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Introduction

1. Introduction

1.1. Aging and its Hallmarks

Aging can be defined as the changes that happen during an organism’s life span
(Kirkwood, 2005), typically leading to a progressive functional decline (Lopez-Otin et
al., 2013). Another definition describes aging as a breakdown of self-organizing
systems concurrent with a reduced adaptability to the environment (Vasto et al., 2010).
In humans, this typically manifests in reduced integrity of physiological and anatomical
structures, which impacts bodily functions such as blood pressure, stride, vision, and
respiratory cycle, eventually leading to an increased risk of mortality (da Costa et al.,
2016). What exactly causes aging has yet to be resolved, but a common theory is that
accumulated damage overcomes the capabilities of the repair mechanisms (Lopez-
Otin et al., 2013, Ferrucci et al., 2020). Other theories argue for a genetically
programmed nature of aging, or for a combination of both (Jin, 2010, da Costa et al.,
2016). Due to the high complexity of aging as a process with numerous interdependent
mechanisms, it is hard to decipher. Nevertheless, there are various hallmarks which
are characteristic for aging (Figure 1) (Lopez-Otin et al., 2013, Sierra, 2016, Ferrucci
et al., 2020).

One of these hallmarks is genomic instability caused by the accumulation of genetic
damage (Kubben and Misteli, 2017, Li et al., 2021). The source of DNA damage can
be intrinsic e.g., by replicative stress or reactive oxygen species (ROS) or extrinsic
e.g., by ionizing radiation or environmental chemicals (Tiwari and Wilson, 2019). While
there are a wide range of complex mechanisms in place to repair damaged DNA, with
increasing age, the capability to maintain the genome declines (Chen et al., 2020).
Unrepaired DNA damage leads to the DNA damage response (DDR), which causes
cells to go into apoptosis or senescence (Ou and Schumacher, 2018). Overall, there
is increasing evidence that DNA damage and the DDR contribute to the development
of aging (Burtner and Kennedy, 2010, Kubben and Misteli, 2017).

With increasing age, continued cell division affects different aspects of the cell and can
also give rise to hallmarks of aging. For instance, the telomeres, which are repetitive

regions (in mammals: TTAGGG) at the end of chromosomal DNA, shorten with each
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cell division due to the nature of the DNA replication process (Zhu et al., 2019). Germ
cells and stem cells express the enzyme telomerase, which resynthesizes these lost
repeats (Morin, 1989, Kim et al., 1994). However, most cells do not possess
telomerase, therefore, their telomeres gradually shorten, which leads to telomere
attrition (Mensa et al., 2019). Telomere attrition triggers the DDR, limiting how often a
cell can divide and is therefore considered a hallmark of aging (Hayflick and Moorhead,
1961, Olovnikov, 1973, Blackburn et al., 2006).

Stem cell exhaustion is another hallmark of aging associated with constant cell division.
It is associated with reduced regenerative capability in tissues due to age-related
increase of somatic mutations, altered metabolic regulation and epigenetic drift in stem
cells (Goodell and Rando, 2015, Ren et al., 2017). This can be observed for instance
in human hematopoietic stem cells (de Haan and Lazare, 2018). However, overall data
on stem cell exhaustion in human aging is still limited and more research is needed to
investigate to what extent stem cell exhaustion influences the aging process (Ferrucci
et al., 2020).

Increased age is further associated with increased epigenetic alterations (Talens et al.,
2012). Most prominent is a general loss of histones leading to transcriptional
deregulation (Sen et al., 2016). Another age-related epigenetic alteration is the
epigenetic drift, which is an accumulation of errors in DNA methylation patterns due to
imperfect transfer from parental to daughter strands during DNA replication (Yu et al.,
2020). These age-related epigenetic alterations affect aging and drive the development
of age-related diseases such as cardiovascular and neurodegenerative diseases
(Brunet and Berger, 2014).

A recently introduced hallmark of aging is dysfunctional alternative splicing, which
arises due to the age-induced impairment in proteostasis, telomere attrition and
genomic instability (Bhadra et al., 2020). However, the role of splicing factors and

targets in aging are not yet well understood.

Hallmarks of aging are not limited to the genome and epigenome level but also impact
post-translational processes. For instance, increased age impacts the proteostasis

network, which ensures a functional proteome by finely controlling protein synthesis,
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folding, conformation and degradation (Kaushik and Cuervo, 2015, Klaips et al., 2017).
Across species there is an age-dependent functional decline in this system, which
contributes to the aging process in general but is also associated with
neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease (Labbadia
and Morimoto, 2015, Klaips et al., 2017).

Aging is further associated with mitochondrial dysfunction due to the accumulation of
mutations in mitochondrial DNA, which majorly stem from replication errors (Kauppila
et al., 2017). This alters mitochondrial morphology, leads to impairment of cellular
energy conversion and increased levels of ROS. Elevated ROS levels were originally
assumed to be the earliest triggers of aging, but increasing evidence highlights a more
complex and less direct role of ROS in aging (Hekimi et al., 2011, Davalli et al., 2016b).
For instance, depending on the circumstances, high ROS levels in the brain can either
extend longevity or drive aging (Stefanatos and Sanz, 2018). Oxidative damage can
occur if there is an imbalance between mitochondrial oxidative metabolism and
antioxidative enzymes (Nguyen-Powanda and Robaire, 2020), but ROS are also part
of a complex redox system influencing signal transduction, gene expression and cell
proliferation with distinct functional profiles for different ROS molecules (Schieber and
Chandel, 2014, Sies and Jones, 2020). Overall, mitochondrial dysfunction and altered
ROS signaling are far from being completely understood but are nevertheless a key

component of the aging process (Davalli et al., 2016b).

Increasing age also leads to alterations in intercellular communication (Fafian-Labora
and O'Loghlen, 2020). For instance, endocrine functions undergo changes, such as
alterations in hormonal networks and hormonal imbalances (Kauppila et al., 2017).
Additionally, there is a progressive increase in the proinflammatory status, a process
commonly referred to as inflamm-aging (Franceschi et al., 2000). Inflamm-aging is
characterized by a low intensity inflammatory phenotype, which due to altered

intercellular communication cannot be resolved and becomes chronic (Xia et al., 2016).

The sensing of nutrients such as sugars, amino acids and lipids is essential for the
regulation of cellular metabolism (Efeyan et al., 2015). During aging, this ability
deteriorates, which might accelerate aging and could explain the higher susceptibility

to diabetes and cardiovascular diseases (Santos et al., 2016).
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Furthermore, aged organisms often display an accumulation of senescent cells.
Therefore, cellular senescence is considered a hallmark of aging (Lopez-Otin et al.,

2013, Di Micco et al., 2021) and will be discussed in detail in the following chapter.

genomic
instability

deregulated
nutrient
sensing

alterations

‘ epigenetic I

altered
intercellular

telomere
communication attrition

stem cell

exhaustion

deranged
proteostasis

[ A

mitochondrial dy?tfuncttl_onal
dysfunction alternative
L _sjgllcmgﬁ J
cellular '
senescence

Figure 1: Hallmarks of aging

1.2. Cellular Senescence

Cellular senescence was first described several decades ago in fibroblasts culture,
where a gradual loss of the ability to proliferate and to divide was observed (Hayflick
and Moorhead, 1961). Cellular senescence can be triggered by various stressors often
involving the DDR (de Magalhaes and Passos, 2018, Hernandez-Segura et al., 2018,
Gorgoulis et al., 2019). For instance, telomere attrition (Harley et al., 1990, Fagagna
et al., 2003, Narita and Lowe, 2005), excessive oxidative stress (Davalli et al., 2016b)
and mitochondrial dysfunction (Wiley et al., 2016) all lead to cellular senescence.
Therefore, cellular senescence, by preventing the proliferation of damaged cells, is an

important tumor-suppressor mechanism (Campisi, 2001). Additionally, cellular
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senescence plays regulatory roles in wound healing and embryogenesis (Adams,
2009, Storer et al., 2013, Demaria et al., 2014). However, accumulation of senescent
cells in tissues is a driver for aging (Gil, 2019), contributes towards “inflamm-aging”
(Franceschi et al., 2000), promotes age-associated disease (Baker et al., 2011), and
shortens the healthy life-span (Baker et al., 2016).

Senescence associated growth cycle arrest depends on the activation of the
p53/p21CP1 and the p16™K4a/Rb tumor suppressor pathways (Salama et al., 2014,
Herranz and Gil, 2018). Cellular tumor antigen p53 activation induces the transcription
of cyclin-dependent kinase inhibitor 1 (CDKN1A; also known as p21¢P1) which in turn
results in a cell cycle arrest by inhibiting cyclin-dependent kinase 2 (d'Adda di Fagagna,
2008). CDKN1A is particularly important for the initiation of cellular senescence but its
expression is not persistent (Sharpless and Sherr, 2015). Therefore, for establishing a
permanent growth cycle arrest in a senescent cell, the p16'N%4a/Rb pathway is essential
(Beauséjour et al., 2003). Cyclin-dependent kinase inhibitor 2A (CDKN2A, also known
as p16'NK4a) inhibits the two cyclin-dependent kinases 4 and 6, which stops the
transition of the cell from G1 phase to S1 phase (Rayess et al., 2012). CDKN2A
expression is normally absent in healthy tissues but highly expressed in aged and
stressed cells, which qualifies it as a potential biomarker for cellular senescence and
for aging (Krishnamurthy et al., 2004, Ressler et al., 2006, Burd et al., 2013, Sharpless
and Sherr, 2015). However, its usability as a marker is to some extent limited as not

all senescent cells express CDNK2A (Herbig et al., 2004).

The most commonly employed assay to detect senescence is measuring the activity
of the senescence-associated (3-galactosidase at a pH of 6 (Dimri et al., 1995, Kurz et
al., 2000, Hall et al., 2016a). B-galactosidase activity is increased in senescent cells
due to increased lysosomal content and activity (Lee et al., 2006, Cho and Hwang,
2012). Senescent cells typically also display substantial morphological alterations such
as increased cell size (Biran et al., 2017, Neurohr et al., 2019), changes in cell shape
(Hwang et al., 2009, Druelle et al., 2016) and an accumulation of dysfunctional
mitochondria (Korolchuk et al., 2017, Tai et al., 2017). Furthermore, senescent cells
display a depletion of the nuclear lamina protein Lamin-B1 which results in the

destabilization of the nucleus, altered chromatin architecture, and altered gene
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expression (Sadaie et al., 2013, Shah et al., 2013, Hernandez-Segura et al., 2017,
Lukasova et al., 2018).

Interestingly, senescent cells develop a so called “senescent-associated secretory
phenotype” (SASP) which is characterized by the secretion of various factors such as
interleukins and chemokines but also proteases and extracellular matrix (ECM)
components (Coppé et al., 2008, Coppé et al., 2010). SASP composition varies
depending on cell type and tissue, but there is a core set comprising three
proinflammatory proteins: interleukin-6 (IL6), interleukin-8 (CXCL8) and C-C motif
chemokine 2 (CCL2) (Coppé et al., 2008, Di Micco et al., 2021). The SASP is regulated
by Nuclear factor NF-kappa-B (NFKB1) and CCAAT/enhancer-binding protein beta
(CEBPB) (Acosta et al., 2008, Ohanna et al., 2011, Hoare et al., 2016) and has several
roles: for instance, through an autocrine activity it reinforces the senescent state in the
senescent cell itself and also has an inflammatory effect on both adaptive and innate
immune system (Hoare and Narita, 2013, Acosta et al., 2013, Salama et al., 2014).
Additionally, the SASP has contradictory roles in tumorigenesis. While it drives
senescence in neighboring cells, thereby preventing tumorigenesis, in specific
circumstances it can also create an immunosuppressive environment which promotes

tumorigenesis (Acosta et al., 2013, Hoare and Narita, 2013, Rao and Jackson, 2016).

1.3. Testicular Function: Structure and Spermatogenesis

The testis is encapsulated by the tunica albuginea, a layer of connective fibers and
smooth muscle cells (Fig. 2A). It is structurally separated into the seminiferous tubules
and the interstitial compartment, the sites of sperm production and steroidogenesis,
respectively, which represent the two main functions of the testis. These functions are
regulated by the hypothalamus-pituitary-testicular (HPT) axis: the hypothalamus
periodically releases gonadotrophin-releasing hormone, which in return stimulates the
release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the
pituitary gland (Araujo and Wittert, 2011, Santiago et al., 2019).

The interstitial compartment (Fig. 2B) contains the steroid hormone producing Leydig
cells and immune cells together with blood and lymph vessels. The steroid hormone
production of the Leydig cells is regulated by LH stimulation of the LH receptor (LHR),

a G-protein coupled receptor. The signaling of LHR follows a cAMP-dependent
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pathway which, through protein kinase A, leads to the translocation of cholesterol into
mitochondria, facilitating the production of steroid hormones (Zirkin and Papadopoulos,
2018). The main androgen testosterone, often termed the male sex hormone,
influences various tissues and is essential for spermatogenesis and well-being
(Mooradian et al., 1987).

The seminiferous tubule compartment is organized into around 270 testicular lobules
separated by fibrous testicular septa, each containing one or several seminiferous
tubules (Countouris and Holstein, 1985). The seminiferous tubules are loops with both
ends connected to the rete testis which in turn is connected via the efferent ducts to
the epididymis, allowing the constant transport of spermatids from the testis to
epididymis (Dym, 1974). The tubules are surrounded by the lamina propria containing
extracellular matrix and the contractile testicular peritubular cells (TPCs) organized in
several concentrical layers. The tubules are lined by the germinal epithelium that

constantly produces spermatids which are released into the tubule lumen.
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Figure 2: (A) Schematic overview of the testicular structure; (B) Cross section of seminiferous tubule

and interstitial compartment

The germinal epithelium consists of Sertoli cells and germ cells sitting on a basal
lamina (Figure 3). The Sertoli cells are anchored to the basal lamina and are connected
to each other by tight junctions which separate the tubules into an adluminal and a
basal compartment. This ensures the structural integrity of the seminiferous tubules
and forms an anatomical barrier, the so-called blood-testis barrier (BTB) (Rato et al.,

2012, Mazaud-Guittot et al., 2010). Sertoli cells modulate the immune system, which
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together with the BTB shields the differentiating germ cells from the immune system
(Su etal., 2011, Kaur et al., 2014). Sertoli cells are in direct contact with the germ cells
and support them structurally as well as metabolically, and are therefore commonly
referred to as “nurse cells” (Rato et al., 2012). Sertoli cells also release paracrine
factors which promote meiosis of spermatocytes, regulated by FSH stimulation (Chen
and Liu, 2015).

