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Introduc  on

I
Approximately 15% of all couples a  emp  ng to conceive fail to do so within one year. Among 

these subfer  le couples, causa  ve factors are equally o  en found in men and women. In men, 
fer  lity problems are nearly always due to spermatogenic failure 1. So far, no pharmacological 
treatments are available to treat spermatogenic failure. The only op  on for subfer  le couples 
to obtain gene  cally own off spring is to proceed through In Vitro Fer  liza  on (IVF) or Intra 
Cytoplasmic Sperm Injec  on (ICSI), with less than 25% of cycles leading to the birth of a child 
2. Furthermore, in these procedures, women undergo aggressive ovarian hypers  mula  on and 
then surgical collec  on of the matured oocytes, with associated burden and expense. 

Very few causes of spermatogenic failure have been established 3. A growing group of 
subfer  le men are childhood cancer survivors who have become subfer  le due to the intensive 
chemotherapy they have undergone during childhood. It is es  mated that 1 out of 250 adult 
men is currently a childhood cancer survivor 4. 

The theore  cal way to restore reproduc  ve poten  al in childhood cancer survivors is to 
propagate spermatogonial stem cells (SSCs) in vitro from tes  cular  ssue cryopreserved before 
onset of chemotherapy and to autotransplant these cells a  er successful cancer treatment. 
Ever since SSC transplanta  on was developed in mice in 1994 5, 6, it has been put forward as 
a possible solu  on to restore fer  lity in childhood cancer survivors 7. Most studies since then 
have focused on developing in vitro cultures and transplanta  on methods in other animal 
species 5, 6 8. Recently, an essen  al step towards the clinical use of this technique in humans has 
been made by the establishment of a method to propagate human SSCs in vitro 9. 

In light of the future clinical use of SSCs for the treatment of infer  le childhood cancer 
survivors, it is crucial to be able to understand and possibly control the prolifera  on and 
diff eren  a  on, i.e. the fate, of SSCs. However, driving the fate of SSCs is not easy, for two main 
reasons. The fi rst is strictly related to the number of SSCs: they are extremely rare 10, and so 
far no unique markers to iden  fy them in vivo or in vitro have been established. The second 
issue is that a complex network of signals regulates the fate of SSCs 11. This network of signals 
is generated by the niche, which is formed by diff erent cell types that are in charge to fi nely 
regulate spermatogenesis via several membrane-bound and secreted factors.

Carlomagno_PROOF (all).ps Front - 4     T1 -    Black CyanMagentaYellow



10

Chapter 1

M  S    
Within the tes  s, two main compartments can be iden  fi ed: the inters   um and the 

seminiferous tubules. The inters   al  ssue is composed mainly of blood and lympha  c vessels, 
macrophages and Leydig cells, the la  er being responsible for testosterone produc  on. The 
seminiferous tubule is where spermatogenesis takes place (Figure 1). Seminiferous tubules 
are convoluted tubules having one or both ends connected to the rete tes  s. The borders of 
the tubules are wrapped by peritubular myoid cells that have contrac  le ability to allow the 
movement of sperm through the tubules. The inner part of the seminiferous tubules is formed 
by the seminiferous epithelium and the lumen. Cell types in the seminiferous epithelium 
can been divided in soma  c and germ cells; the soma  c cells are the Sertoli cells, while the 
germ cells are all the cells that develop to mature spermatozoa through the spermatogene  c 

process 12.

S  
Sertoli cells provide the structural and signaling support needed by germ cells to develop 

properly. Sertoli cells are localized along the basal lamina of the tubules having a net of 
cytoplasmic ramifi ca  on through the epithelium from the basal side up to the lumen. At 
puberty Sertoli cells lose their prolifera  ve capacity and their number remains almost constant 
throughout live 13, 14. When Sertoli cells are mature, they are able to nurse a defi ned number of 

Figure 1. Schema  c representa  on of the tes  s structure with seminiferous tubules and 
epithelium.
Adapted from www.britannica.com
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germ cells keeping a rela  vely constant ra  o between Sertoli and germ cells 15, 16. A network of 
paracrine and autocrine factors exists between Sertoli cells and germ cells that is necessary to 
regulate spermatogenesis 17. Sertoli cells are also essen  al in forming the blood-tes  s barrier 
through the forma  on of Sertoli cell-Sertoli cell  ght-junc  ons 12. The presence of this barrier 
prevents the immune system from developing an autoimmune response caused by an  gens 
expressed on meio  c and postmeio  c cells 12. Despite the name, the blood-tes  s barrier 
is a dynamic structure that divides the seminiferous epithelium in a basal and adluminal 
compartment. The basal compartment consists of premeio  c germ cells and is exposed to 
factors coming from the inters   um, while the adluminal compartment contains meio  c and 
postmeio  c  germ cells that are completely dependent on the support of Sertoli cells 12. 

