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Part 1: SpermatogenesisPart 1: SpermatogenesisPart 1: SpermatogenesisPart 1: Spermatogenesis    

 

As early as 1677, Antoni van Leeuwenhoek (1632-1723) 

described the presence of small tadpole-like creatures in human 

semen which were named “animalcules” or “spermatick worms” 

[1, 2]. A few years later, in 1695, Nicolas Hartsoeker (1656-1725) 

suggested that within the head of these animalcules a preformed 

fetus was present, the homunculus (Fig.1) [1]. We now know that 

these “animalcules” are the haploid spermatozoa and that these 

cells can only form a new life after fusing with a female haploid 

egg.  

Male fertility requires the production of large numbers of these 

highly specialized cells and in order to maintain this production 

throughout adult life, new spermatozoa are constantly formed by a  

process called spermatogenesis. At the base of this process is a pool      Figure 1: 

of stem cells, the spermatogonial stem cells [3, 4].    Homunculus. 

A stem cell is an undifferentiated cell that is defined by its ability  

to proliferate indefinitely and its ability to produce daughter cells which can terminally 

differentiate into particular cell types [5]. Totipotent, pluripotent, multipotent and 

unipotent stem cells are distinguished depending on the ability to differentiate in 

different cell types [6, 7]. The zygote (fertilized egg) is totipotent as it can give rise to 

all embryonic and extra-embryonic cell types. An embryonic stem cell is a pluripotent 

stem cell as it can differentiate into all cell types present within the body. An example 

of a multipotent stem cell is the hematopoietic stem cell which can differentiate in all 

different types of blood cells. The spermatogonial stem cells are unipotent stem cells 

as they can only differentiate into spermatozoa [5-7].  

The process of spermatogenesis starts with the mitotic division of a 

spermatogonial stem cell. This mitotic division results either in the formation of two 

new spermatogonial stem cells (self-renewal) or in the formation of two daughter cells 

that are committed to differentiate into spermatozoa eventually (spermatogonial stem 

cell differentiation) [8]. These committed spermatogonia thereafter continue the 

process of spermatogenesis which can be roughly divided into three phases. 1) The 

proliferative phase, during which spermatogonia undergo rapid successive divisions to 

increase the number of germ cells. 2) The meiotic phase, in which the DNA is 

recombined and segregated, and 3) the differentiation or spermiogenic phase in 

which the germ cells transform into cells that are able to reach and fertilize the egg 

[9]. The whole process of spermatogenesis is a tightly regulated and complex process 

of which, 330 years after the first report by van Leeuwenhoek, still many aspects are 

not fully understood. 
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The testis The testis The testis The testis     

 

Spermatogenesis takes place in the testis (plural: testes). The testis is surrounded 

by a capsule of connective tissue, called tunica albuginea. Unlike in the human, where 

testes are partitioned by so-called septa, testes of rat and mouse contain very little 

intertubular connective tissue [9]. Inside the testis two major compartments can be 

found: the interstitium or interstitial tissue and the seminiferous tubules (Fig.2a). The 

interstitium contains macrophages, blood and lymphatic vessels, innervation, Leydig 

cell precursors and adult Leydig cells. The seminiferous tubules contain the germ cells 

and the Sertoli cells [9].  

Seminiferous tubules, first described in 1669 by Reinier de Graaf (1641-1673), are 

coiled and at both ends connected to the rete testis [9, 10]. On average one mouse 

testis contains about 2 meters of seminiferous tubules, a rat testis about 17,4 meters 

[11, 12]. Seminiferous tubules are limited by complex membranes, which consist of 

two concentric lamellae of non-cellular material which enclose the peritubular myoid 

cells [13]. These peritubular myoid cells are smooth muscle cell-like. Contractions of 

these cells induce frequently recurring movements of the seminiferous epithelium, 

which are thought to play a role in the release of spermatozoa from the epithelium 

and their transport to the rete testis [13, 14].  

