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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.
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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 

P

Rs

Es

In

P

Rs

Es

In

P

Rs

Es

B

I II-III VIV VI VII VIII IX X XI XII XIII XIV

B

P P

Rs Rs

Es Es

P

Pl

Rs

Pl

P

Rs

Es S

L pZZL L

P P P P D m2°

Es Es Es Es Es Es

A4

As Apr alA As Apr alA As Apr alA As Apr alA As Apr alA As Apr alA

As Apr alA As Apr alA As Apr alA As Apr alA As Apr alA As Apr alA

A1
A2 A2 A3 A3

As Apr alA

A1 A2

Figure 2. Stages of the seminiferous epithelium as described for rat. 
Adapted from ref. 12.



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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A
Spermatogonial stem cells (SSCs) are at the basis of the spermatogenic process and essen  al 

for the con  nuous lifelong produc  on of spermatozoa. Although several factors that govern 
SSC selfrenewal and diff eren  a  on have been inves  gated, the direct eff ect of such factors 
on SSCs have not yet been studied, mainly because of the absence of markers to iden  fy SSCs 
and the lack of eff ec  ve methods to obtain and culture a pure popula  on of SSCs. We now 
have used a previously established rat SSC cell line (GC-6spg) to elucidate the role of BMP4 in 
SSC diff eren  a  on. We found that GC-6spg cells cultured in the presence of BMP4 upregulate 
KIT expression, which is an early marker for diff eren  a  ng spermatogonia. GC-6spg cells 
were found to express three BMP4 receptors and the downstream SMAD1/5/8 proteins were 
phosphorylated during BMP4-induced diff eren  a  on. A  me-course DNA micro-array analysis 
revealed a total of 529 diff eren  ally regulated transcripts (≥2fold), including several known 
downstream targets of BMP4 such as id2 and gata2. Pathway analysis revealed that the most 
aff ected pathways were those involved in adherens junc  ons, focal junc  ons, gap junc  ons, 
cell adhesion molecules (CAMs) and regula  on of ac  n cytoskeleton. Interes  ngly, among 
the genes belonging to the most strongly aff ected adhesion pathways was Cdh1 (known as 
E-cadherin), an adhesion molecule known to be expressed by a subpopula  on of spermatogonia 
including SSCs. Overall, our results suggest that BMP4 induces early diff eren  a  on of SSCs in 
a direct manner by aff ec  ng cell adhesion pathways.
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I
At the basis of spermatogenesis there is a small pool of spermatogonial stem cells 

(SSCs) that can give rise to either new SCCs (As spermatogonia) or to daughter cells (Apr 
and Aal spermatogonia) commi  ed to diff eren  ate into A1 spermatogonia. In rodents, the 
A1 spermatogonia undergo a series of six mito  c divisions a  er which they develop into 
spermatocytes that through the process of meiosis form haploid sperma  ds that eventually 
mature into spermatozoa 1, 2. In the mouse tes  s, only 0.03% of the total number of germ cells 
are SSCs 3. 

Spermatogenesis is maintained throughout life, which implies an effi  cient way of balancing 
self-renewal and diff eren  a  on of the SSCs. In many stem cell systems, the balance between 
self-renewal and diff eren  a  on is regulated by the niche (reviewed in ref. 4). In the seminiferous 
tubules, SSCs are in close contact with Sertoli cells and are located in those areas of the basal 
membrane that border on the inters   al  ssue 5-7 . Factors involved in establishing the SSC 
niche in the tes  s are largely unknown. 

In order to gain insight into the cell fate decision of SSCs, several studies have focused 
on the role of various growth factors such as, basic fi broblast growth factor (bFGF) 8-11, bone 
morphogene  c protein 4 (BMP4) 12 and glial cell line derived neurothrophic factor (GDNF) 9-11, 

13-15. Of these factors, BMP4 is expressed by Sertoli cells in mice un  l postnatal day 7 16, while 
at later ages it is predominantly expressed in spermatogonia and spermatocytes 17, 18. BMP4 is 
thought to s  mulate SSCs diff eren  a  on based on the fact that isolated spermatogonia from 
adult mice cultured in the presence of BMP4 give rise to a lower number of colonies upon 
spermatogonial stem cell transplanta  on compared to cells cultured in the absence of BMP4 
12. Furthermore, isolated spermatogonia from 4-day-old mice cultured in the presence of BMP4 
up-regulate the expression of the transmembrane tyrosine kinase receptor KIT 16. Expression 
of KIT is known to be low or absent in As, Apr and early Aal spermatogonia while its expression 
is prominent from late Aal onwards 19. 

These studies, however, have diff erent intrinsic limits. First, they all used an in vitro culture 
system consis  ng of a mixture of tes  cular cells rather than only spermatogonia. Second, 
in some studies spermatogonial cultures were supported by a cellular feeder layer and 
the consistence of this feeder layer aff ect the behaviour of SSCs 11, 20. This means that the 
responses to diff erent s  muli were always measured in mixed cell popula  ons, since there 
is no appropriate method to culture pure SSCs. As a consequence, it is currently unknown 
whether BMP4 acts directly on SSCs or indirectly through other cell types present in the tes  s 
and/or cell culture systems. 

We have previously established two rat cell lines, GC-5spg and GC-6spg 21. These cell lines 
have SSC characteris  cs, can be cultured without feeder cells and are capable of homing to the 
basal membrane a  er transplanta  on. Therefore, they provide an excellent model to study 
the mechanisms involved in the regula  on of SSC fate. We now have used these cell lines to 
demonstrate that BMP4 acts directly on GC-6spg cells to induce diff eren  a  on. Using a  me 
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course DNA micro-array approach we show that several genes and pathways that regulate 
adhesion proper  es are aff ected by BMP4 including adherens junc  ons, focal junc  ons, gap 
junc  ons, cell adhesion molecules (CAMs) and regula  on of ac  n cytoskeleton. These results 
suggest a role of adhesion and cytoskeleton proteins in BMP4-induced SSC diff eren  a  on.
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M    

I  A 
Adult rat tes  s and isolated spermatogonia from vitamin A defi cient (VAD) rat testes (pool 

of As, Apr, Aal spermatogonia) were collected previously. Animals were used and maintained 
according to regula  on provided by the animal ethics commi  ee of the University of 
Utrecht, Utrecht, the Netherlands, that also approved the experiments. Isola  on of  type A 
spermatogonia was performed by enzyma  c diges  on and discon  nuous Percoll gradient 
centrifuga  on as described before 22. 

C   
Spermatogonial stem cell lines, GC-5spg and GC-6spg, were cultured as previously described 

21. Briefl y, cells were cultured in MEM supplemented with nonessen  al amino acids (100IU/
ml), penicillin/streptomycin (100mg/ml), gentamicin (40mg/ml), HEPES (15mM) (all from Life 
Technologies, Inc., Paisley, UK), sodium bicarbonate (0.12%), L-glutamine (4mM), platelet-
derived growth factor-BB (10ng/ml), recombinant human basic fi broblast growth factor (10ng/
ml), recombinant human LIF (10ng/ml), forskolin (20mM), 1nM 17-estradiol, G418 200mg/ml 
(all from Sigma, St. Louis, USA) and 2.5% FCS (Australian origin 10099141, Invitrogen, Carlsbad, 
USA) at 32°C and 5% CO2. For the induc  on of diff eren  a  on of the GC-6spg cells, 50ng/ml 
BMP4 (R&D systems, Minneapolis, USA) were added to the culture medium 12 and cells were 
subsequently cultured for the indicated periods of  me. 

A   M  G  E   BMP4  
Spermatogonia isolated from vitamin A defi cient (VAD) rat testes (pool of As, Apr, Aal 

spermatogonia) and adult rat total testes were snap frozen during earlier experiments 21. Total 
RNA from isolated spermatogonia, total rat tes  s and the cell lines GC-5spg and GC-6spg was 
extracted using the FastRNA Pro Green kit (Qbiogene, Illkirch Cedex, France) according to the 
manufacturers’ protocol, DNase treated (79254, Qiagen, Valencia, USA) and purifi ed on RNeasy 
MinElute columns (74204, Qiagen). First-strand cDNA was synthesized using random primers 
and M-MLV Reverse transcriptase (28025-021, Invitrogen). RT-PCR was performed using the 
primers as summarized in table S1. PCR of RNA was used as nega  ve –RT control.

W  B  
Protein lysates of GC-6spg cells and rat total tes  s were prepared with RIPA buff er (1% NP40, 

0.5% NaDeoxycholaat, 0.1% SDS, 1mM protease inhibitors by ROCHE). Protein concentra  ons 
were measured using Bicinconinic acid analysis (BCA) methods (Pierce Chemical Co., Rockford 
USA). Of each sample, 50g were loaded on a 4-12% gradient gel (NP323BOX, Invitrogen, 
Carisbad USA). Proteins were blo  ed on Polyvinylidene fl uoride (PVDF) membrane (Millipore, 
Bedford, USA). For KIT and phosphorylated SMAD 1/5/8, the membrane was blocked with 
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5% Pro  far (Nutrica, Zoetermeer, The Netherlands) in Tris buff er saline (TBS, 10mM tris-HCl 
pH 8.0, 150mM NaCl), including 0.05% Tween-20 (TBT) for 30 min at room temperature (RT). 
Therea  er, the membrane was incubated overnight at 4°C with 1:400 KIT an  body (Oncogene 
Research, San Diego, USA) or 1:1000 phosphorylated SMAD 1/5/8 an  body (9511, Cell 
Signalling Technology, Danvers, USA) in 5% Pro  far in TBT. A  er washing, the membrane was 
incubated for 1h with horseradish peroxidise conjugated goat an   rabbit an  body (SC-2004, 
Santa Cruz Biotechnology Inc, Santa Cruz, USA) diluted 1:5000 in 5% Pro  far in TBT; the an  gens 
were visualized using chemiluminescence (ECL, Amersham Bioscience, Buckingamshire, UK) 
and exposed to hyperfi lm  (Amersham Bioscience). For CDH1 detec  on, the membrane was 
blocked in LICOR blocking buff er (LICOR, Nebrasca, USA) for 1 hour and probed with 1:250 
rabbit polyclonal CDH1 an  body (CP1921, ECMBioscience, Versailles, USA). The secondary 
an  body, goat an   rabbit IRDye® 800CW, was used with a dilu  on of 1:5000 (926-32211, LICOR 
Biosciences, Lincoln, USA). As internal standard for loading control, α-tubulin an  body 1/2000 
(ms-581-pc, Neomarker, Fremont, USA) was used. Image acquisi  on and quan  fi ca  on were 
done with the ODYSSEY Infrared Imaging System (LICOR Biosciences). 

M -  
RNA of GC-6 spg cells cultured in the presence of BMP4 for 0, 4, 10, 48 and 168 hours was 

extracted using FastRNA Pro Green Kit (Qbiogene, Carlsbad, USA). RNA was DNase treated, 
purifi ed with Qiagen RNAeasy kit and amplifi ed by in vitro transcrip  on using T7 RNA polymerase 
(AM1334, Ambion, Foster City, USA) and 1g of total RNA. During in vitro transcrip  on, 
5-(3-aminoally)-UTP (Ambion, Aus  n, USA) was incorporated into the single stranded cRNA. Of 
each sample, 3g of cRNA were labelled with Cy3 or Cy5 dye (PA23001 or PA25001, Amersham, 
Buckingamshire, UK). From each labelled cRNA 0.75g were fragmented, and hybridized 
(5188-5241, Gene Expression Hybridiza  on Kit, Agilent, Santa Clara, USA) on whole genome 
rat arrays (G4131A, Agilent) for 17 hours at 65°C, according to the two-colour micro-array 
based gene expression analysis manual (Agilent, Santa Clara, USA). A  er hybridiza  on, slides 
were washed manually according to the manufacturer’s protocol and scanned in the Agilent 
G2565AA DNA Microarray scanner (100% laser power, 30% photomul  plier tube). Scanned 
images were quan  fi ed (Image 6.0.1, Biodiscovery, El Segundo, USA) and lowess print-  p 
normaliza  on was performed 23. Two diff erent approaches were used to analyse the micro-
array data. The fi rst analysis focused on iden  fying the GO categories of the genes that had 
a fold change ≥2. This analysis was performed using Genespring GX so  ware (Agilent, Santa 
Clara, USA). The second analysis aimed at iden  fying the biological pathways aff ected in GC-6 
spg cells a  er BMP4 treatment, using the Pathway-Express from Onto-Tools. This applica  on 
combines the informa  on present in the KEGG database (h  p://www.genome.jp/kegg/
pathway.html) with the expression profi le of all genes spo  ed on the micro-array, in order to 
determine whether in a specifi c pathway more genes are involved than would be expected by 
chance. The Pathway-Express program calculates the impact factors, taking into account not 
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only the normalized fold change but also the rela  on between all the diff erent genes present 
in a specifi c pathway. Then it makes a ranking of the pathways according to the impact factor 
values (h  p://vortex.cs.wayne.edu/projects.htm) 24, 25.

The DNA microarray analysis was performed twice with two diff erent biological replicates.

R -  PCR 
GC-6spg cells were cultured for several  me intervals in the presence of BMP4, RNA was 

isolated (FastRNA Pro Green kit, Qbiogene), DNAse treated (79254 and 74104, Qiagen) and 
cDNA was synthesized using random primers. Quan  ta  ve RT-PCR was performed using 
Taqman gene expression assays (ld2 Rn01495280_m1, Gadd45g Rn01435432_g1, Gata2 
Rn00583735_m1, Kit Rn01641579_m 1,) Applied Biosystems, Foster City, USA) on an ABI prism 
7700 (Applied Biosytems). The results were normalized to 18S (4352930E, Applied Biosystems). 

For Cdh1 (Cdh1 Rn.1303; FW: gatcctggccctcctgat, REV: tc  tgaccaccg  ctcct, probe number 
15), synaptonemal complex protein 1 (Sycp1 Rn.10420; FW: gaaggagtaaatgactctga   ga, 
REV:  cagcctc  tatacagc  tga, probe number 21), synaptonemal complex protein 3 (Sycp3 
Rn.34889; FW: aacagcaaaaga   tcagca, REV: tc  ctccacatcctccaaac, probe number 21), 
promyelocy  c leukemia zinc fi nger protein (Zbtb16 (also known as Plzf) rn.214576; FW: 
caagaag  cagcctcaagca REV: cactcaaagggc  ctcacc probe number 78), intregrin a 6 (Itg6 
Rn.161799; FW: c  cg  tggctatgacgtg REV: cgctccgataacgatgtc   probe number 77) and 
integrin b 1(Itg1 Rn.25733; FW: atcatgcagg  gcag  tg REV: cgtggaaaacaccagcagt probe 
number 65) quan  ta  ve RT-PCR was performed on Roche Light Cycler 480 using a primer 
probe assay (Roche, Almere, the Netherlands), results were normalized to Hprt1 (Hprt1; FW: 
gaccagtcaacaggggacat, REV: gtgtcaa  atatc  ccacaatcaag, probe number 22). For the Q-PCR 
analysis at least three independent culture experiments were carried out.

 
The signifi cance of diff erences in fold change as determined by Q-PCR was calculated using 

one-way ANOVA (Graphpad 4, Graphpad So  ware, San Diego, USA) with Dunne  ’s Mul  ple 
Comparison Test. Diff erences with a p-value of <0.05 were considered to be sta  s  cally 
signifi cant.
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R  

C        GC-5   
GC-6  

Previously, we have demonstrated that cell lines GC-5spg and GC-6spg have spermatogonial 
stem cell characteris  cs 21. Since several new genes that are expressed by spermatogonia 
including SSCs have recently been iden  fi ed 21, 26-30, we characterized the SSCs cell lines GC-
5spg and GC-6spg, in more detail. 

Both cell lines expressed the membrane markers Cd9, Cd24, integrin alpha 6 (ltg6), 
integrin beta 1 (ltg1) and Cd90 (also known as Thy-l) (Fig. 1). Zbtb16, which encodes for the 
transcrip  onal repressor promyelocy  c leukemia zinc fi nger protein (PLZF), was expressed by 
GC-6spg cells, but was not or hardly detectable in the GC-5spg cell line (Fig.1A). 

R  SSC   BMP4  
To study the eff ects of BMP4 on SSC cell fate decision, we fi rst determined whether the cell 

lines GC-5 and GC-6 spg express BMP4 receptors and found the expression of type I (Bmpr1A 
/ Alk33, Bmpr1B / Alk6) and type II (Bmpr2) serine/threonine kinase receptors in both SCC cell 
lines (Fig.1B). cDNA from total rat tes  s and from the isolated rat As, Apr and Aal popula  on 
were used as posi  ve controls.
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Figure 1. A) RT-PCR analysis ( PCR: +RT and –RT) of the spermatogonial stem cell 
lines GC-5spg and GC-6spg for genes known to be expressed by spermatogonial 
stem cells. B) RT-PCR (PCR: +RT and –RT) showing that BMP4 receptors BmprIa, 
BmprIb and BmprII are expressed by spermatogonial stem cell lines GC-5spg 
and GC-6spg; 5: GC-5spg ; 6: GC-6spg; A: spermatogonia isolated from vitamin A 
defi cient rat; T: rat total tes  s.
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BMP4  K    GC-6  
Based on the expression of Zbtb16, we chose the GC-6spg cell line to inves  gate the 

ability of BMP4 to directly induce diff eren  a  on of this spermatogonial stem cell line in vitro. 
When GC-6 spg cells were cultured in the presence of BMP4 no morphological changes were 
observed. However, from 10 hours onwards the expression level of Kit mRNA was signifi cantly 
up-regulated (Fig.2a). Also at the protein level, an increase of KIT expression was observed. 
Already a  er 8 hours, KIT expression was slightly increased, this increase became more 
prominent a  er 24 hours and remained high for at least 1 week (Fig.2b). Genes used as markers 
for SSCs, i.e. Zbtb16, Itg6 and Itg1, were non-signifi cantly downregulated (Fig. 2c), while no 
expression of the meiosis specifi c genes Sycp1 and Sycp3, could be detected in GC-6spg cells 
cultured in the presence of BMP4 (data not shown).
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Figure 2. BMP4 induces in vitro diff eren  a  on of spermatogonial stem cells GC-6spg as dem-
onstrated by the upregula  on of Kit at mRNA (A) and representa  ve immunoblot for KIT and 
the loading control α-tubulin (B). Bar chart showing a trend in downregula  on of Zbtb16, 
Itga6and Itgb1 known to predominantly expressed by SSCs (C). Signifi cant diff erence from 
the control (t=0), *p<0.05 ** p<0.01. Data are plo  ed as mean ± SEM.
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S ’       BMP4    

In order to confi rm that the BMP4-induced diff eren  a  on of the GC-6spg cells was induced 
via the BMP receptors, we inves  gated the downstream phosphoryla  on of SMADs 1, 5 and 
8. Western blot analysis with an an  body specifi cally recognizing phosphorylated SMAD 1, 5 
and 8 showed that indeed the SMADS were phosphorylated within 15 minutes upon addi  on 
of BMP4 to the culture medium (Fig.3).

