

der

Stressexposition zeigte Regionen mit unterschiedlicher Zugänglichkeit zwischen den
beiden Gruppen auf und ihre Verbindung mit Stoffwechselwegen, die mit der
Entwicklung

des

Zentralnervensystems

zusammenhängen.

In

adulten

Spermatogonien zeigten weniger Regionen eine unterschiedliche Zugänglichkeit
zwischen den Kontroll- und den exponierten Männchen auf, jedoch bezogen sie sich
immer noch auf Gene, die an der neuronalen Proliferation und der Entwicklung des
Nervensystems beteiligt sind, was auf eine erhöhte Anfälligkeit dieser biologischen
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Stoffwechselwege für Umweltbelastungen im postnatalen Alter hinweist. In den
Schlussfolgerungen und Aussichten der Dissertation untersuchen wir, wie unsere
Ergebnisse zum aktuellen Wissen über das altersabhängige Transkriptom und die
epigenetischen Profile von Spermatogonien beitragen, welche weiteren Experimente
erforderlich wären um diese Ergebnisse zu validieren, und welche Auswirkungen
unsere

Ergebnisse

auf

die

Bewertung

der

Keimbahnreaktivität

Umweltbelastungen und gesundheitliche Risikofaktoren haben.
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Glossary
A1-4

Differentiating A-type spermatogonial cells

Aal

Undifferentiated A aligned spermatogonial cells

AD

Alzheimer disease

Adark

Undifferentiated A dark spermatogonial cells

Ap

Undifferentiated A paired spermatogonial cells

Apale

Undifferentiated A pale spermatogonial cells

As

Undifferentiated A single spermatogonial cells

ASD

Autism spectrum disorder

ATAC-seq

Assay for transposase-accessible chromatin sequencing

BCL6B

B-cell CLL/lymphoma 6 member B protein

BMX1

Bone marrow tyrosine kinase gene in chromosome x protein

BPA

Bisphenol-A

BTB

Blood-testis-barrier

c-KIT

Tyrosine protein kinase KIT/Cluster of differentiation 117

CGI

CpG island

CTCF

CCCTC-binding factor

DBP

Di(n-Butyl) Phthalate

DMRT1

Doublesex And Mab-3 Related Transcription Factor 1

DNA

Deoxyribonucleic acid

DNAme

DNA methylation

dpc

Days post coitum

DTU

Differential transcript usage

E

Embryonic day

EDC

Endocrine disruptor compound

EE2

17α-ethinylestradiol

ERVK

Endogenous retrovirus K-promoter

ESC

Embryonic stem cell

ETV5

ETS Variant Transcription Factor 5

FACS

Fluorescence activated cell sorting

FC

Fold change

FGF

Fibroblast growth factor

GDNF

Glial cell line-derived neurotrophic factor
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GFP

Green fluorescent protein

GFRA1

Glial cell line-derived neurotrophic factor receptor α

HiC

Chromosome conformation capture-based technique

HSC

Hematopoietic stem cell

ID4

Inhibitor of DNA binding 4

LHX1

LIM Homeobox 1

lincRNA

Long intergenic non-coding RNA

lncRNA

Long non-coding RNA

LPPR3

Lipid Phosphate Phosphatase-Related Protein Type 3

LTR

Long terminal repeat

MACS

Magnetic activated cell sorting

MAGE

Melanoma-associated antigen

MAPK

Mitogen activated protein kinase

miR

microRNA

mRNA

Messenger RNA

mTOR

Mammalian target of Rapamycin

NANOS2

Nanos C2HC-Type Zinc Finger 2

NGN3

Neurogenin-3

OCT4

Octamer-binding transcription factor 4

PAX7

Paired box 7

PGC

Primordial germ cell

piRNA

Piwi-interacting RNA

PLZF

Promyelocytic leukemia zinc finger

PND

Postnatal day

PNW

Postnatal week

POU5F1

POU Class 5 Homeobox 1

RET

Ret Proto-Oncogene

RNA

Ribonucleic acid

RNA-seq

RNA sequencing

RT

Room temperature

SALL4

Spalt Like Transcription Factor 4

scRNA-seq Single cell RNA sequencing
sncRNA

Small non-coding RNA

SSC

Spermatogonial stem cell
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TAD

Topologically associated domain

TE

Transposable element

TF

Transcription factor

THY1

Thy1 cell surface antigen / Cluster of differentiation 90

Tn5

Transposase 5

VEGF

Vascular endothelial growth factor

WT

Wild type

Gene / Protein Nomenclature
Mouse gene symbols are italicised, with the first letter capitalised and the rest of the
letters in lowercase (e.g., Thy1). Protein names are the same as the gene name, but
not italicised and with all letters capitalised (e.g., THY1).
Human gene symbols are italicised with all letters capitalised (e.g., THY1). Protein
names are the same as the gene name, but not italicised and with all letters
capitalised.
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1. Introduction
1.1
1.1.1

The mammalian germline
Development of the mammalian germline in the embryo

In mammals, reproductive potential across lifetime relies entirely on the population of
cells capable of producing mature sperm and oocytes, collectively referred to as the
germline. Germline development is initiated in the embryo, when primordial germ cells
(PGCs), the earliest precursors of functional gametes, were first identified as a distinct
cell population (Ginsburg et al., 1990). Most of the evidence about PGC formation,
migration and specification has been obtained using the mouse as a model of choice,
thanks to their accessibility and ease of use. Mouse PGCs were first detected in the
embryo at embryonic day 7.25 (E7.25), in the endoderm of the yolk sac and below the
primitive streak, from where they migrate to the gonadal ridges, which they colonise
by E10.5 (Richardson and Lehmann, 2010; Saitou and Yamaji, 2012).
In the female embryo, proliferation of PGCs continues until ~ E13.5, when around
25,000 PGCs exit mitosis and enter prophase I of meiosis. Following entry in meiosis,
female mouse PGCs continue meiotic progression until day 3-5 after birth, when all
oogonia remain arrested in the diplotene stage of prophase I until hormonal stimulation
during puberty (Chuma and Nakatsuji, 2000; McLaren, 2000). In contrast, in male
embryos, PGCs enter mitotic arrest once they reach the gonadal ridges, and remain
arrested in the G0/G1 phase of the cell cycle throughout embryonic development as
gonocytes, until postnatal day 1-2 (PND1-2). At this stage, gonocytes exit quiescence
and resume mitotic proliferation in order to form spermatogonial cells, and initiate the
spermatogenic cascade (Saitou and Yamaji, 2012).
Unlike in the mouse, human PGC formation is not as well defined, mainly due to the
scarcity of early human embryonic tissue. Several studies in humans have defined an
overall chronology of PGC development, starting with their detection at week 3 postfertilization, in the yolk sac near the allantois. PGCs migrate to the gonadal ridges by
week 8, and proliferate in the gonadal ridges followed by differentiation into oogonia
(week 9) or gonocytes (week 10-12) soon after sex determination is complete. Similar
to the mouse, oogonia continue proliferating and enter meiosis during foetal
development, whereas gonocytes undergo mitotic arrest and remain quiescent until
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puberty (De Felici, 2013). Given the extensive research using the mouse as animal
model, and the work included in this thesis, the next chapters will focus on describing
the current knowledge with reference to the mouse germline, and touch upon the
existing evidence in humans when available.
1.1.2

Spermatogenesis in mammals

Mouse spermatogenesis begins immediately after birth, at PND1-2, when gonocytes
(also termed prospermatogonia in their quiescent state) migrate from the centre of the
seminiferous tubules to the basement membrane of the testis, and give rise to the
mitotically active spermatogonial cells. In
mice, a full spermatogenic cycle in the
testis lasts around 35 to 37 days, and is
divided into several stages of consecutive
mitotic and meiotic divisions (Figure 1-1).
First,

spermatogonial

cells

divide

repeatedly in order to form a stable pool of
spermatogonial

stem

cells

(SSCs),

capable of self-renewal. Out of these cells,
a subpopulation of SSCs gradually loses
stem cell potential and forms A type
progenitor

spermatogonia,

which

are

committed to further differentiation into Figure 1-1 Schematic of a transversal section
Intermediate and B type spermatogonia through a seminiferous tubule in mice
(Oatley and Brinster, 2006). At around PND9-10 the first populations of preleptotene
spermatocytes are formed from the differentiating spermatogonia. Preleptotene diploid
spermatocytes meiotically divide (meiosis I) and form leptotene, pachytene, zygotene
and diplotene haploid spermatocytes (secondary spermatocytes) by the end of the
second postnatal week. During this meiotic division, migration of spermatocytes from
the basement membrane of the testis towards the lumen of the seminiferous tubules
also takes place. In meiosis II, spermatocytes give rise to round spermatids, which
then enter a phase of morphological restructuring, marked by nuclear condensing of
chromatin, through histone-to-protamine exchange and cytoplasm reduction, to form
elongating spermatids. In the last phase of testis transit, elongating spermatids are
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released into the lumen of the seminiferous tubules. The maturation of elongating
spermatids and their transformation into fertilization-competent spermatozoa takes
places during their migration through the epididymis, an independent structure in
which adult spermatozoa reside until their release (La and Hobbs, 2019; Phillips et al.,
2010).
Concomitant with germ cell maturation, several other important processes take place
in the testis, and involve the somatic cell milieu. Sertoli cells, the only somatic cells
situated in the seminiferous tubules together with the germ cells, expand from the
basement membrane until the lumen of the seminiferous tubules, and are equipped
with extensive cytoplasmic processes which they send out between each other and to
the germ cells. Some of the cellular junctions between adjacent Sertoli cells are very
tightly maintained together and form what is known as the blood-testis-barrier (BTB).
The BTB develops between PND15-25, and divides the seminiferous tubules
epithelium into 2 domains: the basal domain, where undifferentiated and differentiating
spermatogonial cells and preleptotene spermatocytes reside, and the adluminal
compartment, where the rest of the germ cells are located. This separation allows for
the germ cells in the adluminal compartment to complete meiosis in an
immunoprivileged compartment, while being sequestered from the circulatory and
lymphatic systems (Li et al., 2012; Mruk and Cheng, 2015; Potter and De Falco, 2017;
Smith and Braun, 2012). Although not entirely understood how, the BTB also allows
for selective circulation of certain metabolites and molecules, while restricting the
access of most nutrients (such as glucose) and hormones (Mruk and Cheng, 2015;
Rondanino et al., 2017).
Outside the seminiferous tubules, in the interstitial space of the testis, other types of
somatic cells reside, such as Leydig cells, resident testis macrophages and
vasculature-associated cells. Leydig cells are the most important testosterone
producing cells in the testis, with numerous roles in testis maturation and fertility. Their
effects on spermatogenesis have been reported to occur through both direct and
indirect (via other somatic cells in the testis) communication with germ cells. The rest
of the somatic cells in the interstitial space, particularly resident macrophages, have
also been shown to play important roles in testis morphogenesis, and
spermatogenesis, through direct effects on spermatogonial cell differentiation
(DeFalco et al., 2015; Heinrich and DeFalco, 2019; Potter and De Falco, 2017).
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Although the main spermatogenesis milestones are conserved across mammals,
large variation in timescales exists. In humans, the entire spermatogenic cycle lasts
for around 76 days within the seminiferous tubules, followed by another several weeks
of transport through the ductal system of the epididymis, adding up to around 3 months
(Amann, 2008). In comparison to other mammals such as rodents, rabbits and bulls,
the amount of sperm produced per gram of testis is much lower in humans, in part due
to differences in the rate of spermatogonial cell renewal and their differentiating
capacity (Ehmcke et al., 2006). Furthermore, differences in testis morphology between
different individuals seem to be more pronounced in humans than in other mammalian
species (Amann, 2008; De Rooij and Russell, 2000).
1.2

Spermatogonial cells

Spermatogonial cells ensure stable and continuous sperm formation throughout
lifetime. Within the testis milieu, spermatogonial cells encompass only a small
proportion of the total number of germ cells (around 0.3% of all testis cells are
undifferentiated spermatogonia in rodents and 12% in humans) (Fayomi and Orwig,
2018). Their organization and molecular characteristics will be discussed in detail in
the next subchapters.
1.2.1

Spermatogonial cell organization in the testis

Pioneering studies in the field, later confirmed through lineage tracing experiments,
indicate that immediately after birth, the population of quiescent prospermatogonia
follows 2 distinct trajectories: some of the prospermatogonia (approximately 70%)
directly enter terminal differentiation to give rise to the first round of spermatozoa,
whilst the remaining cells mitotically divide and form the undifferentiated As
spermatogonial cells, presumably containing the real stem cell subpopulation
(Griswold, 2016; Kluin and Rooij, 1981). Follow-up studies found that these 2 cell fates
were distinguished by the presence ( in prospermatogonia that form the initial pool of
undifferentiated spermatogonial cells) or absence ( in prospermatogonia that give rise
to terminally differentiated spermatogonial cells) of the neurogenin-3 (NGN3)
transcription factor (Yoshida et al., 2004, 2006). Undifferentiated spermatogonia
comprise 3 distinct cell populations:

Asingle (As), Apaired (Apr) and Aaligned (Aal)

spermatogonia, with the latter 2 categories being characterized by the existence of
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cellular “bridges” between the individual cells. Aal spermatogonial cells can further
differentiate into A1-4, Intermediate, and type B spermatogonia, which are irreversibly
committed to meiosis, and further give rise to preleptotene spermatocytes (Figure 1-2)
(Griswold, 2016; Oatley and Brinster, 2012; De Rooij, 2017).

Figure 1-2 Schematic of the spermatogonial cell population in the mouse testis according to the As
model, in which a subpopulation of As spermatogonia divides symmetrically to maintain the SSCs pool,
while asymmetric division leads to more differentiated spermatogonia, commited to differentiation and
sperm formation (adapted from (Helsel and Oatley, 2017)).

1.2.2 Spermatogonial stem cell identity: fragmentation and hierarchical models
The identity of the “true” stem cells of the spermatogonial lineage is still a topic of
intense debate. Generally, there are 2 main models which support slightly different
mechanisms for SSC self-renewal. The first model, known as the “fragmentation
model” suggests that all undifferentiated type A spermatogonia have stem cell
potential (Figure 1-3). In this model, stem cell renewal mainly takes place by
fragmentation of Apr and Aal spermatogonial cells, and rarely through self-renewal of
As spermatogonia. As such, Apr and Aal cells can take 2 trajectories: they can proceed
with differentiation and form differentiating spermatogonial cells, while some of the
cells undergo fragmentation to finally reform As or Apr spermatogonia (Hara et al.,
2014; Klein et al., 2010; Nakagawa et al., 2007, 2010).
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Figure 1-3 Schematics of the fragmentation model (adapted from de Rooij, 2017).

The more recent model proposed for explaining SSCs self-renewal is the “hierarchical
As model” (Figure 1-4). In this case, only a subset of As spermatogonia possesses
stem cell capacities and is able to self-renew, whereas most of the As population
becomes gradually committed to form more differentiated spermatogonial cells
(Aloisio et al., 2014; Chan et al., 2014; Helsel et al., 2017b, 2017a; Komai et al., 2014;
Oatley et al., 2011; Sun et al., 2015). This self-renewal capacity has been tested
through transplantation assays, in which SSCs potential was attributed to the
subpopulation of cells capable of repopulating the recipient mouse testis. Such
functional assessment led to a proposed molecular phenotype for these cells based
on the concomitant expression of 3 transcription factors: ID4, BMI1 and PAX7.

Figure 1-4 Schematics of the As model (adapted from de Rooij, 2017).

Presently, one of the most widely accepted markers for SSCs is the Inhibitor of DNAbinding 4 (ID4). Several transplantation studies performed by the Oatley group
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revealed that only a subpopulation of As spermatogonia expresses high levels of ID4
(ID4

Bright

), and it is this subpopulation which also possesses the highest colonization

potential once transplanted into recipient testis (Chan et al., 2014; Helsel et al., 2017a;
Oatley et al., 2011). We now know that most of the As spermatogonia express ID4,
however in a very heterogeneous manner: around 20% of the cells are ID4Bright, 40%
of As cells have intermediate ID4 expression levels and the remaining 40% of As
spermatogonia are ID4Dim (Helsel et al., 2014). Furthermore, several other factors have
been attributed to the SSC subpopulation of spermatogonial cells, with enhanced
colonization potential, such as GFRA1, RET, DMRT1 and ETV5 (Goertz et al., 2011;
Hammoud et al., 2015; Hasegawa and Saga, 2014; Niu et al., 2011; Zhang et al.,
2016b). Taken together, these studies argue for a vastly heterogeneous profile of
SSCs, for which the general stem cell definition focused on self-renewal might not be
sufficient to define a stem cell of the spermatogonial lineage.
Unlike in rodents, the human spermatogonial cell lineage encompasses fewer
amplifying mitotic and meiotic divisions. The most primitive types of spermatogonial
cells identified in non-human primates and humans are Adark and Apale undifferentiated
spermatogonial cells, which are believed to represent the stem cell pool of the
spermatogonial population, with Adark cells slowly cycling and Apale spermatogonia
rapidly dividing. In contrast to rodents, where the transition from As to B-type
spermatogonia entails 9 mitotic divisions, in humans one mitotic amplification
delineates the transit of Apale cells to B-type spermatogonia, which will further give rise
to primary spermatocytes. Moreover, human spermatogonial cells only undergo a total
of 5 amplifying divisions compared to 12 in mice and rats and 8 in monkeys, explaining
in part the reduced number of resulting sperm cells/gram of testis (around 4 million in
humans compared to 40 million in rodents and monkeys) (Fayomi and Orwig, 2018;
Simorangkir et al., 2005).
1.2.3