Within the seminiferous tubules the germ cells are supported by Sertoli cells 

(Fig.2b). The Sertoli cells are named after Enrico Sertoli (1842-1910) who in 1865 

described the possibility of a functional relationship between the “branched cells” and 

the production of spermatozoa [15]. Sertoli cells are situated on the basal membrane 

 

 
Figure 2. A. Part of a cross-section of an adult rat testis. Two compartments can be 
distinguished, the seminiferous tubules (S) and the space in between the tubules, called 
interstitium or interstitial compartment (arrows). Testis was fixed in diluted Bouin’s fluid, 
magnification 100x. B. Schematic drawing of Sertoli cells within a seminiferous tubule. 
Together the Sertoli cells enclose several germ cells in different stages during spermatogenesis. 
Drawing adapted from Holstein et al. [20]. 
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of the tubules but their cytoplasmic ramifications reach up to the lumen of the 

seminiferous tubules and can therefore support germ cells during all stages of 

development (Fig.2b) [16, 17]. These somatic cells express and secrete growth factors 

and other factors which regulate spermatogonial stem cell self-renewal and germ cell 

differentiation [16, 17]. At 12 dpp (days post partum) and 14-16 dpp for mice and 

rats respectively, Sertoli cells cease to divide and become terminally differentiated [18, 

19]. Thereafter the number of Sertoli cells remains constant per unit length of 

seminiferous tubule at all stages of the epithelial cycle throughout the lifespan of the 

animal [12]. 

 

The germ cells The germ cells The germ cells The germ cells     

    

As described above, the formation of spermatozoa is a multi-step process in 

which spermatozoa are formed through a cascade of proliferation and differentiation 

steps starting with the mitotic divisions of the spermatogonial stem cells (Fig.3).   

 Spermatogonial stem cells are thought to be single cells located on the basal 

membrane of the seminiferous tubules and are called A-single (As) spermatogonia [4]. 

These cells either divide into two new single cells or into a pair of spermatogonia (Apr) 

that do not complete cytokinesis and stay connected by an intercellular bridge [21, 

22]. The Apr spermatogonia are believed to be committed to differentiation. Starting 

with the Apr spermatogonia, cytokinesis in all further divisions will also be incomplete, 

leading to the formation of increasingly large syncytia of germ cells (Fig.4) [23].  

 As Apr spermatogonia are morphologically similar to As spermatogonia, the 

intercellular bridge can be taken as the first visible sign of the entrance of the cells 

into the differentiation pathway. The Apr spermatogonia divide further to form chains 

of 4, 8, 16 or sporadically 32 aligned A spermatogonia (Aal). Together, the As, Apr and 

Aal spermatogonia are called early or undifferentiated spermatogonia. At a set time 

the Aal spermatogonia differentiate, without mitosis, into A1 spermatogonia. This 

differentiation step involves slight morphological changes and brings about changes in 

cell cycle characteristics of the spermatogonia [8, 24]. The transition of early A 

spermatogonia into A1 spermatogonia is also accompanied by the up-regulation of c-

KIT [25, 26]. 

 In most non-primate mammals there are six mitotic divisions following the 

formation of A1 spermatogonia, giving rise to successively A2, A3, A4, intermediate 

(In) and B spermatogonia. The B spermatogonia divide into spermatocytes. In total, 

there are about 10 spermatogonial divisions between the spermatogonial stem cell 

and the formation of spermatocytes [4]. The spermatocytes undergo two meiotic 

divisions, after which the haploid spermatids start the process of spermiogenesis [4, 

9]. 
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Figure 3. The various differentiation steps of spermatogenesis in mice. Adapted from Russell et 
al. [9]. Spermatogonia: (As) single, (Apr) paired, (Aal) aligned, (In) intermediate. Spermatocytes: 
(Pl) preleptotene, (L) leptotene, (Z) zygotene, (P) pachytene, (D) diplotene. 

 

 

 
Figure 4. Formation of increasingly large syncytia of germ cells. Adapted from Moens et al. [23]. 
 

SSSStages of ttages of ttages of ttages of the seminiferous epithelial cyclehe seminiferous epithelial cyclehe seminiferous epithelial cyclehe seminiferous epithelial cycle    

 

 In a cross-section of a seminiferous tubule, germ cells in various phases of 

differentiation can be observed. In 1952, Charles Leblond and Yves Clermont 

observed that various germ cells of different developmental phases are always present 

in specific combinations [27]. The number and composition of these combinations, 

which are called epithelial stages, differ per species [27-30]. The epithelial stages are 

designated by roman numbers. In mice and rats, epithelial stages I-XII and I-XIV are 

designated, respectively (Fig.5). 