G     BMP4-  
Gene expression analysis during BMP4-induced diff eren  a  on revealed ≥ 2-fold diff eren  al 

regula  on of a total of 529 transcripts at least one of the  me points tested. The number 
of diff eren  ally expressed genes undergoing a 2-fold or greater change in expression level, 
increased with  me from 95 at 4 hours to 359 at 168 hours. The number of genes with a 3-fold 
or greater change was 17 at 4 hours to 133 at 168 hours for a total of 244 diff eren  ally expressed 
genes at least one  me point. Micro-array data were validated by Q-PCR for three randomly 
selected downstream target genes in the TGF/BMP pathway with a dis  nct expression pa  ern 
over  me. Expression of Id2 (inhibitor of DNA binding 2) was sharply increased at 4 hours, 
then progressively decreased. The transcrip  on factor Gata2 increased already at 4 hours and 
remained high un  l at least 1 week a  er BMP4-induced diff eren  a  on. Gadd45 expression 
followed the same trend over  me (Fig. 4). In all cases Q-PCR data mimicked the micro-array 
data.

From the 529 diff eren  ally expressed transcripts iden  fi ed by micro-array, 176 (33%) were 
assigned to one or more biological func  ons according to the GO database (table S2).

To further clarify the eff ect of BMP4 on our spermatogonial stem cell line, micro-array 
data were analysed for aff ected pathways using the Onto-Tools Pathway-Express so  ware . 
As expected from the fact that BMP4 belongs to the TGFβ family, at all  me points tested, 
the TGFβ signalling pathway was highly aff ected (table 1). At all  me points tested, Pathway-
Express analysis revealed twenty-one common pathways that were highly infl uenced with a 
corrected gamma p-value of <0.001 (table 1). Five of these pathways were related to adhesion 
proper  es of the cells and concerned adherens junc  on, focal junc  ons, gap junc  ons, cell 

pSMADs

Tubulin

0 5 15 30 45 60
minutes + BMP4 (50ng/ml)

Figure 3. SMADs I, 5 and 8 become phosphorylated 
in GC-6spg spermatogonial stem cells upon addi  on 
of BMP4 to the culture medium.
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adhesion molecules (CAMs) and regula  on of ac  n cytoskeleton (table 1). Pathways involved 
in adherens junc  on and CAMs were ranked at number one at 4, 48 and 168 hours a  er BMP4-
induced diff eren  a  on (table S3) and among the genes belonging to the number one ranked 
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Figure 4. Verifi ca  on of microarray results by quan  ta  ve RT-PCR. Fold expression is shown 
for several genes (mean ± SEM). Below are the mean fold changes compared to  me point 
0h from two micro array experiments. Signifi cant diff erence from the control (t=0), ** 
p<0.01, ***p<0.001.
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Figure 5. Evalua  on of Cdh1 expression during BMP4-induced diff eren  a  on of GC-6spg 
via: A) qPCR: Below are the mean fold changes compared to  me point 0h from the two mi-
cro array experiments. B) Western blo   ng: The upper and lower panels show a representa-
 ve immunoblot for CDH1 and the loading control α-tubulin. The bar graph represents 

quan  fi ca  on of normalized E-cadherin immunoreac  vity for the representa  ve immunob-
lot shown.  Data are plo  ed as mean ± SEM; * p<0.05, **p<0.01 versus control (t=0).
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aff ected adhesion pathways over  me (adherens junc  on and CAMs) Cdh1 showed a mean 
fold change of 1.2, 1.3, 1.6 and 1.9 for the  me intervals of 4h, 10h, 48h and 168h, respec  vely 
in the micro-array analysis (fi g 5A). This up-regula  on of Cdh1 mRNA was confi rmed by Q-PCR 
on addi  onally generated samples (fi g 5A). To check if the changes at the mRNA level were 
refl ected by changes at the protein level as well, Western analysis of CDH1 was performed and 
a 45-60% increase in CDH1 levels was found at all  me points tested, except for 168 hours (Fig 
5B). 

D
In the present study, we have shown that BMP4 directly induces the diff eren  a  on of 

the rat spermatogonial stem cell line GC-6spg via BMP receptors, sugges  ng that a similar 
mechanism is involved in the diff eren  a  on of SSCs in vivo. In addi  on, our  me-course micro-
array experiment shows that BMP4-induced diff eren  a  on is accompanied by changes in the 
adhesion proper  es of the cells especially concerning adhesion to the matrix and cell-cell 
adhesion (Fig 6A) of which adherens junc  on and CAMs are most aff ected. Cdh1 is among 

Corrected gamma P-value
Pathway Name 4h 10h 48h 168h
Adherens junc  on 1.51E-16 8.43E-05 2.93E-14 1.99E-08
Adipocytokine signaling pathway 2.08E-06 1.73E-06 2.44E-06 1.63E-06
Amyotrophic lateral sclerosis (ALS) 5.93E-04 7.10E-04 5.90E-04 5.60E-04
An  gen processing and presenta  on 1.32E-07 3.30E-07 6.63E-04 1.61E-10
Biosynthesis of unsaturated fa  y acids 8.27E-04 8.33E-04 6.50E-04 7.17E-04
Cell adhesion molecules (CAMs) 1.55E-11 1.92E-05 3.22E-20 3.24E-12
Circadian rhythm 4.55E-11 3.67E-08 4.76E-05 1.79E-07
Focal adhesion 8.67E-04 8.82E-04 9.42E-04 5.69E-04
Gap junc  on 2.91E-04 2.35E-04 2.52E-04 7.45E-05
GnRH signaling pathway 4.93E-05 4.01E-05 4.46E-05 3.46E-05
Insulin signaling pathway 7.26E-05 6.62E-05 7.40E-05 6.51E-05
Long-term depression 2.97E-06 1.87E-06 2.97E-06 1.14E-06
MAPK signaling pathway 9.38E-07 9.60E-07 9.05E-07 7.37E-07
Neuroac  ve ligand-receptor interac  on 1.12E-08 1.18E-08 1.20E-08 1.25E-08
Neurodegenera  ve Diseases 1.71E-04 1.84E-04 2.01E-04 1.38E-04
Phospha  dylinositol signaling system 1.61E-04 3.98E-04 7.85E-06 2.40E-04
PPAR signaling pathway 6.31E-07 6.68E-07 6.88E-07 5.61E-07
Proteasome 2.35E-04 2.35E-04 2.45E-04 3.35E-04
Regula  on of ac  n cytoskeleton 8.42E-04 8.10E-04 7.45E-04 7.21E-04
TGF-beta signaling pathway 4.42E-04 5.85E-04 7.50E-04 7.48E-04

Table 1. List of the common pathways aff ected at all the  me points and having 

a corrected gamma P value <0.001. For all pathways at each  me points the 

corrected gamma P value is given, as calculated by the Pathway Express program. 

The lower the corrected gamma P value the higher the rank (Table S3). Pathways 

are listed in alphabe  c order (h  p://vortex.cs.wayne.edu/projects.htm).
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Figure 6. A) A proposed model of the BMP4-induced diff erentiation. BMP4 binds to the re-
ceptor, activating a signal cascade that leads to the regulation of adhesion related pathways. B) 
Schematic representation of CDH1 (blue) and KIT (violet) expression. Tokuta and co-workers 
showed that CDH1 is present from As to A2 spermatogonia41. Schrans-Stassen and co-workers 
reported that KIT is expressed in late Aal spermatogonia until preleptotene spermatocytes12. 
Our results demonstrate that BMP4 is able to induce the diff erentiation of SSCs in vitro at least 
till the transition between Aal and A1 (dashed line).
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the genes belonging to the most aff ected adhesion pathways and known to regulate cell-
cell adhesion and  ssue morphogenesis via the cell migra  on process 31, 32. We hypothesize 
that Cdh1 upregula  on a  er BMP4 treatment plays a role in the migratory capaci  es of early 
diff eren  a  ng spermatogonia.

More detailed characteriza  on of the two previously established SSCs cell lines GC-5spg 
and GC-6spg 21 further confi rmed the stem cell characteris  cs of these cell lines. Both cell lines 
express Itg6 and Itg1, which encode for key adhesion molecules that are predominantly 
expressed in SSCs 28. Furthermore, GC-6spg cells express the undiff eren  ated spermatogonial 
specifi c transcrip  on factor Zbtb16 (Plzf) 29, 30. Other membrane markers known to be expressed 
by SSCs, like Cd9, Cd24 and Thy-1 (reviewed in 1, 33) are also expressed by both cell lines. These 
data support the usefulness of the GC-5spg and GC-6spg cell lines to study the direct eff ects of 
growth factors on the cell fate of SSCs. 

BMP4 has previously been described to s  mulate diff eren  a  on of SSCs in primary culture 
16. Our fi ndings obtained by using GC-6spg cells suggest that BMP4 does so by directly inducing 
diff eren  a  on of SSCs as illustrated by an up-regula  on of Kit, known to be expressed from 
late Aal spermatogonia onwards at the  me of their diff eren  a  on into A1 spermatogonia 19. 
Furthermore, our results show that GC-6spg cells express the three isoforms of the BMP4 
receptor Bmpr1a, Bmpr1b and Bmpr2, which is in compliance with the previously reported 
expression of Bmpr1b and Bmpr2 in spermatogonia isolated from pubertal mice 16. Binding 
of BMP4 to its receptor will result in phosphoryla  on of SMADs 1/5/8 that then oligomerize 
with SMAD4 and as a complex translocate to the nucleus and act as a transcrip  on factor 16, 34. 
Although GC-6spg might respond in a heterogenous way to BMP4, the expression of the three 
BMP4 receptor isoforms and the phosphoryla  on of the downstream SMAD proteins 1/5/8 
demonstrate that BMP4 specifi cally induces diff eren  a  on via its receptors on these cells. 

The results of DNA micro-array analysis indicate that genes and pathways involved in 
adherens junc  ons, focal junc  ons, gap junc  ons, cell adhesion molecules (CAMs) and 
regula  on of ac  n cytoskeleton are highly aff ected during BMP4-induced diff eren  a  on 
of GC6-spg. These changes in various adhesion pathways may be related to the enhanced 
migratory behaviour of late Aal and A1 spermatogonia, i.e. early cells that are commi  ed to the 
diff eren  a  on pathway, that can be seen in stages VII-IX in the normal epithelial cycle. This 
leads to the random distribu  on in the seminiferous tubules of A2, A3 and A4 diff eren  a  ng 
spermatogonia 7.

A recent study sheds light on the important role of adhesion molecules in the proper 
localiza  on of SSCs in their niche and shows that the adhesion molecule ITG1 is important 
for the homing of SSCs to the basal membrane a  er transplanta  on 35, 36. CDH1 is not involved 
in this characteris  c process of the stem cells, but the authors suggest a possible role for 
CDH1 in SSC diff eren  a  on 35. Our current fi ndings are well in line with this no  on and further 
elaborate on these results. By studying BMP4-induced diff eren  a  on of GC-6spg, at 4h 
(before the up-regula  on of KIT), at 10h (a  er the fi rst signs of upregula  on of KIT), at 48 
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and 168h (a  er a clear up-regula  on of KIT) we have found that among the genes belonging 
to the number one ranked aff ected adhesion pathways in these  me points is Cdh1. CDH1 
has an extracellular domain, responsible for the adhesion to cadherins on neighbouring 
cells, and a cytoplasmic domain 37. The complex formed by E-cadherin/β-catenin/α-catenin 
is able to bind to the cytoskeleton ac  n, and is thereby responsible for skeletal organiza  on, 
cell shape and movement37, 38. Knock out animals for Cdh1 are embryonic lethal and show 
impairment in cell junc  on and cytoskeleton organiza  on 39. However, several other studies 
clearly demonstrate that CDH1 is essen  al for diff eren  a  on not only during ontogenesis but 
in mature organs as well. In par  cular, overexpression of a dominant-nega  ve N/E-cadherin 
results in the perturba  on of cell-cell adhesion and migra  on along the crypt-villus of the 
intes  ne 40, 41. Tissue specifi c knock out of Cdh1 impairs the diff eren  a  on of both epidermal 
kera  nocytes and mammary epithelial cells42-44, indica  ng a role of CDH1 in diff eren  a  on of 
several cell types. Furthermore, “quan  ta  ve diff erences” in expression levels of cadherins 
as well as “qualita  ve diff erences” between diff erent cadherins may induce segrega  on of 
cells from their ini  al popula  on which is a crucial phenomenon for  ssue morphogenesis 31, 

32, 45. During gonad development it is known that CDH1 is important for germ cell-germ cell 
interac  on 46. In the adult tes  s, CDH1 can be involved in germ cell-Sertoli cell interac  on. 
As Sertoli cells hardly express CDH1, this interac  on may occur in a heterocadherin fashion 
with other cadherins expressed by Sertoli cells 31, 32, 45, 47, 48. The upregula  on of Cdh1 during 
BMP4 treatment of GC-6spg cells shown in our study, together with previous data on  ssue 
morphogenesis in general 31, 32, 37, 38, 40, suggests that CDH1 might also play a role in migra  on 
and changes in cell shape of germ cells during diff eren  a  on. This hypothesis is in line with 
reports that demonstrate that As, Apr and Aal spermatogonia are preferen  ally located in those 
areas of the tubules that border on the inters   al  ssue where blood vessels are present 5, 7, 
while diff eren  a  ng spermatogonia migrate out of the niche and become evenly distributed. 
Overall, these studies suggest that changes in the adhesion proper  es are necessary for the 
diff eren  a  ng spermatogonia to move out of the niche.

Upon BMP4 treatment, GC-6spg cells show an up-regula  on of kit and Cdh1 at the 
mRNA and the protein level, while expression of SCP1 and SCP3 cannot be detected. 
During spermatogenesis, KIT is up-regulated in Aal spermatogonia before their transi  on 
to A1 spermatogonia 19. A previous study has clearly shown CDH1 expression in As, Apr and 
Aal spermatogonia, and this expression is lost during the transi  on from A1 to A2 

49. This 
suggests that GC-6 cells diff eren  ate in vitro from As spermatogonia to at least the level of 
Aal or A1 spermatogonia upon BMP4 treatment (Fig 6B) and that CDH1 is involved in this early 
spermatogonial diff eren  a  on process. 

Taken together, our results indicate that BMP4 directly induces diff eren  a  on of GC-6spg 
cells and that during this diff eren  a  on cell adhesion pathways are highly aff ected, with Cdh1 
being one of the key genes. As GC-6spg cells have many molecular characteris  cs in common 
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with SSCs, we propose that during diff eren  a  on of SSCs, Apr and Aal spermatogonia into A1 
spermatogonia, cell adhesion pathways also play a pivotal role.
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Cell diff eren  a  on 18 genes Transport 30 gens

Cell prolifera  on 17 genes Transcrip  on 13 genes

Development 25 genes Metabolism 27 genes

Apopto  s 11 genes Cell cycle 6 genes

Signal trasduc  on 24 genes Cell Adhesion 8 genes

Gene forward sequence reverse sequence size (bp)
Bmprla taggatgtcggc  gg  tc ggcaaatatgcc  tctcca 326
Bmprlb agaagccagacctcggtaca cagaatg  ctcgtgcctca 319
Bmpr2  ggtagacaggagggaacg cactgcca  g  g  gacc 358

Cd9 tggga  g  c  cgga  c tgtggaac  gctgtggaag 318
Cd24 gagactcaggccaagaaacg ggtcgaaggaaccaatgaaa 390

Integrin a6 ctcaggagctgaccctgaac ggatgcc  tctgaa  gga 339
Integrin b1 ctctccagaaggtggc  tg tgtgcccactgctgac  ag 340
Cd90 (Thyl) agcta  ggcaccatgaacc acatgtagtcgccctcatcc 323

Pou5fl  (Oct3/4) cgaggagtcccaggatatga g  ccacctcacacgg  ct 334
Zbtb16 (PLZF) tctgtctgctgtgtgggaag gtggcagag  tgcactcaa 353

Table S1. Overview of primers used to characterize the spermatogonial 
stem cell lines GC-5spg and GC-6spg. Last column indicates the expected 
product size in base pairs (bp).