G  
The process of spermatogenesis is ini  ated when a mito  c division of an SSC results in the 

produc  on of daughter progeny that are commi  ed to diff eren  a  on rather than self-renewal. 

Germ cells undergo several steps of diff eren  a  on to terminally diff eren  ated spermatozoa. 
In order for spermatogenesis to remain ac  ve throughout life, a balance between selfrenewal 
and diff eren  a  on of SSCs is essen  al and miss-regula  on of this process can lead to infer  lity 
or tes  cular cancer 18. 

In rodents, SSCs are single cells located on the basal membrane of the seminiferous tubules, 
called A-single (As) spermatogonia 19. When commi  ed daughter cells are formed, they are 
called A paired spermatogonia (Apr) that do not complete cytokinesis and remain connected 
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Figure 2. Stages of the seminiferous epithelium as described for rat. 
Adapted from ref. 12.

Carlomagno_PROOF (all).ps Front - 5     T1 -    Black CyanMagentaYellow



12

Chapter 1

by an intercellular bridge that will allow a synchronous development of cell clones throughout 
spermatogenesis 20 21. The Apr spermatogonial cells go through several mito  c divisions, again 
without comple  ng cytokinesis, leading to the forma  on of increasingly large syncy  a of 
germ cells called A aligned (Aal) spermatogonia. Syncy  a are formed by chains of 4, 8, 16 and 
occasionally up to 32 cells. These Aal syncy  a will diff eren  ate into A1, and in mice and rats will 
start six mito  c divisions leading to syncy  a of A2, A3, A4 intermediate, B spermatogonia and 
fi nally spermatocytes. The la  er then enter meiosis as primary and secondary spermatocytes 
by reducing their DNA content, and fi nally become haploid sperma  ds that mature into 
fer  liza  on-competent spermatozoa 19. 

The complexity of spermatogenesis becomes clear from the fact that the seminiferous 
epithelium is  ghtly organized in defi ned associa  ons of germ cell types of par  cular 
developmental phase, which allows recogni  on of segments in the seminiferous epithelium 
in so-called stages 12, 22. Rou  nely, each stage of the epithelial cycle is indicated via roman 
numbers, and 14 stages (I through XIV) have been iden  fi ed in rat (Figure 2). The main criterion 
to iden  fy a specifi c stage is sperma  d morphology, in par  cular acrosomal morphology. Along 
the length of the seminiferous tubules, stages are consequen  ally ordered, ie a con  nuity of 
segmental order 12. A complete series of the diff erent stages ordered along the tubule leads to 
what is defi ned the “cycle of the seminiferous epithelium”.

However, early type A spermatogonia As, Apr and Aal are present throughout all stages and 
their prolifera  on is more independent from the cycle of the seminiferous epithelium 23, 24. In 
mouse and rats, these type A spermatogonia enter synchroniza  on with the epithelial cycle 
between stage VII and VIII, when most Aal spermatogonia diff eren  ate into A1 spermatogonia. 
Apr and Aal spermatogonia are morphologically similar to As spermatogonia and the intercellular 
bridge can be taken as the fi rst visible sign of the entrance of the cells into the diff eren  a  on 
pathway 19. 

The balance between selfrenewal and diff eren  a  on in vivo is regulated by the stem cell 
niche. In the tes  s, the niche has not been clearly defi ned. However, recently it was shown 
that, at least in rodents, early spermatogonia, including SSCs, have a non-random distribu  on 
on the basal membrane of the seminiferous epithelium 25-27. These cells appear to preferen  ally 
localize in close vicinity to the inters   al  ssue, where blood vessels and Leydig cells are 
present 25-27. Therefore, these data suggest that SSCs, similar to hematopoie  c stem 
cells and neural stem cells, may reside within, or close, to a vascular niche, providing growth 
factors that drive their fate 28-31.