Gene expression dynamics in spermatogonial cells

Elucidating the main transcriptional programs and the epigenetic factors that
characterize spermatogonial cells across age and within subpopulations is a topic of
major interest, given the essential role spermatogonial cells play in maintaining
reproductive capabilities of an organism across lifetime. Furthermore, spermatogonial
cells contain the only adult stem cell population capable of contributing genetic
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information to the next generation, making them an attractive candidate for
developmental, reproductive and inheritance studies. In the following subchapters I
will discuss the main gene expression and epigenetic programs revealed by bulk and
single cell sequencing studies.
1.2.3.1 Bulk RNA-sequencing experiments
Spermatogonial cells are characterized by dynamic gene expression programs
depending on their undifferentiated or differentiating state. Pioneering studies in the
field employed transplantation experiments to identify the first gene markers for
distinguishing spermatogonial cell populations with high self-renewing capacity from
spermatogonial cells committed to meiosis (Kubota et al., 2003, 2004b, 2004a). The
first gene markers attributed to undifferentiated and differentiating spermatogonial
cells were Thy1 and c-Kit, respectively. Initial microarray analyses in pup testis
identified numerous genes highly enriched in THY1+ cells compared to the THY1
depleted cell population (Oatley et al., 2006). Among these, Gfra1, Ret, Lhx1, Pou5f1,
Bcl6b and Id4 mRNA expression was 10-fold greater in the THY1+ cells.
Later studies using the Id4-eGFP transgenic reporter mouse line characterized the
transcriptome profile of the ID4+ spermatogonial cells using bulk RNA-seq and found
1,450 genes differentially expressed between the ID4-eGFPBright and ID4-eGFPDim
spermatogonial cells. This suggests a dynamic transcriptional landscape between
progenitor and highly enriched stem cell subpopulation within the undifferentiated
spermatogonial cell milieu (Helsel et al., 2017a). Furthermore, bulk RNA-seq from Id4eGFP mice, and from several other studies using transgenic mouse lines or surface
marker strategies to enrich for SSCs, confirmed the presence of genes such as Bcl6b
(Plzf), Etv5, Lhx1, T, Plzf, Gfra1, Pax7, Sall4, Nanos2 and Pou5f1 as distinguishing
factors for the stem cell enriched population of spermatogonia in the testis (Aloisio et
al., 2014; Costoya et al., 2004; Hammoud et al., 2015; Helsel et al., 2017a; La et al.;
Niu et al., 2011; Oatley et al., 2007).
1.2.3.2 Single cell RNA-sequencing experiments
Recently, an abundance of single-cell RNA-sequencing (scRNA-seq) studies have
focused on compiling gene expression atlases of the mouse and human testis, without
the need for prior cell selection/sorting procedure. The first published scRNA-seq
dataset compared gene expression profile of THY1+ and ID4+ spermatogonial cells
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from PND6 testis of WT and Id4-eGFP mice against a panel of 172 hand-picked genes
(Hermann et al., 2015). The authors revealed distinct subsets of cells within each of
these groups, and found that ID4-eGFP spermatogonia displayed less heterogeneity
compared to THY1+ cells. Based on this initial dataset, they speculated that these
subsets of cells could represent functionally distinct subgroups of undifferentiated
spermatogonial cells and early differentiating progenitors (Hermann et al., 2015).
Subsequent experiments characterized the full transcriptome of ID4-eGFP
spermatogonia from PND3 and PND7 pups, and confirmed that cellular heterogeneity
exists within this cell population, and that only a subset of the ID4-eGFP cells are true
SSCs, capable of self-renewal (Song et al., 2016). Additional studies focused on the
scRNA-seq characterization of spermatogonial cell subpopulations from neonatal
testis, and revealed distinct gene expression profiles characteristic to self-renewing
and differentiating spermatogonial subsets (Green et al., 2018; Hermann et al., 2018;
Mutoji et al., 2016). Self-renewing spermatogonia, as defined by the mRNA expression
of known markers (Gfra1, Etv5, Id4, Nanos2, Pax7, Tspan8, and Plzf), were enriched
for genes related to intracellular signalling pathways such as mTOR, MAPK cascade
and genes involved in glycolysis. Differentiating spermatogonia were enriched for
genes related to cell cycle control, while also upregulating mitochondrial function and
oxidative phosphorylation in order to support proliferation and differentiation. More so,
late stage differentiating spermatogonial cell populations were found to already
transcribe meiotic genes, for rapid mRNA availability in the transition from
spermatogonia to early spermatocytes (Hermann et al., 2018).
Aside from characterizing neonatal and early postnatal spermatogonial cell
populations in the testis, several scRNA-seq studies have also investigated the
transcriptome of adult testis cells. Interestingly, adult spermatogonial cells exhibited
transcriptome features which are not found in the developing testis, indicative of
changes taking place in gene expression of spermatogonia during testis maturation
(Grive et al., 2019; Hermann et al., 2018). Previous bulk RNA-seq of spermatogonial
cells from several developmental timepoints (PND0, 7, 12, 14 and postnatal week 20)
also revealed differentially enriched gene programs between early postnatal and adult
spermatogonial cells (Hammoud et al., 2015). At PND7, THY1+ spermatogonia exhibit
enrichment in genes related to splicing and cell cycle and translation, whilst PND12
cells upregulate genes related to metabolic processes. PND14 spermatogonia already
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exhibit enrichment in pathways related to meiosis and germ cell maturation, genes
which remain highly expressed in adult THY1+ spermatogonial cells (Hammoud et al.,
2015). Additionally, several transcription factors essential in stem cell maintenance
and self-renewal (Plzf, Taf4b, Etv5, Gfra1) undergo a gradual decrease from PND7 to
adulthood cells (Hammoud et al., 2015).
In the scRNA-seq performed by Hermann and collaborators, undifferentiated
spermatogonia from PND6 testis were more heterogeneous in their gene expression
profiles compared to the adult population (Hermann et al., 2018). A cluster of cells with
high expression of genes involved in cell cycle regulation, proliferation and
morphogenesis was unique to PND6 spermatogonia, whilst genes involved in RNA
metabolism and ribosome biogenesis were highly expressed in both PND6 and adult
spermatogonia. Furthermore, PND6 undifferentiated spermatogonia were enriched in
pathways related to autophagy, DNA repair and genome integrity. Reciprocally, adult
spermatogonia displayed elevated levels of genes expressed in mitochondrial function
and oxidative phosphorylation (Hermann et al., 2018).
The most recent study to investigate the transcriptional dynamics of spermatogonial
cells as mice age, revealed positive enrichment of pathways related to DNA damage
response, cell cycle and phagocytosis in adult spermatogonial cells. In contrast, the
authors found a downregulation of pathways related to transcriptional and translational
regulation and in signalling factors such as Kit, Fgf8, Fgfr1, reinforcing the idea of a
switch from autocrine to paracrine signalling in adult testis (Grive et al., 2019).
However, some of these findings are not in agreement with the scRNA-seq study from
Hermann and colleagues (Hermann et al., 2018), suggesting that even when not preenriched for certain sorting markers, differences in results could potentially be driven
by other factors. These factors include number of sequenced cells, sequencing depth,
replication strategy - technical vs biological and bioinformatic approach, and are
important to consider especially in scRNA-seq. Furthermore, given the scarcity of the
undifferentiated spermatogonial cell population in the adult testis, even slight changes
in the experimental strategy could contribute to the differences in results we observe
between some scRNA-seq studies (Suzuki et al., 2019).
Thanks to the rapid advancement of scRNA-seq, human spermatogonial cell profiling
has also gained momentum in the recent years. Several studies have focused on
investigating the gene expression signatures of spermatogonial cells, but also of other
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spermatogenic cell types in the human testis, and defined the unique features of
human spermatogenesis (Guo et al., 2017, 2018; Hermann et al., 2018; Sohni et al.,
2019). One of the first scRNA-seq datasets from human spermatogonia
employed SSEA4+ or KIT+ selection by FACS to enrich for undifferentiated and
differentiating spermatogonial cells from adult testis, respectively (Guo et al., 2017).
The authors revealed that undifferentiated human spermatogonia show upregulation
of genes involved in FGF signalling, whilst the more differentiated spermatogonial
progenitors upregulate genes involved in the WNT pathway. The study also included
chromatin accessibility profiling of human spermatogonial cells using ATACsequencing (ATAC-seq), which revealed potential regulatory roles for repeat elements
from the LTR class (Guo et al., 2017). scRNA-seq in infant and adult unsorted testis
cells performed by the same lab validated previously found human spermatogonial
cell markers and the FGF and WNT reciprocal upregulation in undifferentiated and
differentiating human spermatogonia (Guo et al., 2018). Hermann and colleagues
profiled unselected human spermatogonial cells using scRNA-seq, and compared
their findings with mouse spermatogonial cells to identify conserved and unique
transcriptome features between species (Hermann et al., 2018). Another study that
performed scRNA-seq of spermatogonial cells from infants and adults revealed a new
potential marker with increased selectivity for human SSCs, LPPR3 (Sohni et al.,
2019). Furthermore, the authors identified a more heterogeneous profile of infant
spermatogonia compared to that of the adults, with 2 unique cell populations
displaying PGC-like gene signatures (Sohni et al., 2019).
1.2.4 Epigenetic regulation in spermatogonial cells
The heterogenous patterns of gene expression revealed by RNA-seq studies point
towards distinct epigenetic mechanisms that may underscore the transcriptional
differences which characterize spermatogonial cells (Green et al., 2018; Grive et al.,
2019; Hammoud et al., 2014, 2015; Hermann et al., 2015, 2018). The following
sections will describe current advances in the profiling of the main epigenetic marks in
spermatogonial cells, both within distinct subpopulations, as well as in the transition
from early postnatal to adult state.
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1.2.4.1 DNA methylation
Although most of the DNA methylation (DNAme) patterns in spermatogonial cells are
acquired before birth at the gonocytes stage, several studies investigating DNAme in
spermatogonial cells from neonate and adult testis have suggested that patterns of
DNAme keep on being acquired until the beginning of meiosis (Cheng et al., 2020;
Hammoud et al., 2014, 2015; Oakes et al., 2007). Supportive of this theory are the
high levels of the de novo DNA methyltransferase enzymes, DNMT3a and DNMT3b,
which were found in spermatogonial cells (La Salle and Trasler, 2006; Shima et al.,
2004).
In PND8 undifferentiated spermatogonial cells, Oakes and collaborators found that de
novo methylation takes place in non-repetitive, non-GCI sequences in the genome,
whereas some intergenic LTR families such as ERVKs are demethylated (Oakes et
al., 2007). Furthermore, the authors found that some of the paternally imprinted genes
still acquired DNAme at the spermatogonial stage, and finalized this process by the
pachytene stage (Oakes et al., 2007). Similarly, findings from Hammoud and
colleagues reinforced the idea that imprinting patterns are still being finalized after
birth in spermatogonial cells (Hammoud et al., 2015). Additionally, the authors also
found a progressive demethylation taking place at promoters of meiotic genes,
olfactory receptors, protocadherins, cytokines and melanocortin receptors between
PND0 and PND7/PND12 undifferentiated spermatogonia (Hammoud et al., 2015).
When investigating DNAme profiles of adult undifferentiated and differentiating
spermatogonia, Hammoud and colleagues found strikingly similar DNAme patterns at
promoters of genes, with only a handful of meiotic genes exhibiting a loss in DNAme
at their promoters (Hammoud et al., 2014).
Recently, Cheng and colleagues performed a comparison of DNAme patterns
between 4 subpopulations of spermatogonia: PND6 ID4-eGFP spermatogonia
enriched for SSCs, PND6 ID4-eGFP spermatogonia enriched in progenitors, adult
undifferentiated and adult differentiating spermatogonia (Cheng et al., 2020). The
study found that most CG-rich regions across the genome were highly methylated
across all 4 cell subpopulations of spermatogonia, and that most of the differences in
DNAme were evident in the lowly methylated regions. Furthermore, adult
spermatogonia exhibited more pronounced differences between the 2 cell
subpopulations than PND6 spermatogonia (Cheng et al., 2020). Taken together, the
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available data suggest that DNAme is relatively stable in spermatogonial cells between
undifferentiated and differentiating subpopulations, and across postnatal life.
1.2.4.2 Histone modifications
Histone modifications in spermatogonial cells have usually been studied together with
DNAme, in order to infer consequences on the active or repressive status of chromatin
regions. Hammoud and colleagues identified regions of bivalent chromatin,
characterized by the presence of an activating H3K4me3 and a repressive H3K27me3,
at numerous promoter regions of developmental genes, in both undifferentiated and
differentiating spermatogonial subpopulations in the adult testis (Hammoud et al.,
2014). Additionally, these bivalent chromatin regions were also marked by DNA
hypomethylation. The authors hypothesized that such bivalent histone profiles are
important for allowing transfer of these genes to the embryo in a transcriptionally
competent state, while maintaining their silenced status in the germline (Hammoud et
al., 2014). Furthermore, similar bivalent status of the promoter of developmental genes
was found in undifferentiated spermatogonial cells in PND7 testis, suggesting this is
a conserved mechanism across age in spermatogonial cells (Hammoud et al., 2014).
Interestingly, a more recent study assessed the bivalent status of developmental
genes specifically in the undifferentiated spermatogonial population, and found that
certain gene promoters gained this bivalent status only at the progenitor stage, and
did not have it in the SSC-enriched fraction (Cheng et al., 2020).
1.2.4.3 Non-coding RNAs
Few studies have investigated the small or long non-coding RNA content of
spermatogonial cells in the mouse testis. Given the scarcity of these cells in the testis
milieu, especially in adult mice, and the difficulty to obtain sufficient cell numbers for
performing small RNA profiling, most of the studies to date used PND6-8
spermatogonial cells, when the ratio of spermatogonial cells to other cell types in the
testis is maximal. One of the first studies to investigate small non-coding RNA
(sncRNA) content of spermatogonial cells was performed by the Brinster lab, and
specifically profiled microRNA (miRs) species in THY1+ spermatogonia enriched from
PND6 pup testis (Niu et al., 2011). The authors compared the miRNA content of THY1+
spermatogonia and THY1- somatic testis cells and found 139 differentially expressed
miRs, with several members of the miR-291 family showing the highest difference in
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expression. Furthermore, the study showed that miR-21, may play a role in the SSC
population maintenance through an ETV5-mediated regulation of apoptosis (Niu et al.,
2011). Further studies have identified roles in stem cell self-renewal and maintenance
for other miRs in spermatogonial cells such as miR-20, miR-106a, miR-202 and miR221 and 222 (Chen et al., 2017; He et al., 2013; Yang et al., 2013).
Prepachytene piRNAs are another species of small non-coding RNAs expressed in
spermatogonial cells. These small non-coding RNAs are mostly transcribed from
transposable element (TE) regions in the genome and are known to regulate TE
silencing in spermatogonial cells (Rojas-Rıós and Simonelig, 2018; Saxe and Lin,
2011; Tóth et al., 2016; Watanabe et al., 2011).
Long non-coding RNAs (lncRNAs) have emerged in the past years as important
regulators of gene expression in various tissues in the body, including the testis (Sahlu
et al., 2020; Sun et al., 2013; Wichman et al., 2017). At PND6, pup testis exhibits more
than 3000 differentially expressed lncRNAs compared to adult 8-week old mouse
testis, with almost half of the lncRNA genes situated in intergenic regions (lincRNAs)
(Sun et al., 2013). Furthermore, GO enrichment of the differentially expressed lncRNAassociated proteins revealed pathways related to transcription regulation as the most
enriched ones (Sun et al., 2013). A more refined look at lncRNAs expressed in
spermatogonial cells, revealed a high number of lncRNAs expressed in SSC-enriched
spermatogonia and type A spermatogonia from pup testis. Out of these, 241 were
specific to SSC- and 3639 to type A-enriched spermatogonia (Liang et al., 2014).
Furthermore, parallel to the dynamic mRNA expression that takes place during
spermatogenesis, lncRNAs also display a dynamic expression, with 1630 lncRNAs
differentially expressed between spermatogonial cells and pachytene spermatocytes
(Wichman et al., 2017). Interestingly, lncRNAs have also emerged as important
regulators of pluripotency-associated genes in mouse embryonic stem cells (mESCs)
(Bergmann et al., 2015). Given that some of these pluripotency pathways are shared
by mESCs and spermatogonial cells, investigating how lncRNAs may contribute to
pluripotency potential of spermatogonial subpopulations is of increasing interest.
1.2.4.4 Chromatin accessibility and 3D organization
Chromatin accessibility dynamics in spermatogonial cells has so far mainly been
inferred from studies of histone marks, known for their activating or repressive
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potential (Hammoud et al., 2014, 2015). However, a genome-wide direct assessment
of chromatin accessibility in spermatogonial cells has only been reported in 3 studies
(Cheng et al., 2020; Luo et al., 2020; Maezawa et al., 2018).
In the first study, the authors profiled chromatin accessibility changes in the mitosisto-meiosis transition using the Assay for Transposase-Accessible Chromatin
sequencing (ATAC-seq) and found that the overall number of ATAC-seq peaks (
reflective of open chromatin, accessible to the transposase Tn5) decreased from
undifferentiated spermatogonia to the round spermatids stage (Maezawa et al., 2018).
Additionally, open chromatin regions localized in intronic and intergenic regions in
PND8 differentiating spermatogonial cells (KIT+) became inaccessible in pachytene
spermatocytes, while there was little change in chromatin accessibility in regions
around promoter of genes. However, this chromatin reorganization also comprised de
novo formation of open chromatin regions in pachytene spermatocytes compared to
differentiating spermatogonia (Maezawa et al., 2018). Similarly, another recent study
revealed major chromatin accessibility reorganization taking place between
spermatogonial and pachytene stages, with over 6,000 differentially accessible
chromatin regions (Luo et al., 2020). With the spermatogonial cell population, a study
from the Oatley lab assessed chromatin accessibility differences between Id4eGFPBright and Id4-eGFPDim PND6 spermatogonia, and found an increase in
accessibility in the Id4-GFPDim subpopulation (Cheng et al., 2020). Interestingly, this is
in opposition to the findings from Maezawa and colleagues, which reported an overall
decrease in accessibility taking place once spermatogonia advance to a more
differentiated (Maezawa et al., 2018). Although the 2 studies used different techniques
to isolate and enrich for spermatogonial cells, such contrasting findings will need
further clarification from future studies employing ATAC-seq in mouse spermatogonial
cells.
Very recently, 2 studies have employed chromosome conformation capture
sequencing (HiC) in mouse spermatogonial cells to investigate the 3D spatial
organization of chromatin across spermatogenesis (Luo et al., 2020; Vara et al., 2019).
Notably, the studies used different FACS strategies for enriching spermatogonial cells
and used PND6-8 pups and adult male mice, respectively. Even so, both studies found
that chromatin compartmentalization declines in the transition from undifferentiated
spermatogonia to differentiating spermatogonial cells and reaches a minimal state in
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pachytene spermatocytes, before increasing again in round spermatids, and reaching
the highest level in adult spermatozoa. In one of the studies, the authors suggested
that the loss of these chromatin loops in the initial phase of meiosis was CTCF- and
cohesin-independent, as both proteins had conserved abundance in all spermatogenic
cell types investigated. Chromatin accessibility at the topological associated domains
(TADs) of the chromatin loops was also not different between spermatogonial cells
and pachytene spermatocytes, suggesting that 3D chromatin organization might not
be functionally linked to chromatin accessibility at TADs. Lastly, meiosis-related genes
and certain piRNAs were located in chromatin compartments that were inactive in
spermatogonial cells, and became active in pachytene spermatocytes, a switch that
correlated with the mRNA expression changes of these genes (Luo et al., 2020).
Although these findings shed new light on the chromatin landscape of germ cells
throughout the distinct phases of spermatogenesis, the impact of age and postnatal
testis maturation on chromatin organization in the spermatogonial cells, has not yet
been investigated.
1.3

Current methods for isolating spermatogonial cells

In the adult, spermatogonial cells represent a minority of the cells making up the testis.
Thus, studies investigating the molecular characteristics of spermatogonia have
usually made use of testis from prepubertal pups, in order to maximize the ratio of
spermatogonial cells to other testis cells. In order to obtain highly enriched populations
of undifferentiated spermatogonial cells, and even more so, of As spermatogonia and
the SSCs they comprise, several techniques are routinely used in this field of research.
1.3.1 Surface marker – based cell sorting
During the past two decades, surface proteins specifically expressed by different
spermatogonial cell populations have been identified. Making use of these expression
patterns by using antibody-coated magnetic beads – magnetic activated cell sorting
(MACS) or fluorescent antibodies against the specific surface proteins – fluorescence
activated cell sorting (FACS) are the two most commonly cell sorting techniques
presently used for the enrichment of spermatogonial cells from mice.
In MACS, antibody-coated magnetic beads are incubated with cells, and the
separation of the positive cells from the negative populations takes place in a magnetic
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field. The magnetic beads used in MACS are very small and physiologically inert, so
that they do not pose any mechanical pressure on the cells, nor interfere with the
normal activity or viability of the cells. Furthermore, MACS is less harsh on the cells
than FACS, as the pressure and the speed that the cells are exposed to while passing
through the magnetic column are not as high, making it better suited for enrichment
procedures which precede in vitro culturing of the spermatogonial cells (Miltenyi et al.,
1990). The Brinster lab originally used MACS using anti-THY1 magnetic beads to
enrich for spermatogonial cells from PND6-9 pup testis prior to culturing (Kubota et
al., 2003). Presently, MACS is still routinely used to enrich for spermatogonial cells
from the initial testis cell suspension prior to culturing. However, unlike FACS, MACS
is more time-consuming for multiparameter cell sorting and for high-throughput cell
sorting, in which the number of samples required for subsequent molecular analyses
is higher. Furthermore, FACS allows for differentiation between various cell
populations which exhibit distinct levels of certain surface proteins, as is the case for
human spermatogonial cells in which THY1Bright and THYDim spermatogonia have
distinct molecular properties and stem cell capabilities (Hermann et al., 2009; Valli et
al., 2014).
The usage of FACS for spermatogonial cell enrichment has been introduced by the
Brinster group more than a decade ago. The experimental set-up assumed SSCenrichment by FACS from pup and adult mouse testis, after staining with several
combinations of surface proteins, followed by transplantation into recipient busulfantreated testis (to deplete endogenous germ cells) to assess colonization potential
(Kubota et al., 2003, 2004b, 2004a; Niu et al., 2011). The number of colonies formed
by the transplanted cells was used as an indicator of the purity and viability of the
sorted spermatogonia. As none of the surface proteins identified so far is uniquely
expressed on the surface of spermatogonial cells, a multiparametric approach in which
several surface proteins are used to perform FACS is preferred. The experiments by
Brinster and his group identified that the MHC-I-Thy1+α6-integrin+αV-integrin-/Dim
surface phenotype is common across postnatal spermatogonial cells, and leads to
high enrichment of undifferentiated spermatogonial cells in the sorted cell populations
(Kubota et al., 2004b).
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1.3.2 Genetic tagging – based cell sorting
In the last couple of years, significant advances in genetic labelling of the
subpopulation of spermatogonial cells with stem cell capabilities have been made.
Inhibitor of DNA-binding 4 (ID4) is a transcriptional repressor which has been initially
identified by the Oatley group as being expressed by a subpopulation of
spermatogonia within the As population in pup and adult testis (Oatley et al., 2011).
Follow-up studies from the same group found that ID4-eGFP As spermatogonia sorted
from an Id4-eGfp transgenic mouse line, exhibit enhanced colonization capabilities
compared to ID4-eGFP- spermatogonial cells, when transplanted into recipient testis.
Furthermore, the regenerative capabilities of the cells were maximal in the ID4eGFPBright spermatogonia compared to the ID4-eGFPDim population. Transcriptome
characterization

revealed

distinct

transcriptome

profiles

between

these

2

subpopulations. Markers of undifferentiated spermatogonia such as Lhx1, Plzf, Gfra1,
Sall4, Nanos2, and Pou5f1 were significantly upregulated in the ID4-eGFPBright cells,
whilst ID4-GFPDim spermatogonia showed an increased expression of genes
associated with progenitor status such as Ngn3 and c-Kit (Chan et al., 2014; Helsel et
al., 2014; Law et al., 2019).
Several other mouse transgenic lines have been developed to study the
subpopulations of undifferentiated spermatogonia which encompass the stem cells of
the germline. OCT4 is a transcription factor with important roles in self-renewal of
mESCs, which was also investigated in the context of SSCs (Liao et al., 2019a;
Zeineddine et al., 2014). OCT4-eGFP+ cells in the testis localize to a broader
subpopulation of type A undifferentiated spermatogonia compared to ID4-eGFP cells,
which comprises a mix of spermatogonial cells during their transition from gonocytes
to spermatogonia, self-renewing spermatogonia and spermatogonial cells committed
to differentiation (Liao et al., 2019a).
One interesting characteristic of undifferentiated spermatogonial cells which was
discovered and further used to develop a reporter mouse line is their high telomerase
expression. Based on this characteristic, the telomerase reverse transcriptase (Tert)
reporter mouse line was developed and employed to characterize the transcriptional
landscape of these cells (Garbuzov et al., 2018; Pech et al., 2015).
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The role of promyelocytic leukaemia zinc-finger (Plzf) in SSC maintenance is well
established. PLZF is a transcriptional repressor highly expressed in undifferentiated
spermatogonial cells of the As, Apr and Aal subpopulations, and becomes less
expressed during spermatogonial cells transition to more differentiated progenitors
(Costoya et al., 2004). Recently, a tamoxifen-inducible Plzf-mC/CreER mouse line was
generated (La and Hobbs, 2019). In this study, the authors argue that the expression
of ID4 was not restricted to the population of As spermatogonia with stem cell
capabilities in adult testis, and instead propose transcription factor PDX1 to specifically
mark adult spermatogonia with potent stem cell potential (La and Hobbs, 2019).
Taken together, all of the studies described in this section provide valuable insight into
the molecular characteristics of spermatogonial cells. They, however, do not reach a
consensus

regarding

the

molecular

signature

of

distinct

spermatogonial

subpopulations. One important reason for this could be the existence of
spermatogonia as a continuum of cell states, in which stem cell potential may be
dictated by the interplay between several factors, such as niche-derived cues,
postnatal age and environmental stimuli.
1.4

Environmental insults on spermatogonial cells

The impact of environmental cues on the development of various tissues in the body
is unquestionably important. Although in the past two decades a growing number of
studies have explored the potential effects of environmental influences on the
germline, our understanding of the underlying molecular mechanisms remains limited
(Anway et al., 2005; Bohacek and Mansuy, 2015; Carone et al., 2010; Chytrova et al.,
2010; Gapp et al., 2014; Rodgers et al., 2015; Sharma et al., 2018). The majority of
these studies investigated the potential epigenome alterations induced by various
exogenous factors such as diet, heat, toxicant exposure and stress in adult
spermatozoa, however little research has focused on the effects on spermatogonial
cells (De Castro Barbosa et al., 2016; De and Kassis, 2017; Minkina and Hunter,
2017). Given the unique properties of spermatogonial cells, as the only adult stem
cells to contribute with genetic (and potentially epigenetic) information to the next
generation, an in-depth understanding of how environmental cues could alter the
spermatogonial milieu is essential. In the upcoming subchapters I will briefly
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summarize the most well-characterized effects of different environmental factors on
spermatogonial cells and their implications for spermatogenesis and sperm integrity.
1.4.1

Toxicant exposure

One of the most extensively researched class of factors altering the germline are
endocrine disrupting chemicals (EDCs). Correlative evidence from humans and further
mechanistic insight from rodent models of EDC exposure suggest that the effects on
developing testis could in part explain the decline in human fertility in both males and
females, which has been reported in the past several decades (Carlsen et al., 1992;
Sharpe and Skakkebaek, 1993). Prenatal exposure of rats and mice to phthalates led
to alterations of both developing germ cells and the somatic testis milieu of the
developing testis (Ferrara et al., 2006; Gaido et al., 2007; Mahood et al., 2007).
Ferrara and colleagues showed that exposure to Di(n-Butyl) Phthalate (DBP) from
embryonic day 13.5 to 21.5 leads to delayed entry of gonocytes into quiescence, and
to a decrease in the number of spermatogonial cells during the first 2 postnatal weeks
(Ferrara et al., 2006). However, these effects were not visible anymore in the adult
testis of the exposed rats. Porro and colleagues made use of Oct-eGFP transgenic
mice to investigate the effects of another EDC, 17α-ethinylestradiol (EE2) on
gonocytes and spermatogonial cell development (Porro et al., 2015). Maternal
administration of EE2 between day post coitum (dpc) 5.5 and PND7 led to an
increased expression of Oct4 in spermatogonial cells at PND7, and decreased sperm
counts in adult offspring. These findings prompted the authors to conclude that
exposure to EED could favour a stem cell profile of spermatogonia over differentiation,
leading to a decreased sperm count (Porro et al., 2015). Other studies that focused
particularly on prenatal exposure to DBP found altered proliferation and morphology
of developing germ cells before birth, however postnatal and adult timepoints were not
investigated (Gaido et al., 2007; Mahood et al., 2007).
The first study to provide evidence that early postnatal exposure to EDCs alters
spermatogonial cells came from Vrooman and collaborators (Vrooman et al., 2015).
The authors treated male pups from 2 different mouse strains (CD-1 and C57Bl/6J)
with either Bisphenol-A (BPA) or ethinylestradiol between PND1-12, and assessed the
effects of these 2 toxicants on spermatogonial cells in the developing and adult testis.
One first important finding from the study was that aberrant meiotic recombination
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leading to pachytene spermatocytes death takes place in exposed juvenile males, and
persists into adulthood. Interestingly, sensitivity to the exposure was dependent on the
genetic background of the mice, with CD-1 mice being sensitive to both BPA and EE2,
while C57Bl/6J mice did not exhibit any germline abnormalities. To test if the
alterations in meiotic recombination are due to germ cells or the somatic milieu, the
authors performed spermatogonial cell transplantation from exposed and control
juvenile mice, and found that the recombination phenotype was persistent, suggestive
of alterations in the spermatogonial, and not in the somatic supportive cells (Vrooman
et al., 2015). These findings highlight the importance of a healthy spermatogonial cell
population for the integrity of future germ cells, and in adult sperm formation.
Furthermore, some of these results suggest that even brief exposures in early
postnatal life could have long-lasting effects on the germline.
Ethanol toxicity has also been investigated in connection to potential effects on
spermatogonial cell proliferative capabilities. A single subcutaneous injection of
ethanol in PND12, but not in PND7 male mice led to increased apoptosis of
spermatogonial cells (Caires et al., 2012). Gene expression assessment at PND7, 12
and PND42 revealed an altered gene expression profile for several genes important
in GDNF and VEGF signalling. Similarly, an earlier study in adult rats found an
increased apoptosis in spermatogonia and spermatocytes following repeated oral
intake of an ethanol-containing liquid (Zhu et al., 2000).
1.4.2