Table S2. Number of genes ≥2 fold up- or downregulated for the indicated 
biological functions.
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Ranks
Pathway Name 4h 10h 48h 168h
Adherens junc  on 1 11 2 4
Adipocytokine signaling pathway 8 6 6 9
Amyotrophic lateral sclerosis (ALS) 18 18 16 17
An  gen processing and presenta  on 5 3 18 2
Biosynthesis of unsaturated fa  y acids 20 21 17 21
Cell adhesion molecules (CAMs) 2 8 1 1
Circadian rhythm 3 2 10 5
Complement and coagula  on cascades 22 17 12 14
Focal adhesion 23 22 22 18
Gap junc  on 15 13 15 12
GnRH signaling pathway 10 9 9 10
Insulin signaling pathway 11 10 11 11
Long-term depression 9 7 7 8
MAPK signaling pathway 7 5 5 7
Neuroac  ve ligand-receptor interac  on 4 1 3 3
Neurodegenera  ve Diseases 13 12 13 13
Phospha  dylinositol signaling system 12 15 8 15
PPAR signaling pathway 6 4 4 6
Proteasome 14 14 14 16
Regula  on of ac  n cytoskeleton 21 20 19 22
TGF-beta signaling pathway 16 16 20 23

Table S3. List of the common pathways aff ected at all the time 
points and having a corrected gamma P value <0.001. At each 
time points the assigned ranking for the pathway is given, as 
calculated by the Pathway Express program. Rank 1 correspond 
the most aff ected pathway. Pathways are listed in alphabetic 
order (http://vortex.cs.wayne.edu/projects.htm).
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A
The regula  on of the diff eren  a  on of spermatogonial stem cells (SSCs) to spermatozoa is 

crucial for male fer  lity. In the past decade, studies on SSCs have mainly focused on iden  fying 
factors important for SSC selfrenewal, while li  le is known on the factors involved in SSC 
diff eren  a  on. Here, we used the rat SSC cell line GC-6spg to study the direct role of the 
diff eren  a  on factor Ac  vin A on SSCs. The cell line GC-6spg, cultured in the presence of Ac  vin 
A, showed upregula  on of KIT, a well known marker of diff eren  a  ng spermatogonia, and 
downregula  on of the marker for undiff eren  ated spermatogonia Zbtb16. Microarray analysis 
showed that seven diff erent pathways were signifi cantly regulated in GC-6spg cells by Ac  vin A. 
Among these, four pathways were involved in adhesion processes, namely: adherens junc  on, 
cell adhesion molecules, leukocyte trans-endothelial migra  on and the phospha  dylinositol 
signalling system. Furthermore, genes belonging to the GO category related to adhesion, 
including Cdh1, were found to be early responders in the Ac  vin A-induced diff eren  a  on of 
GC-6spg cells, while genes belonging to the GO category cell cycle, including cyclin-dependent 
kinase inhibitor Cdkn1a, were diff eren  ally expressed at both early and late  me points. 

Overall, our results indicate that Ac  vin A directly induces diff eren  a  on of SSCs. Ac  vin 
A-induced diff eren  a  on is accompanied by changes in adhesion proper  es as an early event 
of the diff eren  a  on process, and by changes in cell cycle regulatory genes at early and later 
 me points of the diff eren  a  on of spermatogonia. 
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I
Spermatogenesis is the process that turns diploid spermatogonial stem cells (SSCs) into 

terminally diff eren  ated haploid spermatozoa capable of transmi   ng their genome to the 
next genera  on. Spermatogenesis leads to a massive produc  on of spermatozoa and con  nues 
throughout adult life. Just like any other stem cell, SSCs are capable of undergoing both self 
renewal and diff eren  a  on. The balance between these two opposite fates is highly regulated 
and deregula  on of this balance can result in infer  lity or tes  cular tumours 1. 

Despite its importance, the mechanisms through which this balance in SSCs is maintained 
are poorly understood. There are two main reasons for this lack of knowledge. The fi rst reason 
is biological: all data available indicate that the network of signals that regulates the fate of 
SSCs is highly complex 2. This network is established by the niche, which is formed by several 
cell types in the tes  s, including Sertoli cells, Leydig cells and peritubular cells 3. Recently, it 
has been shown that undiff eren  ated A single (As) to A align (Aal) spermatogonia including 
SSCs have a non-random distribu  on in the seminiferous tubule and appear to localize close 
to the vascular network and inters   al cells, including Leydig cells, which are present between 
tubules in the inters   al  ssue 4-6. This pa  ern of distribu  on suggests that SSCs, similar to 
hematopoie  c stem cells and neural stem cells, may reside within or close to a vascular system 
7. The second reason is technical: SSCs are extremely rare 8, and so far no unique molecular 
markers to iden  fy or isolate them have been found. For these reasons, in vitro studies 
aiming to elucidate the growth factors or genes that induce SSC maintenance, prolifera  on or 
diff eren  a  on have made use of the SSC transplanta  on assay9-12. Furthermore, for survival 
and propaga  on of SSCs in vitro, feeder cells are necessary at least to establish the culture 10-12. 

To inves  gate the direct eff ect of growth factors on diff eren  a  on of SSCs, we have 
previously shown that the growth factor bone morphogene  c protein 4 (BMP4) is able to 
directly induce SSC diff eren  a  on by inducing KIT expression in the rat spermatogonial stem 
cell line GC-6spg. Using a  me course DNA micro-array approach, we showed that during this 
diff eren  a  on several genes and pathways that regulate adhesion proper  es are aff ected by 
BMP4, including adherens junc  ons, focal junc  ons, gap junc  ons, cell adhesion molecules 
(CAMs) and regula  on of ac  n cytoskeleton 13.

Another growth factor presumed to be important in the diff eren  a  on of SSCs is Ac  vin A 
10, 14, 15. Ac  vin A is a member of the TGFβ family and binds to a heteromeric transmembrane 
kinase receptor complex (type IA/IB and type IIA/IIB) leading to the phosphoryla  on of 
downstream signalling proteins belonging to the SMAD family 16. In the adult rat tes  s, Ac  vin 
A is produced and secreted mainly by Sertoli cells 17. Its expression is  ghtly regulated and 
follows the cycle of the seminiferous epithelium, showing peak expression between stage VIII 
and stage XII of spermatogenesis 17. Ac  vin receptors are expressed by Sertoli cells and type 
A spermatogonia in the same epithelial stage 18. Unfortunately, addi  onal informa  on on the 
role of Ac  vin A in spermatogenesis cannot be obtained by knock out (KO) models, because 
Ac  vin A KO mice develop craniofacial abnormali  es leading to death within 24 hours a  er 
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birth because of a cle   palate and therefore the inability to feed properly 19.
From in vitro studies, it is known that Ac  vin A induces diff eren  a  on of SSCs. It has been 

shown that the eff ects of Ac  vin A follow an age dependent fashion and also depend on the 
culture methods used 20-23. For instance, in tes  s  ssue culture, undiff eren  ated spermatogonia 
from 9 day-old rats seem to be Ac  vin A-insensi  ve, while Sertoli cell number is Ac  vin 
A-dependent 20. On the contrary, in coculture of spermatogonia and Sertoli cells from 25 day 
old animals, spermatogonia increased their prolifera  ve ac  vity when treated with Ac  vin 
A 22. Although the precise mechanism is thus far unclear, it is evident from spermatogonial 
transplanta  on studies that the addi  on of Ac  vin A to cultured spermatogonia leads to a 
drama  c reduc  on in the number of colonies produced a  er transplanta  on sugges  ng an 
induc  on of diff eren  a  on 10.

We aimed to inves  gate the direct eff ect of Ac  vin A on SSCs, by using the rat spermatogonial 
cell line GC-6spg24. Here, we show that GC-6spg cells start to diff eren  ate rapidly upon exposure 
to Ac  vin A. Using a  me course microarray approach, we iden  fy several signifi cantly aff ected 
genes in GO categories and pathways involved in adhesion and cell cycle regula  on. 
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M   M

A
Rat testes were obtained and snap frozen in previous studies. The rats were used and 

maintained according to regula  on provided by the animal ethics commi  ee of the University 
of Utrecht, Utrecht, the Netherlands, which also approved the experiments. 

C   
The spermatogonial stem cell line GC-6spg was cultured as previously described 13. 

Briefl y, cells were cultured in MEM supplemented with nonessen  al amino acids (100IU/
ml), penicillin/streptomycin (100mg/ml), gentamicin (40mg/ml), HEPES (15mM) (all from Life 
Technologies, Inc., Paisley, UK), sodium bicarbonate (0.12%), L-glutamine (4mM), platelet-
derived growth factor-BB (10ng/ml), recombinant human basic fi broblast growth factor (10ng/
ml), recombinant human LIF (10ng/ml), forskolin (20M), 1nM 17β-estradiol, G418 200g/ml 
(all from Sigma, St. Louis, USA) and 2.5% FCS (Australian origin 10099141, Invitrogen, Carlsbad, 
USA) at 32°C and 5% CO2. To study the eff ect of Ac  vin A, GC-6spg cultures were exposed to 
50ng/ml Ac  vin A (R&D systems, Minneapolis, USA) 10 for the indicated periods of  me.

A   A  A   
Total RNA from the cell line GC-6spg was extracted using the FastRNA Pro Green kit 

(Qbiogene, Illkirch Cedex, France) according to the manufacturer’s instruc  ons. RNA 
was DNase treated and purifi ed on a Rneasy MinElute column (79254 and 74104, Qiagen, 
Valencia, USA). Therea  er, fi rst-strand cDNA was synthesized using random primers and 
M-MLV Reverse transcriptase (28025-021, Invitrogen, Carlsbad, USA). RT-PCR for the Ac  vin 
A receptors was performed using the following primers. Rat ac  vin receptor 1(ActR1A) fw: 
5’-ggtcaacccgaagc  taca-3’, rv: 5’-aaaaggcataccgcaaacac-3’ (333kb), rat ac  vin receptor 1b 
(ActR1B) fw: 5’-gggaaccaaacgatacatgg-3’, rv: 5’-gc  agctgggacaaagtc-3’ (371kb), Rat ac  vin 
receptor 2 (ActR2A) fw: 5’-aagatggcctaccctcctgt-3’, rv: 5’-tagccacaggtccacatcaa-3’ (303kb), 
rat ac  vin receptor 2b (ActR2B) fw: 5’-ggagaacccccaggtgta  -3’ rv: 5’-tc  cacagccacaaagtcg-3’ 
(371kb).

R -  PCR 
cDNA was synthesized using random primers. Q-PCR was performed on a Roche Light Cycler 

480 using a primer probe assay (Roche, Almere, the Netherlands), and results were normalized 
to Rps18 using the ct method. The primer probe details are shown in Table S1. 

For Q-PCR analysis, at least fi ve independent culture experiments were carried out.

W  B  
Protein lysates of GC-6spg cells and rat total tes  s were prepared with RIPA buff er (1% NP40, 

0.5% NaDeoxycholaat, 0.1% SDS, 1mM protease inhibitors by ROCHE). Protein concentra  ons 
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were measured using Bicinconinic acid analysis (BCA) methods (Pierce Chemical Co., Rockford 
USA). Of each sample, 50g was loaded on a 4-12% gradient gel (NP323BOX, Invitrogen, 
Carisbad USA). Protein was blo  ed on a Polyvinylidene fl uoride (PVDF-FL) membrane (Millipore, 
Bedford, USA); the membrane was blocked in LICOR blocking buff er (LICOR, Nebrasca, USA) 
for 1 hour and probed with 1:200 goat polyclonal an  body an   KIT (M14 SC-1494, Santa Cruz 
Biotechnology Inc, Santa Cruz, USA). The secondary an  body, donkey an   goat IRDye® 800CW, 
was used with a dilu  on of 1:5000 (926-32214, LICOR Biosciences, Lincoln, USA). As internal 
standard for loading control, α-tubulin an  body 1/2000 (ms-581-pc, Neomarker, Fremont, 
USA) was used. Image acquisi  on and quan  fi ca  on were done with the ODYSSEY Infrared 
Imaging System (LICOR Biosciences). 

For Western blot analysis, at least three independent culture experiments were carried out.

M
For this experiment, GC-6 spg cells were cultured in the presence or absence of 50ng/

ml of Ac  vin A for 4, 12, 24, 48 and 168 hours. Furthermore, a  me point 0 was taken as 
represen  ng cells before beginning of the culture (see table S2 for detailed informa  on). For 
each group fi ve diff erent biological replicates (diff erent passages) were analysed. A rat whole 
transcriptome 12 x 135 K  microarray (Nimblegen), represen  ng 26.419 genes with 5 probes 
per target was used. Technical handling of the microarray experiments was performed at the 
MicroArray Department (MAD) of the University of Amsterdam (Amsterdam, The Netherlands), 
a fully licensed microarray technology centre for Nimblegen pla  orms. In short, 250 ng of total  
RNA, from each sample and from a common reference generated by pooling all the samples, 
were amplifi ed with Agilent Low RNA Input Linear Amplifi ca  on Kit (Agilent, Santa Clara, USA). 
Samples were labeled with Cy3 and the common reference was labeled with Cy5. Hybridiza  on 
of 1.1 μg of Cy3 labelled sample and 1.1 μg Cy5 labelled common reference was performed 
overnight according to manufacturer’s instruc  ons at 42 ° C. A  er a washing procedure, slides 
were scanned with an Agilent DNA MicroArray Scanner ( Agilent Technologies, Palo Alto, CA, 
USA) and the intensity of the signal was quan  fi ed.

M   

First, the program belonging to Onto-tools, named Onto Express, was used to perform GO 
term analysis on the diff eren  ally expressed genes (DEGs). This program determines which 
GO categories have a higher number of signifi cantly diff eren  ally expressed genes than what 
would have been expected by chance (h  p://vortex.cs.wayne.edu/projects.htm) 25, 26.

Second, the analysis aimed at iden  fying the biological pathways aff ected in GC-6 spg cells 
a  er Ac  vin A treatment, and was performed by using the Pathway-Express from Onto-Tools. 
This applica  on combines the informa  on present in the KEGG database (h  p://www.genome.
jp/kegg/pathway.html) with the expression profi le of all genes spo  ed on the micro-array, in 
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order to determine whether more genes in a specifi c pathway are involved than would be 
expected by chance. The Pathway-Express program calculates the impact factors, taking into 
account not only the normalized fold change but also the rela  on between all the diff erent 
genes present in a specifi c pathway. Pathways are then ranked according to their impact factor 
values (h  p://vortex.cs.wayne.edu/projects.htm) 25, 26.

S  
The diff erences in fold change as determined by Q-PCR were calculated using one-way 

ANOVA (Graphpad 4, Graphpad So  ware, San Diego, USA) with Dunne  ’s Mul  ple Comparison 
Test. Data is expressed as Mean ± SEM. Diff erences with a p-value of <0.05 were considered to 
be sta  s  cally signifi cant. 
Concerning the microarray experiment, all slides were subjected to a set of quality control 
checks, i.e. visual inspec  on of the scans, tes  ng against criteria for foreground and background 
signals, tes  ng for consistent performance of the labeling dyes, checking for spa  al eff ects 
through pseudo-color plots, and inspec  on of pre- and post-normalized data with box plots, 
ra  o-intensity (RI) plots and PCA plots. This quality check revealed signifi cant slide eff ects. The 
data was normalized for dye bias using LOESS, and intensity values of the probes in a probe set 
were summarized using the robust mul  -array average (RMA) algorithm. The study (basically a 
two-factorial design with addi  onal control (t=0)) was subjected to fi ve contrast analyses using 
mixed linear models with coeffi  cients for slide (random) and each experimental group (fi xed) 
27, 28 to: 1) determine diff eren  al gene expression between any  me point and t = 0 among the 
untreated samples, 2) determine diff eren  al gene expression subsequent  me points among 
the untreated samples, 3) determine diff eren  al gene expression between any  me point and 
t = 0 among the treated samples, 4) determine diff eren  al gene expression subsequent  me 
points among the untreated samples, and 5) determine diff eren  al gene expression between 
treated and untreated samples ate each  me point. For hypothesis tes  ng a permuta  on based 
Fs test was used 29and the resul  ng P-values were corrected for false discoveries according to 
Storey and Tibshirani 30.
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R
E   A  A   GC-6  

To inves  gate whether the GC-6spg cell line could react when treated with Ac  vin A, we 
determined whether the cell line expresses all the subunits of the Ac  vin A receptor. Indeed, 
ActR1A, ActR1B, ActR2A and Act2B were all expressed in GC-6pg cells (Figure 1). 

G     A -A  GC-6  
When GC-6 spg cells were cultured in the presence of Ac  vin A, no evident morphological 

changes or changes in the growth rate were observed. A fourfold increased expression of 
the spermatogonial diff eren  a  on marker Kit at the mRNA level was observed 4 hours a  er 
exposure to Ac  vin A (Figure 2A p<0.01), which remained constant un  l 48 hours. At 168 
hours, Kit expression further increased (Figure 2A p<0.001). At the protein level, KIT showed 
a transient trend in upregula  on with a maximum expression 12 hours a  er the addi  on of 
Ac  vin A (Figure 2B). To determine the diff eren  a  on state induced by Ac  vin A, expression of 
other genes known to be primarily expressed by undiff eren  ated spermatogonia were tested: 
Zbtb16, Cdh1, Itg6, and Itg1. The transcrip  on factor Zbtb16 showed a quick drop at 4 hours 
regaining normal expression values later in  me (Figure 3A p<0.05). Cdh1 was signifi cantly 
upregulated at 24 and 48 hours of treatment (Figure 3E p<0.01). No changes in the adhesion 
protein Itg1 (Figure 3B), and Itg6 (Figure 3C) were found.

GC-6 Tes�s
+ - + -

Actr-IA

Actr-IB

Actr-IIA

Actr-IIB
Figure 1. RT-PCR (PCR: +RT and –RT) 
showing that Ac  vin A receptors ActrIA, 
ActrIB, Actr IIA and ActrIIB are expressed 
by the SSC line GC-6spg.
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Figure 2. Ac  vin A induces in vitro diff eren  a  on of spermatogonial stem cells GC-6spg as 
demonstrated by the upregula  on of KIT. A) mRNA expression level; Signifi cant diff erence 
from the control (t=0), *p<0.05 ** p<0.01, *** p<0.001. Data are plo  ed as mean ± SEM.  
B) Representa  ve immunoblot for KIT and the loading control α-tubulin. 
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W      A -A  GC-6  

Microarray analysis of the SSC cell line GC-6spg treated with Ac  vin A revealed a total of 
1952 DEGs (p<0.05) between the treated and the untreated samples at any of the  me points 
tested. More precisely, 449 genes were diff eren  ally expressed at 4 hours, 308 at 12 hours, 
509 at 24 hours, 583 at 48 hours and 583 at 168 hours.