It is important to note that spermatogenesis requires a temperature 2 to 8°C lower than 
body temperature and this is why, at birth, tes  s descend out of the abdomen in the scrotum 
32. In cryptorchidism, testes fail to descend in the scrotum, resul  ng in an increase of the tes  s 
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temperature and eventually spermatogenic failure 33. Several studies have shown that the 
most temperature-sensi  ve cells are meio  c and postmeio  c germ cells 34. However, also the 
number of spermatogonia in cryptorchid testes is lower and accompanied by morphological 
abnormali  es in the nucleus of spermatogonia 35-37.

M    SSC
Research on SSCs is hampered by the fact that no specifi c molecular markers are available 

to iden  fy or isolate them. The only technique to iden  fy SSCs is the biological assay of (xeno)
transplanta  on, as SSCs are the only cells capable of homing to their niche in the tes  s and, in 
case of allogenic transplanta  on, give rise to full spermatogenesis 5, 6, 38.

Many studies have a  empted to iden  fy “the SSC marker”. Although no specifi c molecular 
markers of SSCs have been iden  fi ed so far, there is a clear molecular signature that allows 
the defi ni  on of a small subset of spermatogonia with high SSC capacity. Beside the two well 
known pluripotency markers OCT4 and SOX 2 39, surface markers such as integrin 6 and 
integrin 1, that give SSCs the ability to bind to laminin 40, 41, the cell-cell adhesion protein 
CDH1 42 and surface an  gen like CD9 43, THY-1 and CD24 44, GFR1 (receptor of GDNF)45, are 

expressed in early type A spermatogonia. Beside surface markers, nuclear expression of Zbtb16 
46, 47 correlates with high SSC ac  vity. In par  cular, ZBTB16 expression is restricted to A single 
(As) and A paired (Apr) and small chains of A aligned (Aal) spermatogonia 46. In cross sec  ons 
of seminiferous tubules of the Zbtb16 knockout mouse, a patchwork phenotype is present 
with some tubules showing normal spermatogenesis, while others show a Sertoli cell only 

Cdh1

  As        Apr         Aal           A1    A2    A3    A4    IN    B    PL

Zbtb16

Kit

Itgα6

Itgβ1

Figure 3. Graphic representa  on of the spa  otemporal expression of the 
main genes that defi ne the SSC state according to literature: 
Cdh1 (ref. 40); Zbtb16 (ref.44,46); Kit (ref 47); Itg6 and Itg1 (ref 39-40)
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morphology, sugges  ng a progressive loss of SSCs as a result of reduced prolifera  on and/or 
enhanced diff eren  a  on 46-48. Furthermore, SSCs from Zbtb16-/- mice are unable to colonize 
the tes  s a  er transplanta  on, while SSCs of wild type animals, once transplanted in Zbtb16-

/- mice, can give rise to normal spermatogenesis, demonstra  ng that SSCs and not Sertoli 
cells are impaired in Zbtb16-/- mice 46. It has been shown that ZBTB16 binds to two diff erent 
regions of the promoter of Kit, which is highly expressed in diff eren  a  ng spermatogonia. 
The binding of Zbtb16 to this promoter leads to a ZBTB16-mediated repression of Kit 48, and 
thereby suppression of SSC diff eren  a  on. 

KIT (receptor for stem cell factor (SCF)) is the most used marker to iden  fy early diff eren  a  ng 
spermatogonia. SSCs show no or low levels of KIT expression, while increase in expression is 
found during the diff eren  a  on transi  on between Aal to A1 

49 (Figure 3.). Therefore, KIT is 
commonly used as a molecular marker to indicate the start of the diff eren  a  on process.

SSC  
Ini  ally, culture media for SSCs merely allowed their survival rather than expansion 50-53. 

In these ini  al studies, the culture condi  ons consisted of a medium with diff erent serum 
concentra  ons (from 1 to 20%, although 10% was used most o  en), an incuba  on temperature 
of 32°C or 37°C, an atmosphere of 5% CO2 in a humidifi ed chamber, either with or without a 
feeder layer of soma  c cells.