Spermatogenesis starts with the spermatogonia, which are situated on or close to the
basal lamina and can be divided into type A and type B. Type A spermatogonia are the
spermatogonial stem cells (SSCs), defined by the potential to self-renew, and
differentiate in spermatogonia type B, which further differentiate in spermatocytes
(Fayomi and Orwig, 2018). SSCs can be morphologically distinguished between the
rarely dividing Adark and mitotically active Apale classes (Sharma et al.,, 2019). One
subpopulation of Adark spermatogonia acts as reserve SSCs (Caldeira-Brant et al.,
2020). Spermatogonia function is regulated by a highly complex microenvironment
called SSC niche. Various testicular cells types contribute to the maintenance of the
SSC niche, guaranteeing the continuous self-renewal and differentiation of the stem
cells (Oatley and Brinster, 2012). After emerging from spermatogonia type A, type B
spermatogonia enter a pre-meiosis state (preleptotene spermatocyte) before
relocating through the BTB into the adluminal compartment and completing their
differentiation into primary spermatocytes. Primary spermatocytes undergo meiosis |,
becoming secondary spermatocytes, which rapidly undergo meiosis |l and give rise to
the round spermatids (Griswold, 2016). Subsequently, spermatids differentiate into
spermatozoa before they are released into the lumen in a process called spermiation
(O'Donnell et al., 2011). Spermatozoa are transported into the epididymis were they

mature and become motile.
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Figure 3: lllustration of the germinal epithelium with a schematic overview of the key steps of

spermatogenesis.

1.4. Testicular Peritubular Cells and their Role in the Testis

In primate testes, the lamina propria that surrounds the seminiferous tubules contains
five to seven layers of TPCs, each layer surrounded by ECM. The inner layers display
a myofibroblastic phenotype, whereas the outer layers are fibroblast-like (Davidoff et
al., 1990). The lamina propria is the outermost layer of the seminiferous tubules, which
places the TPCs in a functionally strategic position between the germinal epithelium
and the interstitial compartment (Mayerhofer, 2020). Key functions of TPCs are
structural support, contribution to the ECM, testicular signaling and sperm transport
(Mayerhofer, 2013, Fleck et al., 2021). TPCs express smooth muscle cell markers such
as smooth muscle actin (ACTA2) and myosin-11 (MYH11) (Schell et al., 2010, Welter
et al., 2013). TPCs secrete typical ECM proteins such as laminins, collagens as well

as proteoglycans such as decorin (DCN) and biglycan (BGN), which are relevant in
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testicular dysfunction and sterile inflammation (Albrecht et al., 2006, Adam et al., 2011,
Adam et al., 2012, Mayerhofer, 2013, Mayer et al., 2016).

TPCs further contribute to testicular signaling by producing various factors. One of
those factors is the glial cell line-derived neurotrophic factor (GDNF), a growth factor
which is crucial for the SSC niche and spermatogonial proliferation and is expressed
in both human and mouse testes (Spinnler et al., 2010, Chen et al., 2014). GDNF is
also produced by Sertoli cells, but the contribution of TPCs to GDNF signaling is
essential in maintaining fertility (Chen et al., 2016). Another factor is the chemokine
stromal cell-derived factor 1 (CXCL12), which is involved in the migration of primordial
germ cells (Niu et al., 2016). However, its presence and function in secretomes of adult
human TPCs needs further elucidation (Flenkenthaler et al., 2014). Pigment
epithelium-derived factor (SERPINF1, also known as PEDF), a strong antiangiogenic
factor, was also found in TPC secretomes, suggesting a role in preserving the
avascularity of the seminiferous tubules (Dawson et al., 1999, Fernandez-Garcia et al.,
2007, Flenkenthaler et al., 2014, Windschuttl et al., 2015).

TPCs also express prostaglandin G/H synthase 1 (PTGS1; also known as
cyclooxygenase-1 (COX1)) and thereby produce and secrete the pleiotropic factor
prostaglandin E2. This in turn activates the prostaglandin E2 receptor EP1, EP2 and
EP4 subtypes, inducing GDNF and ACTA2 expression (Rey-Ares et al., 2018,
Mayerhofer, 2020). These findings suggest an important role for prostaglandin E2 in
testicular signaling. This hypothesis is further supported by the detrimental effects on
the testis of the inhibition of PTGS1 and prostaglandin production through the
nonsteroidal anti-inflammatory drug ibuprofen. Sertoli and Leydig cell function were
impaired, TPCs were negatively affected and the expression of the TPC markers
ACTA2 and MYH11 drastically decreased (Kristensen et al., 2018).

In summary, continuous studies underline that TPCs are an important player in
testicular function and regulation, based on their secretory and paracrine effects on
other testicular cells. However, despite a recent increase in studies on TPCs, they
remain the least explored testicular cell type (Mayerhofer, 2020). Contrary to other
testicular cells, they are accessible for in vitro studies by isolation from routine biopsies,

for instance during re-ligation of vasectomized men (Albrecht et al., 2006).
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1.5. Aging of the Male Reproductive System

In Germany, an ever-increasing number of couples postpone parenthood due to
socioeconomic reasons (Figure 4). This has led to a steady increase of the average
parental age in the last decades, a trend observed in most developed countries
(Cedars, 2015, Gunes et al., 2016, Jarak et al., 2018). In Germany in the year 2019,
fathers and mothers were on average 34.5 and 31.5 years old, respectively. Due to
this trend, the impact of ageing on fertility and offspring health has gained attention.
For instance, it is now well established that higher maternal age is associated with an
increased risk for miscarriages and chromosomal aberrations. Similarly, there has
been increasing evidence that high paternal age can also negatively influence offspring
health, implying that the male gonad ages (Paul and Robaire, 2013, Halvaei et al.,
2020). However, testicular aging is a controversial topic due to contradictory findings
and inconsistent or suboptimal selection criteria, e.g., inclusion of infertile patients in

aging studies (Nieschlag et al., 1982, Sharma et al., 2015, Santiago et al., 2019).
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Figure 4: Average age of fathers and mothers at the time of birth of a child in Germany between 1991
and 2019. Data retrieved from Statistisches Bundesamt (destatis.de; site visited 15.12.2020)

Increasing evidence indicates that the aging testis undergoes several morphological
and cellular alterations. For instance, most studies have shown a decreased testicular
volume in older men, most likely due to a combination of factors such as reduction in

testicular cell number and connective tissue alterations (Santiago et al., 2019). Testes
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of old men often display a heterogenous assortment of tubular lesions ranging from
thickening of the tunica propria to completely sclerosed tubules and as a consequence
thereof, partial or complete loss of the germinal epithelium in these involuted tubules
(Paniagua et al., 1987, Paniagua et al., 1991, Mularoni et al., 2020). However, these
findings were disputed by a study, which did not report any alterations in the
seminiferous tubules of older men (Pohl et al., 2019). On the other hand, a recent study
showed that HTPCs, the cells of the peritubular wall, undergo profound changes when

they become senescent (Schmid et al., 2019).

Moreover, there is an age-dependent decline in various semen parameters such as
semen volume, sperm morphology and sperm motility (Kuhnert and Nieschlag, 2004,
Johnson et al., 2015) while the sperm concentration, i.e., the spermatogenic output
remains stable (Pohl et al., 2019). Increasing paternal age is associated with epigenetic
changes, DNA fragmentation, de novo mutations and chromosomal aneuploidies in
germ cells, all leading to a higher incidence of different disorders in the offspring such
as autism and schizophrenia (Paul and Robaire, 2013, Sharma et al., 2015, Johnson
et al., 2015, Goldmann et al., 2019, Evenson et al., 2020, Laurentino et al., 2020).

Furthermore, the number of Leydig, Sertoli and germ cells decreases with increasing
age (Neaves et al., 1984, Neaves et al., 1985, Paniagua et al., 1991, Dakouane et al.,
2005, Mularoni et al., 2020). The loss of Sertoli cells and of Leydig cells strongly
correlates, suggesting an attrition mechanism affecting these two somatic cell types
(Mularoni et al., 2020). With age some Leydig cells also undergo ultrastructural
alterations such as formation of intranuclear Reinke crystals, multiple vacuoles, and
accumulation of lipid droplets in the cytoplasm (Paniagua et al., 1986, Paniagua et al.,
1991). Studies in the brown Norway rat also showed reduced cholesterol transport into
mitochondria and reduced cAMP production after LH stimulation in aged animals
(Wang et al., 2017). Similar to Leydig cells, Sertoli cells also display ultrastructural
changes in older men: high vacuolation, odd-shaped nuclei, less frequent inter-Sertoli
cells tight junctions combined with degenerated lysosomes and endoplasmic reticulum
(Jiang et al., 2014, Pohl et al., 2019). The functional impairment of Sertoli cells is
indicated by a decline in the Sertoli cell marker Inhibin B and as compensation,
substantially increased FSH levels (Kaufman et al., 2019). The loss of integrity of the

BTB due to the decreased tight junctions could potentially impair the stem cell niche
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microenvironment (Jiang et al., 2014, Santiago et al., 2019). A progressive loss of germ
cells was described in old men, starting with a decreased number of spermatids and
over time also less differentiated germ cells (Paniagua et al., 1987, Johnson et al.,
1987, Paniagua et al., 1991, Jiang et al., 2014). In contrast, a different study reported
a constant spermatogenic output, but observed a higher rate of proliferating
spermatogonia in older men with proven fertility, indicating a reduced spermatogenic
efficiency (Pohl et al., 2019).

Aging in men can further manifest in decreased testosterone levels, but other
confounding factors, such as lifestyle and medical history, did also have an impact
(Kaufman et al., 2019). Reduced testosterone often stems from a reduced
responsiveness of Leydig cells to LH stimulation (Winters and Troen, 1982, Mulligan
et al., 2001, Wang et al., 2017). At first, this is compensated by an increased LH
secretion leading to a status referred to as compensated hypogonadism (Kaufman et
al.,, 2019). However, when this mechanism is exhausted, it leads to primary
hypogonadism, which is characterized by increased LH and lowered testosterone
levels (Wu et al., 2008, Tajar et al., 2010).

The age-related decline in spermatogenic and steroidogenic potential is associated
with inflamm-aging, characterized by an increased number of testicular macrophages
and elevated levels of cytokines such as interleukin-1q, interleukin-13 and tumor
necrosis factor (Azenabor et al., 2015, Frungieri et al., 2018). Interleukin-1p induces
prostaglandin G/H synthase 2 (PTGS2; also known as cyclooxygenase-2) expression,
which negatively affects steroidogenesis in Leydig cells (Wang et al., 2005, Matzkin et
al., 2010). Additionally, due to spermatogenesis and steroidogenesis, the ROS
production in the testis is comparably high which implies a role for ROS imbalances in
testicular aging (Davalli et al., 2016b, Nguyen-Powanda and Robaire, 2020). This is
supported by findings in rat testis which show a decrease in anti-oxidative enzymes

such as superoxide dismutates (Cao et al., 2004).

Despite evidence about alterations in the aging testis, the topic is still controversial,
and the molecular mechanisms involved are still unknown or poorly understood. This
is partly due to the difficulty to discern aging effects from other confounding factors

such as medical history and lifestyle.
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1.6. Exploring Testicular Aging: Human Testicular Peritubular Cells and

the Non-Human Primate Callithrix jacchus

Triggering cellular senescence in somatic cells in vitro is an established method to
study age-related alterations (Chen et al.,, 2013). Among testicular cells, only
peritubular cells can be propagated in culture (Albrecht et al., 2006, Mayerhofer, 2013,
Mayerhofer, 2020). Morphological and histological studies suggest age-related
alterations in the peritubular wall. Since TPCs influence the SSC niche, age-related
alterations in TPCs could impact the whole testis. To study this on a molecular level,
we passaged human testicular peritubular cells (HTPCs) until senescent and
thoroughly characterized using focused ion beam scanning electron microscopy and
mass spectrometry-based proteomics (Schmid et al., 2019). The generated data
revealed deranged proteostasis, reduced mitochondrial networks and increased
number of lysosomes. Additionally, the secretome analysis described a HTPC-specific
SASP which included an increased abundance of macrophage migration inhibitory
factor (MIF) and dipeptidyl peptidase 4 (DPP4). Both proteins could potentially affect
the SSC niche negatively.

These results provided important insight, but an in vitro approach does not necessarily
reflect the in vivo situation. To validate these findings, TPC from young and old
individuals should be compared. However, due to ethical reasons, it is impossible to
obtain testicular tissue from young and healthy men. This can be overcome by using
an appropriate animal model, which also reduces the limitations of confounders
associated with human aging such as medical history and lifestyle. While rodents are
often the first choice, they are not ideal for studying the testis in general and the
peritubular wall and cells in particular. For instance, rodents show differences in
spermatogenesis and endocrine signaling (Habert et al., 2014, Fayomi and Orwig,
2018). GDNF expression, an important factor in SSC niche regulation, is induced by
androgens in mice testes but not in human testes (Mayer et al., 2018). And lastly, the
peritubular wall is structurally different, as rodents possess only one layer of peritubular
cells (Mayerhofer, 2013).

The non-human primate Callithrix jacchus (common marmoset) is a commonly
employed model organism in various fields including cognition, degenerative disease
and reproduction (Tardif, 2019). Common marmosets are new world primates of the
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family Callitrichidae and are native to Northeast Brazil (Schiel and Souto, 2017). They
become sexually mature with 18 months and at the age of 8 years they show the first
signs of aging such as greying of fur (Abbott et al., 2003, Ross et al., 2012, Nishijima
et al., 2012, Mietsch et al., 2020, Moussavi et al., 2020). Like humans, they possess
several layers of peritubular cells and their spermatogenesis is relatively similar to the
human one. However, TPCs from the marmoset (monkey testicular peritubular cells =
MKTPCs) have not been isolated so far and possible molecular differences have not

been elucidated yet.

Furthermore, age-related alterations were observed in histological studies covering
germ, Sertoli and Leydig cells. Considering how complex testicular signaling and aging
are, choosing a more comprehensive approach to investigate these cellular alterations
might be beneficial (da Costa et al., 2016). Thus, omics approaches facilitate the
characterization of the testicular aging process on the molecular level. The most used
and most sensitive omics method is transcriptomics. However, due to the influence of
post-transcriptional and post-translational regulation, the prediction of protein
abundance is unreliable (Buccitelli and Selbach, 2020). In contrast, proteomics
facilitates the direct identification and quantification of proteins. Additionally, data on
post-translational modifications and protein secretion is only accessible with

proteomics.

1.7. MS-Based Proteomics as a Tool to Characterize Molecular

Alterations

There are different experimental strategies to perform mass spectrometry-based
proteomics, but the most sensitive and powerful is the so-called bottom-up approach
(Aebersold and Mann, 2016). For this approach, proteins are first digested with
proteases (mostly trypsin), prior to mass spectrometry analysis. This leads to complex
peptide mixtures which are separated with reversed phase nano liquid
chromatography, ionized using electro spray ionization and finally analyzed with
tandem mass spectrometry. Peptide ions are fragmented with collision induced
dissociation, which due to the nature of the peptide bond, leads to predictable
fragments (Steen and Mann, 2004, Zhang, 2004). This yields MS/MS spectra, which
together with the peptide mass are matched against a protein database using a
dedicated search engine (Sadygov et al., 2004).
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While in the beginning, proteomics was only capable to identify a few hundred proteins,
constant technological advancement has now enabled the identification of thousands
of proteins in single LC-MS/MS runs (Mann, 2016, Meier et al., 2018, Mann, 2019).
This makes mass spectrometry-based proteomics a valuable and powerful tool to
analyze molecular and cellular processes. Proteomics is mainly utilized to analyze
tissues and cells but also facilitates the analysis of secreted proteins. The entirety of
secreted proteins is referred to as secretome, which is of high relevance for cellular
signaling and comprises important factors such as cytokines and growth factors (Uhlén
et al., 2019). Especially in the context of aging and senescence where SASP is a
typical hallmark, secretome analysis can be highly valuable. The same is true for
testicular biology, for instance in HTPCs, which were shown to have complex
secretomes, containing various factors and extracellular matrix proteins (Flenkenthaler
et al., 2014).