Among the top 20 genes, based on the p-value for diff eren  al expression at 4 hours, two 
genes known to have a func  on in spermatogonia were present, i.e. basic helix-loop-helix 
family, member e40 (Bhlhe40), and cyclin-dependent kinase inhibitor 1A (Cdkn1a). Both genes 
were upregulated by Ac  vin A treatment throughout the studied period with a fold change of 
2.89 and 2.15 respec  vely at 4 hours (Table 1). 

We then specifi cally analysed the func  on of the genes that were diff eren  ally expressed 
a  er exposure to Ac  vin A. At 4 hours, several GO categories were found to be signifi cantly 
represented, including localiza  on of cells (16 genes), locomo  on (17 genes), cell matrix 
adhesion (5 genes) and cell-cell adhesion (10 genes). Interes  ngly, none of these GO categories 
was found to be diff eren  ally expressed at 168 hours of culture. GO categories that were 
related to cell cycle regula  on were signifi cantly represented at 4 hours as well as at 168 
hours. Conversely, GO categories related to diff eren  a  on were present at 168 hours rather 
than 4 hours (Table 2). 

Using the Pathway Express from Onto Tools so  ware, we found that seven diff erent 
pathways were signifi cantly regulated in at least one of the  me points inves  gated during 
Ac  vin A-induced diff eren  a  on of GC-6spg cells (corrected gamma p-value <0.05) (Table 3). 
Among these pathways, four were involved in adhesion processes, namely adherens junc  on, 
cell adhesion molecules, leukocyte transendothelial migra  on and the phospha  dylinositol 
signalling system.
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GO ID Descrip  on # genes 4h # genes 168h
GO:0007155 cell adhesion 23 22
GO:0022610 biological adhesion 23 22
GO:0040012 regula  on of locomo  on 9
GO:0007160 cell-matrix adhesion 5
GO:0031589 cell-substrate adhesion 7
GO:0016477 cell migra  on 14
GO:0040011 locomo  on 17
GO:0051270 regula  on of cell mo  on 9
GO:0006928 cell mo  on 16
GO:0048870 cell mo  lity 15
GO:0016337 cell-cell adhesion 10
GO:0051674 localiza  on of cell 16
GO:0051726 regula  on of cell cycle 12 13
GO:0007049 cell cycle 19
GO:0000079 regula  on of cyclin-dependent protein kinase ac  vity 4 4
GO:0030154 cell diff eren  a  on 2
GO:0045595 regula  on of cell diff eren  a  on 3

Pathway Name Corr.g Pv 
4h

Corr.g Pv 
12h

Corr.g Pv 
24h

Corr.g Pv 
48h

Corr.g Pv 
168h

Adherens junc  on 2.66E-08 1.28E-16 8.43E-08 9.73E-12 1.20E-05
An  gen processing and 
presenta  on 5.28E-03 2.33E-02 9.08E-04 4.80E-03 1.35E-04

Basal cell carcinoma 1.40E-02 9.12E-02 1.83E-02 1.64E-01 1.14E-01
Cell adhesion molecules 
(CAMs) 1.40E-29 1.03E-01 8.47E-35 2.00E-04 5.46E-08

Circadian rhythm 5.55E-07 1.74E-02 2.30E-03 1.15E-02 1.30E-02
Leukocyte transendothelial 
migra  on 6.92E-49 8.80E-02 1.53E-61 1.06E-16 3.06E-17
Phospha  dylinositol signaling 
system 2.24E-04 4.03E-01 2.07E-03 6.03E-03 1.23E-01

Table 2. List of the GO categories signifi cantly represented (having a corrected gam-
ma p-value <0.05) at 4 hours and 168 hours a  er Ac  vin A treatment. h  p://vortex.
cs.wayne.edu/projects.htm.

Table 3. List of the pathways aff ected in at least one of the  me points and having a 
corrected gamma p-value <0.05. For all pathways at each  me point the corrected 
gamma p-value is given, as calculated by the Pathway Express program. The lower 
the corrected gamma p-value, the higher the rank (Table S3). Pathways are listed in 
alphabe  c order (h  p://vortex.cs.wayne.edu/projects.htm).
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D
In the present study, we demonstrate that Ac  vin A induces Zbtb16 downregula  on and 

Kit upregula  on in the spermatogonial cell line GC-6spg, indica  ng a direct eff ect of Ac  vin A 
on SSC diff eren  a  on. By using a microarray approach, we found seven signifi cantly aff ected 
pathways upon Ac  vin A-induced diff eren  a  on, four of which were adhesion related 
pathways. Among the diff eren  ally expressed genes at 4 hours were the cyclin-dependent 
kinase inhibitor Cdkn1a and the circadian rhythm pathway gene Bhlhe40. 

The role of Ac  vin A in inducing diff eren  a  on of SSCs was already suggested by previous 
studies, where mixed cultures of spermatogonia on STO feeder cell layer in the presence of 
Ac  vin A showed a reduc  on in colony forma  on a  er transplanta  on compared to those 
cultured without Ac  vin A 10. In the present study, we broaden this conclusion by demonstra  ng 
that Ac  vin A does not act via the STO feeder cells or soma  c cells present in the mixed culture 
system, but directly induces diff eren  a  on of spermatogonia as shown by the Ac  vin A-induced 
upregula  on of Kit in GC-6spg cells. Furthermore, our results indicate that Ac  vin A-induced 
downregula  on of Zbtb16 might be the trigger to enhance Kit expression and thereby induce 
diff eren  a  on. This observa  on is in line with previous fi ndings that demonstrated that ZBTB16 
has two binding sites on the Kit promoter where it acts as transcrip  onal repressor 31, and the 
fi nding that Zbtb16-/- mice show a deple  on of SSCs probably due to enhanced diff eren  a  on 
32, 33.

Using a microarray approach, we elucidated the GO categories and pathways involved in the 
early steps of SSC diff eren  a  on. Pathway analysis revealed that adhesion related pathways 
like adherens junc  on, cell adhesion molecules, leukocyte transendothelial migra  on and the 
phospha  dylinositol signalling system, are signifi cantly aff ected by exposure to Ac  vin A, and 
that the genes belonging to these pathways respond rapidly, i.e. within 4 hours a  er exposure 
to Ac  vin A. In par  cular, the GO analysis provided more insight into the  ming of changes 
in the spermatogonial adhesion proper  es, by showing that adhesion related GO categories 
were signifi cantly represented at 4 hours but not at 168 hours; this suggests that the genes 
belonging to those GO categories are early responders.

We recently showed that BMP-4 also induces diff eren  a  on of the SSC cell line GC-6spg 
by enhancing Kit expression and causing a rearrangement of the adhesion proper  es. BMP-4 
signifi cantly aff ects pathways such as adherens junc  ons, focal junc  ons, gap junc  ons, cell 
adhesion molecules (CAMs) and regula  on of ac  n cytoskeleton 13. Among the genes belonging 
to the adhesion related pathways, Cdh1 is signifi cantly upregulated, by both BMP4 and Ac  vin 
A. Altogether, our previous and present fi ndings indicate that the early diff eren  a  on steps 
induced by Ac  vin A and BMP-4 are characterized by changes in the adhesion proper  es 
of spermatogonia. These changes in adhesion proper  es, including changes in Cdh1, can 
be at the basis of the migratory events that take place on the basal membrane, leading to 
migra  on from vascular orientated distribu  on of SSCs to a random distribu  on of A2 or A3 
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spermatogonia present at Stage XII 4, 6. Indeed, it is known that quan  ta  ve diff erences in 
expression levels of cadherins as well as qualita  ve diff erences between diff erent cadherins 
may induce segrega  on of cells from their ini  al popula  on, which is a crucial phenomenon 
for  ssue morphogenesis in general34-36.

The main diff erences between the pathways triggered by the growth factors Ac  vin A and 
BMP4 is that BMP4 aff ects the focal adhesion pathway, that includes genes such as Itg6 
and Itg1, and the regula  on of ac  n cytoskeleton pathway 13, whereas Ac  vin A does not. 
Proteins belonging to the focal adhesion pathway are involved in the interac  on between cells 
and the extracellular matrix 37. In par  cular, integrins are capable to bind to several matrix 
compounds such as laminin, fi bronec  n and collagen 38, that are all present in the basal lamina 
39. This diff erence underlines the need of a synergis  c ac  on between Ac  vin A and BMP4 in 
inducing the migra  on of the diff eren  a  ng spermatogonia along the basal lamina and later 
towards the lumen of the seminiferous tubule. 

Among the top 20 signifi cant diff eren  ally expressed genes upon Ac  vin A-induced 
diff eren  a  on of GC-6spg cells, there were two genes known to have a func  on in 
spermatogonia, Bhlhe40 and Cdkn1a. Bhlhe40, also known as Dec1, is a gene belonging to 
the circadian rhythm pathway. It has been shown that the TGFβ/Ac  vin pathway is able to 
reset the circadian clock through Bhlhe40. Depending on interac  ng proteins, BHLHE40 can 
func  on both as transcrip  onal ac  vator or repressor on genes important for the cellular 
clock 40. In the tes  s, BHLHE40 is expressed in spermatogonia along the basal membrane, and 
even more intensely in diff eren  a  ng germ cells 9. In cultured spermatogonia on STO feeder 
cells, it has been shown that Bhlhe40 was downregulated a  er withdrawal of GDNF from the 
culture medium. Furthermore, small interference RNA for Bhlhe40 in cultured spermatogonia 
caused a reduc  on of the repopula  on capacity a  er transplanta  on, sugges  ng a func  on 
of BHLHE40 in stem cell maintanance. We found an upregula  on of Bhlhe40 upon Ac  vin 
A-induced diff eren  a  on of spermatogonia, which is in line with the more intense expression 
in diff eren  a  ng germ cells 9. Together, this implies that Bhlhe40 has an important func  on 
in both SSCs and diff eren  a  ng spermatogonia. Further research is necessary to improve 
our understanding of the pathways involved in the cellular clock of SSCs and diff eren  a  ng 
spermatogonia mediated by BHLHE40. 

Cdkn1a, a cyclin-dependent kinase inhibitor, is known to be downregulated by growth 
factors promo  ng selfrenewal, such as GDNF, FGF2 and EGF 41. Our microarray analysis showed 
that Ac  vin A is also able to induce the expression of Cdkn1a. Cdkn1a blocks the ac  vity 
of the cyclin/CDK complexes causing the cell cycle exit 42. Cdkn1a KO mice have enhanced 
numbers of diff eren  a  ng spermatogonia, which suggests that Cdkn1a plays a direct role in 
the prolifera  on of diff eren  a  ng spermatogonia, A1 to B 41. Furthermore, using a compe   ve 
transplanta  on assay, a transmission distor  on was found from male recipients transplanted 
with SSCs of Cdkn1a KO mice mixed 1:1 with WT SSCs and mated with WT females. 97% of 
the off spring was heterozygous, while no diff erences in repopula  on capacity were observed 
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between SSCs from wild type and KO animals in separate transplanta  on experiments41. Our 
result showing an upregula  on of Cdkn1a during the Ac  vin A-induced diff eren  a  on of SSCs 
is in line with these previous fi ndings. This suggests that, besides inducing diff eren  a  on, 
Ac  vin A also infl uences the cell cycle of diff eren  a  ng spermatogonia via Cdkn1a. In vivo, 
the mito  c divisions of the undiff eren  ated spermatogonia, from As to Aal are independent 
from the cycle of the seminiferous epithelium, while the mito  c division of diff eren  a  ng 
spermatogonia from A1 at Stage VIII and onwards are linked to the cycle of the seminiferous 
epithelium 39, 43. Therefore, Ac  vin A might be involved in the synchroniza  on of the cell cycle 
with the cycle of the seminiferous epithelium. Indeed, in vivo, Ac  vin A is secreted in all stages 
of the seminiferous epithelium, with maximum secre  on from stage VIII to XII and minimum 
secre  on between stage IV and VII 17, and Ac  vin A receptors are most prominently expressed 
in spermatogonia and Sertoli cells in the same stages18. Further research on the role of Cdkn1a 
and Bhlhe40 in the synchroniza  on of the cell cycle of diff eren  a  ng spermatogonia and the 
cycle of the seminiferous epithelium is needed.

In conclusion, we demonstrate that Ac  vin A directly induces diff eren  a  on of SSCs which 
is accompanied by a rearrangement of the adhesion proper  es of these cells and by the 
regula  on of genes involved in the cell cycle of diff eren  a  ng spermatogonia. This will most 
likely cause the migra  on of SSCs along the basal lamina of the seminiferous epithelium and 
synchroniza  on of the cell cycle to the cycle of the seminiferous epithelium. 
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Gene name Forward primer Reverse primer Probe number

RpS18 ccacaggaggcctacacg ctgaaac  ctcggggatca #70

Plzf caagaag  cagcctcaagca cactcaaagggc  ctcacc #78

c-Kit ggtctgacaaa  caccctca gcacagacaccactgggata #46

Itg1 atcatgcagg  gcag  tg cgtggaaaacaccagcagt #65

Itg6 c  cg  tggctatgacgtg cgctccgataacgatgtc  #77

Cdh1 gatcctggccctcctgat tc  tgaccaccg  ctcct #15

Group Treatment Time (h) Replicates
1 Untreated 0 5
2 Untreated 4 5
3 Untreated 12 5
4 Untreated 24 5
5 Untreated 48 5
6 Untreated 168 5
7 Treated 4 5
8 Treated 12 5
9 Treated 24 5

10 Treated 48 5
11 Treated 168 5

Table S1. Overview of primers used for the QPCR on GC-6spg cells treated with 
ac  vin A.

Table S2. Microarray experimental design: the microarray experiment was com-
posed by eleven diff erent samples: fi ve treated with Ac  vin A and cultured at 
diff erent  me points, fi ve untreated and cultured for diff erent  me points and 
one sample untreated and not cultured.
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A
Autotransplanta  on of spermatogonial stem cells (SSCs) has been suggested as a way 

to treat infer  lity in childhood cancer survivors. In order for SSC autotransplanta  on to be 
successful, it is crucial that effi  cient and safe in vitro propaga  on of SSCs is achieved. However, 
li  le is known about the factors that directly s  mulate the prolifera  on of SSCs in vitro and 
therefore the op  mal culture condi  ons for SSCs have not yet been established. In the current 
study, we set out to study the eff ect of two widely used culture media (MEM and StemPro) 
on prolifera  on and gene expression in a rat spermatogonial stem cell line (GC-6spg) in 
order to get more insight into the prolifera  ve ac  vity and associated transcrip  on profi le of 
SSCs in diff erent culture condi  ons. We demonstrate that StemPro based medium causes a 
fourfold increase in the prolifera  on of GC-6spg cells as compared to MEM based medium. 
Furthermore, culture in StemPro caused a signifi cant upregula  on of Zbtb16 and Itg6, while 
it induced downregula  on of Fgfr2. By using a short hairpin-approach to silence Zbtb16, we 
demonstrate that Zbtb16 expression directly correlates with GC-6spg prolifera  on rate. In 
order to gain insight into the regulatory mechanisms behind StemPro-induced spermatogonial 
prolifera  on, we tested the eff ect of the growth factors GDNF and EGF, present in StemPro 
but absent in MEM based medium. We found that GDNF and EGF can act synergis  cally on 
prolifera  on, but are only partly responsible for the observed increase in prolifera  on in 
StemPro. Furthermore, we show that GDNF and EGF both s  mulated GC-6spg prolifera  on in 
a Zbtb16 independent manner. 

These results shed light on the pathways that are important to trigger prolifera  on of SSCs 
in vitro, and can aid in designing the op  mal SSC culture media for future clinical use of human 
SSC propaga  on and autotransplanta  on.
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I
Ever since spermatogonial stem cell (SSC) transplanta  on was developed in 1994 1, 2, it 

has been put forward as a possible solu  on to restore fer  lity in infer  le male childhood 
cancer survivors 3. Since then, most studies have focused on developing in vitro culture 
and transplanta  on in animal species 1, 2 4. In addi  on, we have recently made an essen  al 
step forward towards the clinical use of this technique in humans by establishing a method 
to propagate human SSCs in vitro 5. As the number of available SSCs highly infl uences 
the effi  ciency of transplanta  on, it is crucial to properly culture and propagate SSCs. 

Two diff erent culture media are generally used to culture SSCs. One is a Minimum Essen  al 
Medium (MEM) based medium, enriched with one or more growth factors thought to be crucial 
for SSC long-term maintenance and prolifera  on, such as GDNF, bFGF, EGF and LIF and a feeder 
layer of STO cells 6, 7. The other widely used culture medium is StemPro-34®SFM (StemPro) 8. This is 
a complex medium enriched with the same key growth factors such as described above for MEM 9. 

So far, all studies aimed at elucida  ng the eff ect of diff erent culture condi  ons on SSCs were 
performed on mixed cell cultures; furthermore, in some cases cell cultures were supported 
by a cell feeder layer10-12. Therefore, from these studies it is not possible to determine the 
direct eff ect of diff erent culture condi  ons or growth factors on SSC prolifera  on and gene 
expression in vitro. 

In order to gain insight into the direct eff ect of the two culture media MEM and StemPro 
on the prolifera  on and transcrip  onal profi le of SSCs, we have cultured the single cell 
cloned rat spermatogonial stem cell line GC-6spg 13 in parallel in MEM or StemPro-based 
media. Furthermore, we have inves  gated the eff ect of two specifi c growth factors (GDNF 
and EGF) present in StemPro but absent in MEM on prolifera  on and expression of selected 
spermatogonial genes. 