Other environmental exposures: heat, diet, chronic stress

Investigating the effects of other types of environmental cues than toxicants on the
germline has so far been limited. Recently, a class of genes called melanoma antigens
(MAGE), highly expressed in spermatogonial cells, has been described to play an
important role in protecting spermatogonial cells against nutrient, heat and genotoxic
stress (Fon Tacer et al., 2019; Lee et al., 2020). Mage-a KO in spermatogonial cells
of mice subjected to reduced food intake led to an increased seminiferous tubules
damage (Fon Tacer et al., 2019). Furthermore, Mage-b4 KO mice exposed to heat
stress displayed decreased testis size, reduced fertility and an accumulation of stress
granules in the undifferentiated spermatogonial cells, but did not show any increased
sensitivity to busulfan treatment, suggesting a protective effect of Mage-b4 only
against a specific type of stressor (Lee et al., 2020).
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Effects of traumatic stress exposure on spermatogonial cells have so far remained
largely unexplored. In rats, repeated immobilization stress led to increased apoptosis
of spermatogonial cells and spermatocytes 24h after the end of the stress paradigm,
potentially caused by the transient testosterone reduction measured during the
immobilization period (Lee et al., 2020). In mice, chronic unpredictable stress
performed daily for 4 weeks also led to increased apoptosis of spermatogonial cells in
the exposed mice, and to a mild altered expression of Kisseptin granules in the arcuate
hypothalamic nucleus (Hirano et al., 2014).
1.5

Overview

Spermatogonial cells play a central role in the postnatal establishment of germ cells
and in sperm production across life. An overview of mammalian spermatogenesis, as
well as the molecular transitions that define spermatogonial cell states across
postnatal life, have been discussed in Chapter 1.
While distinct transcriptomes have been described for spermatogonial cells from early
postnatal and adult testis, the underlying chromatin landscape has remained mostly
unexplored. In Chapter 2 we characterise the accessibility dynamics of open
chromatin between early postnatal and adult spermatogonia, and the potential
implications for gene expression regulation.
Environmental stressors during lifetime can change the epigenome of germ cells, with
potential consequences for the offspring phenotype. In Chapter 3 we investigate the
possibility that early postnatal stress affects spermatogonial cells, by comparing the
transcriptome and chromatin landscape of spermatogonial cells from exposed and
control mice.
Lastly, the findings of this thesis are summarized and discussed in Chapter 4. In this
chapter we also propose additional experiments to further investigate the regulatory
roles of chromatin accessibility dynamics in spermatogonial cells, across age and
following environmental experiences.
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2.1

Abstract

In mammals, spermatogonial cells are undifferentiated male germ cells that exit
quiescence after birth, and self-renew or differentiate to produce spermatogenic cells
and functional sperm across life. Recent rodent studies showed that spermatogonial
cells have a highly dynamic transcriptome between early postnatal life and adulthood.
However, what drives this developmental transition at the chromatin level is not fully
understood. We characterized chromatin accessibility in early postnatal and adult
spermatogonial cells in mice using ATAC-seq, and integrated the data with a range of
transcriptomic and epigenomic features across age. We show that extensive
chromatin remodelling occurs in spermatogonial cells across postnatal age, and that
this correlates with distinct biological pathways and transcription factor (TF) motif
enrichment. We further identify genomic regions with significantly different chromatin
accessibility that are marked by distinct histone modifications, and are situated in
proximity of transcription start sites (TSSs) of genes important for spermatogonial cell
maintenance and proliferation. Some of the regions with increased accessibility
correspond to transposable elements (TEs) enriched in multiple TF motifs, and with
increased RNA expression in adult spermatogonia. Taken together, our results
underscore the dynamic nature of open chromatin in spermatogonial cells across
postnatal life, and reveal novel profiles of chromatin organization, histone
modifications and gene expression between developing and adult spermatogonia.
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2.2

Introduction

Spermatogonial cells are the initiators and supporting foundation of spermatogenesis
in various species, including mammals. In mice, they become active one to two days
after birth, when they exit mitotic arrest and start dividing, to populate the basement
membrane of seminiferous tubules. During the first week of postnatal life, a
subpopulation of spermatogonial cells proliferates and gives rise to undifferentiated
Asingle (As), Apaired (Apr) and Aaligned (Aal) cells. The remaining spermatogonia differentiate
to form chains of daughter cells that become primary and secondary spermatocytes
around postnatal day (PND) 10 to 12. Spermatocytes undergo meiosis and give rise
to haploid spermatids that develop into spermatozoa. Spermatozoa are then released
in the lumen of the seminiferous tubules, and continue to mature in the epididymis until
becoming capable of fertilization at PND 42-48 (Kubota and Brinster, 2018; Oatley and
Griswold, 2017; De Rooij, 2017).
Recent work showed that distinct transcriptional profiles characterize spermatogonial
cells in early postnatal life (Green et al., 2018; Hammoud et al., 2014, 2015; Hermann
et al., 2018; Law et al., 2019). During the first week of postnatal development,
spermatogonia display unique features necessary for the rapid establishment and
expansion of the cell population along the basement membrane. These include high
expression of genes involved in cell cycle regulation, stem cell proliferation,
transcription and RNA processing (Grive et al., 2019). In comparison, in the adult
testis, the focus lies in the maintenance of a steady cell population, which balances
proliferation and differentiation capabilities to ensure sperm formation across life.
Previous reports have revealed that adult spermatogonial cells prioritize pathways
related to paracrine signalling and niche communication, as well as mitochondrial
function and oxidative phosphorylation (Grive et al., 2019; Hermann et al., 2018).
Concomitant with gene expression changes, histone tail modifications and DNA
methylation differences in spermatogonial cells from distinct postnatal stages have
also been described (Hammoud et al., 2014, 2015). However, little is known about the
accessible chromatin landscape of spermatogonial cells during the transition from
early postnatal to adult stage, and how it could facilitate these dynamic transcriptional
changes.
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To investigate open chromatin reorganization in the transition from early postnatal to
adult spermatogonia, we employed the Omni-ATAC protocol, an improved version of
the Assay for Transposase-Accessible Chromatin with high-throughput sequencing
(ATAC-seq) (Corces et al., 2017). Our results revealed extensive chromatin
remodelling, in particular an increase in accessibility, of open chromatin regions in
adult spermatogonia compared to PND15 cells. We further characterized novel
histone signatures at regions of differentially accessible chromatin associated with
genes dynamically expressed across postnatal age, by integrating published
chromatin immunoprecipitation sequencing (ChIP-seq), bisulphite sequencing (BS)
and transcriptome data. Lastly, by investigating chromatin accessibility at
transposable elements (TEs), we described previously uncharacterized changes in
accessibility at LTR and LINE L1 subtypes between developing and adult
spermatogonial cells. Taken together our results suggest an important contribution of
open chromatin reorganization to the diverse transcriptome of developing and adult
spermatogonial cells.
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2.3

Results

2.3.1 Fluorescence activated cell sorting (FACS) enriches spermatogonial cells
from developing and adult mouse testis
We collected testes from 8- and 15-days old pups (PND8 and 15), and from adult
males at postnatal week (PNW) 20, and prepared cell suspensions by enzymatic
digestion of the testes. To achieve high enrichment of spermatogonial cells in our cell
populations, we employed fluorescence-activated cell sorting (FACS) using the
surface phenotype established by Kubota et al. (Figure S 2-1A) (Kubota et al., 2004b).
The enriched spermatogonial populations were further used for Omni-ATAC (n = 6
PND15 and n = 5 adult samples) and RNA-seq (n = 9 PND8 and n = 8 PND15
samples) approaches. To evaluate the purity of our sorted samples, we performed
immunocytochemistry using PLZF, a well-established marker of undifferentiated
spermatogonia (Costoya et al., 2004). This revealed that our FACS strategy generates
cell populations that are 85-95% PLZF+, compared to only 3-6% PLZF+ cells identified
in our samples before FACS (Figure S 2-1B). Using our newly generated RNA-seq
data, we also examined the expression of known pluripotency, spermatogonial stem
cell and somatic markers (Leydig and Sertoli cells). We observed that cells in our
sorted preparations expressed high level of stem cell and undifferentiated
spermatogonial markers, but low level of somatic cells markers, confirming
spermatogonial cell enrichment (Figure S 2-1C).
2.3.2 Accessible chromatin is reorganised in adult spermatogonia compared to
early postnatal stage
Previous RNA-seq analyses in rodents showed that spermatogonial cell transcriptome
changes during postnatal life, with distinct transcriptional programs revealed in
neonatal, juvenile and adult stages (Grive et al., 2019; Hammoud et al., 2015). To
determine if changes in chromatin organization underlie the dynamic transcriptome of
spermatogonial cells as mice age, we profiled chromatin accessibility of
spermatogonial cells at PND15, and from adult testis. We relied on the Omni-ATAC
protocol, which shows a higher signal-to-noise ratio compared to the original ATACseq, and allows a lower number of starting cells (Corces et al., 2017). Accessible
regions were identified by peak-calling on the merged nucleosome-free fragments
(NFF) from all PND15 and adult samples. Following the removal of lowly enriched
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regions, we included 158,978 regions in our downstream analyses (see Methods
section for details). Most of the Tn5-accesible regions were intergenic (38%), located
in gene bodies (33%) or in proximity of a gene transcription starting site (TSS) (+/-1
kb from TSS, 28%) (Figure S 2-2A). Differential accessibility analysis revealed 3212
differentially accessible regions between PND15 and adult spermatogonia (FDR ≤
0.05, abs Log2 fold change (FC) ≥ 1), with the majority of the regions showing a gain
in accessibility in adult stage (Figure 2-1A and Table S1). The regions of differential
accessibility were predominantly localized in intergenic regions and introns (34% in
introns and 45% in intergenic regions). Only 15% of all differentially accessible regions
resided +/- 1kb from the TSS of a gene (Figure 2-1B).
To investigate the biological significance of the regions with differential accessibility,
we performed Gene Ontology (GO) analysis using the Genomic Regions Enrichment
of Annotations Tool (GREAT) (McLean et al., 2010). Overall, regions of increased
accessibility in adult spermatogonia were enriched in pathways associated with cell
fate and stem cell population maintenance, protein metabolism and RNA metabolic
processes (Figure 2-1C and Table S1). Given the high number of more accessible
regions situated at different genomic locations, we asked if this genomic distribution is
associated with distinct biological functions. We found that regions located in gene
bodies (mainly introns) were specifically enriched for GO terms related to reproduction
and protein metabolism, whilst regions close to (+/- 1 kb), or overlapping TSSs of
genes, were enriched for cell fate specification and tissue morphogenesis (Figure S
2-2B and Table S1). We observed that the regions of less accessibility in adult
spermatogonial cells were predominantly localized in intergenic regions (Table S1).
GO enrichment in less accessible chromatin regions revealed enrichment of pathways
related to embryonic development (Figure 2-1C and Table S1).
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Figure 2-1 Regions of differential chromatin accessibility from PND15 to adult spermatogonial
cells associate with distinct gene pathways.
(A) Volcano plot of differentially accessible ATAC-seq regions (adjusted P ≤ 0.05 and absolute Log2 FC
≥ 1) between adult and PND15 spermatogonial cells;
(B) Bar plot illustrating the genomic distribution of differentially accessible ATAC-seq regions between
adult and PND15 spermatogonial cells. Genomic regions were categorized in intronic, exonic, intergenic
and +/- 1kbp from the TSS of a gene;
(C) Dot plots of top enriched GO biological processes (BP) terms for regions with increased and
decreased chromatin accessibility in adult spermatogonia compared to PND15. The size of the dot
indicates the number of genes in the term, and the colour of each dot corresponds to the adjusted P
value of the term’s enrichment.
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2.3.3 Differentially accessible chromatin regions associate with distinct gene
expression dynamics and histone marks
To better understand the chromatin accessibility – transcriptome relationship across
postnatal age, we conducted RNA-seq on spermatogonial cells from PND8 and
PND15 testis, and further used previously generated literature datasets from PND14
and postnatal week (PNW) 8 THY1+ spermatogonial cells (Hammoud et al., 2014,
2015). We found 719 differentially expressed genes (FDR ≤ 0.05, abs Log2 FC ≥ 1)
between PND8 and PND15 cells, indicative of dynamic transcriptional programs
during early phases of spermatogonial cell proliferation and differentiation (Figure 2-2A
and Table S2).
The comparison between PND14 and adult spermatogonia transcriptomes, while not
affording the same type of analysis due to the low sample size, suggested even
broader transcriptional changes taking place between early postnatal and steady state adult spermatogonial cells (Log2CPM ≥ 1 and abs Log2 FC ≥ 1) (Figure 2-2B and
Table S2). To identify the biological significance of these dynamic gene expression
profiles, we conducted pathway analysis using Fast Gene Set Enrichment Analysis
(FGSEA) (Korotkevich et al., 2016; Subramanian et al., 2005). Between PND8 and
PND15 spermatogonia we revealed a downregulation of pathways related to RNA
processing and splicing, cell cycle, redox homeostasis and protein catabolism, and an
upregulation of terms associated with cellular transport, exocytosis and signal
transduction (Figure 2-2C and Table S2).
GSEA from PND14 and adult spermatogonia revealed that, similarly to the transition
from PND8 to PND15, pathways related to RNA processing, ribosome biogenesis, and
cell cycle were downregulated in adult spermatogonia (Figure 2-2D and Table S2).
We also found a downregulation of pathways related to developmental programs and
mitochondrial functions. In contrast, upregulated pathways were related to
spermatogenesis, as well as numerous processes involving cytokine signalling (Figure
2-2D and Table S2).