In addition to the identification of proteins, MS-based proteomics also facilitates the
quantification of proteins. Most of these approaches generate relative quantification
data, which are achieved either via labeling or label-free approaches. Labeling is based
on the introduction of stable isotopes, either by metabolically incorporating them, e.g.,
stable isotope labeling by amino acids in cell culture (SILAC) or by chemically
derivatization e.g., using isobaric mass tags (Rauniyar and Yates, 2014). In contrast,
label-free approaches either rely on extracted ion counts or MS/MS spectrum counts

(spectral counting) (Cox et al., 2014).
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1.8. Aim of the Thesis

The major aim of this thesis is to characterize and identify, at the level of the proteome,
biochemical alterations associated with testicular aging. Known age-related changes
in the human testis include impaired steroidogenesis and spermatogenesis as well as
alterations of the seminiferous tubules. Testicular peritubular cells are located in the
peritubular wall, transport sperm, contribute to the spermatogonial stem cell niche and
interact with other testicular cells to maintain testicular function. Previous in vitro
experiments indicated that HTPCs are affected by aging. However, samples from
young healthy donors are not accessible, therefore a non-human primate model had

to be established.

The first aim of this thesis was to evaluate whether MTKPCs from the common
marmoset (Callithrix jacchus) represent a suitable model for HTPCs. Therefore, the
proteome of MKTPCs and HTPCs was compared qualitatively and quantitatively.
Further bioinformatic analysis was performed to investigate similarities on a functional

level.

The second aim was to assess how the proteomes of MKTPCs are affected by aging.
For this purpose, aging of MKTPCs was studied in an in vitro and in vivo model.
Comprehensive proteome and secretome analysis were used to characterize aging of
MTKPCs. The results of both approaches were compared and discussed in the context

of prior results.

Since testicular aging is not limited to the peritubular wall and TPCs, the third aim of
this thesis was to identify age-related alterations in other cell types than TPCs. Since
other testicular cells cannot be cultivated in vitro, the proteomes of testicular tissue
samples from young and old common marmosets were analyzed and compared.
Differentially abundant proteins are subjected to functional analysis to identify altered

pathways and processes.
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2. Materials and Methods

2.1. Materials

2.1.1. Solvent and Reagents

Acetonitrile, LC-MS

Ammonium hydrogen carbonate
Dithiothreitol (DTT)

Formic acid (FA)

lodoacetamide (IAA)

Endopeptidase Lys-C, MS grade
Pierce 660 nm Protein Assay Reagent
Tris-(2-carboxyethyl)-phosphine (TCEP)
Trypsin, modified, sequencing grade
Trypsin / Lys-C Mix, mass spec grade
Urea

Water, LC-MS grade

2.1.2. Equipment

Centrifuge 5427 R

Q Exactive HF-X mass spectrometer
Thermomixer 5436

Ultimate 3000 RSLC nano System
5600+ mass spectrometer
Ultrasonicator Sonopuls UW3200

Vacuum concentrator

2.1.3. Plasticware

Amicon Ultra 2 mL Centrifugal Filters (3K)
Amicon® Ultra 0.5 mL Centrifugal Filters (3K)
QlAshredder

Safe-Lock Tubes (1.5 mL & 2 mL)

Merck, Darmstadt, Germany

Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

Merck, Darmstadt, Germany

Fujifilm Wako Chemicals, Richmond, USA
Thermo Fisher Scientific, Waltham, USA
Roth, Karlsruhe, Germany

Promega, Madison, USA

Promega, Madison, USA

Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

Eppendorf, KéIn, Germany

Thermo Fisher Scientific, Waltham, USA
Eppendorf, KéIn, Germany

Thermo Fisher Scientific, Waltham, USA
Sciex, Concord, Canada

Bandelin, Berlin, Germany

Bachofer, Reutlingen, Germany

Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
QIAGEN, Hilden, Germany
Eppendorf, Kéln, Germany
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2.2. Methods
2.2.1. Cell Culture and Animals

Cell culture of HTPCs and MKTPCs have been performed by Nina Schmid (Biomedical
Center; LMU Munchen) as previously described (Albrecht et al., 2006). The animals
grew up in the self-sustaining colony at the German Primate Center (Deutsches
Primatenzentrum — Leibniz-Institute for Primate Research, DPZ, Goéttingen) as
previously described (Schmid et al., 2018, Stockl et al., 2020, Stockl et al., 2021).
Responsible for animal care and tissue collection were Rudiger Behr and Charis

Drummer.

2.2.2. Sample Preparation for Mass Spectrometry Analysis

For lysis of cells and tissue, first, 8 M urea in 50 mM ammonium hydrogen carbonate
was added to the samples, which were then lysed using sonication at 4°C using a cup
resonator. Cells were pulsed ten times for 10 s with breaks of 20 s in between (total
time = 5:40 min). For the tissues, this cycle was repeated until the tissue was
completely broken down. The samples were then homogenized with QlAshredder

centrifugation devices (4 °C, 2500 g, 1 min).

For the secretome analysis, the supernatants were first concentrated to approximately
500 pL in Amicon 2 mL devices (10 °C; 45 min; 2665 g), then transferred to Amicon
0.5 mL devices and concentrated to 50 yL (4 °C; 30 min; 14000 g). Subsequently,
450 pL of 1 M Urea in 50 mM ammonium hydrogen carbonate were added and the

samples were concentrated to a final volume of 50 uL (4 °C; 30 min; 14000 g).

Protein concentration for all samples was assessed with a Pierce 660 nm assay. For
digestion, proteins were first reduced in 4 mM DTT/2 mM TCEP for 30 min and then
alkylated in 8 mM iodoacetamide for 30 min in the dark (both ambient temperature).
Excess IAA was quenched at a final concentration of 10 mM DTT. Cell and tissue
samples were digested with Lys-C (1/100, enzyme/protein) for 4 h followed by trypsin
(1/50 enzyme/protein) overnight at 37 °C. The secretome samples were digested in a
single step using a Lys-C/Trypsin Mix (1/25, enzyme/protein) overnight at 37 °C.
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2.3. LC-MS/MS - Proteome Analysis of MKTPCs and Comparison with
HTPCs

LC-MS/MS analysis was performed with an Ultimate 3000 RSLC system (Thermo
Scientific) coupled to a 5600+ mass spectrometer (Sciex, Concord, Canada). 2.5 ug of
peptides were dissolved in 15 yl 0.1% formic acid and trapped on a C18 trap column
(u-Precolumn, C18 PepMap 100, 5 um, Thermo Scientific, San Jose, CA) at a flow rate
of 30 uL/min (mobile phase: 0.1% FA in water). Separation was performed with a C18
nano-flow column (Acclaim PepMap RSLC, 2 ym, 75 ym x 50 cm) at flow rate of
0.2 yL/min with a two-step gradient: 5-25 % B for 285 min and 25-50 % B for 30 min
(A: 0.1 % formic acid in water, B: 0.1 % formic acid in acetonitrile). Electrospray
ionization was carried out using an uncoated SilicaTip (FS360-20-10-N-20-C15; New
Objective, Woburn, MA) and a needle voltage of 2.3 kV. MS data was generated
utilizing the data dependent acquisition mode, performing up to 70 MS/MS scans per

survey scan.

2.3.1. LC-MS/MS Analysis — Aging Studies

Liquid chromatography (LC) was carried out on an Ultimate 3000 RSLC (Thermo
Scientific). From cell lysates, secretomes and testicular tissue, aliquots of 2 ug, 1 ug
and 1.5 pg peptides dissolved in 15 pl 0.1% formic acid were injected, respectively.
Subsequently, peptides were trapped on a trap column (PepMap 100 C18,
100 um x 2 cm, 5 yM particles, Thermo Scientific) for 10 min at a flow rate of 5 yL/min
(mobile phase: 0.1% formic acid and 1% acetonitrile in water).

Peptides were separated with an EASY-Spray column (PepMap RSLC C18,
75 um x 50 cm, 2 ym particles, Thermo Scientific) at a flow rate of 250 nL/min using a
two-step gradient: Starting with 3 % B to 25 % B in 160 min, followed by a 10 min ramp
to 40 % B (A: 0.1% formic acid in water, B: 0.1 % formic acid in acetonitrile). Using the
same eluents, the gradient for secretome samples started from 3 % to 25 % B in
30 min, followed by ramping to 40 % B in 5 min.

LC was coupled to a Q Exactive HF-X mass spectrometer (Thermo Scientific), which
was run in the data-dependent acquisition mode with a maximum of 15 MS/MS spectra
per survey scan for the analysis of cell lysates and testicular tissue. For the
secretomes, a maximum of 5 MS/MS spectra was used. Survey scans were measured
with a resolution of 60,000 at 200 m/z and product ion spectra were produced with
collision induced dissociation and analyzed with a Resolution of 15,000 at 200 m/z.
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2.3.2. Data Analysis — Proteome Analysis of MKTPCs and Comparison with
HTPCs

Acquired mass spectra were searched with MaxQuant (version: 1.6.0.1) (Tyanova et
al., 2016a). Both the “match between runs” feature and the label-free quantification
option were turned on, while the rest of the settings were kept at default. Data for
MKTPCs and HTPCs were searched separately. To search the MKTPC spectra all
entries for Callithrix jacchus from Swiss-Prot and TrEMBL were retrieved from UniProt
(retrieval date: 06/2017). For HTPCs the human subset of Swiss-Prot was used
(retrieval data: 06/2017). Both searches were supplemented with the MaxQuant
common contaminants. For quantification the built-in label free quantification module
was utilized: the minimum ratio count was set to 1, the remaining settings were kept at
default.

Statistical analysis was done with Perseus (1.5.8.5) (Tyanova et al., 2016b). Data from
both MTKPC and HTPC were merged into one matrix based on gene name matching.
This matrix was used to generate both scatter plot and multi scatter plot.

The “circoletto” graph was generated using the online tool hosted by the bioinformatic
analysis team (http://tools.bat.infspire.org/circoletto/). This analysis was limited to the
respective 100 most abundant proteins of both MKTPC and HTPC proteomes. Default
settings were used with some exceptions: e-value cutoff 10-15; e-value for coloring;
use (score-min)/(max-min) ratio to assign colors.

The 25 most abundant proteins in the MKTPC proteome were blasted against the
human Swiss-Prot subset using the online tool blastp
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) from the National Center for Biotechnology
Information (NCBI). The spectral counting approach was performed with Mascot
(2.4.0) and Scaffold (4.1.1). The MS data was searched with the same sequence
databases as for the MaxQuant analysis. The data was ranked based on average
spectral counts. Functional annotation was performed with the “protein analysis
through evolutionary relationships” (PANTHER) online tool for gene list analysis
(pantherdb.org). With gene names as input the data was annotated using the gene
ontology (GO) biological process and GO cellular process as database.

The mass spectrometry proteomics data were deposited to the ProteomeXchange

Consortium  (http://proteomecentral.proteomexchange.org) via the Proteomics
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Identification Database (PRIDE) partner repository with the dataset identifier
PXD009394 (Perez-Riverol et al., 2019).

2.3.3. Data Analysis — Publication: “Proteomic Insights into Senescence of

Testicular Peritubular Cells from a Nonhuman Primate Model”

Acquired MS spectra were searched with MaxQuant (version: 1.6.5.0) (Tyanova et al.,
2016a). Both the “match between runs” feature and the label-free quantification option
were turned on, while the rest of the settings were kept at default. For quantification
the built-in label free quantification module was utilized. As database, all available
entries for Callithrix jacchus from both Swiss-Prot and TrEMBL (retrieval: 02/2020)
were retrieved from Uniprot (uniprot.org). Additionally, the MaxQuant common
contaminants database was used. To match the identified common marmoset proteins
to human orthologs several steps were undertaken: first all proteins were subjected to
the dbOrtho tool from the biological DataBase network (bioDBnet). From the proteins
without a hit, the genes names were matched against the human subset of Swiss-Prot
manually (02/2020). If gene names were identical, they were treated as orthologs.
Finally, proteins without any match were blasted against the human subset of Swiss-
Prot using the blastp online tool from NCBI. Proteins were assumed to be orthologous
when they reached at least 85% in identity and query match. Proteins without any
matched orthologs were removed prior to annotation analysis.

Statistical analysis was done with Perseus (1.6.5.0) (Tyanova et al., 2016b). Perseus’
built-in functions, using default settings, were utilized to generate the PCA and the
unsupervised hierarchical clustering. To test for differentially abundant proteins
between hp-MKTPCs and Ip-MKTPCs (proteomes and secretomes), a modified
Welch’s t-test (sO= 0.1) was used (Tusher et al., 2001). For multiple testing correction
a permutation-based approach was chosen with a final false discovery rate (FDR) of
< 0.05. Volcano plots for the comparison of young and old MKTPCs were analyzed
using a cut-off curve, which was calculated utilizing a modified t-test and an FDR-based
approach to correct for multiple testing (sO= 0.1, FDR < 0.05) (Tusher et al., 2001).
Annotation analysis of differentially abundant proteins was performed using the
functional clustering tool of the “Database for Annotation, Visualization and Integrated
Discovery” (DAVID) (Huang da et al., 2009). The following categories were used: GO
biological process, GO cellular component, GO molecular function, and REACTOME.

The resulting clusters were labeled according to the term with the smallest p-value and

22



Materials and Methods

plotted with R (3.6.3) and the R library tidyverse (1.3.0). The data of the comparison of
MKTPCs from young and old animals were analyzed with a gene set enrichment
analysis (GSEA) (Subramanian et al., 2005). The following gene sets were used:
KEGG, REACTOME, GO biological process, GO cellular component, GO molecular
function (all retrieved from http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp;
/04/2020). The number of permutations was 50000 and as metric “tTest” was chosen.
The resulting terms were converted to GO IDs with the R package GO.db and
subsequently summarized with REVIGO (similarity= 0.4) (Supek et al., 2011). The
results were again plotted with R.

The differentially abundant proteins in the secretomes of hp-MKTPCs were subjected
to the tools SignalP and SecretomeP to predict signal peptides and nonclassical
protein secretion, respectively (Bendtsen et al., 2004, Almagro Armenteros et al.,
2019).

The mass spectrometry proteomics data were deposited to the ProteomeXchange
Consortium  (http://proteomecentral.proteomexchange.org) via the Proteomics
Identification Database partner repository with the dataset identifier PXD022165
(Perez-Riverol et al., 2019).

2.3.4. Data analysis — Publication: “Age-Related Alterations in the Testicular

Proteome of a Non-Human Primate”

Acquired MS spectra were searched with MaxQuant (version: 1.6.5.0) (Tyanova et al.,
2016a). Both the “match between runs” feature and the label-free quantification option
were turned on, while the rest of the settings were kept at default. For quantification
the built-in label free quantification module was utilized. As database, all available
entries for Callithrix jacchus from both Swiss-Prot and TrEMBL (retrieval: 09/2020)
were retrieved from Uniprot (uniprot.org). Additionally, the MaxQuant common
contaminants database was used. Where possible, identified proteins were matched
with human orthologs, in the same manner as described above.