M   M  

C   
The spermatogonial cell line GC-6spg was rou  nely cultured in MEM supplemented with 

nonessen  al amino acids (100IU/ml), penicillin/streptomycin (100mg/ml), gentamicin (40mg/
ml), HEPES (15mM) (all from Life Technologies, Inc., Paisley, UK), sodium bicarbonate (0.12%), 
L-glutamine (4mM), platelet-derived growth factor-BB (10ng/ml), recombinant human basic 
fi broblast growth factor (10ng/ml), recombinant human LIF (10ng/ml), forskolin (20μM), 1nM 
17β-estradiol, G418 200μg/ml (all from Sigma, St. Louis, USA) and 2.5% FCS (Australian origin 
10099141, Invitrogen, Carlsbad, USA) 14. Under these condi  ons confl uent cells were diluted 1:8 
each week. To evaluate possible diff erences in spermatogonial characteris  cs when cultured in 
StemPro-34®SFM (StemPro) based medium, GC-6 spg cells were cultured in StemPro-34®SFM 
(StemPro) (Invitrogen, Carlsbad, USA) supplemented with 0.5% penicillin streptomycin, 1% 
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FCS (both from Invitrogen), recombinant human basic fi broblast growth factor (bFGF) (10 
ng/ml), recombinant human EGF (20 ng/ml), recombinant human GDNF (10 ng/ml) (all from 
Sigma-Aldrich, St. Louis, USA), recombinant human LIF (10 ng/ml) (Chemicon Interna  onal 
Inc, Temecula, California) and G418 (200μg/ml). In this StemPro medium, confl uent cells were 
diluted 1:30 each week. 

To inves  gate prolifera  on, GC-6spg were cultured for 8 weeks in MEM (MEM group), for 8 
weeks in StemPro (StemPro group) or for 4 weeks in StemPro and subsequently for 4 weeks in 
MEM (StemPro-MEM group). Analysis was performed at week 1, 4, 5 and 8 in culture (fi g. S1). 

To evaluate the role of GDNF and EGF on the behaviour of SSCs, GC-6spg cells were cultured 
in MEM enriched with GDNF and/or EGF or in StemPro deprived of GDNF and/or EGF for 1 
week. 

To block the bFGF pathway, GC-6spg cells cultured in MEM were treated with the FGF 
inhibitor SU5402 (10μM in DMSO R&D system Minneapolis USA, fi nal concentra  on of DMSO 
in culture 0.1% ) for 4, 12, 24, 48, and 168 hours and control cells were cultured in MEM 
+DMSO. 

Cells under all culture condi  ons were cultured in a humidifi ed incubator at 32°C and 5% 
CO2, refreshed every 3-4 days and passaged every week.

R -  PCR 
Total RNA of cultured GC-6spg cells was isolated using the RNeasy kit, (Qiagen, Valencia, 

USA) following the instruc  ons of the manufacturer. cDNA was synthesized using random 
primers. Q-PCR was performed on a Roche Light Cycler 480 using a primer probe assay (Roche, 
Almere, the  Netherlands), and results were normalized to Rps18. The primer probe details are 
reported in Table 1. Q-PCR analysis was repeated at least three  mes in three independent 
experiments. 

C  
Cell prolifera  on in diff erent culture condi  ons was evaluated using the WST-1 cell 

prolifera  on assay (ROCHE, Almere, the Netherlands). The same amount of cells was plated in 
each well of a 96 well plate and cultured for 4 days. The assay was carried out as described by 
the manufacturer. Briefl y, a  er 4 days of culture, cells were incubated for 1h with a medium 
containing WST-1 reagent (diluted 1:10), and the op  cal density (OD) of the medium was 
evaluated in an ELISA reader (Anthos 2 Biochrom Ltd.) at 450nm with a reference of 620nm.

Zbtb16 RNA 
To inves  gate the role of Zbtb16 in the prolifera  on of SSCs, the same amount of GC-6spg 

cells were plated in each well of a 96 well plate in order to reach a confl uency of 50% the 
next day. Zbtb16 interference was performed with a combina  on of three diff erent target-
specifi c constructs that encode 19-25nt (plus hairpin) shRNA targe  ng Zbtb16 or scramble 
(sc-156168-V and sc-108080 respec  vely, Santa Cruz biotech). Cells were cultured in MEM 
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and infected at diff erent  me points: 24h before the switch to StemPro medium (condi  on 
1), at the  me of the switch (condi  on 2) and 24h a  er the switch (condi  on 3). Infec  on was 
carried out overnight in the presence of 8μg/ml Polybrene® (Santa Cruz biotech). As controls, 
we used cells cultured constantly in standard MEM or StemPro, either not infected or infected 
with scramble vector. A  er 48h of culturing in StemPro, prolifera  on was determined using 
the WST1 assay. Effi  ciency of Zbtb16 downregula  on was evaluated by Q-PCR and Western 
analyses.

W  B  
Protein lysates of GC-6spg cells were prepared with RIPA buff er (1% NP40, 0.5% 

NaDeoxycholaat, 0.1% SDS and 1mM protease inhibitors by ROCHE). Protein concentra  ons 
were measured using Bicinconinic acid analysis (BCA) methods (Pierce Chemical Co., Rockford 
USA). Of each protein lysate, 50μg was loaded on a 4-12% gradient gel (NP323BOX, Invitrogen, 
Carisbad USA). Proteins were blo  ed on Polyvinylidene fl uoride (PVDF) membrane (Millipore, 
Bedford, USA). The membrane was blocked in LICOR blocking buff er (LICOR, Nebrasca, USA) 
for 1 hour and probed with 1:100 mouse monoclonal ZTBT16 an  body ( SC-28319 Santa 
Cruz Biotechnology Inc, Santa Cruz, USA). The secondary an  body, rabbit an   mouse IRDye® 
800CW (926-32210, LICOR Biosciences, Lincoln, USA), was used with a dilu  on of 1:15000. 
As internal standard for loading control, α-tubulin an  body 1:2000 (ms-581-pc, Neomarker, 
Fremont, USA) was used. Image acquisi  on and quan  fi ca  on were done with the ODYSSEY 
Infrared Imaging System (LICOR Biosciences, Lincoln, USA). 

S
The diff erences in gene expression levels using the ΔΔCT method or the diff erences in the 

OD values of WST1 assay between cells cultured under several condi  ons were calculated using 
one-way ANOVA (Graphpad 4, Graphpad So  ware, San Diego, USA) with Dunne  ’s Mul  ple 
Comparison post hoc test. A p-value of <0.05 was considered to be sta  s  cally signifi cant.



73

Eff ect of medium on SSC prolifera  on

R

C    MEM  S P   
GC-6spg cells cultured in StemPro displayed a fourfold increase in prolifera  on rate as 

compared to GC-6spg cells cultured in MEM. When cultured in MEM, confl uent cells were 
passaged 1:8 each week, while in StemPro confl uent cells were passaged 1:30 each week. As 
quan  fi ed by the WST-1 assay, GC-6spg cells displayed an sixfold increase in cell number a  er 
four days of culture in StemPro as compared to GC-6spg cells cultured for four days in MEM 
(Figure 1, P <0.001). 

G    MEM  S P   
Culturing of GC-6spg cells in StemPro for 8 weeks resulted in a signifi cant upregula  on of the 

transcrip  on factor Zbtb16 and the adhesion molecule Itg6, while the growth factor receptor 
Fgfr2 was signifi cantly downregulated (Figure 2). This eff ect was completely reversible, as GC-
6spg cells cultured for 4 weeks in StemPro and subsequently for 4 weeks in MEM showed 
comparable Zbtb16, Itg6 and Fgfr2 expression levels to GC-6spg cells con  nuously cultured 
in MEM. The expression levels of the diff eren  a  on marker Kit and the adhesion molecules 
for early spermatogonia Cdh1 and Itg1 (Figure 2A and 2C) were not signifi cantly aff ected by 
StemPro, although Cdh1 expression showed a trend towards downregula  on when GC-6spg 
cells were cultured in StemPro based medium for 4 weeks or more. 
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Figure 1. Bar chart showing the 
increase in prolifera  on rate of 
GC-6spg cells induced by Stem-
Pro medium. Quan  fi ca  on was 
performed by WST1 kit. Data are 
plo  ed as mean ± SEM, p<0.001.
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Since GC-6spg cells cultured in StemPro showed a consistent downregula  on of Fgfr2 with 
an upregula  on of Zbtb16, we checked whether this might indicate crosstalk between the FGF 
pathway and Zbtb16. However, blocking the bFGF pathway via the bFGF inhibitor SU5402, did 
not aff ect the expression of any of the genes studied including Zbtb16 (data not shown).

P   Zbtb16 
Because of the marked increase in Zbtb16 expression in GC-6spg cells cultured in StemPro, 

we examined further the role of Zbtb16 in SSC prolifera  on. Silencing Zbtb16 in GC-6spg cells 
using Zbtb16 specifi c shRNA constructs resulted in a decrease in Zbtb16 mRNA of about 30% 
and ZBTB16 protein of about 40% at 24 hours a  er infec  on compared to a scramble shRNA, 
(Figure S2).

Prolifera  on of GC-6spg was signifi cantly decreased when GC-6spg cells were infected with 
Zbtb16 shRNA at 0 and 24 hours before switching to StemPro medium compared to GC-6spg 
cells infected with scramble shRNA (Figure 3, p<0.001 and 0.01 respec  vely).
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Figure 3. Prolifera  on 
of the SSC cell line 
GC-6 spg a  er inter-
fering with Zbtb16. A) 
Zbtb16 interference 
was performed in 
three diff erent con-
di  ons: 1) 24 hours 
before, 2) at the  me 
and 3) 24 hours a  er 
switching the medium 
to StemPro-34. B) 
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E   GDNF  EGF   
We next inves  gated whether GDNF and/or EGF, present in Stempro medium but absent in 

MEM, could be responsible for the increased prolifera  on of GC-6spg. The addi  on of GDNF 
or EGF to MEM led to a signifi cantly increase in cell number of 10% and 40%, respec  vely 
(Figure 4A, p<0.05 and < 0.001) a  er 4 days of culture. The addi  on of both growth factors 
to MEM increased the prolifera  on rate in a synergis  c way, leading to a 60% increase in cell 
number a  er 4 days compared to cells cultured in MEM (Figure 4A, p < 0.001). Alterna  vely, 
the removal of GDNF, EGF, or both from StemPro did not signifi cantly aff ect the prolifera  on 
rate (Figure 4B). The prolifera  on rate of GC-6spg in StemPro with or without GDNF and/or 
EGF was always higher than of cells cultured in MEM based medium with or without GDNF 
and/or EGF. 

E   GDNF  EGF    
We found that the addi  on of GDNF to MEM or the removal of GDNF from StemPro for one 

week had no eff ect on expression levels of any of the genes tested (Figure 5A-E). Conversely, 
the addi  on of EGF to MEM led to a downregula  on of Kit (Figure 5B p<0.05) and Cdh1 (fi g. 5E 
p<0.05), while Zbtb16, Itg6 and Fgfr2 were not aff ected (Figure .5A, C and 5D). The removal 
of EGF from StemPro led to a signifi cant upregula  on of Kit (Figure 5B p<0.001) and Zbtb16 
(Figure  5 p<0.001 compared to MEM), while no major changes were observed for the other 
genes tested (fi g 5C-E).
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Figure 4. Eff ect of the growth factors EGF and GDNF (alone or in combina  on) on the pro-
lifera  on rate of GC-6 spg cells in diff erent media. A) MEM medium, a: p<0.05; b,c,d and e: 
p<0.001; f: p<0.01. B) StemPro medium: no signifi cant diff erences were observed between 
the diff erent media. However, in all cases the prolifera  on rate was higher than all the 
MEM-based media. Data are plo  ed as mean ± SEM of three independent experiments.
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When GC-6spg cells were cultured in MEM enriched with both GDNF and EGF, Kit expression, 
which was already low, was signifi cantly further downregulated (Figure 5B, p<0.05 compared 
to MEM). No major changes were found in Zbtb16, Itg6, Cdh1 and Fgfr2 expression (Figure 
5A,C-E ). Removing both growth factors from the StemPro medium resulted in Kit upregula  on 
in GC-6spg, although it remained lower than the expression level in cells cultured in StemPro 
medium deprived of EGF (Figure 5B p<0.001 compared to MEM and p<0.05 compared to 
StemPro without EGF). Zbtb16, Itg6, Cdh1 and Fgfr2 levels were not signifi cantly aff ected in 
GC-6spg when cultured in StemPro medium deprived of EGF and GDNF compared to complete 
StemPro (Figure 5 A, C-E ).

Furthermore, expression levels of Zbtb16 and Itg6 in all StemPro condi  ons were 
signifi cantly higher than in all MEM condi  ons (Figure 5A,D), while Fgfr2 expression levels 
were signifi cantly lower (Figure 5C). Kit expression levels were lower in StemPro deprived of 
EGF or EGF and GDNF when compared to MEM (Figure 5B).

Table 1.List of the primers used with the corresponding probe number.

Gene name FW primer RV primer Probenumber

RpS18 gaccagtcaacaggggacat ctgaaac  ctcggggatca #70

Plzf caagaag  cagcctcaagca cactcaaagggc  ctcacc #78

c-Kit ggtctgacaaa  caccctca gcacagacaccactgggata #46

Itga6 c  cg  tggctatgacgtg cgctccgataacgatgtc  #77

Fgfr2 tgcatgg  gacag  ctgc tgcagtaaatagctatctccaggtaa #60

Cdh1 gatcctggccctcctgat tc  tgaccaccg  ctcct #15
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D
In the present study, we found a four-fold increase in prolifera  on rate of GC-6spg cells 

cultured in StemPro as compared to GC-6spg cells cultured in MEM. This increase in prolifera  on 
in StemPro was accompanied by elevated levels of Zbtb16 and Itg6 and by a downregula  on 
of Fgfr2. When MEM medium was enriched with GDNF and/or EGF, present exclusively in 
StemPro, an increase in the prolifera  on rate of GC-6spg cells was observed, although lower 
than the prolifera  on rate induced by StemPro. The increased prolifera  on a  er addi  on of 
GDNF and/or EGF to MEM was not accompanied by increase in Zbtb16 expression, but by 
downregula  on of Kit and Cdh1. 

SSC culture is mostly performed using primary isolated SSCs that always contain soma  c 
feeder cells that seem to be important for SSC propaga  on 8. The soma  c cells, either tes  cular 
or stromal feeder cells, can interact with medium compounds and produce addi  onal factors 
that can infl uence SSC behavior, making it diffi  cult to study the direct eff ects of culture media 
on SSCs. To study the direct eff ects of culture media on SSCs, we choose to use the rat SSC cell 
line GC-6spg. The GC-6spg is a single cell cloned spermatogonial cell line that can be cultured 
without feeder cells and has SSC characteris  cs, including expression of several spermatogonial 
markers such as Oct4, Zbtb16, Itg6 and Itg1 13, 14, and the capability of homing to the basal 
membrane a  er transplanta  on 13. Due to these characteris  cs, the stem cell line GC-6spg is 
a unique tool to study how culture condi  ons directly aff ect prolifera  on and gene expression 
of SSCs. 

The observed increase in prolifera  on of GC-6spg cells when cultured in StemPro compared 
to MEM based medium was associated with an increase in Zbtb16 expression. Furthermore, 
Zbtb16 interference resulted in a clear reduc  on in prolifera  on, indica  ng a direct link 
between Zbtb16 and spermatogonial prolifera  on. It is known that in vivo ZBTB16 expression 
is restricted to A single (As) and A paired (Apr) and small chains of A aligned (Aal) undiff eren  ated 
spermatogonia 15. In cross sec  ons of seminiferous tubules of the Zbtb16 mutant mice a 
patchwork phenotype is present, with tubules showing either normal spermatogenesis, 
absence of early germ cells or only Sertoli cells, sugges  ng a progressive loss of SSCs as a result 
of reduced prolifera  on and/or enhanced diff eren  a  on 15-17. Furthermore, spermatogonia 
from Zbtb16-/- mice are unable to colonize the tes  s of wild type animals a  er transplanta  on, 
while spermatogonia of wild type animals transplanted in Zbtb16-/- mutant mice tes  s gave 
rise to normal spermatogenesis, demonstra  ng that SSCs and not the soma  c environment 
in the tes  s are impaired in Zbtb16-/- mice 15. It has been shown that ZBTB16 binds to two 
diff erent regions of the Kit promoter, leading to a ZBTB16-mediated repression of Kit 17, and 
thereby suppression of SSCs diff eren  a  on. In addi  on to these fi ndings, our study now shows 
that ZBTB16 is also directly involved in prolifera  on of undiff eren  ated spermatogonia.

Besides Zbtb16, the expression of Itg6 and Fgfr2 signifi cantly changed when GC-6spg cells 
were cultured in StemPro compared to MEM based medium. Itg6 is a member of the integrin 
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superfamily and it is involved in the binding of SSCs to the basal lamina of the seminiferous 
tubules, together with Itg1 9, 12. The increased expression levels of Itg6 suggest a change 
in the interac  on between the SSCs and laminin. The FGF2 receptor and its corresponding 
growth factor FGF are known to play a role in keeping the SSCs in an undiff eren  ated state 11. 
The opposite regula  on of Zbtb16 and Fgfr2 probably underlines diff erent ways of regula  ng 
the undiff eren  ated state of SSCs as our study shows that interfering with the FGF2 pathway 
by blocking its receptor did not result in changes in Zbtb16 expression levels. Further research 
is needed to clarify the precise func  on of Fgfr2 on the fate of SSCs.

We examined which growth factors in StemPro medium were responsible for the increased 
prolifera  on and associated upregula  on of Zbtb16 and Itg6 and downregula  on of Fgfr2. 
One of the fi rst candidates was GDNF, since it is a well known key factor for SSC selfrenewal 
6, 18, 19. The role of GDNF in selfrenewal was ini  ally described by using two diff erent animal 
models. First, the phenotype of GDNF+/- mice showed deple  on of SSCs leading to a patched 
phenotype with Sertoli cell only tubules 18. Second, overexpression of GDNF in mice resulted 
in accumula  on of undiff eren  ated spermatogonia and at later age induced tes  cular tumor 
forma  on 18, 19. In vitro studies also showed that SSCs cultured on STO feeder layer with GDNF 
display increased coloniza  on capacity a  er transplanta  on 11. When GDNF was added to our 
GC-6spg cells cultured in MEM, a small but signifi cant increase in prolifera  on was observed, 
while we found no signifi cant eff ect on the expression of the genes tested. Similarly, no eff ects 
on cell prolifera  on or gene expression were observed in GC-6spg cells cultured in StemPro 
medium deprived of GDNF when compared to those cultured in StemPro.