A major breakthrough in SSC research was the development of a new culture system that 
allowed the propaga  on of SSCs for up to 5 months and later to two years54 55. This culture 
system was based on a commercial medium, StemPro-34®SFM (Invitrogen, Carlsbad, USA), 
supplemented with diff erent hormones and growth factors like 17β-estradiol, progesterone, 
epidermal growth factor (EGF), basic fi broblast factor (bFGF), leukemia inhibitory factor (LIF) 
and glial cell line-derived neurotrophic factor (GDNF), 1% serum, at 37°C and 5%CO2. A  er 
the second or third passage, tes  cular cells were cultured on mitomycin C-inac  vated mouse 
embryonic fi broblasts (MEF). Under these condi  ons, tes  cular cells obtained from newborn 
tes  s were able to proliferate and form germline stem cell (GS) colonies. Later, it was shown 
that it was possible to con  nue long term culture of SSCs in a serum or feeder free system by 
using laminin coated dishes55. In a feeder-free system, SSCs could be propagated for almost 
200 days during which they maintained their molecular phenotype and were able to give full 
spermatogenesis a  er transplanta  on. Similarly, a diff erent culture system based on MEM-a 
medium supplemented with GDNF, bFGF, and soluble GFRa-1 on a STO feeder layer at 37°C 
and 5% CO2, was also described to support long term propaga  on of SSCs from 6 day old mice. 

SSC   
Since the development of the SSC transplanta  on bioassay, SSC culture condi  ons have 

been further op  mized in respect to the iden  fi ca  on of growth factors suppor  ng selfrenewal 
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or diff eren  a  on.
One of the most studied growth factors is the glial cell line-derived neurotrophic factor 

(GDNF). The fi rst evidence of a crucial role of GDNF in spermatogenesis was provided by 
transgenic animals. Indeed, GDNF+/- mice showed a deple  on of SSCs leading to germ cell 
loss, while mice overexpressing GDNF showed an accumula  on of SSCs 18. In vivo data were 
transferred to in vitro culture and GDNF turned out to be essen  al for long-term culture and 
expansion of SSCs 52, 56. Although important, GDNF alone is not able to fully support SSC long-
term culture and other growth factors, such as epidermal growth factor (EGF), basic fi broblast 
growth factor (bFGF) and leukemia inhibitory factor (LIF) are necessary54, although a recent 
study showed that  LIF and EGF are dispensable 57.

Two important growth factors that have been studied in rela  on to spermatogonial 
diff eren  a  on are bone morphogene  c protein 4 (BMP4) and Ac  vin A 51. Both growth 
factors belong to the TGFβ superfamily: they bind to two classes of receptors, type I and II, 
which are important in transducing various signals to the nucleus via diff erent SMAD proteins 
58. The interac  on of the ligand with either type I or II receptors causes the forma  on of a 
heterotetrameric receptor complex.

It has been shown that BMP4 has a role in inducing the forma  on of primordial germ 
cells (PGC) 59. BMP4-/- mice do not contain PGCs, while heterozygote mice have fewer PGCs 
as compared to wild type animals. Indeed, null mice for the downstream proteins SMAD5 or 
SMAD1 show a complete loss or a severe reduc  on in the number of PGCs 60, 61. BMP4 causes 
transloca  on of SMAD4 to the nucleus in mito  c spermatogonia, 62 when SMAD4 oligomerizes 
with phosphorylated SMAD5 62. Altogether, these data suggest an important role of BMP4 in 
signaling PGCs and spermatogonia. 

Ac  vin A is expressed in the rat tes  s in a cyclic manner during the cycle of the seminiferous 
epithelium, with a peak at stage VIII 63. It is described that both Ac  vin A receptors (Actr-I and 
ActrII) are expressed in the tes  s 63, 64. In addi  on, it has been shown that ActrII is expressed in 
an age-dependent fashion by diff erent cell types like peritubular myoid cells, Sertoli cells and 
spermatogonia. In par  cular, ActrII is expressed in rat spermatogonia between stages VIII to XII 
of the seminiferous epithelium at adult age.

Diff erent studies have inves  gated the role of Ac  vin A in spermatogenesis. No informa  on 
could be obtained from knockdown mice for Ac  vin A because of early postnatal death 65. 
However, a knockdown of ActrII resulted in several abnormali  es including gonadal defects 
such as a reduced tes  s size, a reduc  on of seminiferous tubule diameter (caused by a 
reduc  on in Sertoli cell number), a delay in reaching fer  lity and a reduc  on in sperm count 66.