Statistical analysis was done with Perseus (1.6.5.0) (Tyanova et al., 2016b). Perseus’
built-in functions, using default settings, were utilized to generate the PCA and
unsupervised hierarchical clustering. For identification of differentially abundant
proteins, first a volcano plot was generated. Using built-in functionalities, a significance
cut-off curve was generated. The cut-off was calculated utilizing a modified t-test and

an FDR-based approach to correct for multiple testing (sO= 0.1, FDR < 0.05) (Tusher
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et al., 2001). Proteins above the curve were considered significantly altered in
abundance in the old testes.

The differentially abundant proteins were further analyzed and annotated using
DAVID’s functional clustering tool (Huang da et al., 2009) with the following settings:
GO biological process, GO cellular component, GO molecular function, REACTOME
and UniProt keyword entries as categories; high classification stringency. The resulting
clusters were labeled according to the term with the smallest p-value and plotted with
R (4.0.1).

All differentially abundant proteins were analyzed with the “Search Tool for the
Retrieval of Interacting Genes/Proteins” (STRING) database. All available interactions
with the exceptions of neighborhood and gene fusion were included. The results were
illustrated in a network. Nodes without significant interactions were removed.

The mass spectrometry proteomics data were deposited to the ProteomeXchange
Consortium  (http://proteomecentral.proteomexchange.org) via the Proteomics
Identification Database partner repository with the dataset identifier PXD024844
(Perez-Riverol et al., 2019).
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3. Results

3.1. Proteome Analysis of MKTPCs and Comparison with HTPCs

Section 3.1 has been adapted from: Schmid N*, Stéckl JB*, Flenkenthaler F, Dietrich
KG, Schwarzer JU, Kbhn FM, Drummer C, Fréhlich T, Arnold GJ, Behr R, Mayerhofer
A. Characterization of a non-human primate model for the study of testicular peritubular
cells-comparison with human testicular peritubular cells Mol Hum Reprod. 2018 Aug,
1,24(8):401-410. doi: 10.1093/molehr/gay025. PMID: 29846669.

*Contributed equally

Copyright: Figures and text excerpts are printed with permission of the Oxford
University Press (License numbers: 5093641236142, 5093640961395)

Proteins of MKTPCs from six individual donors were investigated by LC-MS/MS. In
total 2437 protein groups were identified (FDR < 1 %) in MKTPCs, of which 1825
protein groups could be quantified in at least three individual samples. The inter-
individual variance was investigated by a multi scatter plot analysis of all protein LFQ
intensities between all MKTPC individuals (Figure 5 A). The Pearson correlation

coefficient ranged between 0.93 and 0.97.

Additionally, a set of HTPCs from 7 individual human donors was analyzed using
exactly the same parameters and compared to the results of the MKTPCs. From 3374
protein groups, which were identified in HTPCs, 2137 are contained in the MKTPC
dataset, demonstrating that 88 % (2137 out of 2437) of the proteins in MKTPCs are
represented in the HTPC data. The inter-individual variance was again assessed using
a multi scatter plot between all individual donors, which resulted in a Pearson

correlation coefficient between 0.93 and 0.96 (Figure 5 B).
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Figure 5: (A) Multi scatter plot of log2 Max-Quant LFQ protein intensity values of MKTPCs from 6 donors.
The number in the upper left corner of each individual scatterplot shows the Pearson correlation. (B)

Multi scatter plot of logz Max-Quant LFQ protein intensity values of HTPCs from 7 donors.

The means of the MaxQuant LFQ values were scatter plotted against each other, which
resulted in a correlation coefficient of 0.78 (Figure 6) between human and marmoset
cells. To investigate the variability of this inter-species comparison, each individual of
MKTPCs were plotted against all individual HTPC donors. The found mean Pearson
correlation was 0.75 with no significant outliers (Grubbs’ test for outliers; 99%

confidence) and therefore showing a very homologous correlation pattern (Figure 7).

From both datasets the 100 most abundant proteins were retrieved and analyzed with
the circoletto tool to visualize sequence homology of highly expressed proteins
between HTPC and MKTPC (Figure 8). The resulting network shows sequence
homologies (< e-value 10-15) between the most abundant proteins found in both
species, of which a vast majority shows high degree of similarity. Furthermore, a
BLAST analysis of the 25 most abundant MKTPC using the Human Swiss-Prot
database reveals that 22 are showing sequence identities > 95% (Table 1). Two further
proteins could be matched to their human counterparts with >85 % identity and
represent members of the tropomyosin family, and only one single protein (F7FP14;

uncharacterized protein) could not unambiguously be assigned to a human protein.
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Figure 6: Scatter plot of averaged log2 LFQ protein intensity values of MKTPCs and HTPCs. The
number in the left corner of an individual scatterplot shows the Pearson correlation. Note the correlation
at the protein level between cells of both species.
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Figure 7: Multi scatter plot showing individual MKTPCs compared against individual HTPCs. The
number in the upper left corner of each individual scatterplot shows the Pearson correlation.
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Figure 8: Circoletto analysis of the top 100 protein identifications found in HTPC and MKTPC. The left
half circle shows HTPC proteins sorted by their abundance from highest at the top to the lowest at the
bottom. The right half circle lists the top 100 proteins identified in MKTPC in the same order. Both groups
are compared with respect to protein sequence similarity. Proteins are represented by boxes on the
circle. The length of the boxes indicates the length of the protein sequences. Sequence similarities
between two corresponding proteins (MKTPC vs. HTPC) are represented by a ribbon connecting the

two boxes (cutoff e-value 10-19).

To review if the most abundant proteins in MKTPCs are also high abundant in HTPCs,
the identified MKTPC and HTPC protein groups were sorted according to their MS/MS
spectral count values, a measure for their abundance. Comparison of both datasets
revealed that 21 out of the top 25 MKTPC protein groups are contained in the top 50
HTPC protein groups (Table 2). Only transgelin (TAGLN), caldesmon (CALD1) and the
tropomyosins TPM1 and TPM4 ranked noticeably lower in HTPCs compared to
MKTPC.

To assess similarities between MKTPCs and HTPCs at the functional level, the
identified proteins were analyzed with the PANTHER analysis tool using the “Biological
Process” and “Cellular Process” Gene Ontology Databases. The proteins of both
MKTPC and HTPC show highly similar distributions concerning related biological and
cellular processes, suggesting strong biochemical and functional similarities between
MKTPC and HTPC (Figure 9).
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Figure 9: (A) GO analysis using the “biological process” database for MKTPC (left) and HTPC (right)
proteomes. (B) GO analysis regarding the “cellular process” subset for MKTPC (left) and HTPC (right).
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Table 1: The top 25 most abundant proteins in MKTPC are shown. Sequence similarities with

corresponding human proteins were determined by BLAST analysis and are indicated as “% identity”.

Callithrix jacchus Callithrix jacchus  Callithrix jacchus human %
UniProt accession Gene name protein name UniProt Identity
accession

F71H64 ACTA2 Actin, alpha 2, smooth muscle, aorta P62736 100
BOKWW5 FLNA Filamin-A isoform 1,2 P21333 98.79
F7BQY8 VIM Vimentin P08670 99.36
F6Z2Z90 MYH9 Myosin heavy chain 9 P35579 99.49
F711Q9 TAGLN Transgelin Q01995 99.5
F719U1 TPM2 Tropomyosin beta chain isoform 2 P07951 87.32
F7HTQ3 CALD1 Caldesmon 1 Q05682 95.33
F710wW8 LOC100409006 Uncharacterized protein P63261 100
U3EQM9 ACTN4 Alpha-actinin-4 043707 99.89
F6YS84 TPM1 Tropomyosin 1 P09493 85.92
U3BZ94 TUBB4B Tubulin beta chain P68371 99.33
U3CYB6 ENO1 Alpha-enolase isoform 1 P06733 99.31
F71318 LGALS1 Galectin P09382 99.07
F7HZP3 TUBA1B Tubulin alpha chain P68363 100
F6RMA3 ANXA2 Annexin P07355 99.71
F7IHK8 PRDX1 Peroxiredoxin 1 Q06830 97.99
U3EKQO ACTN1 Actinin alpha 1 P12814 99.78
F7CXD3 EEF1A1 Elongation factor 1-alpha P68104 100
F6SQW1 PPIA Peptidyl-prolyl cis-trans isomerase P62937 99.78
U3FXT1 HSPA5 78 kDa glucose-regulated protein; Heat P11021 99.39

shock protein family A (Hsp70) member

5
F7HVD2 HSPAS8 Heat shock protein family A (Hsp70) P11142 99.85

member 8
F7FP14 Uncharacterized protein Q8N386 62.38
FEYTV2 LMNA Lamin A/C P02545 98.65
F6XL35 PKM Pyruvate kinase P14618 99.06
U3D5Z3 TLN1 Talin-1 Q9Y490 99.21
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Table 2: The top 25 most abundant MKTPC protein groups and their number of group members are

shown. The abundance ranks of MKTPC protein groups are compared to the ranks of the corresponding

protein groups in HTPCs.

Rank in Rank in Protein Group # Proteins in
MKTPC HTPC Group
1 2 Actin, cytoplasmic 1 11
2 4 Filamin-A 3
3 7 Myosin 9 5
4 9 Alpha-actinin-4 7
5 1 Vimentin 45
6 3 Tubulin beta 19
7 4 Uncharacterized protein homologue to human neuroblast 3
differentiation-associated protein AHNAK

8 63 Transgelin 1
9 93 Tropomyosin alpha-4 chain 5
10 42 Myosin-10 3
11 239 Tropomyosin alpha-1 chain 4
12 23 Filamin-C 2
13 26 Alpha-enolase 6
14 12 Talin-1 1
15 14 Heat shock protein family A (Hsp70) member 5 1
16 113 Caldesmon 3
17 44 Filamin-B 4
18 6 Plectin 2
19 19 Clathrin heavy chain 2
20 11 Tubulin alpha chain 7
21 15 Heat shock protein 90 4
22 21 Cytoplasmic dynein 1 heavy chain 1 1
23 8 Pyruvate kinase 5
24 20 Lamin isoform A 3
25 27 Heat shock protein family A (Hsp70) member 8

3
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3.2. Proteomic Insights into Senescence of Testicular Peritubular Cells

from a Non-Human Primate Model

Section 3.2 has been adapted from: Stockl, J.B.; Schmid, N.; Flenkenthaler, F.;
Drummer, C.; Behr, R.; Mayerhofer, A.; Arnold, G.J.; Fréhlich, T. Proteomic Insights
into Senescence of Testicular Peritubular Cells from a Nonhuman Primate Model. Cells
2020, 9, 2498. https://doi.org/10.3390/cells9112498

3.2.1. Proteome Analysis of Cells and Secretomes from Low- vs. High-Passage
MKTPCs

A proteome analysis of low-passage-number MKTPCs (Ip-MKTPCs) and high-
passage-number MKTPCs (hp-MKTPCs) was conducted, using MKTPCs derived from
five young healthy donors. Secretomes and proteomes were analyzed by LC-MS/MS
from cells of the same donors after 2—-3 and after 10—-12 passages, respectively.
MKTPCs proliferated in culture showed, after more than 10 passages, a significant
increase in cell size and changes in cell shape, expressed considerable amounts of

senescence-associated beta galactosidase, and stopped dividing (Figure 10).
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Figure 10: (A) Cell size measurement of low-passage-number vs high-passage-number testicular
peritubular cells from the common marmoset (Ip-MKTPCs vs. hp-MKTPCs) from the same donor animal.
A significant increase in cellular diameter of hp-MKTPCs was shown. Columns indicate the mean; bars
indicate the standard deviation; for statistics, a paired f-test was used. (B) Light micrograph of
senescence-associated B-galactosidase staining of Ip-MKTPCS and hp-MKTPCs. **: p-value < 0.005;

Experiments performed by Nina Schmid (Biomedical Center; LMU Munchen)

In total, 4916 and 1132 proteins and 66,240 and 8786 peptides were identified from
the proteome and secretome, respectively (Supplementary Info 1). Typical testicular
peritubular cell markers, namely, calponin 1 (CNN1), smooth muscle actin (ACTA2),

and myosin heavy chain 11 (MYH11), were identified. A principal component analysis
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(PCA) based on the quantitative protein abundance data showed clear separation of
the proteomes and secretomes of hp-MKTPCs and Ip-MKTPCs (Figure 11 A, B). For
both cellular proteome and secretome, unsupervised hierarchical clustering indicated
clustering of Ip-MKTPCs and hp-MKTPCs (Figure 11 C, D).
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Figure 11: Principal component analysis (PCA) of cellular proteomes (A) and secretomes (B) of
MKTPCs derived from Ip-MKTPCs and hp-MKTPCs; each square represents an individual donor. Heat

map and unsupervised hierarchical clustering of cellular proteomes (C) and secretome (D).

Volcano plot analysis using the paired Welch t-tests resulted in the detection of 421
and 212 proteins significantly altered in abundance in the hp-MKTPC cell proteomes
and secretomes, respectively (Figure 12 A, B). A complete list of differentially abundant
proteins for proteomes and secretomes can be found in Supplementary Info 1. The
secretome of hp-MKTPCs showed a nearly fivefold increased number of proteins
reduced in abundance (176) compared to proteins increased in abundance (36). For
the hp-MKTPC proteome, where 174 proteins were less abundant and 247 more
abundant, the disparity was less pronounced. Strikingly, proteins involved in smooth
muscle activity such as CNN1, ACTA2, MYH11, and desmin (DES) were found to be
less abundant in the hp-MKTPC proteome. Further proteins with decreased
abundance were factors such as nuclear factor (NF)-kB (NFKB1) and elongation factor
1-alpha 1 (EEF1A1), while regulatory proteins such as EGF-like repeat and discoidin

I-like domain-containing protein 3 (EDIL3), ubiquitin-conjugating enzyme E2 J2
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(UBE2J2), and plasminogen activator inhibitor 1 (SERPINE1) were found to be more
abundant in the proteome of passaged MKTPCs.
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Figure 12: Volcano plots of hp-MKTPC vs. Ip-MKTPC proteomes (A) and secretomes (B). For statistics,
a paired Welch t-test was used. Results were corrected for multiple testing with a false discovery rate
(FDR) of 0.05. Each colored dot represents a differentially abundant protein fulfilling the significance

criteria.