A second candidate that could explain the diff erences in prolifera  on and gene expression 
between the StemPro based and MEM based medium was EGF. In vivo EGF is expressed in 
Sertoli cells, pachytene spermatocytes, and round sperma  ds20. Furthermore, it has been 
shown that EGF is able to s  mulate DNA synthesis in spermatogonia21. In addi  on, it seems 
to be a crucial growth factor for SSCs propaga  on in mixed cell cultures in vitro 6, 22. We found 
that the addi  on of EGF to MEM culture media resulted in an increase of GC-6spg prolifera  on 
rate that was higher than that induced by GDNF, although s  ll not as high as in StemPro based 
media. In contrast to GDNF, EGF infl uenced gene expression. More precisely, it resulted in 
the downregula  on of Kit and Cdh1 without increasing Zbtb16 levels. This suggests that EGF 
might play a role as a stemness factor by blocking SSC diff eren  a  on in a ZBTB16 independent 
manner. Indeed, we have previously shown that an early step of SSCs diff eren  a  on is an 
increase in expression of Kit and Cdh1 without downregula  on of Zbtb16 14. The fact that EGF 
acts as a growth factor that maintains the undiff eren  ated state of SSCs is also suggested by 
the fact that GC-6spg cells cultured in StemPro deprived of EGF show signs of diff eren  a  on 
by upregula  on of Kit. 

Recently, it has been shown that removing EGF and LIF from StemPro medium does not 
infl uence the number of SSCs in culture, as the number of colonies obtained a  er transplanta  on 
was comparable with SSCs cultured in StemPro in the presence of both growth factors10. Since 
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these cultures were performed on MEFs as a feeder layer, further research is necessary to 
evaluate the direct role of both growth factors in SSC prolifera  on. Although, in the present 
study no diff erences in the prolifera  on rate of GC-6spg cells cultured in StemPro deprived of 
EGF versus cells cultured in complete StemPro, the upregula  on of Kit reveals a step towards 
diff eren  a  on. 

When inves  ga  ng the combina  on of both GDNF and EGF on the behavior of GC-6spg 
cells in MEM based media, we found that the prolifera  on rate of GC-6spg cells increased 
synergis  cally, sugges  ng that these factors aff ect prolifera  on via independent pathways. 
The prolifera  on rate of GC-6spg cells in MEM enriched with both growth factors s  ll remained 
much lower than that of cells cultured in StemPro. Thus, in addi  on to GDNF and EGF, other 
compound(s) in StemPro are important for prolifera  on of GC-6spg cells. The reason why 
GDNF and EGF play only a par  al role in increasing the prolifera  on of the GC-6spg cell line 
is probably because these growth factors were not able to aff ect the ZBTB16 pathway, which 
we show is directly associated with prolifera  on of undiff eren  ated spermatogonia. Further 
research is needed to iden  fy the factors that regulate Zbtb16 expression in spermatogonia 
when cultured in StemPro medium. 

We found an increase in prolifera  on of the rat spermatogonial stem cell line GC-6spg 
when cultured in StemPro compared to MEM based medium via three independent pathways, 
mediated through ZBTB16, GDNF and EGF, sugges  ng they are directly involved in the 
prolifera  on of SSCs. It is known that both culture condi  ons, MEM and StemPro, have the 
ability to support SSC prolifera  on as shown by (xeno)transplanta  on 9, 11. Recently, a novel 
culture medium based on MEM/Ham F12, enriched with growth factors GDNF, bFGF  and 
one of the components of StemPro, B27 supplement, is able to support SSC prolifera  on10. 
Based on prolifera  on in vitro, this new medium is able to support prolifera  on with a slightly 
lower effi  ciency than StemPro 10. However, further research, including parallel transplanta  on 
experiments, is necessary to determine which culture media and which of the included growth 
factors, and therefore pathways, will have the highest eff ect on selfrenewal of SSCs.

In conclusion, the present study showed that GC-6spg cells cultured in StemPro displayed 
increased prolifera  ve ac  vity as compared to GC-6spg cultured in MEM. This increase was 
mediated by ZBTB16, GDNF and EGF. Zbtb16 is directly linked to SSCs selfrenewal and the 
growth factors GDNF and EGF enhance prolifera  on independent of Zbtb16. Our results 
shed light on the pathways that are important to trigger prolifera  on of SSCs in vitro and 
can aid in designing the op  mal SSC culture media for future clinical SSC propaga  on and 
autotransplanta  on. 
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Summary sentence: When cultured at 37°C, SSCs proliferate more rapidly but are also 
triggered to enter the diff eren  a  on pathway.
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A
In physiological condi  ons, spermatogenesis takes place in the scrotum at a temperature 

that is 2-8°C lower than body temperature. Elevated tes  cular temperature can nega  vely 
aff ect spermatogenesis via eff ects on sperma  ds, spermatocytes as well as spermatogonial 
stem cells (SSCs). Despite the apparent eff ect of increased temperature in vivo on SSCs , all in 
vitro studies performed so far on SSCs used a culture temperature of 37°C. In this study, we 
used the previously established SSC cell line GC-6spg to unravel the direct eff ect of temperature 
on the state of SSCs in vitro. We inves  gated prolifera  on and gene expression of cultured GC-
6spg cells either at 32 or 37°C, and determined whether the response of these cells to the 
growth factors GDNF and EGF is temperature-dependent. 

We found that GC-6spg cells cultured at 37°C displayed an increased prolifera  on rate 
compared to GC-6spg cells cultured 32°C. Furthermore, at both temperatures, enrichment 
of the medium with GDNF and/or EGF resulted in a further increase in prolifera  on rate. The 
increase in prolifera  on rate at 37°C was accompanied by a downregula  on of Zbtb16, a gene 
known to be expressed in early spermatogonia including SSCs. Furthermore, enriching the 
culture medium with EGF when cells were cultured at 32°C resulted in a downregula  on of 
already low levels of Kit, a gene known to be expressed in diff eren  a  ng spermatogonia. This 
EGF-induced downregula  on of Kit expression was not observed at 37°C. 

Altogether, these results show that a culture temperature of 32°C seems to save the stemness 
state of SSCs, while at 37°C SSCs are pushed in a cell state more prone to diff eren  a  on. 
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I
The process of spermatogenesis is highly sensi  ve to temperature 1 and normally takes place 

at a temperature that is 2-8°C lower than body temperature 2. Elevated tes  cular temperature, 
caused for instance by varicocele or cryptorchidism, can nega  vely aff ect semen quality and 
hence fer  lity 3, 4. 

Within the tes  s, various cell types are sensi  ve to temperature. At 37°C, pachytene 
spermatocytes (PS) and round sperma  ds (RS) lose expression of a cold-inducible RNA-
binding protein (CIRP) and hence undergo apoptosis 5-7. In cryptorchid tes  s, there is a failure 
to establish a normal pool of spermatogonial stem cells (SSCs) during development, resul  ng 
in a decreased number of spermatogonia 8-10. Furthermore, besides aff ec  ng the number of 
spermatogonia, increased temperature also aff ects spermatogonial morphology as shown by 
the forma  on of mul  nucleated cells 11. 

Despite the apparent eff ect of increased temperature on SSCs in vivo, all SSC cultures in vitro 
are performed at 37°C12-14. Studies on the eff ect of diff erent temperatures on the behaviour 
of SSCs in vitro are limited. Only one study has compared the prolifera  ve capacity of bovine 
type A spermatogonia cultured at 32 and 37°C and found an increase in prolifera  on at 37°C. 
In addi  on, spermatogonial colonies were bigger and formed more rapidly at 37°C 15. 

The eff ect of temperature on the state of SSCs is important in light of the development of 
SSC autotransplanta  on. This technique aims to restore fer  lity in infer  le childhood cancer 
survivors by means of propaga  ng SSCs in vitro from a tes  cular biopsy cryopreserved before 
start of chemotherapy, followed by autotransplan  on of these SSCs into the tes  s. Obviously, 
the in vitro propaga  on should be performed in such a way that the number of SSCs increases 
without loss of stem cell capacity. 

Studying SSCs in vitro is diffi  cult since there is no specifi c marker to detect or isolate SSCs  
and SSCs need support of feeder cells to propagate in culture 14, 16-18. As a consequence, all 
culture systems consist of a mix of tes  cular cells preven  ng the study of the direct eff ects of 
temperature or other culture condi  ons on SSCs. 

To overcome the technical limita  on of mix culture systems, we have previously established 
a rat SSC cell line called GC-6spg. GC-6spg cells display SSC characteris  cs like expression of 
Zbtb16, Oct4¸ Sox2, Itg6, and Itg1, low expression of the diff eren  a  on marker kit and, 
upon transplanta  on in recipient mice, the capacity to home into the niche of the seminiferous 
epithelium 19, 20. 

In the present study, we inves  gated the direct eff ect of temperature on the prolifera  on 
and gene expression of the GC-6spg cell line. In addi  on, we inves  gated whether the 
response of SSCs to growth factors known to increase prolifera  on diff ers among diff erent 
culture temperatures.
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M   M  
C   

The spermatogonial cell line GC-6spg 19 was cultured at either normal temperature (32°C) or 
at elevated temperature (37°C). Cells were cultured in MEM medium. MEM was supplemented 
with nonessen  al amino acids (100IU/ml), penicillin/streptomycin (100mg/ml), gentamicin 
(40mg/ml), HEPES (15mM) (all from Life Technologies, Inc., Paisley, UK), sodium bicarbonate 
(0.12%), L-glutamine (4mM), platelet-derived growth factor-BB (10ng/ml), recombinant 
human basic fi broblast growth factor (10ng/ml), recombinant human LIF (10ng/ml), forskolin 
(20μM), 1nM 17β-estradiol, G418 200μg/ml (all from Sigma, St. Louis, USA) and 2.5% FCS 
(Australian origin 10099141, Invitrogen, Carlsbad, USA). To evaluate the role of GDNF and EGF 
on the behavior of SSCs when cultured at normal or elevated temperature, GC-6spg cells were 
cultured in MEM enriched with recombinant human GDNF (10ng/ml) and/or recombinant 
human EGF (20ng/ml) for 1 week. 

Cells under all culture condi  ons were cultured in a humidifi ed incubator with 5% CO2 in 
air.

R -  PCR 
RNA of cultured GC-6spg cells was isolated using an EasyRNA kit (Quiagen, Valencia, 

USA) following the instruc  on of the manufacturer. cDNA was synthesized using random 
primers. Q-PCR was performed on a Roche Light Cycler 480 using a primer probe assay 
(Roche, Almere, the Netherlands), and results were normalized to Rps18. The primer probe 
details are reported in Table 1. Q-PCR analysis was repeated at least three  mes on three 
independent experiments. 

Gene name FW primer RV primer Probenumber

RpS18 gaccagtcaacaggggacat ctgaaac  ctcggggatca #70

Plzf caagaag  cagcctcaagca cactcaaagggc  ctcacc #78

c-Kit ggtctgacaaa  caccctca gcacagacaccactgggata #46

Itga6 c  cg  tggctatgacgtg cgctccgataacgatgtc  #77

Fgfr2 tgcatgg  gacag  ctgc tgcagtaaatagctatctccaggtaa #60

Cdh1 gatcctggccctcctgat tc  tgaccaccg  ctcct #15

Table 1.List of the primers used with the corresponding probe number.
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C  
Cell prolifera  on in diff erent culture condi  ons was evaluated using the WST-1 cell 

prolifera  on assay (ROCHE, Almere, the Netherlands). The same amount of cells was plated in 
each well of a 96 well plate and cultured for 4 days. The assay was carried out as described by 
the manufacturer. Briefl y, a  er 4 days cells were incubated for 1h with a medium containing 
WST-1 reagent (diluted 1:10), and the op  cal density (OD) of the medium was evaluated in an 
ELISA reader (Anthos 2 Biochrom Ltd.) at 450nm with a reference of 620nm.

S
The diff erences in gene expression levels using the ΔΔCT method between cells cultured 

in various condi  ons or the diff erences in the OD values of WST1 assay were calculated using 
one-way ANOVA (Graphpad 4, Graphpad So  ware, San Diego, USA) with Bonferroni’s Mul  ple 
Comparison post hoc test. A p-value <0.05 was considered to be sta  s  cally signifi cant.

In all cases data are plo  ed as mean ± SEM. 

R

R   T
GC-6spg cells cultured at 37°C showed an increase in prolifera  on as compared to GC-6spg 

cells cultured at 32°C (Figure 1, p<0.01). Among the genes tested, the only gene aff ected by 
elevated temperature was Zbtb16, which was signifi cantly downregulated at 37°C (Figure 2, 
p<0.001). 

R    
To inves  gate whether SSCs cultured at elevated temperature respond diff erently to growth 

factors known to increase SSC prolifera  on, we cultured GC-6spg cells either at 32°C or 37°C in 
MEM enriched with GDNF, EGF or both.
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Figure 1. Bar chart showing the 
increase of the prolifera  on rate 
of GC-6spg cell culture in MEM 
medium at 37°C compared to 32°C. 
Quan  fi ca  on performed by WST1 
showed a 27% increase in cells 
number in MEM at 37°C. Data are 
plo  ed as mean of three inde-
pendent samples ± SEM. a:  p<0.01 
vs. MEM 32°C
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The prolifera  on rate of GC6-spg cells cultured with EGF alone or in combina  on with GDNF 
was signifi cantly higher than the prolifera  on rate of GC6-spg cells cultured MEM medium 
(Figure 3, p<0.001), at both temperatures. The prolifera  on rate of GC-6spg cells cultured 
with GDNF and/or EGF at 37°C was always higher than the prolifera  on rate under the same 
condi  ons at 32°C (Figure 3, lower panel).
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On a transcrip  onal level, the addi  on of GDNF and/or EGF to MEM at 37°C did not result 
in a rescue of Zbtb16 expression levels, but resulted in even further downregula  on of Zbtb16. 
In par  cular, culturing GC-6spg cells in MEM enriched with both GDNF and EGF resulted in a 
signifi cant downregula  on of Zbtb16 (Figure 4B, p<0.01). 

The enrichment of MEM with EGF alone or in combina  on with GDNF at 32°C resulted in a 
signifi cant downregula  on of Kit (Figure 4C, p<0.05), while no changes in Kit expression levels 
were observed at 37°C (Figure 4D). Among the other genes tested at 37°C only Fgfr2 and Cdh, 
were signifi cantly downregulated when cultured in MEM enriched with both GDNF and EGF 
compared to standard MEM (data not shown).
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D
We found that GC6-spg cells cultured at 37°C showed an increased prolifera  on rate 

compared to cells cultured at 32°C. Gene expression analysis demonstrated that the increased 
prolifera  on at 37°C was accompanied by a downregula  on of Zbtb16, while other genes that 
defi ne the state of SSCs were not aff ected by temperature. Furthermore, the response to EGF 
and/or GDNF was diff erent at each temperature.

The observed increase of prolifera  on rate of GC-6spg cells when cultured at the increased 
temperature of 37°C is in line with previous fi ndings showing that primary isolated bovine 
type A spermatogonia cultured at 37°C have higher prolifera  on rate and form bigger colonies 
more rapidly 15. 

In a previous study, we demonstrated that GDNF and EGF, alone or in combina  on, increase 
the prolifera  on rate of GC-6spg cells (Carlomagno et al, submi  ed). Together with the present 
fi ndings, we can conclude that the increased prolifera  on rate induced by the growth factors 
EGF and GDNF on the cell line GC-6spg at 37°C is the result of a cumula  ve eff ect of these 
growth factors and the elevated temperature.

Gene expression analysis demonstrated that the increased prolifera  on at 37°C was 
accompanied by a downregula  on of Zbtb16, while other genes that defi ne the state of SSCs 
were not aff ected by temperature. Zbtb16 is a transcrip  on factor well known to be crucial for 
spermatogenesis. Indeed, Zbtb16-/- mice show a deple  on of SSCs probably due to enhanced 
diff eren  a  on 21, 22. Furthermore it was shown that ZBTB16 directly regulates Kit expression as 
it has two binding sites on the Kit promoter where it acts as a transcrip  onal repressor 23. This 
explains why at 37°C EGF together with GDNF did not result in downregula  on of kit because 
it induced a reduc  on in Zbtb16 expression. In contrast, at 32°C, both growth factors did not 
infl uence Zbtb16 expression levels and therefore Kit expression was downregulated. The fact 
that Zbtb16 expression was directly infl uenced by temperature and that Kit expression was 
diff erently regulated by EGF and GDNF at 32 and 37°C, suggests that the mechanism that 
regulates SSC selfrenewal and diff eren  a  on is temperature-dependent.

Zbtb16 downregula  on in cells cultured in MEM medium at 37°C, together with the fact that 
addi  on of EGF and GDNF to MEM medium at 37°C resulted in a further Zbtb16 downregula  on, 
suggests the entrance of GC6spg cells in a cell state more prone to diff eren  a  on. This state 
can also explain why cryptorchid testes fail to establish a normal pool of SSCs 8-10. We suggest 
that, due to the increased temperature, the balance between selfrenewal and diff eren  a  on 
is switched towards diff eren  a  on, leading to a reduced pool of SSCs. 

In conclusion, in this study we were able to show that a culture temperature of 37°C triggers 
GC-6spg cells to increase their prolifera  on. At the same  me, the increased temperature 
pushes GC-6spg in a cell state more prone to diff eren  a  on, while at 32°C stemness appears 
to be maintained more effi  ciently.
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S   C
In the last decade, the treatment of childhood cancer has greatly improved and nowadays 

1 out of 250 adults is a long term survivor of childhood cancer 1. Once adult, there is high 
probability that these individuals are confronted with one of the major side eff ects linked 
to an  -cancer treatments, namely infer  lity. For prepubertal boys with cancer, there are 
currently no means to preserve their fer  lity, since cryopreserva  on of semen is not yet 
possible. Consequently, these boys are doomed to remain childless.