Beside animal models, in vitro studies on tes  s fragment or mix tes  cular cell cultures have 
shown diff erent eff ects of Ac  vin A, which were dependent on the age of the animal used 
to isolate the tes  cular cells as well as on the culture methods 67-70. Indeed, undiff eren  ated 
spermatogonia from 9 day old animals seem to be Ac  vin A insensi  ve, while prolifera  on of 
Sertoli cells at that age is Ac  vin A dependent 67. On the contrary, spermatogonia from 25 day 
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old animals increased their prolifera  on when treated with Ac  vin A 69.
The eff ects of each of these growth factors on SSCs can only be evaluated using the 

transplanta  on bioassay, as the number of colonized SSCs produced a  er transplanta  on 
refl ects the number of SSCs in culture. In a compara  ve study, an increase in colonized SSCs 
indicates SSC self-renewal in vitro, a steady state indicates survival, while a reduc  on in colony 
number could indicate loss of SSCs or diff eren  a  on of SSCs. Using this approach, strong 
evidence was produced that compounds like BMP4 and Ac  vin A have the ability to reduce 
the stemness of SSCs by inducing diff eren  a  on 51.

However, all the available studies were performed in a mix cell culture system with soma  c 
and/or feeder layer cells present in the culture. Due to the presence of these cells, these 
studies cannot discriminate between the direct and indirect eff ect of the tested growth factor. 

To improve our knowledge on SSCs, we previously generated two SSC cell lines from rat 
origin, called GC-5spg and GC-6spg. Both cell lines were established using SV40 large T an  gen 
as immortaliza  on factor and the purity of the cell lines was ensured by single cell cloning. 
These cell lines showed SSC characteris  cs: they express Oct4 and only low levels of KIT 71. 
Furthermore, a  er transplanta  on, both cell lines were able to home to the niche of the 
seminiferous tubule demonstra  ng their stem cell capacity 71. Therefore, these cell lines are 
a perfect tool to study direct eff ects of diff erent culture condi  ons on SSC cell fate decision.

In summary, the mechanisms that drive the fate of SSCs are not well established. What is 
missing so far is a clear view on the direct eff ect of diff erent culture media, diff erent growth 
factors and/or diff erent temperatures on the fate of SSCs. Such informa  on is important in 
light of the establishment of SSC prolifera  on for effi  cient autotransplanta  on in subfer  le 
childhood cancer survivors. This thesis aims to study the mechanisms involved in determining 
the fate of SSCs.
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A   
The aim of this thesis is to gain more insight into the fate of SSC prolifera  on and 

diff eren  a  on. In par  cular, we aim to address the following ques  ons:

1. What is the direct eff ect of BMP4 on SSCs?

2. What is the role of Ac  vin A in SSC diff eren  a  on?

3. What is the eff ect of diff erent culture media on prolifera  on and gene expression 
in SSCs?

4. How does temperature aff ect SSC behaviour in vitro?

O    

In Chapter 2 we describe the direct eff ect of the TGFβ family member BMP4 on diff eren  a  on 
and prolifera  on of rat SSCs. The SSC cell line GC-6spg was treated with BMP4, and the 
expression levels of selfrenewal and diff eren  a  on markers were evaluated by QPCR and 
Western blo   ng. Furthermore, a microarray approach was used to determine which pathways 
were signifi cantly aff ected by BMP4 treatment.

In Chapter 3 we study the role of Ac  vin A, another member of the TGFβ family, on diff eren  a  on 
and prolifera  on of SSCs. Using the same approach adopted in the previous chapter, we 
study how diff erent SSC markers are regulated by Ac  vin A using QPCR and Western blo   ng. 
Furthermore, GO-category and pathway analysis is performed on data generated by a  me 
course-microarray experiment.

In Chapter 4 we focus on the eff ects of diff erent culture media (MEM and StemPro-34®) on 
the behaviour of SSCs in vitro. We use a WST1 assay to study prolifera  on and use shRNA 
interference to inves  gate the role of Zbtb16 in SSC prolifera  on. To inves  gate the molecular 
mechanism behind the behaviour of the SSC cell line GC-6spg cultured in diff erent media, the 
eff ect of growth factors present in StemPro (GDNF, EGF) on prolifera  on and gene expression 
is evaluated. 

In Chapter 5 we study how SSC fate is infl uenced by culturing GC-6spg cells at 32°C or 
37°C. In par  cular, we study how the prolifera  on rate and expression profi le of markers 
for undiff eren  ated and diff eren  a  ng spermatogonia in these cells are infl uenced by 
temperature. Furthermore, we study whether GC-6spg cells respond diff erently to growth 
factors when cultured at diff erent temperatures. 

In Chapter 6: we summarize the obtained results and give sugges  ons for clinical implica  ons 
and future scien  fi c research.
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