In order to examine how much abundance alterations in the secretomes were due to
protein secretion rather than cell degradation, all differentially abundant proteins of the
secretome were annotated for “extracellular region” (GO:0005576) and the UniProt
keyword “secreted”. Accordingly, proteins secreted via classical secretory pathway and
via nonclassical secretion were predicted by SignalP and SecretomeP, respectively. In
total, 66 classically secreted proteins and 35 proteins with nonclassical secretion were
found. Only 31 from 212 proteins had neither of the four annotations, indicating only
minor contaminations of proteins released from dying cells. In the secretomes, several
members of the collagen family and laminins, e.g., collagen alpha-1(VI) chain
(COL6A1), collagen alpha-2(VI) chain (COL6A2), laminin subunit beta-1 (LAMB1), and
laminin subunit gamma-1 (LAMC1), were found to be less abundant in hp-MKTPCs.
Superoxide dismutases (SOD1, SOD2, and SOD3), peroxiredoxins (PRDX1, PRDX2,
PRDX4, and PRDX6), and macrophage migration inhibitory factor (MIF) were also
found to be less abundant. Calreticulin (CALR) showed one of the strongest declines
in abundance (log2 fold change: -6.5). Prominent proteins with increased abundance
in hp-MKTPC secretomes were regulatory proteins such as cadherin-2 (CDH2) and
Ras-related protein Rab-1A (RAB1A).
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To obtain deeper insight into the biochemical pathways related to the observed
changes, a DAVID annotation cluster analysis of the proteins, which were altered in
the proteomes, was performed. This resulted in 20 enriched functional clusters (Figure
13). In the group of proteins more abundant in hp-MKTPCs, different metabolic
processes, including the mitochondrial tricarboxylic acid cycle, reactions involving
GTPases, and endoplasmic-reticulum-related terms such as retinol metabolic process,
as well as extracellular matrix proteoglycans, were significantly enriched (Figure 13 A).
In contrast, proteins related to glycolysis, cell cycle, RNA, and splicing processes were
found to be enriched in the set of proteins less abundant in hp-MKTPCs (Figure 13 B).
Additionally, actins, proteins binding to actin filaments, and proteins related to the term
“cell-cell adherens junction” were found to be significantly enriched in the datasets of

both up- and downregulated proteins.
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Figure 13: Enriched Database for Annotation, Visualization, and Integrated Discovery (DAVID)
annotation clusters from proteins more abundant (A) and less abundant (B) in hp-MKTPCs. The number
in brackets behind the term indicates the number of proteins in one cluster. Results with an enrichment
score >1.3 were considered significant. Categories used for the DAVID tool were as follows: Gene
Ontology (GO) biological process, GO cellular component, GO molecular function, and REACTOME.
NADH: nicotinamide-adenine dinucleotide, reduced, GDP: guanosine diphosphate PAK: p21 activated

kinase

3.2.2. Proteome Analysis of Cells and Secretomes of MKTPCs from Young and
Old Donors

To further investigate aging-related changes in TPCs, we compared MKTPCs from six
young and six old Callithrix jacchus individuals. Young donors were either 2 or 3 years
old, while the old donors were between 9 and 15 years old. The MKTPCs from older

donors showed a significantly increased cell size (Figure 14 A) and expressed a
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significantly increased amount of senescence-associated beta galactosidase (Figure
14 B, C). MKTPCs from young individuals entered cell-cycle arrest and showed clear
signs of senescence after 11-14 passages, while only 3—7 passages were needed to
trigger senescence of MKTPCs from old animals (Figure 14 D). The proteome and the
secretome of MKTPCs from young and old donors were analyzed and led to the
identification of 4534 and 1192 proteins with 51,801 and 9729 peptides, respectively
(Supplementary Info 1). However, in contrast to the Ip-MKTPC vs. hp-MKTPC
comparison, the principal component analysis showed no clear separation between
TPC proteomes and secretomes from young and old individuals (Figure 15). Strikingly,
the quantitative protein profiles of the older individuals showed higher variation in

components one and two than the protein profiles of the young individuals.
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Figure 14: (A) Cell size measurement of MKTPCs from young vs. old monkeys revealed significantly
increased cell size of MKTPCs from older monkeys. (B) Proportion of B-galactosidase-positive MKTPCs
from young vs. old monkeys. (C) Light micrograph of senescence-associated 3-galactosidase staining
of MKTPCs from young (3 years) and old (11 years) monkey in passage 2. (D) Maximal passage
numbers before offset of cell division. Columns indicate the mean; bars indicate the standard deviation.
For statistical analysis, unpaired t-tests were used (A, B, D). *: p-value < 0.05; ***;_p-value < 0.00005;

Experiments performed by Nina Schmid (Biomedical Center; LMU Miinchen)
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Figure 15: Principal component analysis of cell proteomes (A) and secretomes (B) of MKTPCs derived

from young and older individual donors.

The statistical evaluation of the data using unpaired Welch modified t-tests did not lead
to the detection of proteins significantly (FDR < 5%) altered in abundance. A Volcano
plot analysis also did not show any significant abundance alterations (Figure 16) after
correction for multiple testing (FDR < 5%). However, while the cell proteome plot was
quite symmetrical, the plot of secretomes was skewed toward negative log2 fold
changes. This indicates a reduced secretion activity of MKTPCs of old animals, for
which p-values of individual proteins were too high to be considered as significant after

p-value correction for multiple testing.
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Figure 16: Volcano plot analysis of proteomes (A) and secretomes (B) of MKTPCs from older and
younger individual donors. Proteins above the significance cutoff curve (s = 0.1; FDR < 0.05) are
considered significant.

To perform a statistical analysis at the level of related functional terms rather than at
the level of individual proteins, a Gene Set Enrichment Analysis (GSEA) was

performed. While the analysis of the secretome data resulted in only a small amount
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of regulated gene sets (data not shown), the MKPTC proteome analysis resulted in
560 enriched gene sets at an FDR < 0.05 (351 increased and 209 decreased,
Supplementary Info 1). The most prominent gene sets within the proteins more
abundant in samples from old animals were related to metabolic processes such as
the tricarboxylic acid cycle (TCA) and lipid metabolic processes, but also contained
terms related to membrane and secretion (Figure 17). Enriched terms from the set of
downregulated proteins contained RNA- and DNA-centered processes and, to a lesser

extent, terms of metabolic processes related to nitrogen and carbohydrate compounds.
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Figure 17: The 20 most significant gene set hits of MKTPC proteomes from older vs. young individual
donors. Significant Gene Set Enrichment Analysis (GSEA) results (FDR g-value < 0.05) were
summarized by reducing redundancy with REVIGO. Only gene sets from the GO biological process

category were utilized. Gene sets enriched in the MKTPC proteome of old donors (A) and enriched gene
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sets in the MKTPC proteome of young donors (B) are displayed.
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3.3. Age-Related Alterations in the Testicular Proteome of a Non-

Human Primate

Section 3.3 has been adapted from: Stockl, J.B.; Schmid, N.; Flenkenthaler, F.;
Drummer, C.; Behr, R.; Mayerhofer, A.; Arnold, G.J.; Fréhlich, T. Age-Related
Alterations in the Testicular Proteome of a Non-Human Primate. Cells 2021, 10, 1306.
https://doi.org/10.3390/cells10061306

3.3.1. Histology Reveals Ongoing Spermatogenesis in All Samples and Slightly

Increased Tubular Diameters in Old Animals

Histological evaluation of testis sections from six young (2 to 3 years) and four old (10
to 12 years) monkeys indicated ongoing spermatogenesis in all specimens (Figure 18).
Due to the handling of the testes, germ cells were occasionally detached and were

observed in the lumen. However, measurements of tubular diameters were possible

and revealed slightly increased diameters in the older individuals (p <0.05) (Figure
18 A).
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Figure 18: Light micrograph of HE stained sections of testes from young (3 years, left) and old C.
Jacchus (11 years, right) (A) Scale bar indicates 100 ym. Tubular diameters of young (2 - 3 years, n=5)
and old (10 - 12 years, n=4) C. jacchus. (B) Tubular diameter was slightly increased in the old C. jacchus
(**** p < 0.0001; unpaired t-test); individual diameters are shown, and bars indicate the mean and SD;

Experiments performed by Nina Schmid (Biomedical Center; LMU Munchen)

3.3.2. Comprehensive Proteome Analysis of Testes of Young and Old

Individual Donors

The proteomes of testicular tissue derived from six young (age: on average 2.8 years
old) and four old (age: on average 11.2 years old) Callithrix jacchus individuals were
analyzed by LC MS/MS leading to the identification of 63,510 peptides and 5924

proteins (Supplementary Info 2). Several of the identified proteins are characteristic of
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specific testicular cell types (Table 1). For instance, ATP-dependent RNA helicase
DDX4 (DDX4) and melanoma-associated antigen 4 (MAGEAA4) are in the testis specific
for germ cells (Eildermann et al., 2012, Langenstroth et al., 2014), cholesterol side-
chain cleavage enzyme, mitochondrial (CYP11A1) and insulin-like 3 (INSL3) are
markers specific for Leydig cells (Davidoff et al., 2004, Ivell et al., 2013). Furthermore,
cyclin-dependent kinase inhibitor 1B (CDKN1B) and aortic smooth muscle actin
(ACTAZ2, also referred to as alpha-smooth muscle actin) are common markers for adult
Sertoli cells and peritubular cells, respectively (Sharpe et al., 2003, Mayerhofer, 2013).
Additionally, vimentin (VIM) is common in somatic testicular cell types such as

peritubular cells, Sertoli cells and interstitial cells (Kossack et al., 2013).

Table 3: Overview of identified markers for different testicular cell types

Cell type Markers

Leydig cells CYP11A1, CYP17A1, INSL3
Sertoli cells VIM, CDKN1B

Peritubular cells VIM, ACTAZ2

Germ cells DDX4, MAGEA4, UTF1

Proteins were quantified using a label-free quantification approach and filtered with the
criteria: having at least 90 % valid values among either old or young samples. This
resulted in 3217 sufficiently quantified proteins. The quantitative data was analyzed
using unsupervised hierarchical clustering and principal component analysis (PCA)
(Figure 19 A, Figure 20). PCA shows a separation of testes proteome profiles from old
and young donors (Figure 19 A). In contrast, the heatmap shows three main clusters
(Figure 20). While proteome profiles from two old individuals are separated from those
of the other eight, one cluster contains three young and two old individuals and a third

cluster three samples from young individuals.
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Figure 19: (A) Principal component analysis of old (red dots) and young (blue dots) C. jacchus testicular
proteome profiles. Numbers in parentheses indicate the percentage of variation each component
explains. (B) Volcano plot of old vs young testis proteomes. Significance cut off curve was generated
using the parameters FDR < 0.05 and so = 0.1. Proteins above the curve are considered significant, red

color indicates higher abundance in old donors, blue color indicates lower abundance in old donors.
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Figure 20: Unsupervised hierarchical clustering of old and young C. jacchus testicular proteome profiles
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3.3.3. Volcano Plot Analysis Reveals Significant Alterations in the Testis

Proteome of Older Individuals

A volcano plot analysis revealed 31 differentially abundant proteins in the testicular
proteomes of the older individuals compared to the proteomes of the young testes
(Figure 19 B, Supplementary Info 2) (FDR < 0.05). All these proteins were clustered in
a z-score normalized heatmap, illustrating the strong differences in abundance (Figure
21 A). Furthermore, a higher variance in the abundance of these proteins within the
samples from old individuals compared to samples from the young individuals became
apparent. Conspicuously, only two of the differentially abundant proteins were less
abundant in the testis samples of aged animals: i) cytosolic 10-formyltetrahydrofolate
dehydrogenase (ALDH1L1) and ii) acyl-CoA-binding domain-containing protein 5
(ACBD5). The 29 more abundant proteins could predominantly be assigned to three
protein families: four proteins from the actin-binding calponin repeat family, three
tropomyosins and several members of the small leucine-rich proteoglycans (SLRPs).
A Gene Ontology analysis using the PANTHER online tool was used to classify the
differentially abundant proteins (Figure 21 B).
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m metabolic process
m multicellular organismal process
m developmental process
| biological regulation
| response to stimulus

m biological adhesion

g |

Figure 21: (A) Heatmap and unsupervised hierarchical clustering of differentially abundant proteins for
the comparison old vs young testicular proteomes. Data was z-scored prior to the analysis. (B)
PANTHER analysis of differentially abundant proteins using GO biological process as database. The

numbers indicate the percentage of proteins annotated with the corresponding GO term.
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3.3.4. DAVID Analysis Reveals Clusters of Enriched Functional Terms

The data was annotated and analyzed with DAVID resulting in functionally enriched
terms which were subsequently clustered (Figure 22, Supplementary Info 2). Six
clusters were found to be significantly enriched and the most significant term was used
to label the cluster. Out of the 31 differentially abundant proteins, 21 are represented
in at least one of these clusters. The cluster named “muscle filament sliding” showed
the highest enrichment score and comprises desmin (DES), actins and three
tropomyosins. These three tropo-myosins were also found in the cluster “muscle thin
filament tropomyosin”. In the second most enriched cluster “extracellular matrix”, all
above mentioned SLRPs, collagen al-pha-1(XIl) chain (COL12A1), dermatopontin
(DPT) and fibrinogen beta chain (FGB) were found. The cluster “keratan sulfate
catabolic process” contained four differentially abundant SLRPs: lumican (LUM),
fibromodulin (FMOD), mimecan (OGN) and prolargin (PRELP). However, in our
dataset, no enzyme of this pathway was identified. The cluster “cell-cell adhesion”
comprises actin-binding proteins like calponins and caldesmon (CALD1). The cluster
“secreted” includes enzymes like tripeptidyl-peptidase 1 (TPP1) and acid ceramidase

(ASAH1) in addition to the proteins of the cluster “extracellular matrix”.
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Figure 22: Clusters of functionally enriched terms generated from proteins differentially abundant in
testes of old donors. Numbers in brackets indicate the number of identified proteins in one cluster.
Categories used for the DAVID tool were: GO biological process, GO cellular component, GO molecular
function, REACTOME, UniProt keywords
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3.3.5. STRING Analysis Results in a Rich Interaction Network

The 31 differentially abundant proteins were analyzed with STRING (Figure 23). This
resulted in significantly more interactions than expected by chance (PPI enrichment p-
value: 1.0 x e-16, expected number of edges: 5, number of edges found: 73). From 31
proteins, 23 had at least one interaction with another differentially abundant protein.
Strikingly, two distinct networks can be observed, of which the smaller contained all
the differentially abundant SLRPs together with DPT and COL12A1. All of them are
annotated to be secreted, and some are known to be involved in “supramolecular fiber
organization”, while others are part of “glycosaminoglycan catabolic process”. LUM
and FMOD are part of both gene sets. The other network comprises various
cytoskeletal proteins, of which around half are also known to be involved in
“supramolecular fiber organization”. Cysteine and glycine-rich protein 1 (CSRP1) is not

annotated in the four chosen categories but is, e.g., involved in actin cytoskeleton

organization.

CDKN2A ACTA1

e cytoskeletal protein binding glycosaminoglycan catabolic process

8 supramolecular fiber organization 6 secreted

Figure 23: STRING analysis of all differentially abundant proteins in the testis of old vs. young donors.
Nodes represent individual proteins and are colored based on the four annotations indicated at the

bottom of the figure. Line strength indicates confidence level from low (0.150) to highest (0.900).
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3.3.6. Immunostaining lllustrates the Increased Abundance of Extracellular

Matrix Proteins

Immunohistochemistry revealed expression of CNN1 in testicular peritubular cells of
young and old Callithrix jacchus (Figure 24 A, a, B, b). Smooth muscle cells of testicular
blood vessels were also immunopositive for CNN1 and served as internal staining
control. In the young individuals, not all peritubular cells were immunopositive. In
contrast, in the old individuals all peritubular cells were stained.