49

Figure 2-2 Transcriptome dynamics between early postnatal and adult stage spermatogonial
cells.
(A) Heatmap of differentially expressed genes (adjusted P ≤ 0.05 and abs Log2 FC ≥ 1) between
PND15 (n = 8) and PND8 (n = 9) spermatogonial cells. Shown are the Log2 FC with respect to the
average of the PND8;
(B) Heatmap of differentially expressed genes (Log2 CPM ≥ 1 and abs Log2 FC ≥ 1) between adult
(PNW8) spermatogonia (n = 1) and PND14 (n = 1) from literature RNA-seq datasets;
(A, B) Genes are ordered by Principal Component Analysis (PCA) method using seriation (R
package);
(C, D) Dot plots of top 10 enriched GO BP terms (adjusted P ≤ 0.05) from GSEA analysis of PND15
vs PND8 and PNW8 vs PND14 comparison, respectively. GO terms are summarized by REVIGO
and ordered by their normalized enrichment scores (NES). The size of the dot indicates the number
of expressed genes annotated in the GO term, and the colour corresponds to the adjusted P value.
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Next, we integrated the chromatin accessibility and transcriptome findings from early
postnatal to adult spermatogonial stage. Additionally, we mined previously published
ChIP-seq and BS data from THY1+ spermatogonia and investigated histone mark
(H3K4me3, H3K27ac, H3K27me3) distribution and DNAme patterns (Hammoud et al.,
2014, 2015) at the regions of differentially accessible chromatin. Notably, ChIP-seq
data was only available for adult spermatogonial cells (PNW8), whilst DNAme was
available for PND7, PND14 and adult stages.
For integrating our ATAC-seq data with the RNA-seq, ChIP-seq and BS datasets, we
first divided differentially accessible regions into proximal (situated less than +/- 2.5 kb
from a TSS) and distal (situated more than +/- 2.5 kb from a TSS), following ENCODE
practice (Harrow et al., 2012a; Myers et al., 2011; Thurman et al., 2012). We further
grouped proximal regions based on the change in chromatin accessibility and
expression of the nearest gene between PND14 and adult spermatogonia, which led
to 6 distinct categories. The first 2 most abundant categories contained regions with
increased chromatin accessibility and upregulated nearby genes - Category 1, and
increased chromatin accessibility and downregulated nearby genes - Category 2.
Category 3 and 4 comprised proximal regions of decreased chromatin accessibility for
which gene expression was either downregulated or upregulated, respectively.
Categories 5 and 6 were proximal regions with increased and decreased chromatin
accessibility respectively, for which the expression of the nearest gene was not
detected in spermatogonial cells (Figure 2-3A and Table S3).
For a subset of regions in Category 1, ChIP-seq overlap revealed the presence of
active H3K4me3, H3K27ac or dual H3K4me3/H3K27ac, and an overall lack of
H3K27me3 (Figure 2-3B and Table S3). Notably, several of the genes in Category 1
for which chromatin was also marked by histone modifications, are known regulators
of stem cell potential. Pdpk1 promoter region was marked by a dual
H3K4me3/H3K27ac, while Pdpk1 mRNA showed a slight upregulation in adult
spermatogonia (Figure S 2-3A). Pdpk1 (phosphoinositide-dependent protein kinase 1)
is a glycolysis factor, important for spermatogonial stem cell self-renewal (Chen et al.,
2020; Kanatsu-Shinohara et al., 2016). In contrast, Gata2 promoter region was
marked by a bivalent H3K4me3/H3K27me3 mark, while its expression showed a slight
upregulation across testis maturation (Figure S 2-3A). Gata2 is a known target of
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NANOS2, an essential regulator of spermatogonial stem cell potential (Barrios et al.,
2010; Sada et al., 2009). Other exemplary genes in Category 1 included pyruvate
cellular carriers Slc25a18, Slc23a1 and Slc2a5, suggesting differences in glycolysis
regulation in adult spermatogonial cells (Table S3). Notably, we found an increased
chromatin accessibility at the TSS of GDNF receptor Gfra2 (Figure 2-3C). At mRNA
level, Gfra2 displayed a marked upregulation in adult spermatogonial cells, indicating
an increased utilization of GFRA2 receptors in adult spermatogonial cells compared
to early postnatal stages, in which GFRA1-mediated signalling is dominant (Figure
2-3C) (Grive et al., 2019; Hammoud et al., 2015).
Interestingly, the highest number of differentially accessible chromatin regions were in
Category 2, and included proximal regions with increased chromatin accessibility and
decreased expression of nearby genes in adult spermatogonia, indicative of active
repression taking place (Figure 2-3A and Table S3). Members of this category
included developmental genes such as Tbx4, Satb1 and Hmx1 (Figure 2-3B and
Figure S 2-3B). ChIP-seq overlap revealed that some of the regions nearby
developmental genes displayed a poised H3K27me3/H3K4me3 mark (Figure S 2-3B).
In addition, GO enrichment analysis on genes in Category 2 found an enrichment for
pathways related to regulation of cell cycle, RNA processing, DNA repair and cell
division (Table S4). An exemplary gene is Fgf8, important for maintenance of
undifferentiated spermatogonia in the testis, via FGFR1 signalling (Hasegawa and
Saga, 2014). Fgf8 showed increased chromatin accessibility at the TSS and a
downregulated expression in adult spermatogonia, in agreement with recent findings
from scRNA-seq data which reported a downregulation of FGFR1-mediated signalling
with age (Figure S 2-3B) (Grive et al., 2019; Hasegawa and Saga, 2014).
Regions in Category 3 displayed decreased chromatin accessibility and a
downregulation of nearby genes in adult spermatogonia and were mostly depleted of
any of the 3 histone marks investigated (Figure 2-3B). GO enrichment on genes in this
category genes revealed enrichment for developmental pathways and WNT signalling
(Table S4). A notable example we identified in this category is Pdgfra, a gene involved
in the hepatic stellate cell activation pathway, which was recently identified by scRNAseq to be upregulated in spermatogonial stem cells in the immature testis compared
to adult stage (Hermann et al., 2018). Pdgfra displayed a marked downregulation in
adult spermatogonia, and a decrease in chromatin accessibility overlapping the TSS
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(Figure 2-3C). Another example of a gene important for early postnatal spermatogonial
cell establishment is Dap2ip, which displayed a marked decrease in chromatin
accessibility at its TSS and a decreased expression in adult spermatogonial cells
(Figure S 2-3C). Surprisingly, we also identified a category of proximal regions
(Category 4) with decreased accessibility (<20 regions) at genes which were
upregulated in adult spermatogonial cells and with previously uncharacterized roles in
spermatogonial cells (Figure 2-3A).
Notably, DNAme profiles across postnatal stages did not show drastic changes in any
of the 6 categories of proximal regions, suggesting a relatively stable DNAme profile
in the transition from early postnatal to adult stage (Figure S 2-4). Aside from proximal
regions, we also identified numerous distal regions with differential chromatin
accessibility between PND15 and adult (Figure S 2-5A and B). Similar to proximal
regions, accessibility in the distal regions mainly increased in adult spermatogonial
cells compared to early postnatal stage. When integrating the literature ChIP-seq data,
we observed enrichment for H3K4me3, H3K27ac and H3K27me3 at a small number
of the differentially accessible distal regions, indicative of potential regulatory roles
(Figure S 2-5A and B and Table S3). Similar to proximal regions, DNAme levels did
not display major changes in distal regions (Figure S 2-5A and B).
Taken together, our data integration reveals novel associations between open
chromatin regions of differential accessibility, histone marks and dynamically
expressed genes in spermatogonial cells during testis maturation, and reveal how
chromatin accessibility may contribute to the differential utilization of signalling
pathways across age.
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Figure 2-3 Chromatin accessibility and histone modifications at proximal regions of genes
dynamically expressed between adult and PND15 spermatogonial cells.
(A) Heatmap of chromatin accessibility differences deduced by Omni-ATAC between PND15 and adult
spermatogonial cells. Differentially accessible regions were grouped based on the correlation with the
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expression of the nearest gene between PND14 and adult spermatogonia in 6 distinct categories:
proximal regions of increased chromatin accessibility and increased gene expression (Category 1, n =
171), increased chromatin accessibility and decreased gene expression (Category 2, n = 233),
decreased chromatin accessibility and decreased gene expression (Category 3, n = 32) and decreased
chromatin accessibility and increased gene expression (Category 4, n = 14). Proximal inactive regions
were defined as regions of increased accessibility (Category 5, n = 291) or decreased accessibility
(Category 6, n = 88) for which the nearest gene expression was not detected from RNA-seq;
(B) Heatmaps showing the overlap between Category 1-4 regions and genes, and literature ChIP-seq
data in PNW8 spermatogonia for H3K4me3, H3K27ac and H3K27me3. For each of the Category 1-4
the following sub-categorization was applied: regions that are enriched for H3K4me3 (with or w/o
H3K27ac and/or H3K27me3), regions that are enriched for H3K27ac (and lack both H3K4me3 and
H3K27me3) and regions that are enriched for H3K27me3 (and lack both H3K4me3 and H3K27ac);
(A, B) Each line represents a peak region and the regions are ordered within a category by the ATACseq signal. Mid-x-axis corresponds to the middle of a peak region and is extended to +/- 1 kb. The
colour-key of the ATAC-seq heatmap represents the ATAC-seq signal in Log2 Reads Per Kilobase per
Million (RPKM) reads sequenced. For RNA-seq, log2 FC is shown from PND15 vs PND8 and PNW8 vs
PND14 comparisons;
(C) Genomic snapshots from the Integrative Genomics Viewer (IGV, Broad Institute) of exemplary
genes from Category 1 (Gfra2), Category 2 (Hmx1) and Category 3 (Pdgfra) showing relative
abundance of transcripts from RNA-seq and chromatin accessibility from ATAC-seq. RNA-seq data
corresponds to literature PND14 and adult (PNW8) spermatogonial cells and ATAC-seq data to PND15
and adult (PNW20) spermatogonial cells, respectively.
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2.3.4 Differentially accessible chromatin regions are marked by binding sites
for distinct families of transcription factors (TFs)
TFs are important in establishing and maintaining distinct transcriptional signatures
across the developmental trajectory of a cell population (Fushan et al., 2015;
Shavlakadze et al., 2019). TF predominantly bind regions of open chromatin
throughout the genome and allow for a dynamic regulation of gene expression (Klemm
et al., 2019). To investigate if the regions of open chromatin with differential
accessibility between PND15 and adult spermatogonia are enriched in TF binding
motifs, we performed motif enrichment analysis using the Hypergeometric
Optimization of Motif EnRichment (HOMER) tool (Heinz et al., 2010).
In regions with increased chromatin accessibility, we identified 41 enriched TF motifs
(q-value ≤ 0.05) (Figure 2-4A). The top candidate list (q-value ≤ 0.0001) was
dominated by members of the Fos/Jun family (FOS, FOSB, FOSL1 and FOSL2, JUN,
JUNB and JUND) (Figure 2-4B). Notably, at mRNA level, some of the TFs displayed
age-specific differences (Log2CPM ≥ 1 and abs Log2 FC ≥ 1): Fos, Junb and Jund
were downregulated in adult spermatogonial cells (Figure 2-4C). JUN, FOS and CREB
are part of the AP-1 (activating protein-1) superfamily, and play an important role in
regulating cell proliferation and death, by mediating the senescence-associated
chromatin and transcriptional landscape (Martínez-Zamudio et al., 2020; Shaulian and
Karin, 2002). JUND and c-FOS specifically promote the proliferative potential of
spermatogonial stem cells (He et al., 2008; Wang et al., 2018). USF1 and POU3F1,
2 important factors in the maintenance of the spermatogonial stem cell pool displayed
enriched motifs in the regions of increased chromatin accessibility and a decrease in
expression (Figure 2-4A and C). POU3F1 is a GDNF-regulated TF, which has been
shown to play an important role in promoting spermatogonial cell self-renewal capacity
(Niu et al., 2011; Wu et al., 2010). Our analysis also revealed enriched binding sites
for retinoic acid receptors such as RXRα and RARα (Figure 2-4A). Recent reports
have revealed that Rxrα and Rarα utilization in spermatogonial cells is vastly
dependent on the niche microenvironment (Lord et al., 2018).
To check if some of TF binding motifs are preferentially enriched in certain genomic
locations, we performed motif enrichment analysis for more accessible chromatin
regions situated in gene bodies, intergenic regions and in regions +/- 1kb from TSS.
We identified several TF motifs specifically enriched in intergenic regions, specifically
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members of the ubiquitously expressed NF-Y complex, NF-YA, NF-YB and NF-YC
(Figure 2-4D). In mESCs, NF-Y TFs facilitate a permissive chromatin conformation,
and play an important role in the expression of core ESC pluripotency genes (Oldfield
et al., 2014). Furthermore, NF-YA/B motif enrichment has also been found in regions
of open chromatin in human spermatogonial cells (Guo et al., 2017).
Less accessible chromatin regions in adult spermatogonial cells also displayed a high
number of enriched TF binding motifs (Figure 2-4A). Notably, almost all of these TF
motifs were uniquely enriched in the regions of decreased chromatin accessibility and
predominantly associated with developmental functions. Top hits included members
of the FOX family (FOXO1, FOXO3, FOXP2, FOXK1, FOXA2) and members of the
ETS and ETS-related TFs (ETS1, GABPA, ETV4, ELF1, ELF3) (Figure 2-4B).
Expression levels of most of these TFs were decreased in adult spermatogonial cells
(Figure 2-4A). FOXO1 is a pivotal regulator of the self-renewal and differentiation of
spermatogonial stem cells, via the PI3K-Akt signalling pathway (Chan et al., 2014;
Goertz et al., 2011). The roles of ETS-related TFs in spermatogonial cells have yet to
be clarified, however recently published data found high expression of Etv4 in the
stem-cell enriched fraction of the spermatogonial population, particularly during the
spermatogonial stem cell pool establishment, immediately after birth (Cheng et al.,
2020; Law et al., 2019). Motif enrichment analysis on the regions with decreased
chromatin accessibility situated in gene body and intergenic regions revealed that TFs
important in numerous developmental processes (FOXC1, FOXJ2, FOXM1, LHX6)
were specifically enriched in intergenic regions of decreased chromatin accessibility
(Figure 2-4D). This is consistent with the enrichment in developmental pathways that
we found at the regions of decreased chromatin accessibility in adult spermatogonia
(Figure 2-1C). Taken together, our TF motif analyses reveal that a shifting repertoire
of TFs accompanies the chromatin reorganization taking place from early postnatal to
adult spermatogonia.
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Figure 2-4 Transcription factor dynamics at differentially accessible regions as predicted by
motif enrichment in adult spermatogonial cells.
(A) Dot plot of all transcription factor motifs enriched in the regions of decreased and increased
accessibility between PND15 and adult spermatogonia;
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(B) Genomic snapshots from the Integrative Genomics Viewer (IGV, Broad Institute) of mRNA
expression levels of representative enriched TFs in the regions of increased chromatin accessibility.
RNA-seq data corresponds to literature PND14 and adult (PNW8) spermatogonial cells and ATAC-seq
data to PND15 and adult (PNW20) spermatogonial cells, respectively;
(C) HOMER extracted consensus sequences for each transcription factor motif. Representative
examples from the most enriched transcription factor families are depicted;
(D) Dot plots of top transcription factor motifs enriched in differentially accessible chromatin regions
situated in gene bodies and in intergenic areas of the genome;
(A, D) Each dot corresponds to a motif. The differential gene expression of each transcription factor
was extracted from the PND14 and adult spermatogonia RNA-seq from literature, and is shown as
colour- coded Log2 FC. The size of the dot indicates the HOMER motif enrichment adjusted P of each
motif.
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2.3.5 Open chromatin at transposable elements (TEs) undergoes significant
remodelling in the transition from early postnatal to adult spermatogonia
Recent evidence suggests an important role for long terminal repeat (LTR) - type
elements, specifically for ERVKs, in the transcriptional regulation of mRNAs and long
non-coding RNAs (lncRNAs) during spermatogenesis (Davis et al., 2017; Sakashita
et al., 2020). Accessibility analysis at LTRs in mitotic and meiotic germ cells, revealed
a unique chromatin accessibility landscape in spermatogonial cells, compared to the
rest of germ cells in the testis (Sakashita et al., 2020).
To explore potential differences in TEs regulation driven by postnatal age, we
compared the accessibility of TEs in PND15 and adult spermatogonia. For this
purpose, we quantified the ATAC-seq reads overlapping TEs defined by UCSC
RepeatMasker, and performed differential accessibility analysis at the subtype level
(see Methods section). Our results revealed that the transition from PND15 to adult
stage is accompanied by significant chromatin accessibility differences at 135 TE
subtypes (FDR ≤ 0.05, abs Log2 FC ≥ 0.5) (Figure 2-5A and B and Table S5). Although
most of the differentially accessible TE subtypes displayed a decrease in chromatin
accessibility between PND15 and adult spermatogonia (68,9%, 93/135) (Figure 2-5A),
we also observed 42 TE subtypes which increased in accessibility in adult
spermatogonia (Figure 2-5B). Of note, the increase in accessibility correlated with an
increased expression in adult spermatogonial cells compared to early postnatal stage
(Figure 2-5B). TE loci within the subtypes harbouring changes in chromatin
accessibility were predominantly situated in intergenic and intronic regions (68%
intergenic and 25% intronic), and only 6% were located in proximity of a gene (+/- 1kb
from a TSS) (Figure 2-5C).
LTRs were the most abundant TEs with altered chromatin accessibility, specifically
ERVK and ERV1 subtypes (Figure 2-5A and B). Exemplary ERVK subtypes
harbouring less accessible chromatin included RLTR17, RLTR9A3, RLTR12B and
RMER17B (Table S5). Enrichment of RLTR17 and RLTR9 repeats has been reported
previously in mESCs, specifically at TFs important for pluripotency maintenance such
as Oct4 and Nanog (Fort et al., 2014). Interestingly, we identified the promoter region
of the lncRNA Lncenc1, an important regulator of pluripotency in mESCs (Fort et al.,
2014; Sun et al., 2018b), harbouring several LTR loci with decreased accessibility in
adult spermatogonia. One of these LTR loci, RLTR17, overlapped the TSS of Lncenc1.
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This decrease in accessibility correlated with a marked decrease in expression of
Lncenc1 in adult spermatogonia (Figure 2-5D). Lncenc1 (also known as Platr18) is
part of the pluripotency-associated transcript (Platr) family of lncRNAs which were
recently identified as potential regulators of the pluripotency-associated genes Oct4,
Nanog and Zfp42 in mESCs (Bergmann et al., 2015; Dann et al., 2008; Wu et al.,
2018). We also identified several other Platr genes, such as Platr27 and Platr14, for
which the TSS overlapped LTRs with reduced accessibility, RLTR17 and
RLTR16B_MM, respectively (Figure 2-5D and Table S5). Platr27 and Platr14 also
showed a decrease in mRNA expression in adult spermatogonia, while their
expression was unchanged between PND8 and PND15 (Figure 2-5D and Table S5).
The remaining LTR subtypes with decreased accessibility in adult spermatogonia
belonged to the ERV1, ERVL and MaLR families (Figure 2-5A). Only very few other
non-LTR TEs showed a decrease in chromatin accessibility, with 7 DNA element
subtypes, 2 Satellite subtypes and 1 LINE subtype, respectively (Table S5).
Emerging evidence suggests an important contribution of TEs in providing tissuespecific substrates for TF binding (Fort et al., 2014; Sundaram and Wysocka, 2020;
Sundaram et al., 2014). To investigate the regulatory potential of the less accessible
LTR subtypes, we assessed the enrichment of TF motifs in these regions using
HOMER. To do so, we focused on the family level and grouped together all LTR
subtypes coming from one family (EVK, ERV1, ERVL and ERVL-MaLR families).
Among the less accessible LTR families, ERVKs showed the highest number of
enriched TF motifs in adult spermatogonial cells. Top hits included TFs with known
regulatory roles in cell proliferation and differentiation such as FOXL1 and FOXQ1,
stem cell maintenance factors ELF1, EBF1 and THAP11 and TFs important in
spermatogenesis PBX3, ZNF143 and NFYA/B (Figure 2-5E and Figure S 2-6A).
ERVLs displayed motif enrichment for very few TFs, among which the previously
undescribed ETV2, newly reported spermatogonial stem cell factor ZBTB7A and the
testis-specific CTCF paralog CTCFL (Figure 2-5E) (Green et al., 2018).
Among the TE subtypes which increased in accessibility, members of the ERVK,
ERVL and ERV1 families were predominant (57,1%, 24/42) (Figure 2-5B).
Interestingly, we also found a considerable number of LINE L1 subtypes with
increased chromatin accessibility in adult spermatogonial cells (Figure 2-5B). When
parsing the data for more accessible loci within the L1 subtypes, we found several L1
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loci situated less than +/- 5 kb from the TSS of numerous olfactory (Olfr) genes. Most
of them were located in Olfr gene clusters on chromosome 2, 7 and 11 (Table S5).
Furthermore, the increase in accessibility of the L1 loci correlated with an increase in
mRNA expression of the nearby Olfr gene in adult spermatogonial cells (Figure 2-6A).
Representative examples were Olfr362 and Olfr1307, both situated in the Olfr gene
cluster on Chr2 (Figure 2-6B). Interestingly, when visualizing the data in IGV, we also
observed that the Olfr gene cluster on chromosome 2 exhibited a higher density of L1
loci compared to neighbouring regions (Figure S 2-6B).
Similar to before, we performed TF motif enrichment analysis at the family level by
grouping together all differentially accessible TE subtypes coming from one family.
More accessible LINE L1s were highly enriched in TF motifs, particularly in multiple
members of the ETS, E2F and FOX families (Figure 2-6C). The most significant motifs
belonged to spermatogonial stem cell maintenance and stem cell potential regulators
FOXO1 and ZEB1, as well as TFs which have been recently associated with active
enhancers of the stem cell-enriched population of spermatogonia such as ZBTB17
and KLF5 (Figure 2-6C and Figure S 2-6A) (Cheng et al., 2020). More accessible
ERV1s also displayed enrichment of several TF binding sites, including
spermatogenesis-related TFs (PBX3, PRDM1, NFYA/B), hypoxia inducible HIF1A and
cytokine regulators STAT5A/B, suggestive of different spermatogonial cell metabolic
demands between early postnatal and adult stage (Figure 2-6C and Figure S 2-6A).
Overall, we provide an extensive characterization of the chromatin accessibility
landscape of TEs in PND15 and adult spermatogonia, reveal differences in
accessibility and TF motif landscape at distinct subtypes of TEs between these 2
timepoints, and suggest potential gene programs that may be regulated by these
changes.
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Figure 2-5 Differential chromatin accessibility at transposable elements (TEs) in adult
spermatogonial cells compared to PND15
(A) Heatmap of the LTR and LINE subtypes with decreased accessibility between adult and PND15
spermatogonia extracted from the Omni-ATAC data (adjusted P ≤ 0.05 and Log2 FC ≥ 0.5);
(B) Heatmap of the LTR and LINE subtypes with increased accessibility between adult and PND15
spermatogonia extracted from the Omni-ATAC data (adjusted P ≤ 0.05 and Log2 FC ≥ 0.5). Expression
changes of these subtypes between PND14 and adult spermatogonia RNA-seq from literature is
represented as Log2 FC;
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(A, B) For both accessibility heatmaps, Log2 FC are shown with respect to the average of the PND15
samples. Samples are clustered using Ward’s method. Subtypes are ordered by principal component
analysis (PCA) method using seriation (R package);
(C) Bar plot illustrating the genomic distribution of differentially accessible TEs between adult and
PND15 spermatogonial cells;
(D) Genomic snapshots from the Integrative Genomics Viewer (IGV, Broad Institute) of Lncenc1 and
Platr14 showing LTRs from RepeatMasker and the average normalized RNA-seq and ATAC-seq
coverage (RPKM). LTR loci were extracted using RepeatMasker. RNA-seq data corresponds to
literature PND14 and adult (PNW8) spermatogonial cells and ATAC-seq data to PND15 and adult
(PNW20) spermatogonial cells, respectively;
(E) Dot plots of top transcription factor motifs enriched in the less accessible ERVKs and ERVL
subtypes. Each dot corresponds to a motif. The differential gene expression of each transcription factor
was extracted from the PNW8 vs PND14 comparison from literature RNA-seq, and is shown as colourcoded Log2 FC. The size of the dot indicates the HOMER motif enrichment adjusted P of each motif.
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Figure 2-6 Increased accessibility at LINE L1 subtypes located near Olfr gene clusters
(A) Heatmap of the Olfr genes for which we identified an upregulated expression from PND14 to PNW8
timepoints and an increase in accessibility at a nearby L1 locus. RNA expression levels are expressed
as Log2 CPM at each timepoint. Accessibility changes at each of the corresponding L1 locus situated
within +/- 5kbp from the gene are expressed as Log2 FC calculated from the ATAC-seq analysis of the
differentially accessible TEs between adult and PND15 spermatogonial cells;
(B) Genomic snapshots from the Integrative Genomics Viewer (IGV, Broad Institute) of exemplary
genes Olfr1497 and Olfr362 showing relative abundance of transcripts from RNA-seq and chromatin
accessibility from ATAC-seq. LINE loci were extracted using Repeat Masker. RNA-seq data
corresponds to literature PND14 and adult (PNW8) spermatogonial cells and ATAC-seq data to PND15
and adult (PNW20) spermatogonial cells, respectively;
(C) Dot plots of top transcription factor motifs enriched in the more accessible L1 and ERV1 subtypes.
Each dot corresponds to a motif. The differential gene expression of each transcription factor was
extracted from the PNW8 vs PND14 comparison from literature RNA-seq, and is shown as colourcoded Log2 FC. The size of the dot indicates the HOMER motif enrichment adjusted P of each motif.
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2.4

Discussion

As initiators of the spermatogenic cascade, spermatogonial cells are essential in germ
cell proliferation and differentiation throughout postnatal life. Although recent studies
employing bulk and scRNA-seq have revealed distinct transcriptional signatures of
spermatogonial cells across postnatal life, very few have focused on describing the
underlying landscape of open chromatin, and the extent to which it can contribute to
the gene expression dynamics (Grive et al., 2019; Hammoud et al., 2015; Hermann et
al., 2018).
Our ATAC-seq revealed a reorganization of open chromatin in adult spermatogonia
compared to the PND15 cell population. We found that the regions of differential
accessibility were associated with distinct gene pathways, with morphogenesis and
developmental pathways enriched in regions of decreased chromatin accessibility,
while regions of increased chromatin openness in adult spermatogonia were enriched
for DNA repair pathways, stem cell maintenance, RNA processing and protein
metabolism.
Notably, distinct families of TFs were enriched at the regions of increased chromatin
accessibility compared to the regions which became less accessible in adult
spermatogonial cells. As such, TFs known to regulate spermatogonial cell
proliferation, pluripotency potential and niche-dependent signalling such as JUND and
c-FOS, POU3F1, and retinoic acid receptors, displayed enriched binding sites in the
regions of increased chromatin accessibility. In contrast, FOX and ETS TF motifs,
known regulators of developmental pathways, mainly mapped to regions which
decreased in accessibility in adult spermatogonia. For some of the enriched TF motifs,
we observed a preference for certain genomic locations: NF-YA and B binding sites
exhibited enrichment specifically in intergenic regions of more accessible chromatin,
which interestingly, were also associated with spermatogenesis-related pathways. NFYA/B also localize in intergenic regions of open chromatin in human spermatogonial
cells (Guo et al., 2017), prompting additional investigation of their roles in regulating
spermatogonial cell programs, with potential consequences for sperm formation.
Altogether, our pathway and TF analyses reveal potential regulatory elements for the
age-specific gene expression of spermatogonial cells.
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Our comparison of the gene expression changes from PND8 to PND15
spermatogonial cells, together with the reanalysis of literature RNA-seq data from
PND14 and adult THY1+ spermatogonia, confirmed the dynamic transcriptome
associated with postnatal spermatogonial cell states (Grive et al., 2019; Hammoud et
al., 2015). The age-dependent upregulation of pathways associated with signal
transduction, cellular communication and cytokine signalling, supports previous
findings suggesting that, as the testis matures and the somatic niche develops,
spermatogonial cells rely more on paracrine signalling, and undergo vast changes in
gene expression. To obtain a comprehensive profile of the chromatin landscape and
the transcriptome differences between early postnatal and adult spermatogonial cells,
we integrated the chromatin accessibility and gene expression profiles with known
histone H3 modifications and global DNAme patterns of THY1+ spermatogonial cells
from literature (Hammoud et al., 2014, 2015). This allowed us to identify several
distinct categories of differentially accessible chromatin regions for which the nearest
gene was dynamically expressed between early postnatal and adult stage.
In the category of upregulated genes with increased nearby chromatin accessibility,
we identified several factors associated with redox processes, mitochondria function
and cell proliferation. Interestingly, a similar number of genes displayed an increase in
chromatin accessibility and a downregulated expression in adult spermatogonia,
suggesting that active repression is taking place at these genes (Starks et al., 2019).
This category comprised factors important for cell cycle and RNA processing, as well
as developmental genes. For some of the developmental genes, more accessible
chromatin was also marked by a bivalent H3K4me3/H3K27me3, indicative of a poised
state. Notably, previous findings in THY1+ adult spermatogonial cells and in sperm,
also revealed a poised state at promoters of developmental genes (Erkek et al., 2013;
Hammoud et al., 2014; Jung et al., 2017). Therefore, our findings suggest that open
chromatin reorganization may play a role in regulating the poised status of certain
developmental genes in the germline. We also identified a category of regions for
which the decrease in chromatin accessibility correlated with a decreased expression,
which also included developmental factors. The stable methylation patterns we
detected at the differentially accessible chromatin regions, suggest a minimal impact
for DNAme in regulating gene expression dynamics of spermatogonial cells across
postnatal age.
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Lastly, by investigating chromatin accessibility specifically at TEs, we revealed that
distinct TE subtypes undergo changes in chromatin accessibility between PND15 and
adult spermatogonia. ERVK and ERV1 subtypes were the largest categories of TEs
to become less accessible in adult spermatogonia, whilst LINE L1 subtypes displayed
an increase in chromatin accessibility. Although the majority of these TEs resided in
intergenic and intronic regions, we identified specific loci belonging to the differentially
accessible ERVK and LINE L1 subtypes, which localized nearby TSS of distinct gene
families.
RLTR17, one of the LTR subtypes with decreased chromatin accessibility in adult
spermatogonial cells, overlapped the TSS of several downregulated long-non coding
RNAs from the Platr family. Platr genes, including the ones identified in our study,
Lncenc1 and Platr14, are LTR-associated long non-coding RNAs important for
pluripotency potential of mouse and human embryonic stem cells (Bergmann et al.,
2015; Fort et al., 2014). In mouse embryonic stem cells, RLTR17 is highly expressed
and is enriched in open chromatin regions, and provides binding sites for pluripotency
factors OCT4 and NANOG (Fort et al., 2014). On the basis of these findings, we
suggest that RLTR17 chromatin organization may play a significant role in regulating
pluripotency programs between early postnatal and adult spermatogonial cells.
In contrast to the decreased accessibility of LTRs, LINE L1 subtypes displayed an
increase in chromatin accessibility in adult spermatogonial cells. Some of these L1 loci
were situated in the vicinity of Olfr genes with upregulated mRNA expression in adult
spermatogonia. Recent findings in mouse and human embryonic stem cells have
suggested a non-random genomic localization for L1 elements, specifically at genes
which encode proteins with specialized functions (Lu et al., 2020). Among these, the
Olfr gene family was the most enriched in L1 elements (Lu et al., 2020). Although their
role in spermatogonial cells is currently not established, Olfr proteins have been
implicated in the swimming behaviour of sperm (Fukuda and Touhara, 2005;
Vanderhaeghen et al., 1997). Given the dynamic chromatin profile of LINE L1
elements that we found at Olfr genes between early postnatal and adult
spermatogonia, we speculate that Olfr genes could play additional roles in
spermatogenesis, other than in sperm physiology. In addition, we found a high number
of enriched TF motifs present at the differentially accessible ERVKs and LINE L1
families. These findings reveal that chromatin accessibility at TEs is reorganized in
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spermatogonia cells during the transition from developing to adult stages, and may
contribute to distinct gene regulatory networks (Sundaram and Wysocka, 2020;
Sundaram et al., 2014).
One limitation of our study is the incomplete purification achieved using FACS, which
doesn’t fully remove other testis cell types from our cell preparations. Therefore, we
cannot entirely exclude the influence of contaminating cells on some of the
transcriptome and chromatin accessibility data interpretation. Secondly, differences
can also arise from the literature datasets which involve similar, but not identically
enriched populations of spermatogonial cells. Nevertheless, by comparing open
chromatin landscape between developing and adult spermatogonial cells, our results
reveal for the first time that there is an age-dependent dynamic reorganization of
chromatin accessibility in spermatogonial cells. By integrating this newly generated
data with gene expression profiles and known histone modifications, we provide novel
insight into the chromatin - transcriptome dynamics of mouse spermatogonial cells
between developing and adult stages, and compile an information-rich resource for
further germline studies.
2.5

Methods

2.5.1 Mouse husbandry
Male C57Bl/6J mice were purchased from Janvier Laboratories (France) and bred inhouse to generate male mice used for experiments. All animals were kept on a
reversed 12-h light/12-h dark cycle in a temperature- and humidity-controlled facility,
with food (M/R Haltung Extrudat, Provimi Kliba SA, Switzerland) and water provided
ad libitum. Cages were changed once weekly. Animals from 2 independent breedings
were used for the experiments.
2.5.2 Germ cells isolation
Germ cells were isolated from male mice at postnatal day (PND) 8 or 15 for RNA-seq
and ATAC-seq experiments, and adults at 20 weeks of age (PNW20) for ATAC-seq.
Testicular single-cell suspensions were prepared as previously described with slight
modifications (Kubota et al., 2004b). For preparations using PND8 and PND15 pups,
testes from 2 animals were pooled for each sample. Pup testes were collected in sterile
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HBSS on ice. Tunica albuginea was gently removed from each testis, making sure to
keep the seminiferous tubules as intact as possible. Tubules were enzymatically
digested in 0.25% trypsin-EDTA (ThermoFisher Scientific) and 7mg/ml DNase I
(Sigma-Aldrich) solution for 5 min at 37oC. The suspension was vigorously pipetted up
and down 10 times and incubated again for 3 min at 37oC. The digestion was stopped
by adding 10% foetal bovine serum (ThermoFisher Scientific) and the cells were
passed through a 20μm-pore-size cell strainer (Miltenyi Biotec) and pelleted by
centrifugation at 600g for 7 min at 4oC. Cells were resuspended in PBS-S (PBS with
1% PBS, 10 mM HEPES, 1 mM pyruvate, 1mg/ml glucose, 50 units/ml penicillin and
50 μg/ml streptomycin) and used for sorting. For preparations from adult testis, one
adult male was used for each sample. The tunica was removed and seminiferous
tubules were digested in 2 steps. The first consisted in an incubation in 1mg/ml
collagenase type IV (Sigma-Aldrich) for 5 min at 37oC and vigorous swirling until the
tubules were completely separated. Then tubules were placed on ice for 5 min to
sediment, the supernatant removed and washed with HBSS. Washing/sedimentation
steps were repeated 3 times and were necessary to remove interstitial cells. After the
last washing step, sedimented tubule fragments were digested again with 0.25%
trypsin-EDTA and 7mg/ml DNase I solution, and the digestion was stopped by adding
10% FBS. The resulting single-cell suspension was filtered through a 20μm strainer
(Corning Life Sciences) and washed with HBSS. After centrifugation at 600g for 7 min
at 4oC, the cells were resuspended in PBS-S, layered on a 30% Percoll solution
(Sigma-Aldrich) and centrifuged at 600g for 8 min at 4oC without braking. The top 2
layers (HBSS and Percoll) were removed and the cell pellets resuspended in PBS-S
and used for sorting.
2.5.3 Spermatogonial cell enrichment by FACS
For pup testis, dissociated cells were stained with BV421-conjugated anti-β2M, biotinconjugated anti-THY1 (53-2.1), and PE-conjugated anti-αv-integrin (RMV-7)
antibodies. THY1 was detected by staining with Alexa Fluor 488-Sav. For adult testes,
cells were stained with anti-α6-integrin (CD49f; GoH3), BV421-conjugated anti-β2
microglobulin (β2M; S19.8), and R-phycoerythrin (PE)-conjugated anti-THY1 (CD90.2;
30H-12) antibodies. α6-Integrin was detected by Alexa Fluor 488-SAv after staining
with biotin-conjugated rat anti-mouse IgG1/2a (G28-5) antibody. Prior to FACS, 1