The development of a strategy to restore fer  lity in these infer  le childhood cancer survivors 
is eagerly awaited 2. The theore  cal way to solve this important issue is to store a tes  cular 
biopsy before an  -cancer treatment, and when infer  lity has manifested itself, to thaw the 
biopsy, to propagate spermatogonial stem cells (SSCs) from this biopsy and to autotransplant 
these SSCs to the tes  s. Indeed, animal models have clearly shown that  SSCs can be propagated 
in vitro and, upon transplanta  on, are able to re-establish full spermatogenesis 3, 4. In order 
for this technique to be successful, extensive and controlled propaga  on of SSCs is necessary 
as the number of SSCs in a small prepubertal tes  s biopsy is low and the transplanta  on 
effi  ciency is es  mated to be only 5-10 % 5, 6. In light of this future clinical use of SSCs for the 
treatment of infer  le childhood cancer survivors, it is crucial to understand and possibly 
control the prolifera  on and diff eren  a  on of  SSCs in vitro. Unfortunately, our knowledge on 
the op  mal culture condi  ons in terms of medium, growth factors and temperature is limited. 
This is mainly due to the fact that there are very few SSCs within the tes  s and so far there is 
no unique molecular SSC marker, and therefore no technique, to isolate SSCs. 

In our laboratory, we previously established a rat spermatogonial cell line called GC-6spg 
that is an excellent tool to inves  gate the eff ect of diff erent culture condi  ons and growth 
factors on SSC prolifera  on and diff eren  a  on. 

In this thesis, we aimed to gain insights into the prolifera  on and diff eren  a  on of SSCs in 
diff erent culture condi  ons in terms of medium, growth factors and temperature by using the 
GC-6spg cell line. This research provide us with important informa  on on the pathways that 
are important in the process of prolifera  on and diff eren  a  on of SSCs in vitro and can aid in 
designing the op  mal SSC culture media for future clinical applica  ons.
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In chapter 2, we inves  gated the eff ects of the growth factor BMP4 on the GC-6spg cell 
line. BMP4 is expressed by Sertoli cells in mice un  l postnatal day 7 7, while at later ages it is 
predominantly expressed in spermatogonia and spermatocytes 8, 9. BMP4 is thought to s  mulate 
SSC diff eren  a  on based on the fact that isolated spermatogonia from adult mice cultured 
in the presence of BMP4 give rise to a lower number of colonies upon SSC transplanta  on 
compared to cells cultured in the absence of BMP4 10. It was previously unclear whether BMP4 
s  mulates SSC diff eren  a  on in a direct or an indirect manner and via which pathways, as all 
culture systems that have been used thus far consisted of a mixture of tes  cular cells and in 
some studies a cellular feeder layer 11, 12. 

In our study, we provided evidence that BMP4 can directly induce SSC diff eren  a  on. GC-
6spg cells express all BMP4 receptors and exposure to BMP4 induces downstream SMAD 1,5 
and 8 phosphoryla  on and upregula  on of KIT, a marker for diff eren  a  ng spermatogonia. 
Using a microarray pathway analysis, we were able to disclose which pathways were involved 
in the early steps of spermatogonial diff eren  a  on. We found that, among others, adherens 
junc  ons, focal junc  ons, gap junc  ons, cell adhesion molecules (CAMs) and molecules 
regula  ng the ac  n cytoskeleton, were signifi cantly regulated. This study therefore suggest 
that adhesion pathways are important in the fi rst steps of diff eren  a  on, most likely to ensure 
the migra  on of SSCs out of their vascular associated niche to a random distribu  on along the 
basal membrane of the seminiferous tubules.

We next focused in Chapter 3 on the eff ects of the growth factor Ac  vin A on the GC-
6spg cell line. Previous studies provided only indirect evidence that Ac  vin A induces SSC 
diff eren  a  on and, as for BMP4, all previous studies inves  gated the eff ects of Ac  vin A in 
mixed culture systems.

Using the same experimental approach used in Chapter 2, we were able to show that GC-
6spg cells cultured in the presence of Ac  vin A upregulated their expression of KIT. Using 
microarray pathway analyses, we found seven pathways that were signifi cantly aff ected by 
Ac  vin A and four of them were pathways involved in adhesion processes, namely adherens 
junc  ons, cell adhesion, leukocyte transendothelial migra  on and the phospha  dylinositol 
signaling system. This study confi rmed the signifi cance of adhesion pathways in the early step 
of SSC diff eren  a  on. In addi  on and in contrast to BMP4, the expression levels of genes 
involved in cell cycle regula  on are highly aff ected by Ac  vin A sugges  ng a possible role of 
Ac  vin A in the synchroniza  on of the mito  c germ cell cycle with the cycle of the seminiferous 
epithelium.

Taken together, the studies described in chapter 2 and 3 suggest that both BMP4 and Ac  vin 
A cause ini  a  on of diff eren  a  on of SSCs by changing their adhesion proper  es (Figure 1). 

The eff ect on the expression of specifi c genes was similar but not iden  cal between BMP4 
and Ac  vin A. The main diff erence between the pathways triggered by Ac  vin A and BMP4 
is that BMP4 aff ects the focal adhesion pathway that includes genes such as Itga6 and Itgb1, 
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and the regula  on of ac  n cytoskeleton pathway, whereas Ac  vin A does not. Proteins 
belonging to the focal adhesion pathway are involved in the interac  on between cells and the 
extracellular matrix 13. In par  cular, integrins are capable to bind to several matrix compounds, 
such as laminin 14, that are present in the basal lamina 15. We suggest that the diff erences and 
similari  es in terms of gene expression between Ac  vin A and BMP4 indicate two diff erent 
modes of inducing the migra  on of diff eren  a  ng spermatogonia along the basal lamina and 
later towards the lumen of the seminiferous tubule.

An addi  onal diff erence is that Ac  vin A also appears to aff ect cell cycle regula  on and 
synchroniza  on of diff eren  a  ng spermatogonia within the cycle of the seminiferous 
epithelium while BMP4 does not. Indeed, Cdkn1a and Bhlhe40, known to be expressed in 
spermatogonia, were found in the top 20 of the most diff eren  ally expressed genes upon 
Ac  vin A-induced diff eren  a  on and are suggested to be involved in this process 16-18.

Taken together, our data indicate that BMP4 and Ac  vin A are involved in early diff eren  a  on 
of SSCs by aff ec  ng the focal adhesion pathway for binding to the basal lamina and the cell 
cycle pathway to synchronize the cell prolifera  on to the cycle of the seminiferous epithelium, 
respec  vely. The changes in various adhesion pathways may be related to the enhanced 
migratory behavior in vivo in stages VII-IX in the epithelial cycle. In these stages, diff eren  a  ng 
late Aal and A1 spermatogonia migrate from a vascular orientated niche to a random distribu  on 
in the seminiferous tubules of A2, A3 and A4 spermatogonia 19.

Besides providing an insight in the early steps of SSC diff eren  a  on, these results are also 
important for designing the op  mal in vitro culture condi  ons for SSCs. Cell adhesion is an 
important phenomenon in germ cell development and each germ cell type has its own specifi c 
cell adhesion proper  es related to its niche. In vitro, SSCs show prolifera  on when cultured on 
a feeder layer of soma  c cells or on a matrix of laminin 10, 20-22, which apparently also serves for 
the right environment for maintenance of their stem cell character. Our results indicate that 
it is important to avoid altera  on of cell adhesion proper  es of SSCs in vitro as this induces 
diff eren  a  on and therefore loss of stem cell capacity.

In Chapter 4, we describe the eff ects of diff erent culture media on the prolifera  on of SSCs. 
The culture of SSCs from several species is mainly performed using two diff erent media. One 
is a Minimum Essen  al Medium (MEM), enriched with one or more growth factors thought to 
be crucial for SSC long-term maintenance and prolifera  on, such as GDNF, bFGF, EGF and LIF 
and a feeder layer of STO cells 21, 23. The other widely used culture medium is StemPro-34®SFM 
(StemPro), fi rst described for the culture of mouse SSCs on MEF feeder cells 24. StemPro is a 
complex medium enriched with the same key growth factors as described above for MEM 25. 

Our study showed that SSCs cultured in StemPro based media proliferate four  mes faster 
than when cultured in a MEM-based medium. As expected, SSCs cultured in StemPro or MEM-
based media show a diff erent gene expression pa  ern. Among the genes tested, two were 
highly aff ected: Zbtb16 was highly upregulated and Fgfr2 was highly downregulated in GC-
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6spg cells cultured in StemPro compared to GC-6spg cells cultured in MEM based medium. 
Although we found no evidence of a cross talk between these two pathways, we were able 
to directly link ZBTB16 expression with the prolifera  on rate of GC-6spg cells by showing that 
reducing the level of ZBTB16 caused a decrease in prolifera  on. 

We next examined whether GDNF 21, 26, 27 and/or EGF 21, 28, 29 present in StemPro medium 
were/was responsible for the increased prolifera  on and associated upregula  on of Zbtb16 
and Itga6 and downregula  on of Fgfr2. When GDNF was added to GC-6spg cells cultured 
in MEM, a small but signifi cant increase in prolifera  on was observed, while we found no 
signifi cant eff ect on the expression of any of the genes tested. No eff ect on cell prolifera  on or 
gene expression was observed in GC-6spg cells cultured in StemPro medium deprived of GDNF 
when compared to cells cultured in StemPro with GDNF. We found that the addi  on of EGF to 

MEM culture media resulted in an increase of GC-6spg prolifera  on rate that was higher than 
that induced by GDNF, although s  ll not as high as in StemPro based media. In contrast to GDNF, 
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EGF did infl uence gene expression. More precisely, it resulted in the downregula  on of Kit and 
Cdh1 without aff ec  ng Zbtb16 levels. This suggests that EGF might play a role as a stemness 
factor by blocking SSC diff eren  a  on in a ZBTB16 independent manner.  The hypothesis 
that EGF acts as a growth factor that maintains the undiff eren  ated state of SSCs is further 
su pported by the fact that GC-6spg cells cultured in StemPro deprived of EGF show signs of 
diff eren  a  on as they upregulate the expression of Kit. The prolifera  on rate of GC-6spg cells 
in MEM enriched with one or both growth factors increased but s  ll remained much lower 
than that of cells cultured in StemPro. Thus, in addi  on to GDNF and EGF, other compound(s) 
in StemPro are important for prolifera  on of GC-6spg cells. The reason why GDNF and EGF 
play only a par  al role in increasing the prolifera  on of the GC-6spg cells is probably because 
these growth factors were not able to aff ect the ZBTB16 pathway, which we show is directly 
associated with prolifera  on of undiff eren  ated spermatogonia.

In Chapter 5, we inves  gated the eff ect of temperature on SSC selfrenewal. Although 
in physiological condi  ons tes  cular temperature is between 2 to 8°C lower than body 
temperature, most (mixed) culture systems for spermatogonia operate at 37°C, regardless of 
the medium used. 

We found increased prolifera  on when GC-6spg cells were cultured at 37°C. The addi  on of 
GDNF and/or EGF to MEM based medium caused a further increase in prolifera  on. 

Among the genes tested, only Zbtb16 was signifi cantly downregulated at 37°C. Moreover, 
it was further downregulated when GC-6spg cells were cultured at 37°C in MEM medium 
enriched with both GDNF and EGF. In the same medium condi  ons, but at 32°C, no eff ect on 
Zbtb16 expression was observed. The Zbtb16 downregula  on at 37°C suggests that, besides 
increasing their prolifera  on, cells are triggered to enter the diff eren  a  on pathway. In support 
of this no  on, we also found that, while EGF and GDNF at 32°C induced Kit downregula  on, at 
37°C Kit downregula  on did not occur most likely due to the downregula  on of Zbtb16. From 
these results we can conclude that the prolifera  ve ac  vity of SSCs at 37°C is higher, while 
stemness seems to be maintained be  er at 32°C.

Taken together, the studies in chapter 4 and 5 indicate that there are dis  nct eff ects of 
culture media and temperature on the fate of SSCs. In terms of maximizing prolifera  on, SSCs 
can best be cultured in StemPro with GDNF and EGF. In order to op  mally maintain stemness, 
SSCs can best be cultured at 32°C in MEM in the presence of GDNF and EGF. 

In terms of clinically applying SSC autotransplanta  on, the results of this thesis suggest 
it would be op  mal to provide SSCs with the appropriate extracellular matrix and to use 
two diff erent culture condi  ons in two diff erent phases of in vitro culture: StemPro in 
the amplifi ca  on phase, and MEM including EGF and GDNF at 32°C in the phase prior to 
transplanta  on. 
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F  
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 control the prolifera  on and diff eren  a  on, i.e. the fate, 
of SSCs. In this thesis we iden  fi ed growth factors, media and specifi c culture condi  ons 
necessary for SSC prolifera  on in vitro and at the same  me the maintenance of their stemness. 
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. 

It is important to note that the results of the studies described in this thesis are based on 
molecular analyses. It is evident that func  onal analyses of the eff ects of diff erent culture 
condi  ons should also be performed. The func  onal test to demonstrate spermatogonial stem 
cell ac  vity is transplanta  on of the cultured cells to the tes  s of recipient mice. Thus, in order 
to provide a defi nite answer on the eff ect of all the condi  ons described in this thesis on the 
prolifera  on and stemness of SSCs, parallel transplanta  on experiments need to be carried 
out. 

Besides the func  onal analysis to be carried out, the experiments also need to be conducted 
using a human rather than a rat SSC cell line although some of the mechanisms described in 
this thesis are likely to be common for SSCs in all species including human. Unfortunately the 
only human SSC culture system available 22 is a mixed cell culture which precludes the analysis 
of direct eff ects of culture condi  ons on SSCs. It is therefore crucial that a pure human SSC 
cell line is established. This could be conducted in a similar manner as we previously used 
to generate the GC-6spg cell line, namely transfec  on with SV40 large T an  gen. Ideally the 
expression of SV40 should be controlled so that an eff ect of SV40 itself can be ruled out. 

In the seminiferous epithelium, all steps of diff eren  a  on have to occur in a defi ned 
moment. The way germ and soma  c cells acquire this synchrony is far from being understood. 
Our work has iden  fi ed Cdkn1a and Bhlhe40 as being regulated by Ac  vin A. We suspect that 
these genes could play an important role in the synchronous development of germ cells and 
are necessary for proper germ cell development. Therefore, further studies, such as germ cell 
specifi c knock outs of these two genes, should be conducted.

Besides being important in light of culturing SSCs in vitro for future autotransplanta  on, 
the changes observed in cell adhesion pathways during early SSC diff eren  a  on are also of 
interest in the search for causes of male infer  lty. Future studies should aim at fi nding the 
“adhesome” of SSCs and Sertoli cells and defi ne the spa  otemporal expression of the major 
adhesion proteins. The study of the regula  on of adhesion proteins in SSCs from infer  le men 
could reveal insights into the e  ology of male infer  lity and as such requires further study.
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S   C  

In het laatste decennium is de behandeling van kinderkanker sterk verbeterd en tegenwoordig 
is één op de 250 volwassenen een overlevende van kinderkanker 1. Eenmaal volwassen is de kans 
groot dat deze mensen worden geconfronteerd met een van de belangrijkste bijwerkingen van 
an  -kanker behandelingen, namelijk onvruchtbaarheid. Voor prepuberale jongens met kanker, 
zijn er momenteel geen mogelijkheden om hun vruchtbaarheid veilig te stellen, aangezien 
het invriezen van sperma niet mogelijk is voor de puberteit. Daardoor zijn deze jongens 
gedoemd om kinderloos te blijven. De ontwikkeling van een strategie om de vruchtbaarheid 
te herstellen van kinderen die een an  -kanker behandeling hebben ondergaan is een welkome 
ontwikkeling 2. De theore  sche manier om dit probleem op te lossen is om een tes  s biopt 
in te vriezen voordat de an  -kanker behandeling begint, en wanneer onvruchtbaarheid zich 
hee   gemanifesteerd, het biopt te ontdooien, de spermatogoniale stamcellen (SSCs) van dit 
biopt in vitro te vermeerderen en deze SSCs te autotransplanteren naar de tes  s. Diermodellen 
hebben duidelijk aangetoond dat SSCs kunnen worden gekweekt in vitro en na transplanta  e, 
zijn deze SSCs in staat om opnieuw volledige spermatogenese te genereren 3, 4. Om deze 
techniek succesvol bij mensen uit te voeren, is uitgebreide en gecontroleerde vermeerdering 
van SSCs noodzakelijk omdat het aantal SSCs in een klein prepuberaal tes  s biopt laag is en de 
transplanta  e-effi  ciën  e geschat wordt op slechts 5-10% 5, 6. In het licht van het toekoms  ge 
klinisch gebruik van SSCs voor de behandeling van onvruchtbare overlevers van kinderkanker, 
is het cruciaal om prolifera  e en diff eren  a  e van SSCs in vitro te begrijpen en eventueel te 
controleren. Helaas is onze kennis over de op  male kweekomstandigheden met betrekking 
tot het kweekmedium, de groeifactoren en de temperatuur beperkt. Dit is voornamelijk te 
wijten aan het feit dat er zeer weinig SSCs binnen de tes  s zijn en dat er tot nu toe geen unieke 
moleculaire marker voor SSC is ontdekt, en dus ook geen techniek is om SSCs te isoleren. In 
ons laboratorium hebben we eerder een ra  en spermatogoniale cellijn ontwikkeld, GC-6spg 
genoemd, die uitermate geschikt is om het eff ect van verschillende kweekomstandigheden 
en groeifactoren op SSC prolifera  e en diff eren  a  e te onderzoeken. In dit proefschri   
hebben we geprobeerd om inzicht te krijgen in de prolifera  e en diff eren  a  e van SSCs in 
verschillende kweekomstandigheden met betrekking tot het kweekmedium, de groeifactoren 
en de temperatuur gebruikmakend van de GC-6spg cellijn. Dit onderzoek gee   ons belangrijke 
informa  e over de processen die van belang zijn bij prolifera  e en diff eren  a  e van SSCs in vitro 
en kunnen helpen bij het ontwerpen van de op  male SSC kweekcondi  es voor toekoms  ge 
klinische toepassingen. 