OGN was detected mainly within the interstitial space of both, young and old in-
dividuals (Figure 24 C, c, D, d). More intensive staining of larger interstitial areas
indicates higher abundance of OGN. Both findings nicely corroborate our proteome
analysis, where CNN1 (log2 fold change: 1.61; p-value: 0.013) and OGN (log2 fold
change: 3.05; p-value: 0.0060) were found to be more abundant in the old testes.
Collagen alpha-1(1) chain (COL1A1) was localized in the peritubular wall compartment
and the interstitial space, with higher abundance in old individuals (Figure 24 E, e, F,
f,). In the proteome analysis, a trend (p-value: 0.14; logz fold change: 0.72) towards an

increased COL1A1 abundance was found.
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young C. jacchus

old C. jacchus

Figure 24: Representative light micrographs of immunohistochemistry. Testicular sections from young
(2-3 years) and old (10-12 years) C. jacchus were stained with specific antibodies against CNN1, OGN
and COL1A1. CNN1 staining was found in most peritubular cells from young C. jacchus (A, a, (higher
magnification)). In old C. jacchus, CNN1 was expressed in all peritubular cells (B, b (higher
magnification)). OGN was detected mainly within the interstitial space of testes of young C. jacchus (C,
¢ (higher magnification)). The level increased in the testes of old C. jacchus (D, d (higher magnification)).

COL1A1 was detected in peritubular cells from young (E, e (higher magnification)) and old (F, f (higher
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magnification)) C. jacchus. In old individuals, COL1A1 expression increased in the interstitial space.
Nuclei were slightly stained with hematoxylin. Inserts: negative controls. Scale bars = 100 ym;

Experiments performed by Nina Schmid (Biomedical Center; LMU Miinchen)
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4. Discussion

4.1. Proteome Analysis of MKTPCs and Comparison with HTPCs

Section 4.1 has been adapted from: Schmid N*, Stéckl JB*, Flenkenthaler F, Dietrich
KG, Schwarzer JU, Kbhn FM, Drummer C, Fréhlich T, Arnold GJ, Behr R, Mayerhofer
A. Characterization of a non-human primate model for the study of testicular peritubular
cells-comparison with human testicular peritubular cells Mol Hum Reprod. 2018 Aug,
1,24(8):401-410. doi: 10.1093/molehr/gay025. PMID: 29846669.

*Contributed equally

Copyright: Figures and text excerpts are printed with permission of the Oxford
University Press (License numbers: 5093641236142, 5093640961395)

A main indicator for the suitability of MKTPCs as a model for HTPCs would be a close
resemblance between their proteomes. In a first step to investigate this, the proteomes
of MKTPCs were characterized, using cells obtained from 6 individual young adult
Callithrix jacchus donors. In order to focus on the most abundant proteins being easily
assessable with a single-run LC-MS/MS method, the proteomics workflow was kept as
simple as possible and there was no pre-fractionation at the protein or the peptide
level. Nevertheless, the analysis of the acquired mass spectra led to the identification
of 2437 MKTPC protein groups (FDR < 1 %). For the chosen approach, this represents
a fairly high number of protein IDs and reflects the suitability of the Callithrix jacchus
database for LC-MS based proteome analysis of MKTPC samples. Additionally, a multi
scatter plot analysis (Figure 5 A) between the donors revealed very reproducible
protein expression patterns, demonstrating the robustness of isolation and cultivation

methods as well as a low inter-individual variability between the individual donors.

For the suitability of the animal model, the similarity between MKTPC and HTPC at the
proteome level is an important indicator. To assess this, HTPC proteomes from 7
human donors were analyzed using exactly the same methodology. Inter-individual
correlation analysis shows clear homogeneity and reproducibility similar to MKTPCs
(Figure 5 B), with the latter one being more accessible and generated under monitored
conditions. The inter-species scatter plot analysis of protein intensity values between
MKTPC and HTPC showed a Pearson correlation coefficient of 0.78 (Figure 6)
indicating similar abundance patterns of MKTPC and HTPC proteins. A further MKTPC
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vs. HTPC multi scatter plot analysis at the level of individuals (Figure 7) showed in all
cases very similar Pearson correlation coefficients with no outliers. Taken together, the
correlation analyses reveal a clear conformity between MKTPC and HTPC on the level
of protein expression patterns and a high degree of inter-individual reproducibility of
MKTPCs.

A circoletto network analysis (Figure 8) as well as a BLAST analysis of the 25 most
abundant proteins showed high sequence homology between HTPC and MKTPC
proteins, indicating a high degree of functional similarity (Table 1). Using a spectral
count quantification approach combined with homology-based protein grouping, we
could further demonstrate that the broad majority of the 25 most abundant MKTPC
protein groups are also highly expressed in HTPCs (Table 2). Only transgelin (TAGLN),
caldesmon (CALD1) and the two tropomyosins (TPM1 and TPM4) showed lower
spectral counts in MKTPC. Since all of these four proteins are actin binders this finding
may reflect slight differences in the cytoskeleton between MKTPC and HTPCs. Finally,
the PANTHER GO analysis of MKTPC and HTPC proteins lead to almost identical
results (Figure 9), suggesting a strong resemblance at the level of biological and

biochemical processes between MKTPCs and HTPCs.

Overall, the proteome data demonstrates a high similarity between MKTPCs and
HTPCs. This was published alongside data on the isolation of MKTPCs as well as a
characterization of MKTPCs wusing RT-PCR, immunohistochemistry, and
immunofluorescence (Schmid et al., 2018). Just like HTPCs, MKTPCs can be isolated
from testicular fractions and, in resemblance of the proteome data, express typical
markers such as calponin-1 (CNN1), aortic smooth muscle actin (ACTAZ2), and
androgen receptor (AR). They also produce characteristic factors such as glial cell line-
derived neurotrophic factor (GDNF) and decorin (DEC). In summary, MKTPCs closely
resemble their human counterparts and are therefore a suitable model for HTPCs.
MKTPCs are isolated from adult marmosets, which live in a controlled environment.
Therefore, contrary to HTPCs, cells from both young and old individuals are obtainable,

while the influence of confounding factors is also reduced.
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4.2. Proteomic Insights into Senescence of Testicular Peritubular Cells

from a Non-Human Primate Model

Section 4.2 has been adapted from: Stéckl, J.B.; Schmid, N.; Flenkenthaler, F.;
Drummer, C.; Behr, R.; Mayerhofer, A.; Arnold, G.J.; Fréhlich, T. Proteomic Insights
into Senescence of Testicular Peritubular Cells from a Nonhuman Primate Model. Cells
2020, 9, 2498. https://doi.org/10.3390/cells9112498

4.2.1. General Remarks

In the present study we compared MKTPCs derived from young donors of high (hp-
MKTPC) and low passages (Ip-MKTPC). As this in vitro model may not exactly reflect
in vivo aging, we further analyzed MKTPCs from young donors with MKTPCs from old
donors (nine to fifteen years). As captive marmosets show signs of aging already at
the age of 8 years, the animals in the older group can be considered aged or even old
(Ross et al., 2012, Moussavi et al., 2020, Mietsch et al., 2020). The comparison of data
from both sample sets enabled us to clarify to what extent repeated passaging reflects
in vivo TPC aging. We focused on the analysis of TPC proteomes using a
straightforward label-free mass spectrometry-based approach and detected over 5000
proteins. This high number of identified proteins corresponds to the analytical depth
achieved by recent proteomic studies in the testes of other species (Jarvis et al., 2020,
Schmid et al., 2020, Zhou et al., 2020). Among the identified proteins, we found
MYH11, ACTA2 and CNNH1, all related to the typical smooth muscle-like phenotype of
TPCs. Furthermore, we detected low abundant factors, e.g., NF-kB, demonstrating the
sensitivity of our approach. In addition to cell lysates, we analyzed conditioned cell
culture media to further monitor age-related alterations of the TPCs secretory activity.
Out of these secretomes, we were able to identify nearly 1200 proteins, among them
low abundant factors such as the important immune signaling factor MIF,

demonstrating the analytical depths and biological relevance of our dataset.

4.2.2. Alterations in the Proteome of hp-MKTPC Point to Impaired Signaling,
Reduced Contractility, and Altered RNA Processing in Senescent MKTPC

Among the proteins more abundant in hp-MKTPCs compared to Ip-MKTPCs, several
are related to mitochondrial energy production via the TCA-cycle and the electron

transport chain (Figure 13 A). In contrast, senescent HTPCs showed a decrease in
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mitochondrial proteins and a degrading mitochondrial ultrastructure (Schmid et al.,
2019). This is in line with mitochondrial dysfunction described as a classic hallmark of
senescence (Chapman et al., 2019, Lopez-Otin et al., 2013). Nevertheless, since only
a small subclass of mitochondrial proteins was found to be altered in abundance in hp-
MKTPCs, monkey TPC mitochondria may have been less affected by passaging than

their human counterparts.

Many other findings in hp-MKTPC, e.g., the increased abundance of Ras-related and
GDP binding proteins (Figure 13 A), are in line with the results of senescent HTPCs
(Schmid et al., 2019). In detail, we found the Ras-related proteins Rab-1A, Rab-21,
Rab-5B, Rab-32, Rab-31, Rab-5C, and Rab-5A, more abundant in hp-MKTPC. Ras-
related proteins are small GTPases, which regulate vesicle formation and membrane
trafficking and can have a variety of functions (Homma et al., 2020). For example, Ras-
related protein Rab-1A (RAB1A), is involved not only in interleukin 8 and growth
hormone secretion but also in autophagy and cell migration (Dong et al., 2012, Yang
et al., 2016). Furthermore, many Ras-related proteins are known to act as oncogenes
and tumor suppressive regulators (Gopal Krishnan et al., 2020). Considering the broad
role of this protein class in disease and male fertility, alterations in their abundance
may reflect higher risks of tumorigenesis and an impaired spermatogenesis of the

aging testis (Simanshu et al., 2017, Bae et al., 2019).

The functional enrichment analysis of the proteins with higher abundance in hp-
MKTPCs revealed an overrepresentation of extracellular matrix (ECM) proteins
associated with the REACTOME term “ECM proteoglycans”. Among them, we found
the transmembrane receptors integrin alpha-2 (ITGA2) and integrin beta-5 (ITGBS) as
well as dystroglycan (DAG1) and laminin subunit beta-1 (LAMB1). The two latter
proteins are known to be localized at the basement membrane. In addition to its
structural functions and its proximity to TPCs, the basement membrane further acts as
a platform for complex signaling and is an important player for extracellular matrix

organization.

Since the maintenance of the ECM is a key feature of TPCs, the observed abundance
alterations may reflect irregularities in this task. Additionally, we found an increased
abundance of SERPINE1 in hp-MKTPCs, which is a downstream target of p53
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triggered senescence (Kortlever et al., 2006). Together with the alterations in Ras-
related proteins, all these findings clearly indicate impairments in hp-MTKPC signaling.
This finding is further supported by a decreased abundance of the p105 subunit of NF-
kKB (NFKB1) in hp-MKTPC. NF-kB is a pleiotropic transcription factor which is regulated
by various signal transduction pathways and fulfills roles in various biological
processes. Interestingly, NFKB1-deficient mice show an early onset of aging (Bernal
et al., 2014). From the set of proteins less abundant in hp-MKTPC, we found proteins
related to the Gene Ontology terms “RNA processing” and “catalytic step 2
spliceosome” less abundant in hp-MKTPCs. An age-related downregulation of
alternative splicing has already been described and was also found in HTPCs of high
passage number (Harries et al., 2011, Holly et al., 2013, Schmid et al., 2019). In this
context two proteins are particularly interesting: Heterogeneous nuclear
ribonucleoprotein DO (HNRNPD) and serine/arginine-rich splicing factor 7 (SRSF7). In
a recent study, HNRNPD was knocked down in human endothelial cells, which resulted
in an increased occurrence of senescence (Latorre et al., 2018). Furthermore, SRFSF7
is known to play a role in the regulation of alternative splicing of p53 and in the
regulation of senescence (Chen et al., 2017). These findings strongly suggest that
RNA-binding proteins and alternative splicing play an important role in the

development of senescence in TPCs.

In addition to changes related to RNA processing and splicing, the functional
enrichment analysis revealed a significantly high proportion of proteins of the
REACTOME pathway “RHO GTPases activates PAKs” (Figure 13 B). This pathway is
mainly involved in cytoskeletal reorganization and contains several proteins
characteristic for TPCs such as myosin-10 (MYH10), myosin-11 (MYH11) and
calmodulin-1 (CALM1), all found less abundant in hp-MKTPC. The pathway also
includes myosin regulatory light chain 12B (MYL12B) and smooth muscle myosin light
chain kinase (MYLK). Both regulate smooth muscle cell contraction and were less
abundant. Proteins which are not part of this pathway but are also essential for
contractility such as smooth muscle actin (ACTA2), desmin (DES) and calponin-1
(CNN1) were also less abundant in hp-MKTPCs. ACTA2, CNN1 and MYH11 are
commonly described as contractility markers and are known to be reduced in patients
with impaired spermatogenesis (Schell et al., 2010, Welter et al., 2013). Furthermore,

a decrease in DES positive cells in elderly men’s testes was reported, making it a clear
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indicator of testicular aging (Arenas et al., 1997). Overall, the broad decrease in various
structural and regulatory proteins points towards a reduced contractility. Contrary to
the study in the human system (Schmid et al., 2019), we provide clear evidence for the

decreased abundance of key contractility markers.

4.2.3. The Secretome of hp-MKTPC Indicates Alteration in ROS Handling and
Signaling

Strikingly, similar to the proteomes, many alterations in abundances found in hp-
MKTPC secretomes were previously found in HTPCs, which underlines the relevance
of our non-human primate model for the human system. For instance, a lower
abundance of different alpha collagens and laminins was found in hp-MKPTCs,
highlighting the impact of TPC senescence on the ECM (Figure 14 B)(Schmid et al.,
2019). In contrast to the HTPC results, macrophage migration inhibitory factor (MIF)
was found in lower abundance in hp-MKTPCs, while it was more abundant in
senescent HTPC secretomes. Since MIF is a pro-inflammatory cytokine which can
activate NF-kB, this could indicate a different role for immune signaling in the young
MKTPC donors compared to the aged HTPC donors (Salminen and Kaarniranta,
2011). Another protein involved in NF-kB signaling is the calcium-binding chaperone
calreticulin (CALR). Itis one of the proteins with the most reduced abundance (log: fold
change: -6.5) in hp-MKTPC secretomes. With respect to the regulation of CDK-
Inhibitor 1 (p21), CALR competes with CUGBP Elav-like family member 1 (CELF1),
which was found to be more abundant in the hp-MKTPC proteome (lakova et al., 2004).
The binding of CELF1 instead of CALR to p21 RNA leads to growth arrest and
consequently to senescence. Therefore, the observed change in the ratio of
CALR/CELF1 may reflect a reduced CALR repression of p21 translation and clearly
indicates an involvement of p21 in the cellular senescence of MKTPCs.

Among the proteins less abundant in hp-MKTPC secretomes were several
peroxiredoxins and superoxide dismutases, all involved in the degradation of reactive
oxygen species (ROS). This is in line with results from several studies which support
the idea that increased ROS is not necessarily the cause, but the result of aging and
possibly caused by a reduced abundance of ROS handling enzymes in senescent cells
(Hekimi et al., 2011). However, it is known that a knockdown of Cu-Zn superoxide
dismutase (SOD1) leads to senescence, which supports the common hypothesis that

excessive ROS triggers senescence (Blander et al., 2003, Davalli et al., 2016a). Even
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though this study cannot resolve if ROS are the product or the inducer of senescence
in hp-MKTPCs, it emphasizes the role of ROS in senescent MKTPCs.