70

μg/ml propidium iodide (Sigma) was added to the cell suspensions to discriminate
dead cells. All antibody incubations were performed in PBS-S for at least 30 min at
4oC followed by washing in PBS-S excess. Antibodies were obtained from BD
Biosciences (San Jose, United States) unless otherwise stated. Cell sorting was
performed on a FACS Aria III 5L, at 4oC and using an 85μm nozzle, at the Cytometry
Facility of University of Zurich. For RNA-seq on PND8 and PND15 spermatogonia,
cells were collected in 1.5 ml Eppendorf tubes in 500 μL PBS-S, immediately pelleted
by centrifugation and snap frozen in liquid N2. Cells pellets were stored at -80oC until
RNA extraction. For OmniATAC on PND15 spermatogonia, 25’000 cells were
collected in a separate tube, pelleted by centrifugation and immediately processed
using the OmniATAC library preparation protocol (Corces et al., 2017). For OmniATAC
on adult spermatogonia, 5000 cells from each animal were collected in a separate
tube and further processed using the same protocol.
2.5.4 Immunocytochemistry
The protocol used for assessing spermatogonial cell enrichment after sorting was
kindly provided by the Oatley Lab at Washington State University, Pullman, USA
(Yang et al., 2013). Briefly, 30,000-50,000 cells were adhered to poly-L-Lysine coated
coverslips (Corning Life Sciences) in 24-well plates for 1 h. Cells were fixed in freshly
prepared 4% PFA for 10 min at room temperature then washed in PBS with 0.1%
Triton X-100 (PBS-T). Non-specific antibody binding was blocked by incubation with
10% normal goat serum for 1 h at room temperature. Cells were incubated overnight
at 4oC with mouse anti-PLZF (0.2 μg/ml, Active Motif, clone 2A9) primary antibody.
Alexa488 goat anti-mouse IgG (1 µg/mL, ThermoFisher Scientific) was used for
secondary labelling at 4oC for 1 h. Coverslips were washed 3x and mounted onto glass
slides with VectaShield mounting medium containing DAPI (Vector Laboratories) and
examined by fluorescence microscopy. Stem cell enrichment was determined by
counting PLZF+ cells in 10 random fields of view from each coverslip and dividing by
the total number of cells present in the field of view (DAPI-stained nuclei).
2.5.5 RNA extraction and RNA-seq library preparation
For RNA-seq on PND8 and PND15 spermatogonial cells, total RNA was extracted
from sorted cells using the AllPrep RNA/DNA Micro kit (Qiagen). RNA quality was
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assessed using a Bioanalyzer 2100 (Agilent Technologies). Samples were quantified
using Qubit RNA HS Assay (ThermoFisher Scientific). 10 ng of total RNA from each
sample were used to prepare total long RNA sequencing libraries using the
SMARTer® Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio USA,
Inc.) at the Functional Genomics Centre (FGC) Zurich, according to the manufacturer’s
instructions. The number of samples sequenced at each timepoint was 8 for PND8
and 9 for PND15 spermatogonia (each sample was representative of 4 testes from 2
pups).
2.5.6 Omni-ATAC library preparation
Chromatin accessibility was profiled from PND15 and adult spermatogonial cells. The
libraries were prepared according to the Omni-ATAC protocol, starting from 25 000
PND15 and 5000 adult sorted spermatogonia, respectively (Corces et al., 2017).
Briefly, sorted cells were lysed in cold lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM
NaCl, 3 mM MgCl2, 0.1% NP40, 0.1% Tween-20, and 0.01% digitonin) and the nuclei
were pelleted and transposed using the Nextera Tn5 (Illumina) for 30 min at 37oC in a
thermomixer with shaking at 1000 rpm. The transposed fragments were purified using
the MinElute Reaction Cleanup Kit (Qiagen). Following purification, libraries were
generated by PCR amplification using the NEBNext High-Fidelity 2X PCR Master Mix
(New England Biolabs), and purified using Agencourt AMPure XP magnetic beads
(Beckman Coulter) in order to remove primer dimers (78bp) and large fragments of
1000-10,000 bp in length. Library quality was assessed on an Agilent High Sensitivity
DNA chip using the Bioanalyzer 2100 (Agilent Technologies). 6 samples were
sequenced from PND15 and 5 from adult spermatogonial cells.
2.5.7 High-throughput sequencing data analysis
Data availability: the datasets used in this study are available from the following GEO
accessions: GSE_____, GSE49621, GSE49622, GSE62355, and GSE49623. An
overview of the datasets included in the study is shown in the following table:
Source
GSE_____

*Seq
RNA-seq

Stages (n)
PND8 (8), PND15 (9)

GSM1525703

RNA-seq

PND14 (1)
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GSM1415671

RNA-seq

PNW8 (1)

GSE_____

ATAC-seq

GSM1202705

ChIP-seq
(H3K4me3)
ChIP-seq
(H3K27me3)

PND15 (6), PNW20
(5)
PNW8 (1)

GSM1202708
GSM1202713
GSM1202723
GSE49623

PNW8 (1)

ChIP-seq
(H3K27ac)
ChIP-seq
(Input)

PNW8 (1)

BS-seq

PND7 (1), PND14 (1),
PNW8 (7)

PNW8 (1)

2.5.7.1 RNA-seq data analysis
Quality control and alignment: Single-end (SE) sequencing was performed on the
PND8, and PND15 spermatogonia samples on the Illumina HiSeq4000 at the FGC
Zurich. PND8 raw data (FASTQ files) was merged from two individual runs. For the
analysis of literature RNA-seq data, FASTQ files of PND14 and PNW8 samples were
obtained using fastq-dump (version 2.10.8). Quality assessment of the FASTQ files
was performed using FastQC (Andrews et al., 2012) (version 0.11.8). TrimGalore
(Krueger, 2015) (version 0.6.2) was used to trim adapters and low-quality ends from
reads with Phred score less than 30 (-q 30), and for discarding trimmed reads shorter
than 30 bp (--length 30). Trimmed reads were then pseudo-aligned using Salmon
(Patro et al., 2017) (version 0.9.1) with automatic detection of the library type (-l A),
correcting for sequence-specific bias (--seqBias) and correcting for fragment GC bias
correction (--gcBias) on a transcript index prepared for the Mouse genome (GRCm38)
from GENCODE (Harrow et al., 2012a) (version M18) with additional piRNA
precursors, and transposable elements (concatenated by family) from Repeat Masker
as in (Gapp et al., 2018).
Downstream analysis: the downstream analysis was performed using R (R Core
Team, 2020) (version 3.6.2), using packages from The Comprehensive R Archive
Network (CRAN) (https://cran.r-project.org) and Bioconductor (Huber et al., 2015).
Pre-filtering of genes was performed using the filterByExpr function from edgeR
(Robinson et al., 2009) (version 3.28.1) with a design matrix and requiring at least 15
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counts (min.counts = 15). Normalization factors were obtained using TMM
normalization (Robinson and Oshlack, 2010) from the edgeR package and differential
gene expression (DGE) analysis was performed using the limma-voom (Law et al.,
2014) pipeline from limma (Ritchie et al., 2015) (version 3.42.2). The Log2 fold change
between PNW8 and PND14 spermatogonial samples was calculated by subtracting
Log2 normalized expression values of PND14 from PNW8 samples. Gene ontology
(GO) analysis was performed on expressed genes with fGSEA (version 1.15.2), using
fGSEAMultilevel function on sets with 10 to 1000 annotated genes (minSize = 10,
maxSize = 1000), and p-values boundary of 1E-100 (eps = 1e-100) (Korotkevich et
al., 2016). For the PND15 vs PND8 comparison, genes were pre-ranked using their tstatistic; for the PNW8 vs PND14 comparison the Log2 fold change was used due to
the lack of multiple replicates for each timepoint. REVIGO was used to summarize the
GO terms obtained following fGSEA (Supek et al., 2011).
2.5.7.2 Omni-ATAC data analysis
Quality control, alignment, and peak calling: Paired-end (PE) sequencing was
performed on PND15 and adult spermatogonial cell samples on the Illumina
HiSeq2500 platform at the FGC Zurich. FASTQ files were assessed for quality using
FastQC (Andrews et al., 2012) (version 0.11.8). Quality control (QC) was performed
using TrimGalore (Krueger, 2015) (version 0.6.2) in PE mode (--paired), trimming
adapters, low-quality ends (-q 30) and discarding reads that become shorter than 30
bp after trimming (--length 30). Alignment on the GRCm38 genome was performed
using Bowtie2 (Langmead and Salzberg, 2012) (version 2.3.5) with the following
parameters: fragments up to 2 kb were allowed to align (-X 2000), entire read
alignment (--end-to-end), suppressing unpaired alignments for paired reads (--nomixed), suppressing discordant alignments for paired reads (--no-discordant) and
minimum acceptable alignment score with respect to the read length (--score-min L,0.4,-0.4). Using alignmentSieve (version 3.3.1) from deepTools (Ramirez et al., 2016)
(version 3.4.3), aligned data (BAM files) were adjusted for the read start sites to
represent the centre of the transposon cutting event (--ATACshift), and filtered for
reads with a high mapping quality (--minMappingQuality 30). Reads mapping to the
mitochondrial chromosome and ENCODE blacklisted regions (ENCODE accession
ENCFF547MET), were filtered out. To call nucleosome-free regions, all aligned files
were merged within groups (PND15 and adult), sorted, and indexed using SAMtools

74

(Li et al., 2009) (version 0.1.19), and nucleosome-free fragments (NFFs) were
obtained by selecting alignments with a template length between 40 and 140
inclusively. Peak calling (identifying areas in a genome that have been enriched for
transcription factors) on the NFFs was performed using MACS2 (Zhang et al., 2008)
(version 2.2.7.1) with mouse genome size (-g 2744254612) and PE BAM file format (f BAMPE).
Differential accessibility analysis: The downstream analysis was performed in R
(version 3.6.2), using packages from CRAN (https://cran.r-project.org) and
Bioconductor (Huber et al., 2015). The peaks were annotated based on overlap with
GENCODE (Harrow et al., 2012b) (version M18) transcript and/or the distance to the
nearest

transcription

start

site

(available

at

the

following

link:

https://github.com/mansuylab/SC_postnatal_adult/bin/annoPeaks.R). The number of
extended reads overlapping in the peak regions was calculated using the csaw
package (Lun and Smyth, 2015) (version 1.20.0). Peak regions which did not have at
least 15 reads in at least 40% of the samples were filtered out. Normalization factors
were obtained on the filtered peak regions using the TMM normalization method
(Robinson and Oshlack, 2010) and differential analysis on the peaks (adults vs
PND15) was performed using the Genewise Negative Binomial Generalized Linear
Models with Quasi-likelihood (glmQLFit) Tests from the edgeR package (Robinson et
al., 2009) (version 3.28.1). Peak regions which had an absolute Log2 fold change ≥ 1
and an FDR ≤ 0.05 were categorized as differentially accessible regions (DARs). GO
analysis was performed on DARs with the rGREAT package (Zuguang, 2020) (version
1.18.0), which is a wrapper around the GREAT tool (McLean et al., 2010) (version
4.0). Transcription factor motif enrichment analysis was performed using the marge
package (Amezquita, 2018) (version 0.0.4.9999), which is a wrapper around the
Homer tool (Heinz et al., 2010) (version 4.11.1).
Differential accessibility analysis at transposable elements: TE gene transfer format
(GTF) file was obtained from http://labshare.cshl.edu/shares/mhammelllab/wwwdata/TEtranscripts/TE_GTF/mm10_rmsk_TE.gtf.gz on 03.02.2020. The GTF file
provides hierarchical information about TEs: Class (level 1, e.g. LTR), Family (level
2, e.g. LTR à L1), Subtype (level 3, e.g. LTR à L1 à L1_Rod), and Locus (level 4,
e.g. LTR à L1 à L1_Rod à L1_Rod_dup1). TE loci were annotated based on overlap
with GENCODE (version M18) as described above for ATAC-seq peaks. Filtered BAM
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files (without reads mapping to blacklisted or mitochondrial regions) were used for
analysing TEs. Mapped reads were assigned to TEs using featureCounts from the R
package Rsubread (Liao et al., 2019b) (version 2.0.1) and were summarized to
Subtypes (level 3), allowing for multi-overlap with fractional counts, while ignoring
duplicates. The number of extended reads overlapping at the TE loci were obtained
using the csaw package (Lun and Smyth, 2015) (version 1.20.0). Subtypes which did
not have at least 15 reads, and loci which did not have at least 5 reads in at least 40%
of the samples, were filtered out. Normalization and differential accessibility analysis
were performed as described above(Robinson and Oshlack, 2010)(Robinson and
Oshlack, 2010)(Robinson and Oshlack, 2010)(Robinson and Oshlack, 2010).
Subtypes which had an absolute Log2 fold change ≥ 0.5 and an FDR ≤ 0.05 were
categorized as differentially accessible subtypes and the loci with an absolute Log2
fold change ≥ 1 and an FDR ≤ 0.05 were categorized as differentially accessible loci.
For further downstream data analysis, only the differentially accessible loci of
differentially accessible subtypes were considered. GO and motif enrichment analysis
were performed as described above. (Zuguang, 2020)(Zuguang, 2020)(Zuguang,
2020)(Zuguang, 2020)
2.5.7.3 ChIP-seq data analysis
Quality control, alignment, and peak calling: ChIP-Seq SE data for PNDW8 (adults)
were obtained from GEO accession GSE49621 (Hammoud et al., 2014). FASTQ files
were obtained using fastq-dump (version 2.10.8), and different runs were merged. The
FASTQ files were assessed for quality using FastQC (Andrews et al., 2012) (version
0.11.8). Quality control (QC) was performed using TrimGalore (Andrews et al., 2012)
(version 0.6.0), trimming adapters, low-quality ends (-q 30) and discarding trimmed
reads shorter than 30 bp (--length 30). Alignment to the GRCm38 genome was
performed using Bowtie2 (Langmead and Salzberg, 2012) (version 2.3.5). Reads with
more than 3 mismatches were removed from the aligned data, as suggested in (Royo
et al., 2016), and reads with low mapping quality (--minMappingQuality 30) or mapping
to the mitochondrial chromosome or aforementioned blacklisted regions were filtered
out. Peak calling was performed using MACS2 (Zhang et al., 2008) (version 2.2.7.1)
with mouse genome size (-g 2744254612) and SE BAM file format (-f BAM).
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2.5.7.4 Bisulphite seq data analysis
Quality control and alignment: BS paired-end data for PND7, PND14, and PNW8
(adults) were obtained from GEO accession GSE49623 (Hammoud et al., 2015).
FASTQ files were obtained using fastq-dump (version 2.10.8), and different runs were
merged. FASTQ files were assessed for quality using FastQC (Andrews et al., 2012)
(version 0.11.8). QC was performed using TrimGalore (Krueger, 2015) (version
0.6.4_dev) in PE mode (--paired), trimming adapters, low-quality ends (-q 30) and
discarding trimmed reads shorter than 30 bp (--length 30). Alignment of the QC data
was performed using Bismark (Krueger and Andrews, 2011) (version 0.22.3) on a
GRCm38 index built using bismark_genome_preparation (version 0.17.0). Methylation
information

for

individual

cytosines

was

extracted

using

the

bismark_methylation_extractor tool from the Bismark package (version 0.22.3).
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2.8

Supplemental figures

Figure S 2-1 FACS of spermatogonial cells from pup testis leads to high enrichment of PLZF+
cells.
(A) Representative dot plots of the sorting strategy for spermatogonial cell enrichment. Gating
based on side scatter/forward scatter (SSC-A/FSC-A) and forward scatter – height/ forward
scatter – area (FSC-H/FSC-A) was performed to exclude cell debris and cell clumps;
(B) PLZF+ cells are enriched following FACS, illustrated by immunocytochemistry on unsorted and
sorted cell samples. Immunocytochemistry of PND15 unsorted and sorted testis cell
suspension was performed by fixating the cells on poly-L-lysine coated slides. Cells were
stained with anti-PLZF antibody (S19 clone, Active Motif) and VECTASHIELD (with DAPI)
antifade mounting medium was used for mounting. Cells were visualized under a fluorescence

78

microscope and counted in 10 different fields of view / slide. The number of PLZF+ and PLZFcells from 10 different fields of view was averaged;
(C) Heatmap of the expression profile of selected markers of spermatogonial and different testicular
somatic cells extracted from the RNA-seq data on PND8, PND15 samples and on literature
PND14 and PNW8 samples. Key genes for stem cell potential, stem and progenitor
spermatogonia, and Leydig and Sertoli cells were chosen to assess the enrichment of
spermatogonial cells in the sorted cell populations. Gene expression is represented in
Log2CPM (counts per million).
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Figure S 2-2 Omni-ATAC profiles of PND15 adult spermatogonial cell samples and their genomic
distribution.
(A) Genomic distribution of the 158, 978 Omni-ATAC regions identified;
(B) Dot plots of top enriched GO biological processes for regions with increased chromatin
accessibility in adult spermatogonia, within gene bodies and around transcription starting sites
(TSSs) of nearby genes (TSS +/- 1kb). The size of dots indicates the number of genes in the term
and the color of each dot corresponds to the adjusted P value of the term’s enrichment.
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Figure S 2-3 Representative examples from Categories 1-3 resulted from the overlap of chromatin
accessibility, gene expression and histone profiling datasets.
(A-C) Genomic snapshots from the Integrative Genomics Viewer (IGV, Broad Institute) of exemplary
genes from Category 1 (Gata2 and Pdpk1), Category 2 (Hmx1 and Fgf8) and Category 3 (Dap2ip)
showing relative abundance of: transcripts from RNA-seq, chromatin accessibility from ATAC-seq and
enrichment of 3 different histone marks (H3K27ac, H3K4me3 and H3K27me3) from ChIP-seq. RNAseq data corresponds to literature PND14 and adult (PNW8) spermatogonial cells and ATAC-seq data
to PND15 and adult (PNW20) spermatogonial cells, respectively.
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Figure S 2-4 DNAme profiles of spermatogonial cells do not show major changes over the
period of testis postnatal maturation.
Enriched heatmaps showing the overlap between Category 1-4 regions, literature ChIP-seq
data in PNW8 spermatogonia for H3K4me3, H3K27ac and H3K27me3, and DNAme data
from BS in PND7, PND14 and PNW8 spermatogonia. For each of the Category 1-4 the
following sub-categorization was applied:
•
•
•

regions that are enriched for H3K4me3 (with or w/o H3K27ac and/or H3K27me3)
regions that are enriched for H3K27ac (and lack both H3K4me3 and H3K27me3)
regions that are enriched for H3K27me3 (and lack both H3K4me3 and H3K27ac)

Each line represents a peak region and the regions are ordered by the ATAC-seq signal. Midx-axis corresponds to the middle of a peak region and is extended to +/- 1 kbp. The color-key
of the ATAC-seq, ChIP-seq and BS heatmaps represent ATAC-seq, ChIP-seq and BS signal,
respectively. For RNA-seq, log2 FC is shown from PND8 vs PND15 and PND14 vs PNW8
comparisons. For BS, the level of DNAme is between 0 and 1, with 0 representing a
completely unmethylated locus and 1 a fully methylated locus, respectively.
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Figure S 2-5 Distinct chromatin profiles between PND15 and adult spermatogonia
are present at distal regions across the genome. (legend continues on the next page)
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(A-B) Enriched heatmaps showing the overlap between more accessible regions (A) and less
accessible regions (B) situated in distal regions in spermatogonial cells, and literature ChIPseq and DNAme data in PNW8 spermatogonia. The following sub-categorization was applied:
•
•
•

regions that are enriched for H3K4me3 (with or w/o H3K27ac and/or H3K27me3)
regions that are enriched for H3K27ac (and lack both H3K4me3 and H3K27me3)
regions that are enriched for H3K27me3 (and lack both H3K4me3 and H3K27ac)

Each line represents a peak region and the regions are ordered by the ATAC-seq signal. Midx-axis corresponds to the middle of a peak region and is extended to +/- 1 kbp. The color-key
of the ATAC-seq, ChIP-seq and BS heatmaps represent ATAC-seq, ChIP-seq and BS signal,
respectively. For BS, the level of DNAme is between 0 and 1, with 0 representing a completely
unmethylated locus and 1 a fully methylated locus, respectively.
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Figure S 2-6 Differentially accessible TEs exhibit enriched TF motifs and correspond to regions
nearby non-random gene families
(A) HOMER extracted consensus sequences for TF motifs enriched in the less accessible ERVK
family and the more accessible LINE L1 family, respectively. Representative examples from
the most enriched transcription factor families are depicted;
(B) Genomic snapshots from the Integrative Genomics Viewer (IGV, Broad Institute) of a cluster
of Olfr genes on Chr2 overlapping an increased density of LINE elements relative to the
neighboring regions. The relative abundance of: transcripts from RNA-seq and chromatin
accessibility from ATAC-seq are shown. RNA-seq data corresponds to literature PND14 and
adult (PNW8) spermatogonial cells and ATAC-seq data to PND15 and adult (PNW20)
spermatogonial cells, respectively.
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3.1

Abstract

Early postnatal environment is an important time period in the development of
numerous cell types in the body, including germline cells, which exit quiescence and
begin proliferating soon after birth. Little is known about the impact of environmental
factors on spermatogonial cells, the most primitive germ cells in the testis, which
encompass the germline stem cell population. In this study we show that the
spermatogonial cells of exposed pups exhibit differential transcript usage and altered
chromatin accessibility following an early life traumatic stress exposure. More than half
of the genes with differential transcript usage encoded RNA-binding proteins with
potential roles in chromatin remodelling, and known splicing factors. At the chromatin
level, we identify regions of differential accessibility in spermatogonial cells from
exposed pups, enriched in pathways related to neuronal development and
differentiation, as well as pathways related to immune function and fatty acid
metabolism. Finally, we show that the effects of stress exposure are not restricted to
the germ stem cell milieu, and alter circulating proteins involved in the complement
cascade and the innate immune response, as well as their corresponding receptors in
the developing testis. These findings reveal that environmental insults can alter the
spermatogonial cell transcriptome and chromatin landscape, and underscore the
potential of environmentally-driven alterations to perturb early postnatal germ cell
development.
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3.2

Introduction

Exposure to environmental insults in rodents (toxicants, endocrine disruptors, dietary
challenges, chronic stress) alters the transcriptome and epigenome of numerous cell
types in the body, including resident stem cells in different postnatal tissues (Boku et
al., 2015; Daun et al., 2020; Liu et al., 2015; Vrooman et al., 2015; Woo et al., 2011).
Effects of chronic stressful experiences in postnatal life including maternal separation,
limited nesting material or social deprivation have been mainly studied in the context
of neural stem cell proliferation and neurogenesis (Boku et al., 2015; Daun et al., 2020;
Suri et al., 2013). Conversely, dietary challenges or toxicants such as bisphenol A or
heavy metals affect stem cells in several tissues including muscle, adipose or germline
(Dias et al., 2018; Liu et al., 2015; Vrooman et al., 2015; Woo et al., 2011).
In mice, early postnatal life is a critical time for male germline development, with
spermatogonial cells in the gonads exiting the quiescent state at postnatal day (PND)
1-2 after birth, and starting to populate the basement membrane of the testis.
Following 35-37 days of successive mitotic divisions and 2 meiotic phases,
spermatogonial cells give rise to adult sperm cells, capable of fertilization (Griswold
and Oatley, 2013; Oatley and Brinster, 2006, 2012). We now know, based on findings
from studies published in the past decade, that adult spermatozoa can be altered by
various exposure types, by perturbing the epigenetic milieu of the cell (Chen et al.,
2016; Dietz et al., 2011; Gapp et al., 2014, 2018; Rodgers et al.; Weiss et al., 2011).
However, investigating the effects of exogenous factors on spermatogonial cells, the
precursor cells of adult sperm has so far been limited (Caires et al., 2012; Forand et
al., 2009; Houston et al., 2018; Vrooman et al., 2015; Zhu et al., 2000).
In this study we examine if an environmental exposure in early postnatal life can affect
the transcriptome and epigenome of spermatogonial cells, the most primitive
population of germ cells in the testis, which contains the stem cell population of the
germline (Oatley and Brinster, 2006; Rooij, 2017). We used a mouse model of early
postnatal chronic stress, in which changes in mature sperm are well documented, and
have been causally linked to the effects of exposure (Franklin et al., 2010; Gapp et al.,
2014, 2018; Steenwyk et al., 2019). We investigate the effects of this exposure on
spermatogonia from control and exposed males in the developing and adult testis, to

88

be able to detect and compare immediate and long-lasting effects of our stress
paradigm.
Transcriptomic profiling of spermatogonial cells in prepubertal testis at PND8 revealed
alterations in isoform usage of genes linked to RNA processing and transport,
including numerous RNA-binding proteins and several members of the spliceosome
machinery. Alterations in biological pathways related to RNA splicing, DNA
conformation change and transcription factor binding were also present at PND15, but
not in adult spermatogonial cells transcriptome. To test the potential chromatin
regulatory landscape underlying these transcriptome alterations, we performed OmniATAC in PND15 and adult spermatogonial cells from control and exposed males. At
PND15 we identified a decrease in accessibility at regions enriched for immune
processes, neuronal development and splicing. Pathways related to stress response,
fatty acid and hormone metabolism, as well as motif enrichment for TFs important in
lipid and immune signalling were enriched in the regions of increased accessibility in
PND15 spermatogonia from exposed pups.
Further proteomic analyses of PND15 plasma revealed increased immune activation
in the blood of exposed pups, and western blot validation confirmed the upregulation
of proinflammatory high mobility group box protein 1 (HMGB1). Finally, we found that
one of HMGB1 main receptors, receptor for advanced glycation end products (RAGE),
was upregulated in prepubertal testis of exposed pups. Altogether, our findings reveal
that postnatal environmental exposure affects germline development by altering
transcript usage and chromatin accessibility of spermatogonial cells in the developing
testis. We bring additional evidence that this may take place via the activation of
immune-mediated signalling in the testis and systemic circulation. Our study lies the
foundation for further investigation of exposure-dependent transcriptome and
epigenetic alterations in spermatogonial cells, and the consequences on adult sperm
formation and embryo health.