In hoofdstuk 2 onderzochten we de eff ecten van de groeifactor BMP4 op de GC-6spg cellijn. 
BMP4 wordt uitgescheiden door Sertoli cellen in muizen tot dag 7 na de geboorte 7, terwijl op 
latere lee  ijd het voornamelijk geproduceerd wordt door spermatogonia en spermatocyten 
8, 9. Van BMP4 wordt gedacht dat het SSC diff eren  a  e s  muleert op basis van het feit dat 
geïsoleerde en gekweekte spermatogonia van volwassen muizen in de aanwezigheid van BMP4 
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aanleiding geven tot een lager aantal kolonies na SSC-transplanta  e in vergelijking met cellen 
gekweekt in de afwezigheid van BMP4 10. Het is echter onduidelijk of BMP4 de SSC diff eren  a  e 
direct of indirect s  muleert en via welke routes dit gebeurt, omdat alle kweeksystemen die tot 
nog toe zijn gebruikt bestonden uit een mengsel van tes  culaire cellen waaraan al dan niet een 
feeder-laag cellen was toegevoegd 11, 12. In onze studie hebben we aangetoond dat BMP4 direct 
de SSC diff eren  a  e induceert. GC-6spg cellen brengen alle BMP4 receptoren tot expressie en 

de blootstelling aan BMP4 induceert downstream SMAD 1,5 en 8 fosforyla  e en verhoging 
van KIT expressie, een vroege marker voor diff eren  ërende spermatogonia. Met behulp 
van een microarray pathway-analyse, waren we in staat om uit te zoeken welke pathways 
betrokken waren bij de vroege stappen van spermatogoniale diff eren  a  e. We vonden dat, 
onder andere, adherens junc  ons, focal junc  ons, gap junc  ons, celadhesie moleculen (CAM) 
en moleculen die het ac  ne cytoskelet reguleren, aanzienlijk werden veranderd door BMP4. 
Deze studie suggereert dat de adhesie pathways belangrijk zijn in de eerste stappen van 
diff eren  a  e, waarschijnlijk om de migra  e van SSCs uit hun vasculair georiënteerde niche 
naar een willekeurige verdeling langs de basaal membraan van de seminifere tubuli in de testes 
mogelijk te maken. Vervolgens hebben we ons in hoofdstuk 3 gericht op de eff ecten van de 
groeifactor Ac  vin A op de GC-6spg cellijn. Voorgaande studies gaven slechts indirect bewijs 
dat Ac  vin A SSC diff eren  a  e induceert en, net als voor BMP4, zijn alle eerdere studies naar 
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Figure 1. 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); Itga6 and Itgb1 (ref 
39-40)
Red arrow:  eff ect of Ac  vin A
Black arrow: eff ect of BMP4
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de eff ecten van Ac  vin A in gemengde kweeksystemen uitgevoerd. Met behulp van dezelfde 
experimentele aanpak als in hoofdstuk 2, waren we in staat om aan te tonen dat de GC-6spg 
cellen gekweekt in de aanwezigheid van Ac  vin A hun expressie van KIT verhogen. Met behulp 
van microarray pathway-analyse, vonden we zeven routes die aanzienlijk werden beïnvloed 
door Ac  vin A en vier van hen waren pathways betrokken in adhesie processen, namelijk 
adherens junc  ons, celadhesie moleculen (CAM), leukocyten transendotheliale migra  e en 
phospha  dylinositol signalering. Deze studie beves  gt het belang van adhesie pathways in 
het begin van de SSC diff eren  a  e. Daarnaast, en in tegenstelling tot BMP4, zijn de expressie 
niveaus van genen die betrokken zijn bij regulering van de celcyclus sterk beïnvloed door Ac  vin 
A en dat suggereert een mogelijke rol van Ac  vin A in de synchronisa  e van de mito  sche 
kiemcel celcyclus met de cyclus van het epitheel van de seminifere tubuli. Uit de studies 
beschreven in hoofdstuk 2 en 3 blijkt dat zowel BMP4 als Ac  vin A de diff eren  a  e van SSCs 
direct induceren door het veranderen van hun adhesie eigenschappen (Figuur 1). Het eff ect op 
de expressie van specifi eke genen was vergelijkbaar maar niet iden  ek tussen BMP4 en Ac  vin 
A. Het belangrijkste verschil tussen de pathways geac  veerd door Ac  vin A en  BMP4 is dat 
BMP4 de focal adhesion pathway beïnvloed, met genen zoals ITG6 en ITG1, en de regula  e 
van de ac  ne cytoskelet pathway, terwijl Ac  vin A dat niet doet. Eiwi  en behorend tot de 
focal adhesion pathway zijn betrokken bij de interac  e tussen cellen en de extracellulaire 
matrix 13. In het bijzonder zijn dat de integrines die in staat zijn te binden aan verschillende 
matrix verbindingen, zoals laminine 14, die aanwezig zijn in de basaal membraan 15. Wij stellen 
voor dat de verschillen en overeenkomsten op het gebied van genexpressie tussen Ac  vin 
A en BMP4 duidelijk maakt dat er twee verschillende manieren zijn voor het induceren van 
de migra  e van diff eren  ërende spermatogonia langs de basaal membraan en later naar het 
lumen van de seminifere buizen. Een bijkomend verschil is dat Ac  vin A ook regula  e van 
de celcyclus en de synchronisa  e van diff eren  ërende spermatogonia met de cyclus van het 
seminifere epitheel lijkt te beïnvloeden, terwijl BMP4 dat niet doet. Inderdaad waren Cdkn1a 
en Bhlhe40, genen die geproduceerd worden door spermatogonia, gevonden in de top 20 lijst 
van meest diff eren  eel tot expressie gebrachte genen na Ac  vin A-geïnduceerde diff eren  a  e 
en dit suggereert dat deze bij dit proces betrokken zijn 16-18. Samengevat blijkt uit onze gegevens 
dat BMP4 en Ac  vin A betrokken zijn bij de vroege diff eren  a  e van SSCs door respec  evelijk 
verandering van de focal adhesie pathways door binding aan de basaal membraan en de 
celcyclus regula  e door de cel prolifera  e te synchroniseren met de cyclus van het seminifere 
epitheel. Deze veranderingen in de verschillende adhesie pathways kunnen worden gerelateerd 
aan de migra  e in vivo in stadia VII-IX van de epitheliale cyclus. In deze stadia migreren Aal 
en A1 spermatogonia van een vasculair georiënteerde niche naar een willekeurige verdeling 
als A2, A3 en A4 spermatogonia langs de basaal membraan in de seminifere buisjes van de 
testes 19. Naast het verkrijgen van inzicht in de eerste stappen van SSC diff eren  a  e, zijn deze 
resultaten ook belangrijk voor het ontwerpen van de op  male kweekcondi  es voor SSCs. 
Celadhesie is een belangrijk fenomeen in kiemcel ontwikkeling en elk kiemceltype hee   zijn 
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eigen specifi eke celadhesie eigenschappen met betrekking tot zijn niche. In vitro is prolifera  e 
van SSCs mogelijk gebleken als ze worden gekweekt op een feeder-laag van soma  sche cellen 
of op een matrix van laminine 10, 20-22, die blijkbaar ook voor de juiste omgeving zorgen voor 
het onderhoud van hun stamcel eigenschappen. Onze resultaten geven aan dat het belangrijk 
is om veranderingen in celadhesie eigenschappen van SSCs in vitro te voorkomen, omdat dat 
diff eren  a  e induceert en daarmee het verlies van stamcel capaciteit veroorzaakt. 

In hoofdstuk 4 beschrijven we de eff ecten van verschillende kweekmedia op de prolifera  e 
van SSCs. De kweek van SSCs van verschillende diersoorten wordt voornamelijk uitgevoerd 
met behulp van twee verschillende kweekmedia. Eén daarvan is Minimum Essen  al Medium 
(MEM), verrijkt met een of meer groeifactoren die cruciaal te zijn om SSC lange  jd in kweek 
te houden en te laten delen, zoals GDNF, bFGF, EGF en LIF en een feeder-laag van STO cellen 
21, 23. Het andere veel gebruikte kweekmedium is StemPro-34 ® SFM (StemPro), dat voor het 
eerst beschreven is voor de kweek van muizen SSCs op MEF feeder cellen 24. StemPro is een 
complex medium wat verrijkt is met dezelfde sleutel groeifactoren zoals hierboven beschreven 
voor MEM 25. 

Onze studie toont aan dat SSCs gekweekt in StemPro media vier keer sneller delen dan wanneer 
ze gekweekt worden in een op MEM gebaseerd medium. Zoals verwacht, tonen SSCs gekweekt 
in StemPro of MEM-based medium een ander gen expressie patroon. Onder de geteste genen 
waren twee genen duidelijk veranderd: expressie van Zbtb16 was sterk verhoogd en Fgfr2 
was sterk verlaagd in GC-6spg cellen gekweekt in StemPro in vergelijking met GC-6spg cellen 
gekweekt in een op MEM gebaseerd medium. Hoewel we geen bewijs gevonden hebben van 
cross-talk tussen deze twee pathways, konden we ZBTB16 expressie direct in verband brengen 
met de delingscapaciteit van GC-6spg cellen door aan te tonen dat het verminderen van het 
expressieniveau van ZBTB16 een daling van de prolifera  e veroorzaakt. 

We hebben vervolgens onderzocht of GDNF 21, 26, 27 en/of EGF 21, 28, 29, aanwezig in StemPro 
medium, verantwoordelijk waren voor de verhoogde prolifera  e en de bijbehorende 
veranderde expressie van Fgfr2 van Zbtb16 en ITG6. Wanneer GDNF werd toegevoegd aan GC-
6spg cellen gekweekt in MEM, werd een kleine, maar signifi cante toename van de prolifera  e 
waargenomen, terwijl we geen signifi cant eff ect op de expressie vonden van een van de andere 
geteste genen. Er werd geen eff ect op de celprolifera  e of genexpressie waargenomen als GC-
6spg cellen werden gekweekt in StemPro zonder GDNF in vergelijking met cellen gekweekt in 
StemPro met GDNF. We vonden dat de toevoeging van het EGF bij MEM kweekmedia resulteerde 
in een grotere toename van de GC-6spg prolifera  e dan die veroorzaakt door GDNF, hoewel dat 
nog steeds niet zo hoog als in StemPro gebaseerde medium. In tegenstelling tot GDNF, had EGF 
wel eff ect op genexpressie. Om precies te zijn zorgde dit voor verminderde expressie van Kit 
en Cdh1 ona  ankelijk van Zbtb16 niveaus. Dit suggereert dat EGF een rol als stemness factor 
kan spelen door het blokkeren van SSC diff eren  a  e in een ZBTB16 ona  ankelijke wijze. De 
hypothese dat EGF fungeert als een groeifactor die de ongediff eren  eerde toestand van SSCs 
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handhaa  , wordt verder ondersteund door het feit dat GC-6spg cellen gekweekt in StemPro 
zonder EGF tekenen vertonen van diff eren  a  e zoals het verhogen van de expressie van Kit. 
De prolifera  e van GC-6spg cellen in MEM verrijkt met een of beide groeifactoren nam toe, 
maar bleef veel lager dan die van de cellen gekweekt in StemPro. Dus, in aanvulling op GDNF 
en EGF, zijn andere componenten in StemPro belangrijk voor de delingsac  viteit van GC-6spg 
cellen. De reden waarom GDNF en EGF slechts gedeeltelijke een rol spelen in het verhogen van 
de prolifera  e van de GC-6spg cellen is waarschijnlijk dat deze groeifactoren niet in staat waren 
om de ZBTB16 pathway te ac  veren, ondanks dat wij zien dat er een rechtstreeks verband 
bestaat tussen ZBTB16 en de delingsac  viteit van ongediff eren  eerde spermatogonia. 

In hoofdstuk 5 onderzochten we het eff ect van temperatuur op de SSC delingsac  viteit. Hoewel 
in fysiologische omstandigheden de tes  s temperatuur tussen de 2 tot 8 °C lager ligt dan de 
lichaamstemperatuur, worden de meeste (gemengde) kweeksystemen voor spermatogonia 
bij 37 °C uitgevoerd, ongeacht het gebruikte medium. We vonden verhoogde prolifera  e als 
GC-6spg cellen werden gekweekt bij 37 °C. De toevoeging van GDNF en/of het EFG aan MEM 
medium veroorzaakt een verdere toename van prolifera  e. Onder de geteste genen, was 
alleen de expressie van Zbtb16 signifi cant gedaald bij 37 °C. Bovendien is een verdere afname 
waargenomen als GC-6spg cellen werden gekweekt bij 37 °C in MEM medium verrijkt met 
zowel GDNF en EGF. In dit zelfde medium, maar dan bij 32 °C, werd geen eff ect op Zbtb16 
expressie waargenomen. De verminderde expressie van Zbtb16 bij 37 °C suggereert dat, 
naast het verhogen van hun prolifera  e, de cellen worden geac  veerd om de diff eren  a  e 
te starten. Ter ondersteuning, vonden we ook dat, hoewel EGF en GDNF bij 32 °C verlaagde 
expressie van Kit induceren, bij 37 °C geen verlaagde Kit expressie te zien is, wat waarschijnlijk 
te wijten is aan de verlaagde expressie van Zbtb16. Uit deze resultaten kunnen we concluderen 
dat de delingsac  viteit van SSCs bij 37 ° C hoger is, terwijl de stemcel eigenschappen beter 
lijken te worden behouden bij 32 ° C. Tezamen, geven de studies in hoofdstuk 4 en 5 aan dat 
er verschillende eff ecten zijn van kweek media en temperatuur op het lot van SSCs. Voor het 
maximaliseren van prolifera  e, kunnen SSCs het best worden gekweekt in StemPro met GDNF 
en EGF. Om stamcel eigenschappen op  maal te behouden, kunnen SSCs het best worden 
gekweekt bij 32 ° C in MEM in de aanwezigheid van GDNF en EGF. Voor het klinisch toepassen 
van SSC autotransplanta  e, suggereren de resultaten in dit proefschri   dat het op  maal zou 
zijn om SSCs te voorzien van de juiste extracellulaire matrix en gebruik te maken van twee 
verschillende kweekomstandigheden in twee verschillende fasen van de kweek: StemPro in de 
delingsfase, en MEM met EGF en GDNF bij 32 °C in de fase voorafgaand aan de transplanta  e. 

T  O  
In het licht van het toekoms  g klinisch gebruik van SSCs voor de behandeling van onvruchtbare 
overlevers van kinderkanker, is het cruciaal om prolifera  e en diff eren  a  e van deze cellen te 
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kunnen controleren, dat wil zeggen het lot van SSCs beinvloeden. In dit proefschri   hebben 
we groeifactoren, media en specifi eke kweekomstandigheden geïden  fi ceerd die belangrijk 
zijn voor SSC prolifera  e in vitro en op hetzelfde moment van belang zijn voor het behoud 
van hun stemcel capaciteit. Dergelijke informa  e is belangrijk in het licht van de ontwikkeling 
van SSC prolifera  e voor een effi  ciënte autotransplanta  e bij onvruchtbare overlevers van 
kinderkanker. Het is belangrijk op te merken dat de resultaten van de studies beschreven in dit 
proefschri   zijn gebaseerd op moleculaire analyses. Het is duidelijk dat de func  onele analyses 
van de eff ecten van verschillende kweekomstandigheden ook moet worden uitgevoerd. De 
func  onele test om spermatogoniale stamcellen ac  viteit aan te tonen is de transplanta  e van 
de gekweekte cellen naar de tes  s van ontvangende muizen. Dus om een defi ni  ef antwoord 
te geven over het eff ect van alle kweekcondi  es in dit proefschri   beschreven zijn over de 
prolifera  e en stemness van SSCs, moeten parallele transplanta  e-experimenten worden 
uitgevoerd. Naast het uitvoeren van de func  onele analyses, moeten de experimenten 
worden uitgevoerd met behulp van een menselijke in plaats van een rat SSC cellijn, hoewel 
sommige van de mechanismen beschreven in dit proefschri   waarschijnlijk hetzelfde zijn 
voor SSCs in alle diersoorten, waaronder de mens. Helaas is het enige menselijk beschikbare 
SSC kweeksysteem 28 een gemengde celkweek die de analyse van directe eff ecten van 
kweekcondi  es op SSCs uitsluit. Het is daarom van cruciaal belang om een zuivere menselijke 
SSC cellijn te vervaardigen. Dit kan worden uitgevoerd op een vergelijkbare manier als we 
eerder gedaan hebben voor de GC-6spg cellijn, namelijk transfec  e met SV40 large T-an  geen. 
Idealiter zou SV40 large T op een gecontroleerde manier tot expressie moeten komen, zodat 
een eff ect van SV40 large T zelf kan worden uitgesloten. In het epitheel van de seminifere 
tubuli, komen alle stappen van diff eren  a  e in een vast gesteld moment. De manier waarop 
geslachtscellen en soma  sche cellen synchronie verwerven is nog onduidelijk. Ons werk hee   
Cdkn1a en Bhlhe40 geïden  fi ceerd als genen die gereguleerd worden door Ac  vin A. We 
vermoeden dat deze genen een belangrijke rol kunnen spelen in de synchrone ontwikkeling 
van geslachtscellen en dat ze noodzakelijk zijn voor een goede kiemcel ontwikkeling. Daarom 
moeten verdere studies, zoals kiemcel specifi eke knock outs van deze twee genen, worden 
uitgevoerd. Naast het feit dat deze studies belangrijk zijn in het licht van het kweken van SSCs in 
vitro voor toekoms  ge autotransplanta  e, zijn de waargenomen veranderingen in celadhesie 
pathways  jdens de vroege SSC diff eren  a  e ook van belang bij het zoeken naar oorzaken 
van mannelijke infer  liteit. Toekoms  ge studies moeten gericht zijn op het vinden van het 
“adhesome” van SSCs en Sertoli-cellen en het iden  fi ceren van de spa  otemporele expressie 
van belangrijke adhesie eiwi  en. Een studie naar de regula  e van adhesie eiwi  en in SSCs van 
de onvruchtbare mannen kan inzicht geven in het ontstaan van mannelijke onvruchtbaarheid 
en als zodanig is verder onderzoek nodig. 
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