Strikingly, in hp-MKTPC secretomes, we found a considerably higher number of
proteins decreased rather than increased in abundance compared to Ip-MKTPC. This
hints to a lower capability of senescent cells to secrete proteins. Furthermore,
cadherin-2 (CDH2), a protein important for cell-cell adhesion, and Ras-related protein
Rab-1A (RAB1) which was also more abundant in hp-MKTPC proteomes, were the
two proteins with the strongest increase in abundance in hp-MKTPC secretomes
(Tamura et al., 1998). These proteins, so far not reported in the context of cellular
senescence, illustrate that senescence-induced protein secretion may also influence
other cell types in the testis. Several proteins with decreased abundance in the
secretome of hp-MKTPCs, i.e., fibronectin, laminins, collagens, and MIF also imply a
senescence-associated secretory phenotype (SASP) affecting testicular signaling
(Coppé et al., 2008, Coppé et al., 2010).

4.2.4. Proteomics Reveals Reduced Contractility Markers and Impaired
Secretion as Subtle Signs of Senescence in the Proteome of Older
MKTPCs

Like hp-MKTPCs, MKTPCs from old donors showed characteristic hallmarks of
senescence, hamely beta galactosidase expression and increased cell size (Figure
14). However, in contrast to the passaged MKTPCs, PCA did not lead to a clear
separation of proteomes and secretomes of MKTPCs from old and young donors
(Figure 15). Additionally, neither statistical Welch'’s t-tests nor volcano plot analyses
revealed differentially abundant proteins (Figure 16). Thus, alterations in the old
MKTPC group were less pronounced than in in vitro induced senescence in hp-
MKTPC.

In contrast to their young counterparts, the proteome and secretome profiles from the
old MKTPC group showed higher variations, which may be related to the fact that this
group was composed of donors with an age range of nine to fifteen years and therefore
somewhat heterogeneous. Additionally, similar to the passaged MKTPCs, the
asymmetrical volcano plot of the secretome suggests a reduced secretory activity of
MKTPCs from old animals as compared to young animals. In combination with the fact
that MKTPCs of old individuals could be significantly less often passaged and showed

other clear signs of senescence, these observations suggest differences in the
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corresponding cell proteomes. Indeed, a gene set enrichment analysis comparing
datasets of older vs. young MKTPCs led to several significantly enriched gene sets in
the cell proteome (Figure 17).

Similar to the results from the passaged MKTPCs, several enriched gene sets are
related to metabolic pathways, especially mitochondrial pathways such as the TCA
cycle, which was the most enriched pathway in hp-MKTPCs. Particularly interesting is
the enrichment of proteins related to the term “negative regulation of secretion”, which
fits the decreased secretion observed for many proteins. The set of proteins less
abundant in older MKTPC showed an enrichment for various terms related to RNA
processing and splicing, which was also detected in hp-MKTPCs and was discussed
as a sign of aging and senescence (see above). Furthermore, proteins related to
smooth muscle cell contraction were found in the terms “heart development” and in the
REACTOME term “smooth muscle contraction”, both significantly decreased (FDR <
0.05), again indicating a possible loss of contractility. Incidentally, three of the enriched
proteins in the downregulated term “regulation of circadian rhythm” were non-POU
domain-containing octamer-binding protein (NONO), splicing factor, proline- and
glutamine-rich (SFPQ), and paraspeckle component 1 (PSPC1). All three proteins
were previously reported to be expressed in Sertoli cells and play a role in androgen
receptor signaling (Kuwahara et al., 2006). The androgen receptor also plays an active
role in TPCs which makes these three proteins an interesting new target for follow-up
studies to explore their specific roles in TPCs (Mayer et al., 2018). Two negatively
enriched gene sets were REACTOME “cellular senescence” and “cell cycle”. One
prominent member of these enriched terms was again NF-kB, which was already found
significantly lower abundant in senescent MKTPCs and HTPCs, indicating again

alterations in the immune signaling of senescent TPCs.

4.2.5. Concluding Remarks

This study demonstrates that replicative senescence in hp-MKTPCs is associated with
a variety of alterations in the proteome and secretome. The detected alterations
showed a high degree of similarity to results previously obtained in human TPC, which
demonstrates that the non-human Callithrix jacchus model reliably reflects the human
system (Schmid et al., 2019). The detected proteome and secretome alterations in
senescent MKTPCs strongly suggest impairments of protein secretion and ECM

modulation, as well as a decreased capacity to handle ROS. Furthermore, our results
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provide evidence for changes in RNA processing and alternative splicing, for NF-kB-
modulated immune signaling and for a reduced capability of senescent MKTPC to
contract.

In addition to studies on TPC senescence induced by repeated cell passaging, the
common marmoset model facilitates studies and comparisons of young and older
TPCs aged in vivo. Even though the alterations within the proteomes and secretomes
of in vivo aged MKTPCs are less pronounced than in in vitro aged TPCs, we again
found evidence for an impaired protein secretion, for alterations in splicing and for a
reduced contractility of in vivo aged MKTPCs. These findings demonstrate the
involvement of TPCs in testicular aging.

However, it has to be considered that even though proteomics is a powerful research
tool, facilitating the quantification of thousands of proteins, proteome alterations alone
cannot completely characterize the entire mechanism of a complex process such as
cellular aging. Nevertheless, the detected senescence-related proteome alterations
and the associated biochemical pathways are particularly valuable and can serve as a
basis for future functional and mechanistic experiments dedicated to improving the

understanding of cellular aging.
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4.3. Age-Related Alterations in the Testicular Proteome of a Non-

Human Primate

Section 4.3 has been adapted from: Stockl, J.B.; Schmid, N.; Flenkenthaler, F.;
Drummer, C.; Behr, R.; Mayerhofer, A.; Arnold, G.J.; Fréhlich, T. Age-Related
Alterations in the Testicular Proteome of a Non-Human Primate. Cells 2021, 10, 1306.
https://doi.org/10.3390/cells10061306

4.3.1. General Remarks

This study was performed to examine age-related changes in testicular proteins. We
analyzed the testicular proteomes of six young (2 to 3 years) and four old (10 to
12 years) Callithrix jacchus individuals. Captive marmosets show the first signs of
aging around the age of 8 years, and therefore, the older animals can be regarded as
old, healthily aged individuals (Ross et al., 2012, Mietsch et al., 2020, Moussavi et al.,
2020). We were able to directly compare testicular tissues from young and old
individuals grown up under well-characterized conditions in the same colony and
thereby minimizing influences of lifestyle. Using a bottom-up mass spectrometry
approach, we identified 5924 proteins, among them several specific for germ cells and
somatic cells, like Leydig and Sertoli cells, in the testis. This indicates a profound
analytical depth, shows that all major testicular cell types are captured by our analysis
and thus demonstrates the relevance of our dataset. Principal component analysis
(PCA) of LFQ intensity values led to a clear separation between old and young
testicular proteomes, indicating significant alterations between the testis proteomes of
young and old donors (Figure 19 A). Further statistical evaluation revealed 31
differentially abundant proteins. The large majority (29 proteins) was more abundant
in the testes of old animals (Figure 19 B). Strikingly, most of these proteins belong to
just a few enriched protein families and categories (Figure 21 B, Figure 22, Figure 23).
The abundance of common Sertoli and Leydig cell markers (Mularoni et al., 2020), as
well as of germ cell-specific proteins, was not altered in older animals. This result is in

line with the observed ongoing spermatogenesis in both age-groups.
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4.3.2. Levels of Anti-Proliferative Proteins are Increased in Testes from Older

Individuals

Among proteins more abundant in old testes are various proteins known to inhibit cell
proliferation. The most prominent one is CDKN2A (logz fold change: 1.92; p-value:
0.0029), also called p16'Nk4a which is a strong interactor of cyclin dependent kinase 4
and 6 (Rayess et al., 2012). This interaction directly regulates the transition of a cell
from G1 phase into S1 phase (Rayess et al., 2012). Therefore, an increase of this
protein is typically associated with a growth cycle arrest, a characteristic attribute of
cellular senescence (Hall et al., 2016b, Ohtani et al., 2004). Additionally, in skin,
CDKNZ2A has been described as an in vivo biomarker for cellular senescence since its
expression in dermis and epidermis cells positively correlates with chronological aging
(Ressler et al., 2006). We attempted to localize this protein in sections of testes by
immunohistochemistry, yet the findings did not yield specific results. Hence the nature

of cells, in which CDKNZ2A increases, remains to be defined.

Furthermore, three extracellular proteins increased in old testes, show anti-proliferative
activity, namely, the two SLRPs PRELP and OGN as well as DPT. PRELP is known to
be typically located near basement membranes and is supposed to act as an anchor
to connective tissue (Bengtsson et al., 2002). The inhibitory effect of PRELP on
proliferation was recently shown for hepatocellular carcinoma cells but otherwise its
biological function is not well known (Hong et al., 2020). Another extracellular protein
known to play a role in inhibition of proliferation is DPT, which is involved in the
organization of collagen fibrils in the extracellular matrix (Okamoto and Fujiwara, 2006,
Okamoto et al., 1999). Additionally, it was demonstrated that an increased abundance
of DPT is associated with testicular dysfunction (Okamoto et al., 1999, Tzen and
Huang, 2004, Cai et al.,, 2016). OGN was shown to inhibit proliferation in cardiac
smooth muscle tissue and influences apoptosis and cell migration (Zhang et al., 2015,
Zuo et al.,, 2018). A strong increase of OGN in old testes was also shown by
immunostaining. OGN was predominantly found in the interstitial compartment, which
contains extracellular matrix and fibroblasts, next to Leydig cells, macrophages, and
blood vessels. Taken together, the alterations in proteins regulating cell proliferation

indicate that mitotic events in old testes are slowed down or even arrested.
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Associated with testicular dysfunction is the enzyme ASAH1, which was increased in
old testes. ASAH1 is a regulator of steroidogenic capacity by controlling the turnover
of ceramide and sphingosine. It may also influence steroidogenesis directly by binding
to NR5A1 (Lucki et al., 2012a, Lucki et al., 2012b). Its substrate, ceramide, is a
bioactive lipid which regulates apoptosis, differentiation but also proliferation (Li et al.,
1999, Cirillo et al., 2021). In human ovarian granulosa cells, it induced cell death
(Bagnjuk et al., 2019).

4.3.3. Testis Proteomes of Aged Individuals Show a Broad Increase of Actin-

Binding Proteins

The proteomics analysis showed an increase of actin-binding proteins in the old testes,
including all three calponin isoforms. One of them, calponin-1 (CNN1) is specific for
smooth muscle cells, a fact reflected by the immunostaining of testicular peritubular
cells and typical smooth muscle cells of blood vessels (Figure 24 A, a, B, b). Previously,
a decline of peritubular cell CNN1 was shown in infertile patients, which went hand in
hand with a partial loss of other contractility proteins of peritubular cells and indicated
loss of the smooth muscle phenotype, in general (Welter et al., 2013). In the present
study, stronger staining of CNN1 in peritubular cells of old testes was observed,
whereas in young testes not all peritubular cells were positive for CNN1. This implies
that CNN1 expression increases with advanced age. For ACTA2, another contractility
protein (Schlatt et al., 1993, Welter et al., 2020), expression was reported upon onset
of puberty in non-human primates, but other age-depending changes are not well
known. By binding actins, CNN1 plays an important role in the cytoskeleton (North et
al., 1994). Specifically, it has an inhibitory role in smooth muscle contraction and
responsiveness regulation (Liu and Jin, 2016). An increase of CNN1 thus may suggest
reduced contractile abilities. Calponin-2 (CNN2) also binds actin but has a different
functional profile and is involved in cell proliferation, cell motility and immune
modulation (reviewed in (Liu and Jin, 2016)). Calponin-3 (CNN3) is the least explored.
It regulates the actin cytoskeleton and is involved in cell fusion and myogenesis (Liu
and Jin, 2016). The functions of CNN2/3 in the testis are not known.

Another more abundant protein in aged testes and a member of the calponin repeat
family is transgelin (TAGLN). TAGLN is an actin-binding cytoskeletal protein involved

in differentiation, apoptosis, and proliferation (Mitarai et al., 2017, Elsafadi et al., 2016,
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Dvorakova et al., 2014). The three isoforms of the actin-binding tropomyosin family,
tropomyosin alpha-1 chain (TPM1), tropomyosin beta chain (TPM2) and tropomyosin
alpha-4 chain (TPM4), were also more abundant in old testes. Tropomyosins are
known to be involved in regulating cell migration and apoptosis (reviewed in (Lin et al.,
2008, Gunning et al., 2015)). Together with the also increased CALD1, they regulate
smooth muscle contraction and contribute to the stabilization of the cytoskeleton
(Marston et al., 1998). By interacting with tropomyosins, CALD1 inhibits the contraction
of smooth muscle cells, and an increase of CALD1 is associated with a higher inhibitory
effect (Horiuchi et al., 1995, Marston and Redwood, 1992, Alahyan et al., 2006).

Several actin-binding cytoskeletal proteins, including CNN2, TAGLN, CALD1 and
TPM1, which were more abundant in old testes, also have anti-proliferative functions.
CNN2 and CALD1 are linked to inhibition of proliferation in smooth muscle cells
(Yamashiro et al., 2001, Yokouchi et al., 2006, Hossain et al., 2003). For CNN2, this
effect was also shown in fibroblasts and prostate cancer cells (Moazzem Hossain et
al., 2014). Furthermore, the potential involvement of TPM1 in the inhibition of cancer
and vascular smooth muscle cell proliferation has been demonstrated (Wang et al.,
2019, Schevzov et al., 2015, Wang et al., 2011).

Taken together, the increase of several actin-binding proteins, specifically CNN1,
CALD1, tropomyosins, which can inhibit smooth muscle cell proliferation and
contraction, may indicate a reduced capacity of cells, presumably peritubular cells, and

typical smooth muscle cells of blood vessels, to contract in aged testes.

4.3.4. Proteomic Alterations in old Testes Point to Specific Age-Related

Changes of Peritubular Cells

TPCs are smooth muscle-like cells, which form a small compartment, the peritubular
wall of the seminiferous tubules. They are able to contract and thereby crucial for
sperm transport (Fleck et al., 2021). They also secrete extracellular matrix components
and various signaling factors (Mayerhofer, 2013, Flenkenthaler et al., 2014).
Importantly, they express several of the above discussed proteins, namely, CNN1,
CNN2, TPM1, TAGLN and CALD1.
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Replicative senescence of isolated MKTPCs and furthermore a comparison of TPCs
isolated from old and young animals was discussed in the previous chapter (4.2).
These results revealed alterations of proteins related to impairments of protein
secretion and, of note, reduced levels of proteins related to contractility (Stockl et al.,
2020). The proteins identified include CNN1, MYH11, ACTA2 and DES. Hence, both
studies, addressing either whole testes or isolated TPCs, evidence a reduction in
contractility-associated proteins. This points to reduced contractile abilities of TPCs in

old animals.