89

3.3

Results

3.3.1 Exposure to traumatic stress alters spermatogonial cell transcriptome in
the developing testis
To investigate if environmental factors affect spermatogonial postnatal development
we conducted transcriptomic and chromatin accessibility profiling of spermatogonia
from developing and adult testis, using a well-established mouse model of chronic
traumatic stress. Exposure consisted in daily unpredictable maternal separation
combined with unpredictable maternal stress (MSUS) from PND1 to PND14, resulting
in metabolic and behavioural symptoms in adulthood (Figure S 3-1A-C) (Franklin et
al., 2010, 2011; Gapp et al., 2014; Weiss et al., 2011). Enrichment of spermatogonial
cells from pup and adult testis was achieved by FACS, using a previously established
protocol (see Figure S 2-1A in Chapter 2, and Figure S 3-2A) (Kubota et al., 2004b).
To

validate

the

identity

of

our

sorted

cell

populations,

we

performed

immunocytochemistry using PLZF, a validated undifferentiated spermatogonial cell
marker (Costoya et al., 2004), and found on average, that more than 85-90% of our
cells were PLZF+ following FACS (see Figure S 2-1B in Chapter 2). Furthermore, gene
expression profiles extracted from the RNA-seq data at PND8, PND15 and adult
stages revealed high expression of undifferentiated spermatogonia and pluripotency
markers (Figure S 3-2B). We note that low expression levels for some differentiating
spermatogonial cell markers and somatic cell markers were still present following
FACS (Figure S 3-2B).
First, we performed differential gene expression (DGE) analysis on RNA sequencing
(RNA-seq) data from 8 control and 9 MSUS biological replicates (4 testes from 2 pups
pooled for each biological replicate) from PND8. We found that the overall gene
expression levels between control and MSUS pups in spermatogonial cells weren’t
significantly altered at PND8 (Figure S 3-3A). Although representative of the overall
transcriptome state, gene-level analysis by itself does not offer information about the
finer levels of transcriptome organization such as differential usage of transcripts
(Baralle and Giudice, 2017; Wang, 2008). Therefore, we used our RNA-seq data to
analyse differential transcript usage (DTU) between MSUS and control pups using
IsoformSwitchAnalyzeR (Vitting-Seerup and Sandelin, 2017, 2019). We identified 55
genes with DTU in spermatogonial cells at PND8 (Figure 3-1A and Table S1). A subset
of these genes (23 genes) displayed an isoform switch, defined as a pair of transcripts
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coming from the same gene which are altered in the opposite direction (Figure 3-1B).
The remaining genes (22) exhibited differential usage of a single transcript (Table S1).
The

most

common

differences

in

splicing

events

predicted

using

IsoformSwitchAnalyzeR, were due to alternative transcription starting sites (ATSSs)
and alternative transcription termination sites (ATTSs), followed by alternative 3’ or 5’
splice sites or exon skipping events (Figure 3-1C). The majority of isoform switches
identified were between a non-coding and a coding variant, leading to the loss or gain
of a functional protein domain (Figure 3-1D). We then performed overrepresentation
analysis (ORA) of the genes with differential isoform usage using gProfiler and
identified a significant enrichment (FDR < 0.05) for terms related to ribonucleoprotein
complexes, translation, RNA processing and post-transcriptional regulation of geneexpression (Figure 3-2A and Table S1). Interestingly, more than half of the genes with
DTU encoded RNA-binding proteins, with known roles in RNA processing, alternative
splicing and chromatin organization and DNA binding (Han et al., 2017; He et al., 2016;
Kwon et al., 2013) . Exemplary genes in these categories include core members of the
splicing machinery such as U2surp and Hnrnpdl, which showed DTU of the main
protein-coding transcript equipped with an RNA-binding domain (Figure 3-2B).
Previous knock-down experiments of U2surp and Hnrnpdl mainly affected gene
networks involved in RNA processing, RNA splicing and transcription regulation (Li et
al., 2019; De Maio et al., 2018). Other representative RNA-binding protein genes
which displayed differential isoform switches at PND8 included Cct2, Chmp4b and
Hspa8, molecular chaperones involved in spermatogenesis and sperm maturation
(Dun et al., 2012). For these genes we observed an increased usage of the protein
coding transcript equipped with the RNA-binding chaperonin domain (Figure S 3-3B
and Table S1).
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Figure 3-1 RNA-seq reveals altered transcript
usage in PND8 spermatogonial cells from
MSUS pups.
(A) Volcano plot of differentially used transcript
between control and MSUS pups. Differentially
spliced isoforms are highlighted in red (q-value
≤ 0.05, dIF > 0.1, dIF = absolute change in
isoform fraction (IF) between control and MSUS
group, n = 8 control and 7 MSUS samples);
(B) Heatmap of the genes with isoform switches
between control and MSUS pups (Ensembl
GRCm38.p6 transcript IDs, only switches are
shown). Each cell represents the isoform
fraction (IF) value per sample and per condition
(control and MSUS);
(C) Distribution of splicing events leading to
alternative isoform usage (ATSS = Alternative
transcription starting site, ATTS = Alternative
transcription termination site);
(D) Distribution of switch consequences (NMD =
Non-sense mediated decay, ORF = Open
reading frame).
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Figure 3-2 Differentially spliced genes associate with GO pathways related to RNA processing,
transport and metabolism.
(A) Overrepresentation analysis (ORA) of the candidate spliced genes in PND8 spermatogonia, against
GO database (Benjamini-Hochberg corrected p-value ≤ 0.05, GO term size set to min 10 and max 1000
genes, min 5 genes/intersection);
(B) Exemplary spliceosome components U2surp and Hnrnpr are shown, both genes display an isoform
switch between a coding and a non-coding transcript variant, leading to loss of the isoform with an RNAbinding domain (Colour coding of predicted protein domains by Pfam).
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Next, we performed RNA-seq in PND15 spermatogonial cells from 9 control and 8
MSUS biological replicates (4 testes from 2 pups pooled for each biological replicate).
PND15 corresponds to the immediate endpoint of stress exposure, therefore an
immediate effect on spermatogonial cells was assessed at this timepoint. We did not
detect any significant changes between the 2 groups at the individual gene level or in
DTU of genes. Investigate if there is any change in the biological pathways utilized by
spermatogonial cells in MSUS pups we performed Gene Set Enrichment Analysis
(GSEA) on the t-ranked genes with dynamic expression between control and MSUS
spermatogonial cells. Indeed, we found a number of negatively enriched pathways, in
spermatogonial cells of MSUS pups compared to controls (Figure 3-3A). Top hits
included gene programs related to RNA localization, RNA 3’-end processing and
ribonucleoprotein complex biogenesis, as well as GO terms associated with chromatin
organization such as DNA conformation change, DNA-protein binding and nucleus
organization (Figure 3-3A and B and Table S2).
In contrast with the transcriptome alterations that we found at PND8 and PND15, no
transcriptional differences at gene, transcript or pathway level were observed between
adult spermatogonial cells from MSUS and control males (Figure S 3-3C). Collectively,
our RNA-seq findings suggest that exposure to MSUS is able to induce changes at
the transcriptional level in spermatogonial cells, during and immediately after chronic
stress exposure, indicative of transcriptional susceptibility of early postnatal
spermatogonia to an environmental insult.
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Figure 3-3 RNA-seq on PND15 spermatogonial cells from
control and MSUS pups reveals further alterations in
pathways related to RNA processing and DNA binding
and conformation.
(A) Gene Set Enrichment Analysis (GSEA) from PND15
MSUS and control spermatogonia RNA-seq ran against GO
database. Genes were ranked based on calculated t-statistic
(bright blue/orange stands for FDR ≤ 0.1, dark blue/orange
stand for FDR ≤ 0.05, n = 9 control and 8 MSUS samples);
(B) Enrichment plots for representative GO Biological
Processes terms with top negative enrichment scores.
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3.3.2 Chromatin accessibility in spermatogonial cells is altered by early
postnatal exposure
Open chromatin regions in the genome encompass 90% of the transcription factor
(TF) binding sites and are involved in the dynamic regulation of gene expression (B.
Teif and G. Cherstvy, 2016; Klemm et al., 2019; Thurman et al., 2012). Furthermore,
previous studies have revealed that a vast majority of RNA-binding proteins are
transcriptional regulators and chromatin modifiers (Fiszbein et al., 2016; He et al.,
2016; Iwamori et al., 2016). We employed Omni-ATAC in PND15 spermatogonial cells
from 6 control and 6 MSUS replicates (2 mice were pooled for each replicate) to
investigate if the alterations in splicing and in pathways related to chromatin
organization that we identified in PND8 and PND15 spermatogonial cells of MSUS
pups are paralleled by changes at the level of open chromatin (Corces et al., 2017).
Accessible regions were identified by peak-calling on the merged nucleosome-free
fragments (NFF) from all PND15 control and MSUS samples. Following the removal
of lowly enriched regions, we included 237,110 regions in our downstream analyses
(see Methods section for details). The overall genomic distribution revealed that most
regions were localized in distal intergenic regions (37%), followed by introns and
promoter regions (30% and 22%, respectively) (Figure 3-4A). Differential accessibility
analysis revealed 282 less accessible and 310 more accessible regions in
spermatogonial cells of MSUS pups (Abs Log2FC > 0.5 and p-value < 0.005) (Figure
3-4B and Table S3).
To gain more insight into the biological relevance of these regions we employed
Genomic Regions Enrichment of Annotations Tool (GREAT) using the GO biological
processes (BP) database (McLean et al., 2010). Chromatin regions of decreased
accessibility in PND15 MSUS spermatogonia associated with nervous system
functioning such as axonal transport, neuronal migration and axo-dendritic transport.
Furthermore, we also identified terms related to splicing, cytokine production and
immune function among the top enriched terms (Figure 3-4C and Table S3). GO terms
associated with more accessible chromatin regions were related to stress-responsive
signalling pathways such as MAPK and mTORC, and to hormone metabolism and
fatty acid oxidation (Figure 3-4C and Table S3).
Given the high number of GO BP terms that we found enriched in the regions of
differential accessibility in MSUS spermatogonial cells from PND15 pups, we
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continued by performing MEME ChIP analysis and identified transcription factor (TF)
motifs enriched in these regions (Machanick and Bailey, 2011). In the regions of
decreased accessibility, we identified motifs enriched for NFY-A, MTF1 and 1 novel
motif which was not attributed to any known TFs (Figure 3-4D). NFY-A is an
ubiquitously expressed TF, with known roles in regulating gene expression in mESCs,
by maintaining chromatin open regions around TSSs of genes and recruiting members
of the transcriptional machinery (Oldfield et al., 2019). Interestingly, a similar role has
also been suggested for NFY-A in 2-cell embryos (Lu et al., 2016). In the regions of
increased accessibility, we identified 3 enriched TF motifs, among which the Histonelysine N-methyltransferase PRDM16 (Figure 3-4D). PRDM16 is a known regulator of
brown adipose tissue formation, by interacting with PPAR-γ and activating its
transcriptional activity. Several studies have revealed how PRDM16 promotes
browning of white adipose tissue and can protect against obesity in mice (Kajimura et
al., 2009; Lodhi et al., 2017; Seale et al., 2008). In addition, a role for PRDM16 in
maintaining stem cells in different tissues in the mouse has also been suggested,
including neural stem cells and hematopoietic stem cells by regulating oxidative stress
(Chuikov et al., 2010; Shimada et al., 2017).
Lastly, we used the UCSC Data Integrator tool to investigate the predicted regulatory
potential of our identified differentially accessible regions, by comparing them with the
annotated cis-Regulatory Elements from ENCODE (Dunham et al., 2012; Myers et al.,
2011). We found that 65 of the 282 regions of decreased accessibility in PND15
spermatogonia from MSUS pups displayed regulatory signatures, with distal
enhancer-like signatures being the most predominant (Figure 3-4E and Table S3).
Similarly, a third of the regions with increased accessibility in MSUS spermatogonial
cells (101/310 regions) also displayed regulatory signatures, with the majority of these
regions displaying signatures of distal or proximal enhancers (Figure 3-4E and Table
S3).
Although we did not detect any significant transcriptome alteration in adult
spermatogonial cells of MSUS males, we asked if changes in chromatin accessibility
could represent a latent effect of MSUS exposure. Omni-ATAC in adult
spermatogonial cells followed by differential accessibility analysis revealed very few
changes in chromatin accessibility between MSUS and control males, with 26 less
accessible regions and 46 regions gaining in accessibility (Abs Log2FC > 0.5 and p-
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value ≤ 0.01) (Figure S 3-4A and Table S4). GREAT analysis on all the differentially
accessible regions revealed enrichment in GO terms mainly related to regulation of
neuronal development, DNA binding and protein dephosphorylation (Figure S 3-4B
and Table S4).
Altogether, our results revealed that early life chronic stress leads to chromatin
accessibility changes in early postnatal spermatogonial cells, with only mild alterations
detectable in adult spermatogonia. Notably, the open chromatin reorganization taking
place in PND15 spermatogonial cells of MSUS pups relates to specific gene pathways
and TF motifs implicated in immune function, lipid metabolism and stress response
pathways. These findings, together with the transcriptome alterations we detected in
early postnatal spermatogonial cells of MSUS pups, support the concept of
environmentally-driven alterations to the germline, at an earlier cellular stage than
adult sperm (Chen et al., 2016; Gapp et al., 2014; Lambrot et al., 2013; Rodgers et
al.; Sun et al., 2018a; Tyebji et al., 2020). In addition, our results suggest that these
changes are more poignant in early postnatal development, during and immediately
after exposure, prompting further investigation of their consequences on future
progenitor cells during spermatogenesis.
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Figure 3-4 PND15 spermatogonial cells from MSUS pups display changes in chromatin
accessibility.
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(A) Genomic distribution of all identified regions after merging NFFs from control and MSUS
spermatogonia;
(B) Volcano plot of differentially accessible regions between control and exposed pups at PND15. Points
highlighted in blue denote decreased accessibility regions and orange points denote increased
accessibility regions (Log2FC > 0.5 and p-value ≤ 0.001; n = 6 biological samples per group);
(C) GREAT analysis of more and less accessible region proximal genes (p ≤ 0.01, at least 3 gene hits
per region);
(D) HOMER transcription factor motif analysis of more and less accessible regions (p ≤ 0.05);
(E) SCREEN search of cis-regulatory element signatures by ENCODE (PLS = promoter-like signature,
dELS = distal enhancer-like signature, pELS = proximal enhancer-like signature, CTCF = CTCF bound
region).
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3.3.3 Alteration in inflammatory proteins in blood of MSUS pups correlates with
immune receptor activation in the developing testis
Spermatogonial cells reside within the seminiferous tubules, near the basement
membrane and outside of the blood-testis-barrier (BTB) that is formed by the tight
junctions of the Sertoli cells (Oatley and Brinster, 2006). The most primitive population
consisting of undifferentiated spermatogonial cells, specifically locate in the vicinity of
the blood vasculature network and interstitial cells, and spread throughout the
basement membrane of the seminiferous tubules only after differentiation (Potter and
De Falco, 2017; Yoshida et al., 2007). Since the testis vasculature provides a local
source of signalling molecules, and potentially delivers systemic regulatory factors to
undifferentiated spermatogonia nearby, we asked if systemic factors in blood are
altered following early postnatal stress.
We performed LC-MS/MS-based proteomics of plasma from PND8 and PND15 control
and MSUS pups (n = 5 animals / group), time window at which spermatogonial cells
from exposed pups displayed the alterations in DTU and chromatin accessibility.
Differential expression analysis of the identified proteins in blood plasma revealed 30
protein candidates significantly altered at PND8 (p-value ≤ 0.05) (Figure S 3-5A and
Table S5) and 31 protein candidates at PND15 (p-value ≤ 0.05) (Figure 3-5A and Table
S5). To better understand the biological roles of these differentially altered proteins we
performed Overrepresentation Analysis (ORA) using gProfiler (Raudvere et al., 2019).
At PND8 we found enrichment for pathways associated with the innate immune
response and with lipid transport (Figure S 3-5B and Table S5). Top 10 GO pathways
included lipid and vitamin binding, cytolysis and complement activation, with the
majority of the proteins in the pathways being downregulated in MSUS pups (Figure
S 3-5C and Figure S 3-5D). At PND15, enriched GO terms were also predominantly
related to inflammatory response and pathways activated in response to stress and
external stimuli (Figure 3-5B and Supplementary Table S5). In contrast to PND8,
candidate proteins associated with these pathways were upregulated at PND15,
pointing towards an exacerbated immune response in blood of MSUS pups (Figure S
3-6A-C).
In order to validate our proteomic findings, we performed western blot on plasma
samples from a different cohort of PND15 MSUS and control pups (n = 5 animals /
group). We confirmed the upregulation of several candidate proteins including
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HMGB1, a ubiquitously expressed protein with multifaceted functions (Figure 3-5C).
When released in the extracellular space HMGB1 can act as a proinflammatory
cytokine and activate downstream proinflammatory receptors such as RAGE and
TLR4, but can also function as a nuclear chromatin-remodelling factor and a critical
regulator of mitochondrial function (Bertheloot and Latz, 2017; Kierdorf and Fritz,
2013). To investigate if HMGB1 receptors in the testis are altered, we performed RTqPCR analysis on PND15 testis and found a significant upregulation of Rage mRNA
in PND15 MSUS pup testis (p = 0.0198), the main downstream receptor of HMGB1
(Fig. 5D). We also found an upregulation of mitochondrial factors Tfam (p = 0.0224)
and Nrf2 (p = 0.0311) in the testis of PND15 MSUS pups (Figure 3-5D). TFAM is a
structural and functional homolog of HMGB1 within the mitochondrial space,
responsible for mitochondrial gene expression (Julian et al., 2012). Deficiency in Tfam
leads to mitochondrial electron transport chain proteome imbalance, thermogenesis
defects and metabolic disorders (Julian et al., 2012; Little et al., 2014; Masand et al.,
2018). Additionally, under stress conditions, TFAM can be released from cells similarly
to HMGB1, and act as a proinflammatory signalling factor via RAGE activation (Julian
et al., 2012). Interestingly, PRDM16, which displayed enrichment of binding sites in
the regions of more accessible chromatin in PND15 spermatogonial cells of MSUS
pups, is also part of the extensive network of mitochondrial factors, together with
TFAM and NRF2, which are responsible for metabolic fitness and adaptive responses
to environmental stressors (Dominy and Puigserver, 2013). Together, our results
suggest significant changes in factors related to inflammation, lipid metabolism and
mitochondrial function in blood of MSUS pups, which correlate with an upregulation of
corresponding receptors and binding partners in the testis.
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Figure 3-5 Exposure alters protein signatures in blood and their corresponding receptor mRNA in
testis of pups at PND15.
(A) Volcano plot showing fold-change of protein expression in exposed pups compared to control pups.
Proteins with significantly different expression between the two groups are highlighted in red (Log2FC ≥ 1, pvalue ≤ 0.05, n = 5 biological samples per group);
(B) ORA on candidate proteins with differential expression between the 2 groups at PND15 (BenjaminiHochberg corrected p-value ≤ 0.05, GO term size set to max 1000 genes, min 3 genes intersection). The
complete list of GO terms is available in Table S5;
(C) Western blot validation of HMGB1 protein upregulation in PND15 blood plasma from exposed pups (twotailed t-test, t=3.968, df=8, ** p-value < 0.01, n = 5 samples per group);
(D) RT-qPCR of Rage, Nrf2 and Tfam mRNA in PND15 testis (two-tailed t-test, t=2.572, df=17, * p-value <
0.05, n = 12 control and 7 MSUS samples).
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3.4

Discussion

In this study we show that environmental exposure in early postnatal life alters the
transcriptome and epigenome of developing germ cells in the testis. Spermatogonial
cells encompass the stem cell population in the germline, which only accounts for
around 0.03% of the total germ cells in the testis. Although intensely researched, a
distinct molecular profile of spermatogonial stem cells, which would allow complete
purification, has yet to be determined (Chan et al., 2014; Law et al., 2019; Oatley and
Brinster, 2012). In our study, we employed a previously established FACS strategy,
using a combination of known surface markers, which allowed the isolation of an 8090% pure undifferentiated spermatogonial population. Admittedly, our sorted cell
populations still exhibited low expression levels of differentiating spermatogonial cell
markers.
Spermatogonial cell proliferation starts immediately after birth in rodents, and is
characterized by intense transcriptome and epigenome reprogramming (Hammoud et
al., 2014, 2015; Maezawa et al., 2018). Currently, little is known about the effects of
environmental exposure on such early stages of postnatal germ cell development in
the testis. By investigating gene expression and transcript usage, 2 distinct levels of
transcriptome organization, we find changes in the transcript usage of a number of
genes in spermatogonial cells at PND8, in the absence of global changes in gene
expression. Unlike gene-level analysis, transcript usage is an underexplored
regulatory mechanism. Recently, advances in bioinformatic tools have allowed the
study of genome-wide differential transcript usage from RNA-seq data, and have
helped investigating how transcript dysregulation contributes to various types of
disorders (Coelho et al., 2020; Hentze et al., 2018; MM Scotti, 2016). Although specific
targets and functions of the differentially used transcripts we have identified are largely
unknown, GO enrichment analysis revealed an association to functions such as RNA
processing, metabolism and transport.
By performing RNA-seq at PND15, we also identified differential enrichment of terms
associated with RNA processing and splicing pathways, but also in pathways
associated with DNA binding, chromatin organization and DNA conformation.
However, we did not detect any further differences in transcript usage or in the global
gene expression levels. Notably, our spermatogonial cell population encompasses a
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heterogenous mix of stem cells, undifferentiated progenitors and potentially scarce
populations of differentiating spermatogonia, therefore a finer dissection of these
individual cell populations could be needed to investigate in more depth the
transcriptional response to early life postnatal stress exposure.
Previous studies have identified a role for numerous RNA-binding proteins not only in
splicing regulation, but also in chromatin organization (Han et al., 2017; Kwon et al.,
2013; Rappsilber et al., 2002). In an extensive proteomic characterization of mESCs
and neural cells, Han et. al found that half of the RNA-binding proteins they identified
were enriched for chromatin-associated functions, thereby suggesting an extensive
crosstalk between RNA processing and chromatin regulatory networks (Han et al.,
2017). Furthermore, open chromatin regions display a dynamic reorganization during
spermatogenesis. The transition from spermatogonial cells to spermatids has been
recently found to be accompanied by vast changes in chromatin accessibility
(Maezawa et al., 2018). Therefore, changes at the chromatin level in spermatogonial
cells have the potential to influence later stages of germ cell development, with longlasting consequences on the spermatogenic process. By employing Omni-ATAC in
PND15 spermatogonial cells we identified hundreds of differentially accessible
chromatin regions between control and MSUS pups. Notably, these regions were
enriched in distinct biological pathways. Regions of decreased chromatin accessibility
related to neuronal function and inflammatory pathways, while regions of increased
accessibility displayed a predominant association with stress response and metabolic
pathways such as fatty-acid oxidation and hormone metabolism. Furthermore, distinct
TF motifs were enriched between more accessible and less accessible chromatin
regions. To our knowledge, this is the first time that early life traumatic stress is shown
to alter chromatin accessibility in spermatogonial cells.
Previous work from our lab has shown that fatty acid metabolism and arachidonic acid
precursors are altered in the blood of male mice exposed to early-life traumatic stress
(Steenwyk et al., 2019). Interestingly, unlike adult sperm cells which reside in an
immunoprivileged environment ensured by the BTB, undifferentiated spermatogonia
are located outside the BTB, and display preferential localization in seminiferous
tubule areas which are adjacent to testis blood vessels (Mruk and Cheng, 2015; Potter
and De Falco, 2017; Yoshida et al., 2007). This allows for signalling from adjacent
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interstitial cells and resident immune cells of the testis, as well as from blood circulating
factors (DeFalco et al., 2015; Heinrich and DeFalco, 2019; Potter and De Falco, 2017).
On the basis of this evidence, we further investigated the effects of early stress
exposure on circulating factors by profiling the proteome of PND8 and PND15 control
and MSUS pups. We observed consistent changes in expression of proteins involved
in the complement cascade and mitochondrial function across early postnatal age.
Complement cascade and innate immune system activation are known regulators of
neuronal proliferation and gonad development (Coulthard et al., 2017; Lee et al.,
2017). Upregulated proteins included master regulators of numerous cellular
inflammatory and redox processes such as S100A9 and HMGB1, two circulating
alarmins with extracellular and intracellular roles (Bertheloot and Latz, 2017). We
further showed that HMGB1 upregulation correlated with the upregulation of Rage
mRNA expression in PND15 testis of MSUS pups, one of its major cellular receptors.
In addition, Nrf2 and Tfam, 2 important mitochondrial factors, were also upregulate in
the testis of MSUS pups. Notably, HMGB1, NRF2 and TFAM all rely on RAGE binding
for activation of downstream signalling pathways (Dominy and Puigserver, 2013; Tang
et al., 2011; Yan et al., 2009), indicative of a potential common avenue through which
circulating factors could alter the testis milieu, with potential consequences on germ
cells. Indeed, 2 of these downstream signalling pathways, MAPK and mTOR were
associated specifically with the chromatin regions of increased accessibility in
spermatogonial cells of MSUS pups. Furthermore, enrichment of PRDM16 motif, a TF
important for the control of genes that regulate oxidative stress levels in mouse
hematopoietic and neural stem cells, was also enriched at the regions of increased
accessibility in MSUS spermatogonia.
Very few other studies have investigated the effects of an environmental stressor such
as chronic unpredictable stress or immobilization stress on spermatogonial cells in the
testis (Hirano et al., 2014; Yazawa et al., 1999). Both types of stressors led to an
increased number of damaged or apoptotic spermatogonial cells and of
spermatocytes, the more differentiated progenitor cells within the testis. However,
none of the studies investigated the molecular underpinnings of this apoptotic
phenotype.
In this study we bring evidence that open chromatin regions associated with pathways
important for inflammatory processes, redox homeostasis and metabolic regulation
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are altered in spermatogonial cells following chronic stress exposure. We further show
that these changes are not solitary, but accompanied by alterations in similar pathways
at the testis level and in the blood of these pups. This correlative evidence suggests
that blood factors could contribute to an altered testis milieu, and that these
perturbations may affect spermatogonial cells. Understanding the molecular
mechanisms of this inter-tissue communication is essential for shedding light on how
environmentally-driven alterations can be passed on to the germline.
3.5

Methods

3.5.1 Animals and MSUS paradigm
Animal experiments were approved by the veterinary authority of the Canton of Zurich.
All procedures complied with the relevant ethical regulations for animal testing and
research. C57BL/6 J male and female mice aged 2 months were purchased from
Janvier Labs (France) and kept in a temperature and humidity-controlled facility under
a 12h reverse light–dark cycle (lights off at 8:00, lights on at 20:00) with food and water
provided ad libitum. Cages and bedding were changed once per week.
MSUS paradigm was performed as previously described (Franklin et al., 2010). Briefly,
primiparous C57BL/6J female and male mice aged 2.5-3 months were mated, and
randomly selected dams and litters were assigned to the control or MSUS groups.
MSUS dams and litters were subjected to 3 hours of unpredictable maternal
separation combined with unpredictable maternal stress for 14 days, starting at PND1.
The maternal stress was performed at different times during the 3 hours of separation,
and consisted from 5 min of an acute swim in cold water (18 °C for 5 min) or 20 min
restraint in a plexiglass tube. Control animals were left undisturbed apart from cage
changes once per week. At PND21, all pups were weaned and housed (3-5
mice/cage) by gender and treatment. To avoid litter effects, siblings were distributed
in different cages of the same treatment group.
Behavioural assessment of adult male mice was performed using the elevated plus
maze. The setup consisted of a platform with two open and two closed arms (dark
grey PVC, 30 x 5 cm) at 60 cm elevation from the floor. Mice were placed in the centre
of the platform facing a closed arm and video recorded (Viewpoint tracking software)
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for 5 min. The latency to first enter an open arm and the total time spent in the open
arms were manually scored. The experimenter was blind to treatment.
3.5.2 Testis dissection and spermatogonial cell enrichment
Testes were collected from pups at PND8, PND15 and adults at 5 months of age from
control and MSUS groups. Testicular single-cell suspensions were prepared as
previously described with slight modifications (Kubota et al., 2004b). For pup
spermatogonia preparations, 4 testes from 2 pups were pooled for each biological
replicate, to obtain enough enriched spermatogonial cell populations for subsequent
analyses. Following gentle removal of the tunica albuginea, the seminiferous tubules
were digested using 0.25% trypsin-EDTA (ThermoFisher Scientific) and 7mg/ml
DNase I (Sigma-Aldrich) solution for 5 min at 37oC. The suspension was pipetted up
and down 10 times and incubated again for 3 min at 37oC. The digestion was stopped
by adding 10% foetal bovine serum (ThermoFisher Scientific) and the cells were
passed through a 20μm pore-size cell strainer (Miltenyi Biotec). Cells were
resuspended in PBS-S (PBS with 1% PBS, 10 mM HEPES, 1 mM pyruvate, 1mg/ml
glucose, 50 units/ml penicillin and 50 μg/ml streptomycin) and used for fluorescence
activated cell sorting (FACS).
For adult testis digestion, a 2-steps enzymatic procedure was performed. Briefly, each
testis was treated with collagenase type IV (Sigma-Aldrich) for 5 min at 37oC and
vigorous swirling until the tubules were completely separated. The tubules were placed
on ice until they sedimented completely, the supernatant removed and the remaining
tubules were washed with HBSS. Washing/sedimentation steps were repeated 3 times
and were necessary to remove interstitial cells. Tubule fragments were digested next
with 0.25% trypsin-EDTA and 7mg/ml DNase I solution. The resulting single-cell
suspension was filtered through a 40μm strainer (Corning Life Sciences) and washed
with HBSS. Cells were resuspended in PBS-S, layered on a 30% Percoll solution
(Sigma-Aldrich) and centrifuged at 600g for 8 min at 4oC without braking. The top 2
layers (HBSS and Percoll) were removed and the cell pellets were resuspended in
PBS-S and used for sorting.
FACS was performed by incubating PND8 and 15 testis cell suspensions with BV421conjugated anti-β2microglobulin (β2M; S19.8), biotin-conjugated anti-THY1 (CD90.2;
53-2.1), and R-phycoerythrin (PE)-conjugated anti-αv-integrin (CD51; RMV-7)
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antibodies. THY1 was detected by staining with Streptavidin-Alexa Fluor 488. For adult
testes, cells were stained with anti-α6-integrin (CD49f; GoH3), BV421-conjugated antiβ2M (S19.8), and PE-conjugated anti-THY1 (CD90.2; 30H-12) antibodies. All
antibodies were obtained from BD Biosciences (San Jose, United States). Prior to
sorting, 1 μg/ml propidium iodide (Sigma-Aldrich) was added to the cell suspensions
to discriminate dead cells. Cell sorting was performed on a FACS Aria III 5L, at 4oC
using an 85um nozzle, at the Cytometry Facility of University of Zurich. Cells were
collected in 1.5 ml Eppendorf tubes for RNA-sequencing and ATAC-sequencing library
preparations.
3.5.3 Immunocytochemistry
The protocol used for assessing spermatogonial cell enrichment after sorting was
kindly provided by the Oatley Lab at Washington State University, Pullman, USA
(Yang et al., 2013). Briefly, 30,000-50,000 cells were adhered to poly-L-Lysine coated
coverslips (Corning Life Sciences) in 24-well plates for 1 h. Cells were fixed in freshly
prepared 4% PFA for 10 min at room temperature then washed in PBS with 0.1%
Triton X-100 (PBS-T). Non-specific antibody binding was blocked by incubation with
10% normal goat serum for 1 h at room temperature. Cells were incubated overnight
at 4oC with mouse anti-PLZF (0.2 μg/ml, Active Motif, clone 2A9) primary antibody.
Alexa488 goat anti-mouse IgG (1 µg/mL, ThermoFisher Scientific) was used for
secondary labelling at 4oC for 1 h. Coverslips were washed 3x and mounted onto
glass slides with VectaShield mounting medium containing DAPI (Vector Laboratories)
and examined by fluorescence microscopy. Stem cell enrichment was determined by
counting PLZF+ cells in 10 random fields of view from each coverslip and dividing by
the total number of cells present in the field of view (DAPI-stained nuclei).
3.5.4 RNA-seq library preparation and data analysis
Library preparation: 25,000 cells from PND8 and PND15 pup testis were used for RNA
extraction using the AllPrep RNA/DNA Micro Kit (Qiagen). Library preparation was
performed from 10 ng of total RNA / sample using the SMARTer® Stranded Total
RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio USA, Inc.) according to the
manufacturer’s instructions. For adult spermatogonia, 1000 cells were collected by
FACS, directly lysed in 10 μL buffer RLT Plus (Qiagen) and processed following the
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SmartSeq2 protocol (Picelli et al., 2014). RNA and library quality were assessed using
the Bioanalyzer 2100 (Agilent Technologies). Libraries were prepared at the
Functional Genomics Centre Zurich and sequenced on an Illumina HiSeq 4000 using
v4 reagents and 100 bp single-end read length. The number of samples sequenced
at each timepoint was 8 control and 7 MSUS for PND8, 9 control and 8 MSUS for
PND15, and 6 control and 6 MSUS for adult mice.
Data analysis: Sequenced data (FASTQ files) was assessed for quality using FastQC
(version 0.11.8). Adapter sequences and short reads (length < 30bp) were removed,
and bases with low quality (Q < 30) were trimmed using TrimGalore (version
0.6.4_dev). Trimmed data was pseudo-aligned with Salmon (version 0.11.2) with
automatic library type detection (-l A) on a transcript index prepared from a) the
GENCODE annotation (version M18), b) piRNA precursors, and c) transposable
elements (TEs) from repeat masker (concatenated by family). All downstream analysis
was performed using R (version 3.6.0).
For differential gene expression analysis, all the quantified RNA species were
aggregated at the gene level or at the repeat family level for TEs. Features with less
than 15 reads in at least 40% of the samples were removed. Normalization was
performed using the Trimmed Mean of M-values (TMM) method (edgeR package).
Differential analysis was performed using the voom/dupCor methods of the limma R
package (version 3.34.9) and the significance threshold was set at FDR ≤ 0.05. Gene
Set Enrichment Analysis (GSEA) was performed on GO Biological Processes using
WebGestalt on all genes identified from PND15 RNA-seq ranked based on their tscores (Liao et al., 2019c). Only terms containing less than 1000 genes were
assessed, and an FDR ≤ 0.1 was used to account for multiple comparisons.
Differential Transcript Usage (DTU) was performed using IsoformSwitchAnalyzeR
(Vitting-Seerup and Sandelin, 2017, 2019). Briefly, isoform switches were identified,
isoforms were annotated via integration of a wide range of (predicted) annotations for
the isoforms involved in the identified switches. The significance threshold for
differentially used isoforms was set at FDR ≤ 0.05. Pfam was used for prediction of
protein domains, CPC2 (version 2.0) for calculation of the coding potential, SignalP
(version 5.0) for prediction of Signal Peptides, and IUPred2A was used to predict
Intrinsically Disordered Region (IDRs) and Intrinsically Disordered Binding Regions
(IDBRs). The results from Pfam, CPC2, IUPred2A, and SignalP were used with
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IsoformSwitchAnalyzeR for annotation and prediction of functional consequences for
the identified isoform changes.
Overrepresentation Analysis (ORA) was performed on candidate genes from DTU
analysis using gProfiler (Raudvere et al., 2019). The query was run on Mus Musculus
background, with GO terms of minimum 10 and maximum 1000 genes and an
intersection size of minimum 3 genes. Benjamini-Hochberg correction at an FDR ≤
0.05 was performed to account for multiple comparisons.
3.5.5 Omni-ATAC library preparation and data analysis
Library preparation: 25,000 cells from PND15 and 5,000 cells from adult mice were
used as starting material for the Omni-ATAC protocol (Corces et al., 2017). Briefly,
sorted cells were lysed in cold buffer and the cell nuclei were pelleted and transposed
using Nextera Tn5 (Illumina) for 30 min at 37oC and 1000 rpm. Transposed DNA was
purified using the MinElute Reaction Cleanup Kit (Qiagen), and the libraries were
generated using the NEBNext High-Fidelity 2X PCR Master Mix (New England
Biolabs). Primer dimers and fragments bigger than 1000 bp were removed using
Agencourt AMPure XP magnetic beads (Beckman Coulter). Library quality was
assessed using an Agilent High Sensitivity DNA Chip on the Bioanalyzer 2100 (Agilent
Technologies). Libraries were sequenced on an Illumina HiSeq 4000 using v4
reagents and 100 paired-end read length. At PND15, 6 control and 6 MSUS samples
were sequenced, and 5 control and 5 MSUS samples from adult testis.
Data analysis: FASTQ files were assessed for quality using FastQC (Andrews et al.,
2012) (version 0.11.8). Quality control (QC) was performed using TrimGalore
(Krueger, 2012) (version 0.6.2) in PE mode (--paired), trimming adapters, low-quality
ends (-q 30) and discarding reads that become shorter than 30 bp after trimming (-length 30). Alignment on the GRCm38 genome was performed using Bowtie2
(Langmead and Salzberg, 2012) (version 2.3.5) with the following parameters:
fragments up to 2 kb were allowed to align (-X 2000), entire read alignment (--end-toend), suppressing unpaired alignments for paired reads (--no-mixed), suppressing
discordant alignments for paired reads (--no-discordant) and minimum acceptable
alignment score with respect to the read length (--score-min L,-0.4,-0.4). Using
alignmentSieve (version 3.3.1) from deepTools (Ramirez et al., 2016) (version 3.4.3),
aligned data (BAM files) were adjusted for the read start sites to represent the centre
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of the transposon cutting event (--ATACshift), and filtered for reads with a high
mapping quality (--minMappingQuality 30). Reads mapping to the mitochondrial
chromosome

and

ENCODE

blacklisted

regions

(ENCODE

accession

ENCFF547MET), were filtered out.
To call nucleosome-free regions, all aligned files were merged within groups (PND15
and adult), sorted, and indexed using SAMtools (Li et al., 2009) (version 0.1.19), and
nucleosome-free fragments (NFFs) were obtained by selecting alignments with a
template length between 40 and 140 inclusively. Peak calling (identifying areas in a
genome that have been enriched for transcription factors) on the NFFs was performed
using MACS2 (Zhang et al., 2008) (version 2.2.7.1) with mouse genome size (-g
2744254612) and PE BAM file format (-f BAMPE). The downstream analysis was
performed in R (version 3.6.2), using packages from CRAN (https://cran.r-project.org)
and Bioconductor (Huber et al., 2015). The peaks were annotated based on overlap
with GENCODE (Harrow et al., 2012a) (version M18) transcript and/or the distance to
the nearest transcription start site. The number of extended reads overlapping in the
peak regions was calculated using the csaw package (Lun and Smyth, 2015) (version
1.20.0). Peak regions which did not have at least 15 reads in at least 40% of the
samples were filtered out. Normalization factors were obtained on the filtered peak
regions using the TMM normalization method (Robinson and Oshlack, 2010) and
differential analysis on the peaks (control vs MSUS at PND15 and at adult stage) was
performed using the Genewise Negative Binomial Generalized Linear Models with
Quasi-likelihood (glmQLFit) Tests from the edgeR package (Robinson et al., 2009)
(version 3.28.1). Peak regions which had an absolute Log2FC ≥ 0.5 and a p-value ≤
0.005 were categorized as differentially accessible regions between MSUS and control
groups for PND15 samples. Peak regions with an absolute Log2FC ≥ 0.5 and a p-value
≤ 0.01 were categorized as differentially accessible between MSUS and control groups
at adult stage.
GO enrichment analysis was performed using GREAT, using as a background all
identified regions at PND15 and in adult stage respectively (McLean et al., 2010). TF
motif enrichment was assessed for the differentially accessible regions at PND15 and
at adult stage using MEME ChIP, in classic mode (Machanick and Bailey, 2011).
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3.5.6 Proteomic analysis of blood plasma
Blood was collected in EDTA coated tubes (Microvette, Sarstedt) from n = 5 per group
at PND8 and from n = 5 per group at PND15. Samples were stored at 4 °C for 1-3
hours and centrifuged at 2,000g for 10 min. Plasma was collected and stored at -80
°C until processed for proteomics analysis. Pups from different litters were chosen to
avoid potential litter effects.
Plasma samples were enriched for small regulatory proteins using protein depletion
columns (Seppro Mouse, Sigma Aldrich), and quantification was performed using the
Qubit protein assay kit (ThermoFisher Scientific) according to manufacturer’s
instructions. Samples were purified by TCA precipitation and processed with a filterassisted sample preparation protocol (FASP). First, 20 µg of protein was resuspended
in 30 µl SDS denaturation buffer (4% SDS (w/v), 100 mM Tris/HCL pH 8.2, 0.1 M DTT),
and incubated at 95 °C for 5 min. Samples were further diluted with 200 µl UA buffer
(8 M 25 urea, 100 mM Tris/HCl pH 8.2) and spun at 35 °C at 14000 x g for 20 min in
regenerated cellulose centrifugal filter units (Microcon 30, Merck Millipore). Samples
were washed once with 200 µl UA buffer and spun again at 35 °C and 14000 x g for
20 min. Cysteines were blocked with 100 µl IAA solution (0.05 M iodoacetamide in UA
buffer) and incubated for 1 min at room temperature (RT) at 600 rpm followed by a
centrifugation at 35 °C and 14000 x g for 15 min. Filter units were washed with 100 µl
of UA buffer 3x and then 2x with 0.5 M NaCl. Proteins were digested overnight at room
temperature with a 1:50 ratio of trypsin (0.4 µg) in 130 µl TEAB (0.05 M
Triethylammonium bicarbonate in water). After protein digestion, the peptide solutions
were centrifuged at 35 °C and 14000g for 15 min and acidified with 3 µl of 20% TFA
(Trifluoroacetic acid). Peptides were cleaned using Sep-Pak C18 silica columns
(Waters Corporation) activated with 10 ml methanol and washed with a solution 1 ml
of 60% ACN (acetonitrile) and 0.1% TFA. Columns were equilibrated with 3 x 1 ml of
3% ACN 0,1% TFA. The samples were diluted in 800 µl of 3% ACN 0.1% TFA and
loaded onto the silica columns, then washed with 4 x 1 ml 3% ACN 0.1% TFA and
eluted with 60% ACN 0.1% TFA. Samples were lyophilized in a vacuum concentrator
and resolubilized in 19 µl 3% CAN 0.1% FA (Formic acid). 1 µl of synthetic peptides
(Biognosys AG) were added to each sample for retention time calibration. Peptides
were analysed using LCMS/MS (Orbitrap FusionTM TribidTM MS) at the proteomics
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facility of the Functional Genomics Centre (FGC) Zurich. Raw data was quantitatively
and qualitatively analysed by Mascot and Progenesis QI platforms.
3.5.7 RT-qPCR and western blot analyses
RT-qPCR: Testes from PND15 pups were dissected and RNA extracted using a
phenol/chloroform extraction method (Trizol, Thermo Fischer Scientific). Reverse
transcription was performed using the SuperScript III RT kit (Qiagen) according to
manufacturer’s instructions. Reactions were run in triplicate on a Light Cycler II 480
(Roche) using SYBR Green I Mastermix (Roche). Primers for Rage, Nrf2 and Tfam
were designed using Primer Blast (NCBI). Melting curve analysis following the reaction
confirmed the specificity of our primer pairs. Tubd1 was used as an endogenous
control.
Western blot: Western blot validation was performed on PND15 blood plasma from an
independent breeding than the one used for proteomics analysis (n = 5 control and 5
MSUS samples). Plasma was collected from trunk blood in EDTA coated tubes
(Microvette, Sarstedt). Samples were stored at 4 °C for 1-3 hours and centrifuged at
2,000g for 10 min. Raw blood plasma samples containing 5 ug protein were diluted in
water and denaturated using 4x Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA)
and 10% of mercaptoethanol for 5 min at 95 oC. Samples were then loaded onto 4%–
20% gradient Mini-PROTEAN TGX gel (Bio-Rad, Hercules, CA, USA), and separated
at 70 V for 30 min and then 140 V for 1 hr using SDS running buffer (25 mM Tris, 192
mM Glycin, and 0.1% SDS). Proteins were transferred using a Trans-BlotTurboBlotting
System and a Trans-BlotTurboMini PVDF transfer pack (both from Bio-Rad, Hercules,
CA, USA). Membranes were blocked using 5% of non-fat dry milk in TBS-Tween for 1
hr at room temperature (RT), and they were incubated overnight at RT with 5ml
0.9ug/ml anti-HMGB1 primary antibody (Abcam, ab18256). Incubation with the
secondary antibody was performed for 1hr at RT, using 1:10,000 IRDye 800CW antiRabbit IgG (926-32211, LI-COR, Lincoln, NE, USA). Membranes were washed with
TB-Tween 3x for 10 min between incubations. Imaging of the membranes was
performed using an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE, USA)
and quantified using ImageJ v1.41.
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3.5.8 Quantification and data analysis
Initial sample size was estimated based on our previous experiments using the MSUS
paradigm (Gapp et al., 2014, 2018; Steenwyk et al., 2019). For behavioural analysis
RT-qPCR and western blot, a two-tailed Student t test was used to assess statistical
significance between control and MSUS groups, with statistical significance set at p ≤
0.05. ROUT test was employed to identify statistical outliers and exclude them from
the analyses. All statistics of behavioural, RT-qPCR and western blot analyses were
computed with Prism 8. Figures in this study were generated using Prism8 and base
plotting in R. All reported replicates were biological replicates and representative of 1
animal/replicate, except PND8 and PND15 replicates, where 2 pups were pooled for
each sample.
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Supplemental figures
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Figure S 3-1 MSUS induces behavioural and metabolic alterations in exposed males.
(A) Schematic representation of the MSUS paradigm (see Methods section for detailed description of
the paradigm). All rights for the figure belong to Martin Roszkowski and were used with his consent;
(B) MSUS adult males exhibit increased time spent in open arm and decreased latency to enter the
open arm, indicative of risk-taking behaviours, when tested on the elevated plus maze (EPM), n = 22
control and 28 MSUS males tested. ROUT test was used to remove statistical outliers. Experiment was
performed in single-blind;
(C) MSUS pups exhibit lower weight at PND7 and PND14 (n = 53 control and 48 MSUS at PND7, n =
31 control and 27 MSUS at PND14).
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Figure S 3-2 FACS strategy for enrichment of spermatogonial cells from adult testis.
(A) Testicular cell suspension was passed through an 85um nozzle following enzymatic digestion.
Representative dot plots for sorting strategy of adult spermatogonial cells. Following gating for live and
single cells based on forward/side scatters, MHCI-/ 𝛼6-integrin+/THY1+ cells were sorted (Pacific Blue/FITC+/PE+). Cells in red quadrant represent the sorted spermatogonial cells;
(B) Heatmap of representative gene markers mRNA expression in the sorted spermatogonial cell
populations at PND8, PND15 and at adult stage. Genes characteristic to germ cells, stem cell potential
and somatic cells were chosen to verify the enrichment procedure using FACS.
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Figure S 3-3 RNA-seq reveals differential transcript usage in early postnatal spermatogonia but no
changes at gene level.
(A) Differential gene expression analysis at PND8 reveals no significantly altered genes (FDR > 0.05, n = 8
control and 9 MSUS samples);
(B) Differential transcript usage of Chmp4b and Hspa8, in spermatogonial cells from PND8 MSUS and
control pups (* FDR ≤ 0.05, *** FDR ≤ 0.001). Splicing plots shown are extracted directly from the
IsoformSwitchAnalyzer and Ensembl transcript IDs are used for each transcript annotation. Plots on the right
display the predicted Pfam protein domains for each of the gene transcripts;
(C) Differential gene expression analysis in adult spermatogonia from control and MSUS males reveals no
significantly altered genes (FDR > 0.05, n = 6 samples / group).
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Figure S 3-4 Adult spermatogonial cells from MSUS males display altered chromatin accessibility
at regions linked to nervous system development.
(A) Differential accessibility analysis reveals regions of increased and decreased accessibility in adult
spermatogonial cells from MSUS males compared to control animals (Abs Log2FC > 0.5, p-value ≤
0.01, n = 6 samples / group);
(B) GREAT analysis of differentially accessible regions reveals nervous system development related
terms among the most enriched ones (p ≤ 0.05, minimum 10 and maximum 1000 genes per GO term
included, biological processes associated with minimum 3 regions were considered).
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Figure S 3-5 Altered proteins in plasma samples from
PND8 MSUS pups are associated with innate immune
response and lipid binding pathways.
(A) Volcano plot showing log2FC of protein expression in
PND8 exposed pups compared to controls. Proteins with
significantly different expression between the two groups
are highlighted in red (log2FC ≥ 1, p-value ≤ 0.05, n = 5
biological samples / group);
(B) Overrepresentation analysis on candidate proteins
with differential expression between the 2 groups at PND8
(Benjamini-Hochberg corrected p-value ≤ 0.05, term size
set to min 10 and max 1000 genes, min 3 genes
intersection). The complete list of GO terms is available in
Table S1;
(C) Peptide normalised abundance of exemplary proteins
associated with the most enriched GO terms (*p ≤ 0.05;
***p ≤ 0.001).
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Figure S 3-6 Inflammation, lipid-related and redox proteins are upregulated in plasma of PND15
MSUS pups compared to controls.
(A - C) Peptide normalised abundance of exemplary proteins altered in plasma samples from PND15
MSUS pups (* = p ≤ 0.05).
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4 Conclusions and Outlook
This thesis provides evidence that the chromatin accessibility landscape of mouse
spermatogonial cells exhibits a dynamic reorganization between early postnatal and
adult stage. To gain a better understanding of the distinct gene expression –
epigenome relationship in pup and adult spermatogonial cells, these results were
complemented by transcriptome data and histone and DNA methylation profiles. In
addition, the immediate and long-lasting effects of an exogenous insult, chronic stress
exposure, applied during early postnatal spermatogonial cell development, were
investigated.
In the following section I will summarize the results obtained in Chapter 2 and Chapter
3 and discuss the rationale for our approach, with the challenges and limitations that
it encompasses. I will also propose further experiments that could be performed to test
the causal link between chromatin reorganization and gene expression changes.
Finally, I will discuss the overall contribution of these results for fully understanding
spermatogonial cell regulation across postnatal life, and in response to an
environmental insult.
4.1