In this context, the slight but significantly increased diameter of the seminiferous
tubules in old animals is of note (Figure 18). It may indicate a reduced contractile state
or tone of peritubular cells but could be due to other reasons as well, including
alterations in the composition of the tubular wall. The immunostaining showed an
increase of COL1A1 in the peritubular wall in older testes. Increased abundance of
collagen is associated with fibrosis, (Haider et al., 1999), which is typically observed in
the testes of infertile men (de Kretser et al., 1975, Kisseleva and Brenner, 2008, Schell
et al., 2010). Such changes could potentially impair the ability to contract in the old
testes, as well. Fibrosis, including the interstitial areas, is indicated by higher levels of
SLRPs, namely, decorin (DCN), biglycan (BGN), fibromodulin (FMOD) and lumican
(LUM), which are involved in the maintenance of collagen | fibrils (Svensson et al.,
2000, Chakravarti, 2002, Chen and Birk, 2013, Robinson et al., 2017) and might play
a role in the observed alterations of the peritubular wall. The function of FMOD and
LUM in the testis is unknown, but DCN and BGN are known products of TPCs (Adam
et al., 2012, Mayer et al., 2016). They serve structural roles but can also interfere with
signaling factors and receptors, as shown in HTPCs (Adam et al., 2011). Increased
amounts thus imply that the local signaling in the testis and functions of TPCs, in
particular, may be impaired.

Whether and to what degree smooth muscle cells of blood vessels, present in whole
testes, may contribute to the proteomic changes remains to be studied. This warrants
additional studies to address the question, whether aging of the testes may include
alterations of blood vessels and hence blood flow.
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4.3.5. Concluding Remarks

To investigate the mechanisms which underly healthy testicular aging in a translational
non-human primate model, we performed a proteome analysis complemented by
immunohistochemistry. Our data demonstrates that testicular aging is associated with
proteome alterations, including increased levels of a variety of anti-proliferative
proteins. Furthermore, several proteins which can impair smooth muscle cell
contraction, and extracellular matrix proteins were more abundant in old testes. They
point to age-associated changes specifically in smooth muscle cells and smooth-
muscle-like cells of the peritubular wall. While proteomics is a powerful tool to gain new
insights into complex biochemical networks, additional studies are now necessary to

obtain mechanistic insights.
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5. Summary

Age-related changes in the human testis include altered steroidogenesis, and impaired
spermatogenesis. Furthermore, fibrosis and enlargement of the tubular wall are
commonly observed in aging men. The major aim of this thesis was to comprehensively
characterize proteomic alterations of the aging testis as a means to get new
biochemical insights associated with the observed age effects. Since samples from
young healthy human donors are not accessible, a translational, non-human primate
Callithrix jacchus model was used. The Callithrix jacchus model has three key
advantages: (i) reduced impact of confounding factors on the aging process, since the
animals grow up and age in a controlled environment; (ii) possibility of a direct
comparison between young and old animals; and (iii) it better reflects human testicular
biology than rodent models. In a first step, we focused on testicular peritubular cells
(TPCs), which are smooth muscle like cells fulfilling essential testicular functions,
including sperm transport, contributions to the spermatogonial stem cell niche, and
paracrine interactions within the testis. Another feature of TPCs is that, in contrast to

other testicular cell types, they can be isolated and cultivated in vitro.

To confirm the suitability of monkey testicular peritubular cells (MKTPCs) as a model
for the human system, a comprehensive proteome analysis was performed. The
protecome of MKTPCs from six individual donors was characterized with high
reproducibility and low inter-individual variability. Human testicular peritubular cells
(HTPCs) from 7 donors were analyzed in the same manner and the results were
compared to the MKTPC data. Correlation analysis showed homogeneity and
reproducibility across species and a clear conformity in protein expression patterns.
Further bioinformatic analysis demonstrated a high similarity on a functional level
between HTPCs and MKTPCs. In summary, the data indicates that MKTPCs are a
suitable model for HTPCs.

To investigate possible age-related proteome alterations in MKTPCs, an in vitro model,
as well samples collected from young and aged monkeys were investigated. For the in
vitro model, cells were aged by repeatedly passaging, which represents a common
approach to trigger senescence in various cell types. Comprehensive proteome and
secretome analysis revealed extensive alterations between MKTPCs of high and low

63



Summary

passage numbers. More specifically, high passage MKTPCs showed an impaired
secretion, and the proteomic data pointed to a reduced contractility, and lower capacity
of high passage cells to handle reactive oxygen species. Additionally, evidence for
alterations in alternative splicing, RNA processing, NF-kB-modulated signaling and
extracellular matrix modulation was found. Since this in vitro approach might not
completely reflect the in vivo situation, MKTPC proteomes isolated from both young
and old animals were also analyzed and compared. This approach revealed less strong
alterations in the proteome and secretome, but similarly indicated impaired secretion,
altered alternative splicing, and reduced contractility of cells from aged donors. In

summary, this study provided evidence for specific age-related changes in TPCs.

However, testicular aging may not only be reflected in TPCs, but also in further
testicular cell types. To assess this, testicular tissue from six young and four old
Callithrix jacchus animals was analyzed and compared using proteomics, leading to
the detection of a variety of proteins differentially abundant in older testes. Most of
these proteins were more abundant and could be assigned to the following groups:
extracellular proteins, small leucine rich proteoglycans (SLRPs) and actin-binding
proteins. Functional annotation further revealed that several of the increased proteins
are known to inhibit proliferation, indicating slowed or halted proliferation in the aging
testis. The most important protein of this group is CDKN2A, a common marker for
cellular senescence, which was increased nearly two-fold in the older testes.
Additionally, the increase in SLRPs and other extracellular proteins points towards
fibrotic events and impaired cell migration. These findings were confirmed by
immunohistochemistry. Furthermore, proteins with inhibitory roles in smooth muscle
cells contraction were increased in older testes indicating a reduced contractility of

testicular peritubular cells.
In summary, the comprehensive analysis of MKTPC and whole testis proteomes

performed in this thesis, provides a whole series of novel insights into testicular aging

and underlying molecular mechanisms.
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7. Appendix

7.1. Abbreviations

BTB
cAMP
DAVID
ECM

FA

FDR

FSH

GO

GSEA
hp-MKTPC
HPT
HTPC

IAA

LC
LC-MS/MS
LH

LHR
Ip-MKTPC
Lys-C
MKTPC
MS
PANTHER
PRIDE
REVIGO
ROS
RT-PCR
SASP
SILAC
SSC
STRING
TCA
TCEP

Blood-testis barrier

Cyclic adenosine monophosphate

Database for Annotation, Visualization and Integrated Discovery

Extracellular matrix

Formic acid

False discovery rate

Follicle stimulating hormone

Gene ontology

Gene set enrichment analysis
High-passage-number MKTPC
Hypothalamus-pituitary-testicular

Human testicular peritubular cells

lodoacetamide

Liquid chromatography

Liquid chromatography-tandem mass spectrometry
Luteinizing hormone

LH receptor

Low-passage-number MKTPC

Endoproteinase Lys-C

Monkey testicular peritubular cell

Mass spectrometry

Protein analysis through evolutionary relationships
Proteomics |dentification Database

Reduce + Visualize Gene Ontology

Reactive oxygen species

Reverse transcription polymerase chain reaction
Senescent-associated secretory phenotype

Stable isotope labeling by amino acids in cell culture
Spermatogonial stem cell

Search Tool for the Retrieval of Interacting Genes/Proteins
Tricarboxylic acid cycle

Tris-(2-carboxyethyl)-phosphine
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7.2. List of Proteins and their Gene Symbols

Gene symbol Protein name

ACBD5 Acyl-CoA-binding domain-containing protein 5
ACTA2 Smooth muscle actin

ALDH1L1 Cytosolic 10-formyltetrahydrofolate dehydrogenase
AR Androgen receptor

ASAH1 Acid ceramidase

BGN Biglycan

CALD1 Caldesmon

CALM1 Calmodulin-1

CALR Calreticulin

CDH2 Cadherin-2

CDKN1A Cyclin-dependent kinase inhibitor 1

CDKN2A Cyclin-dependent kinase inhibitor 2A

CEBPB CCAAT/enhancer-binding protein beta

CELF1 CUGBP Elav-like family member 1

CNN1 Calponin 1

CNN2 Calponin-2

CNN3 Calponin-3

COL12A1 Collagen al-pha-1(XIl) chain

COL1A1 Collagen alpha-1(l) chain

COLBA1 Collagen alpha-1(VI) chain

COL6BA2 Collagen alpha-2(VI) chain

CXCL12 Chemokine stromal cell-derived factor 1
CXCL8 Interleukin-8

CYP11A1 Cholesterol side-chain cleavage enzyme, mitochondrial
DAG1 Dystroglycan

DCN Decorin

DDR DNA damage response

DDX4 ATP-dependent RNA helicase DDX4
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DES
DPP4
DPT
DTT
EDIL3
EEF1A1
FGB
FMOD
GDNF
GDP
HNRNPD
IL6
INSL3
ITGA2
ITGB5
LAMBH1
LAMC1
LUM
MAGEA4
MIF
MYH10
MYH11
MYL12B
MYLK
NADH
NFKB1
NONO
OGN
p21
PAK
PCA
PRDX1
PRDX2
PRDX4
PRDX6
PRELP
PSPCA1

Desmin

Dipeptidyl peptidase 4

Dermatopontin

Dithiothreitol

EGF-like repeat and discoidin I-like domain-containing protein 3
Elongation factor 1-alpha 1

Fibrinogen beta chain

Fibromodulin

Glial cell line-derived neurotrophic factor
Guanosine diphosphate

Heterogeneous nuclear ribonucleoprotein DO
Interleukin-6

Insulin-like 3

Transmembrane receptors integrin alpha-2
Integrin beta-5

Laminin subunit beta-1

Laminin subunit gamma-1

Lumican

Melanoma-associated antigen 4
Macrophage migration inhibitory factor
Myosin-10

Myosin-11

Myosin regulatory light chain 12B

Smooth muscle myosin light chain kinase
Nicotinamide-adenine dinucleotide
Nuclear factor NF-kappa-B

Non-POU domain-containing octamer-binding protein
Mimecan

CDK-Inhibitor 1

p21 activated kinase

Principal component analysis
Peroxiredoxin-1

Peroxiredoxin-2

Peroxiredoxin-4

Peroxiredoxin-6

Prolargin

Paraspeckle component 1
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PTGS1
PTGS2
RAB1A
SERPINE1
SERPINF1
SFPQ
SLRP
SOD1
SOD2
SOD3
SRSF7
TAGLN
TPCs
TPM1
TPM2
TPM4
TPP1
UBE2J2
VIM

Prostaglandin G/H synthase 1
Prostaglandin G/H synthase 2

Ras-related protein Rab-1A

Plasminogen activator inhibitor 1

Pigment epithelium-derived factor
Splicing factor, proline- and glutamine-rich
Small leucine-rich proteoglycan

Cu-Zn superoxide dismutase

Superoxide dismutase [Mn], mitochondrial
Extracellular superoxide dismutase [Cu-Zn]
Serine/arginine-rich splicing factor 7
Transgelin

Testicular peritubular cells

Tropomyosin alpha-1 chain

Tropomyosin beta chain

Tropomyosin alpha-4 chain
Tripeptidyl-peptidase 1
Ubiquitin-conjugating enzyme E2 J2

Vimentin
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7.3. Supporting Information

Additional information was uploaded alongside the original papers, which can be found

at the following links:

Supplementary Info 1:
https://www.mdpi.com/2073-4409/9/11/2498#supplementary

Table S1: all proteins identified in the proteomes of Ip- and hp-MKTPCs

Table S2: all proteins identified in the secretomes of Ip- and hp-MKTPCs

Table S3: Proteins significantly different in abundance in hp-MKTPC proteomes
(paired Welch t-test, g-value < 0.05) between low and high passages of MTPCs. Log2
fold change is hp-MKTPC vs Ip-MKTPC

Table S4: Proteins significantly different in abundance in hp-MKTPC secretomes
versus Ip-MKTPCs secretomes (paired Welch t-test, g-value < 0.05) between low and
high passages of MTPCs. Logz2 fold change is hp-MKTPC vs Ip-MKTPC

Table S5: all proteins identified in the proteomes of young and old MKTPCs

Table S6: all proteins identified in the secretomes of young and old MKTPCs

Table S7: GSEA results: gene sets enriched in older MKTPCs; ES: enrichment score,
NES: normalized enrichment score

Table S8: GSEA results: gene sets enriched in younger MKTPCs; ES: enrichment

score, NES: normalized enrichment score

Supplementary Info 2:
https://www.mdpi.com/2073-4409/10/6/1306#supplementary

Table S1: All identified proteins in the proteomes of old and young Callithrix jacchus
donors

Table S2: Proteins significantly different in abundance in the proteomes of old
individuals compared to young individuals. Log2 fold change is old vs young

87



Appendix

7.4. Publications and Conference Contributions

7.4.1. Original Articles

Characterization of a non-human primate model for the study of testicular
peritubular cells-comparison with human testicular peritubular cells

Schmid N*, Stockl JB*, Flenkenthaler F, Dietrich KG, Schwarzer JU, Kéhn FM,
Drummer C, Frohlich T, Arnold GJ, Behr R, Mayerhofer A.

Mol Hum Reprod. 2018 Aug, 1;24(8):401-410.

doi: 10.1093/molehr/gay025. PMID: 29846669.

*Contributed equally

Necroptosis in primate luteolysis: a role for ceramide

Bagnjuk K, Stockl JB, Frohlich T, Arnold GJ, Behr R, Berg U, Berg D, Kunz L,
Bishop C, Xu J, Mayerhofer A.

Cell Death Discov. 2019 Feb, 11;5:67.

doi: 10.1038/s41420-019-0149-7. PMID: 30774995

Insights into replicative senescence of human testicular peritubular cells
Schmid N, Flenkenthaler F, Stockl JB, Dietrich KG, Kohn FM, Schwarzer JU,
Kunz L, Luckner M, Wanner G, Arnold GJ, Frohlich T, Mayerhofer A.

Sci Rep. 2019 Oct, 21;9(1):15052.

doi: 10.1038/s41598-019-51380-w. PMID: 31636313

A translational cellular model for the study of peritubular cells of the testis
Schmid N, Missel A, Petkov S, Stockl JB, Flenkenthaler F, Arnold GJ, Fréhlich
T, Behr R, Mayerhofer A. Reproduction. 2020 Aug;160(2):259-268.

doi: 10.1530/REP-20-0100. PMID: 32449695.

Proteomic Insights into Senescence of Testicular Peritubular Cells from a
Nonhuman Primate Model

Stockl JB, Schmid N, Flenkenthaler F, Drummer C, Behr R, Mayerhofer A, Arnold
GJ, Frohlich T. Cells. 2020 Nov 17;9(11):2498.

doi: 10.3390/cells9112498. PMID: 33213088; PMCID: PMC7698562.
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Age-Related Alterations in the Testicular Proteome of a Non-Human Primate
Stockl, J.B.; Schmid, N.; Flenkenthaler, F.; Drummer, C.; Behr, R.; Mayerhofer, A.;
Arnold, G.J.; Frohlich, T. Cells 2021, 10, 1306.

doi: 10.3390/cells10061306. PMID: 34074003

7.4.2. Poster Presentation

HUPO 2019 - 18th Human Proteome Organization World Congress:

September 14 — 18, 2019, Adelaide, Australia

Aging in testis: proteome alterations in senescent testicular peritubular cells
Jan Bernd Stockl, Thomas Frohlich, Nina Schmid, Florian Flenkenthaler, Rudiger
Behr, Artur Mayerhofer, Georg J. Arnold

Supported by a travel grant of the DGPF
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