Challenges and limitations

The enrichment method used in this thesis relies on au multiparametric FACS strategy,
established by Brinster and collaborators following serial transplantation experiments
(Kubota et al., 2004b, 2004a). Accordingly, spermatogonial cells from pup and adult
male testis were sorted based on their MHC-I-Thy1+αV-integrin-/Dimα6-integrin+ surface
profile, as this cell population was reported to contain the majority of stem cells of the
spermatogonial cell population across ages (Kubota et al., 2004b, 2004a; Oatley and
Brinster, 2012; Zhang et al., 2016a). To assess the enrichment proportion in our sorted
cell populations, we stained our sorted and unsorted cell samples using PLZF, a widely
used undifferentiated spermatogonial marker. We found that, on average, more than
90% of our sorted cells were PLZF+, confirming the efficiency of our sorting strategy.
Furthermore, genes which are known to be expressed by undifferentiated
spermatogonial cells with stem cell potential (Id4, Etv5, Lhx1, Tspan8, Gfra1) were
highly expressed in our enriched cell populations, while differentiating spermatogonial
markers (Stra8, Kit, Ngn3) and somatic cell markers (Vim, Gata4) were very lowly
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expressed or not expressed at all. However, as FACS is able to enrich, but does not
completely purify spermatogonial cells from a testicular cell suspension, we cannot
exclude the influence of contaminating cells on the interpretation of our findings.
Additionally, our approach omits potential differences which could exist within the pool
of undifferentiated spermatogonial cells, between As, Apr and Aal subpopulations.
A second limitation of our approach is the multistep protocol employed for sorting the
undifferentiated spermatogonial cells from adult testis. The adult testis cellular milieu
is highly complex, as it encompasses abundant populations of differentiating
spermatogenic cells such as spermatocytes and spermatids, as well as several types
of somatic cells (Sertoli cells, Leydig cells, interstitial cells, resident macrophages).
Therefore, a double enzymatic digestion and several rounds of sedimentation and
washing steps need to be performed in order to remove most of the other germ and
somatic cells. Furthermore, a centrifugation step in 30% Percoll is also employed, to
concentrate spermatogonial cells prior to FACS. All of these lengthy steps invariably
lead to increased cell loss compared to the straightforward sorting protocol employed
from pup testis.
Lastly, slight differences in the age of the mice from which the cells have been
collected exist in the comparison between our chromatin accessibility profiles with
literature transcriptome, histone and DNAme datasets. Our pup ATAC-seq libraries
have been generated using PND15 pups, whilst the literature RNA-seq and DNAme
data were obtained from PND14 pup spermatogonia. However, previous reports found
similar transcriptome and histone modifications in PND12 and PND14 spermatogonial
cells (Hammoud et al., 2015), suggesting a similar genomic landscape in closely timed
juvenile spermatogonia. Additionally, by the end of the second week of postnatal life
the maturation of Sertoli cells within the seminiferous tubules is complete, so that
differences between PND14 and PND15 spermatogonia imposed by the surrounding
niche should be minimal compared to the fast growth taking place earlier on
(Flickinger, 1967; Mruk and Cheng, 2015).
For investigating the chromatin accessibility landscape of adult spermatogonial cells,
we have used PNW20 mice and the available literature datasets for the RNA-seq,
ChIP-seq and DNAme were generated from PNW8 males. During adulthood and up
to 1 year of age, differences in spermatogonial cell numbers and colonization potential
following transplantation were found to be minimal, suggestive of a steady-state adult
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spermatogonial population (Kubota and Brinster, 2018). In conclusion, we chose the
available literature datasets which best matched our cell sorting, library preparation
and sequencing strategies, and for which age-driven differences in molecular
characteristics of spermatogonia are known to be minimal.
4.2

Postnatal dynamics of spermatogonial cells

4.2.1 Open chromatin reorganization in postnatal spermatogonia
To our knowledge, this is the first time that chromatin accessibility between early
postnatal and adult spermatogonia has been compared, as well as the first attempt to
characterize chromatin accessibility landscape in adult spermatogonial cells. We
found more than 3000 differentially accessible chromatin regions between PND15 and
adult spermatogonial cells, indicative of distinct chromatin accessibility landscapes
between pup and adult stages. Although only a minority of these regions were situated
in proximity to a gene TSS, these regions displayed enrichment for numerous TF
motifs, particularly in intergenic regions and introns. As discussed in more detail in
Chapter 2, specific TF families were associated with the chromatin regions which
displayed an increase or a decrease in accessibility. Motifs for TFs which belong to
the Fos/Jun family, nuclear receptors (RXRs, RAR, RFXs) and pluripotency factors
USF1/2 and POU3F1, were enriched in more accessible chromatin regions, whilst
regions of decreased accessibility in adult spermatogonia revealed enrichment for TFs
with widely known developmental roles.
Although open chromatin represents only a minority of the total chromatin content of
a cell (approximately 2-3%), it usually binds most of the transcription factors with roles
in gene expression regulation (Klemm et al., 2019). We hypothesise that the high
number of differentially accessible regions we find in open chromatin is a strong
indicator of the distinct gene networks employed by spermatogonial cells in early
postnatal stage and in the adult testis. Indeed, we found that more accessible regions
were associated with gene pathways important for RNA processing, stem cell
maintenance and spermatogenesis, whilst regions which were less accessible in adult
spermatogonia were mainly associated with developmental pathways.
By performing TF motif enrichment at distinct genomic locations, we are able to find a
clear preference of NF-Y and LHX motifs for intergenic regions. At present, the role of
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NF-Y TFs in spermatogonial cells hasn’t been characterized, raising exciting new
questions about the involvement of this TF family in the germline. The presence of NFYA and NF-YB motifs was also recently described in open chromatin regions in human
spermatogonial cells, where they co-localized with more accessible LTR subtypes,
indicative of their potential regulatory role in the human germline (Guo et al., 2017).
Further ChIP-seq experiments for NF-Y TFs would allow to specifically identify and
investigate their target regions and genes in mouse spermatogonial cells.
4.2.2 Unique chromatin landscape of genes differentially expressed in early
postnatal and adult spermatogonia
The majority of differentially accessible regions from PND15 to adult spermatogonia
resided distally from TSSs. However, we found that a number of regions were situated
+/- 2.5 kb from the TSS of a gene. We augmented the chromatin accessibility data
with RNA-seq and ChIP-seq datasets from previously published reports, and revealed
novel patterns of chromatin accessibility and histone modifications at genes with
differential expression between early postnatal and adult spermatogonia.
To our surprise, regions which increased in chromatin accessibility in adult
spermatogonia did not only overlap genes with an upregulated expression, but also a
comparable number of genes which were downregulated in adult spermatogonia.
Genes in the latter category were developmental factors, some of which exhibited
enrichment for the repressive H3K27me3 or the bivalent H3K4me3/HeK27me3. The
presence of a more accessible chromatin region proximal to a gene which decreases
in expression may indicate that active repression mechanisms are in place in adult
spermatogonial cells. In contrast, the genes with upregulated mRNA expression and
marked by an increase in chromatin accessibility in adult stage were important for
spermatogonial stem cell maintenance, and were generally depleted of the inactivating
H3K27me3.
Genes important for spermatogonial cell population establishment in the neonatal
testis were downregulated in adult spermatogonia, and were marked by a decrease in
chromatin accessibility in proximity to their TSS. Collectively, our combinatorial
strategy revealed novel chromatin-associated mechanisms which may be used by
spermatogonial cells in order to transition from an early postnatal gene expression
landscape to the adult, steady-state phenotype.
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4.2.3 Chromatin accessibility landscape at transposable elements
One major finding of this thesis is that open chromatin undergoes reorganization at
distinct TEs, in the transition from PND15 to adult stage spermatogonial cells. An
increasing number of studies suggest specific regulatory roles of certain TE subtypes
in transcription regulation (Chuong et al., 2017; Davis et al., 2017; Fort et al., 2014; Lu
et al., 2020; Sundaram and Wysocka, 2020). In mESCs for example, LTRs, specifically
ERVKs, have been shown to contribute with binding substrates to TFs important for
pluripotency potential such as OCT4 and NANOG (Fort et al., 2014). Among the
identified ERVK subtypes, BGLII, RLTR9E and RLTR17 were the most significantly
enriched, and the highest expressed. Another recent study reported that there is a
non-random association between certain TE families and distinct gene categories in
mESCs (Lu et al., 2020). For example, LINE L1 elements were specifically enriched
at olfactory receptor genes, odorant binding and pheromone receptors, whilst SINEs
were mainly associated with housekeeping genes.
In the light of these recent findings, we investigated the possibility that TEs could play
a role in the differential transcriptome landscape of early postnatal and adult
spermatogonia. We assessed chromatin accessibility at all annotated TEs across the
genome, by using our ATAC-seq data from PND15 and adult spermatogonial cells and
revealed more than 100 differentially accessible TE subtypes. Interestingly, we
observed that the majority of differentially accessible TEs belonged to the LTR and
LINE families. Most of the LTRs became less accessible in adult spermatogonia, with
ERVKs subtypes being by far the most abundant, whilst LINE L1 subtypes increased
in accessibility in adult spermatogonia.
We next focused our attention on TE loci from the differentially accessible subtypes
which overlapped TSSs of genes, or were situated in their proximity (less than 5 kbp
up or downstream). As such, we identified several less accessible RLTR17 loci
situated at the TSS of pluripotency factors from the Platr family (pluripotency
associated transcripts). Some of these genes, Lncenc1 (Platr 18), Platr27 and Platr14
respectively, also displayed a decrease in expression between pup and adult
spermatogonial cells. In contrast, more accessible LINE L1 subtypes were situated at
genes with specialized function. Several loci belonging to L1Md_2 and L1_Mus4 were
situated in proximity of Olfr genes with increased expression in adult spermatogonia.
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In addition, the differentially accessible TEs were also marked by a high number of
enriched TF motifs, particularly at less accessible ERVKs and more accessible LINE
L1.
Collectively, our results suggest that early postnatal and adult spermatogonia could
employ distinct TE-associated mechanisms in the regulation of certain gene
categories. This would assume that certain TEs escape silencing in the germline, and
undergo chromatin reorganization with consequences for pluripotency program or
certain specialized gene functions, as described above. Of note, one study found that
specific ERVK subtypes, specifically LTR12C, LTR12D and LTR12E, were
hypomethylated and more accessible in human spermatogonial cells compared to
mESCs (Guo et al., 2017). These TEs were also enriched in NF-YA/B motifs (Guo et
al., 2017), suggesting that TEs could play more important regulatory roles in the
mammalian germline, than previously believed. How this relates to the transition from
early postnatal to adult stage is a question that needs further investigation. We
hypothesize that TEs not only display cell type-specific expression in germ cells during
spermatogenesis, as recently shown using scRNA-seq of the whole human testis (Guo
et al., 2018), but also have age-specific regulation within certain germ cell populations
such as spermatogonia. This could in turn have consequences on their target gene
expression.
Arguably, the correlation between chromatin reorganization at TEs and the change in
expression of their nearby genes should be complemented by further functional
experiments. To test the effects of chromatin reorganization at TEs on gene
expression in spermatogonial cells, we propose to perturb chromatin accessibility
using a Cas9-mediated reprogramming system. The most attractive candidates for
such a follow-up experiment are the more accessible LINE L1 loci identified in the
vicinity of Olfr genes. By using the dCas9-KRAB complex, a decrease in chromatin
accessibility at these genomic sites can be achieved, either in cultured primary
spermatogonial cells, or using a spermatogonial cell line (Gilbert et al., 2013; Thakore
et al., 2015). As a read-out, the consequences on Olfr gene expression can be
assessed. Similarly, an activating dCas9-SunTag or dCas9-VPR system could be
employed to target the less accessible RLTR17 loci situated in the vicinity of
pluripotency associated genes from the Platr family (Chavez et al., 2015; Gilbert et al.,
2013; Tanenbaum et al., 2014). In this case, evaluating spermatogonial cell
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proliferation and pluripotency potential could also be considered as a phenotypic readout.
4.3

Implications of spermatogonial cell vulnerability to environmental insults

Mounting evidence suggests that exogenous factors can affect the sperm epigenome,
and contribute to offspring’s susceptibility to disease (Anway et al., 2005; Golding et
al., 2017; Lambrot et al., 2013; Öst et al., 2014; Rassoulzadegan et al., 2006).
However, adult sperm formation is initiated and maintained by spermatogonial cells in
the testis. Therefore, environmentally-driven alterations to the transcriptome or
epigenome of the spermatogonial cells couldin fact precede, and even contribute, to
the remodelling of sperm’s epigenetic blueprint.
The number of studies focusing on the impact of environmental factors on
spermatogonial cells is relatively small. Most of the existent evidence revealed
increased apoptosis of spermatogonial cells in response to high doses of toxicant
exposure, in some instances with overall consequences for sperm production
(Vrooman et al., 2015). However, effects of diet or chronic stress on spermatogonial
cells have so far been understudied, despite the fact that they are more likely to
happen in real life and are closer to physiological circumstances (Hirano et al., 2014;
Yazawa et al., 1999).
In this thesis we provide evidence that chronic stress exposure in early postnatal
development is able to alter the transcriptome and chromatin accessibility landscape
of spermatogonial cells. We hypothesized that the first 2 weeks of postnatal
development could also underly a period of spermatogonial cell vulnerability, in which
changes to the transcriptome and the epigenome may occur. This is because within
this timeframe, the developing testis displays unique features, such as the lack of a
blood-testis-barrier, and an ongoing maturation and proliferation of the Sertoli cells,
and of other testis cells within the interstitial space (Flickinger, 1967; Heinrich and
DeFalco, 2019).
4.3.1 Importance of isoform usage quantification
Our results indicate that the transcriptome of spermatogonial cells undergoes
alterations not at the gene expression level, but in the transcript usage of genes, which
was detectable after the first week of chronic stress. These genes mainly associated
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with RNA processing, ribonucleoprotein complex assembly and translation. Genetic
variation impacting isoform distribution of a gene can take place naturally, without
causing any detrimental effects (Pai and Luca, 2019). However, in case of
environmental insults, a more pronounced effect on the isoform distribution of a gene
could potentially lead to dysregulation of the signalling pathways that the gene product
is important for. For example, an isoform switch between a non-protein coding and a
protein coding transcript of a gene involved in splicing or chromatin remodelling has
the potential to disturb these cellular processes and lead to disease phenotypes.
Recently, several other studies have assessed not only the differential gene
expression, in which a gene is quantified based on all expressed transcripts, but also
the dynamics of individual isoform usage (Coelho et al., 2020; Gandal et al., 2018).
Gandal and collaborators performed RNA-seq from frontal cortical samples of patients
and identified 64 genes with DTU between autism spectrum disorder (ASD) and
schizophrenia patients. Of note, only a small proportion of these genes also displayed
differential expression at the gene level or at transcript level (Gandal et al., 2018).
Similarly, Marques Coelho and collaborators investigated gene expression and
isoform usage in the frontal and temporal lobes of patients with Alzheimers disease
(AD) and found only a small proportion of the genes with differential expression to
overlap with the genes found to exhibit DTU (Coelho et al., 2020).
These recent findings point to a complementary role of isoform switches to the disease
phenotype, alongside genes with differential expression, and underline the importance
of assessing transcriptome changes at different organization levels, including gene
expression, transcript expression and transcript usage. Although advances in
bioinformatic tools are already enabling the investigation of isoform usage and splicing
differences from short-read RNA-seq, the certainty of these findings is still debatable.
Therefore, employing long-read and single-molecule sequencing platforms such as
Pac-Bio would allow a conclusive assessment of these potential transcriptome
alterations. Alternatively, we are planning to experimentally validate our isoform usage
findings by performing RT-qPCR using isoform-specific primers, and calculate the
ratios between the isoform pairs in naïve and exposed groups, similarly to how it is
described in (Gandal et al., 2018).
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4.3.2 Open chromatin reorganization after stress exposure
Considering the dynamic regulation of transcription that open chromatin ensures
throughout the genome, we sought to investigate if potential changes at the chromatin
level in spermatogonial cells could result from exposure to early life stress. Immediate
and long-lasting effects of stress exposure on chromatin accessibility were assessed
from Omni-ATAC data analysis of PND15 and adult spermatogonial cells from control
and MSUS males.
As discussed in more detail in Chapter 3, open chromatin reorganization was observed
predominantly at PND15, indicative of immediate effects on chromatin following
environmental exposure. We found that the differentially accessible regions targeted
distinct biological pathways. More accessible chromatin regions were enriched in
stress-response pathways related to MAPK and mTOR cascades and metabolic
pathways, whilst less accessible regions associated with pathways of the immune
system. These observations open up significant follow-up question on how these
chromatin accessibility changes could impact the subsequent developing germ cells
within the testis.
First, spermatogonial cells differentiate into spermatocytes and spermatids during
spermatogenesis. Each of this germ cell stage is characterized by distinct
transcriptome and chromatin transitions, as recently reported (Green et al., 2018;
Hermann et al., 2018; Maezawa et al., 2018). Therefore, it would be desired to perform
a stage-specific characterization of the open chromatin regions potentially affected by
early life stress in each of these germ cell types.
Second, adult sperm only retains about 7.5% histones following the histone-toprotamine exchange that takes place at the spermatid stage (Gold et al., 2018).
However, the retained histone regions are situated in enhancer regions, as defined by
the presence of histone marks from other adult or embryonic tissues (Gold et al., 2018;
Jung et al., 2017). Investigating chromatin accessibility in sperm from males exposed
to MSUS, and direct comparison with the changes identified in spermatogonial cells,
is an essential step for elucidating the consequences of our current findings on
fertilization-competent sperm cells.
Third, spermatogonial cells encompass the only stem cell population in the adult body
which directly contributes information to the next generation. Modifications to their
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transcriptome, epigenome or chromatin landscape have the potential to not only
impact the generation exposed directly to the environmental stimuli, but also to be
carried on to the next generation. Linking the spermatogonial alterations with sperm
and embryo analyses, ideally from the same lineage, is essential to investigate the
mechanisms of intergenerational transmission of acquired traits.
4.3.3 Systemic proteomic alterations and their effects on the testis
Previous findings from our lab have revealed that systemic alterations in serum
metabolites from blood of pup and adult MSUS males correlate with changes in sperm
long and small non-coding RNAs (Gapp et al., 2018; Steenwyk et al., 2019). However,
sperm is situated in the lumen of the seminiferous tubules, with limited access to
systemic factors from the blood. In contrast, spermatogonial cells lie outside the BTB,
in close vicinity of testis vasculature and the interstitial cells, and are therefore more
likely to be influenced by perturbations in circulating factors reaching the testis
(Yoshida et al., 2007).
Our plasma proteomic analyses at PND8 and PND15 revealed a considerable number
of inflammatory and redox proteins altered between control and MSUS pups.
Furthermore, we found an increased expression of the corresponding receptors of
some of these proteins in PND15 testis of MSUS pups, suggesting that alterations in
testis gene expression may be a result of the altered plasma proteome. It remains to
be further investigated how these findings associate with the enrichment in biological
pathways related to immune function and stress response that we found in
spermatogonial cells of MSUS pups. Studies in Drosophila and C. elegans have
already suggested that inter-tissue communication has the potential to alter germline
homeostasis, and that exogenous exposures such as diet can initiate such alterations
(Ables et al., 2012; Nono et al., 2020). However, bringing mechanistic evidence for
environmentally-induced inter-tissue alterations in mammals remains challenging,
mainly due to the higher complexity of the biological networks involved.
Initially, a more detailed investigation of the testis gene expression and protein
expression milieu could be performed. Next, a targeted modulation of factors which
we found to be altered in plasma of MSUS pups should be considered. This could be
achieved using small-molecule modulators of specific inflammatory factors identified
by our plasma proteomic analysis. As a read-out we suggest to assess chromatin
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accessibility in spermatogonial cells, as well as the expression of previously identified
candidates in the testis of MSUS pups. This would strengthen our findings, and provide
additional evidence that an exogenous factor is able to induce alterations to the
germline, specifically at the level of open chromatin organization.
To conclude, the findings discussed in this thesis contribute to the understanding of
chromatin transitions during postnatal age in spermatogonial cells, and their impact on
gene expression. Additionally, this thesis reveals that environmental experiences
induce spermatogonial cell alterations in early postnatal life, and contribute novel
information to the understanding of how the germline can be affected by exogenous
stimuli. Taken together, the extensive description of spermatogonial cell states in
naïve conditions and probing their sensitivity to exogenous factors are a valuable
addition to the field of spermatogonial cell research and to germline studies in general.
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