 By determining the developmental step of the spermatids the composition of the 

spermatogonial compartment can be identified. Unfortunately, early type A 

spermatogonia (As, Apr and Aal) are not specifically present in a particular epithelial 

stage but are present throughout the epithelial cycle (Fig.5) [8, 31, 32]. However, the 

numbers of the different early A spermatogonia differ per epithelial stage [8]. For 

example, in the rat testis, the total number of early A spermatogonia reaches it 

maximum in epithelial stage VII. As at the transition of epithelial stage VII into VIII 

most Aal spermatogonia differentiate into A1 spermatogonia there is a sharp decrease 

in the total number of early A spermatogonia [8].The number very slowly increases 

again during stages X-XIV after which the proliferation continuous throughout 
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epithelial stages I-V, which leads to a gradual expansion in the number of early A 

spermatogonia. A plateau is reached in epithelial stage V, after which the mitotic 

activity of the early A spermatogonia ceases. The fluctuation in the number of early A 

spermatogonia is largely caused by the fluctuation in the number of Aal spermatogonia 

as they form the largest group within the population of early A spermatogonia. The 

number of As and Apr spermatogonia stays more or less constant throughout the 

epithelial cycle [8]. 

 

 
Figure 5. Stages of the seminiferous epithelial cycle in mouse [3, 9].  For example, in a cross-
section of a seminiferous tubule in epithelial stage V of a mouse testis, we can observe B 
spermatogonia, pachytene spermatocytes, round spermatids in differentiation step 5 and 
elongated spermatids in step 15. Sertoli cells and early spermatogonia are present in all 
epithelial stages. Development of the germ cell can be followed by starting in the left bottom 
corner and reading the lines from left to right, from bottom to top. 

  

Part 2: The spermatogonial stem cellPart 2: The spermatogonial stem cellPart 2: The spermatogonial stem cellPart 2: The spermatogonial stem cell    

 

To maintain spermatogenesis throughout adult life, new germ cells are constantly 

produced. Spermatogonial stem cells can only supply this constant need for germ cells 

by maintaining a precise balance between self-renewal and differentiation. The 

mechanisms by which this balance is maintained are largely unknown. Unfortunately, 

these mechanisms are difficult to study because of the lack of methods to purify germ 

cells from the testis. Research on spermatogonial stem cells is also hampered by the 

low number of spermatogonial stem cells present in the testis. In the mouse it was 

found that stem cells comprise 0.03% of all germ cells, 1.25% of all spermatogonia, 

amounting to approximately 35.000 spermatogonial stem cells per mouse testis [33]. 

In a rat testis, weighing about 10 times more, one can speculate that there will be 

about 350.000 stem cells per rat testis [4, 33].  
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Morphology of the spermatogonial stem cell Morphology of the spermatogonial stem cell Morphology of the spermatogonial stem cell Morphology of the spermatogonial stem cell     

 

Articles describing the morphology of spermatogonia are rare and most only 

describe the morphology of spermatogonia in a more or less superficial way not 

allowing their precise identification in every instance. However, using high resolution 

light microscopy and specifically fixed, plastic-embedded tissue, Helio Chiarini-Garcia 

and Lonnie Russell have observed more subtle differences [24]. In contrast to more 

advanced A spermatogonia, As to Aal spermatogonia contain no heterochromatin at 

the rim of the nucleus, but have a fine mottled appearance throughout the nucleus 

(Fig.6) [24]. Nevertheless, even with good morphology and a well-trained eye, 

identification of spermatogonial stem cells is extremely difficult in sections. 

Fortunately, spermatogonial stem cells can be recognized morphologically using a 

special technique. To this end, pieces of seminiferous tubules are prepared in their 

entirety to produce whole mounts [34]. Whole mounts of seminiferous tubules enable 

one to study the topography of early A spermatogonia lying on the basal membrane 

and to distinguish singles (As), pairs (Apr) and chains (Aal) of these cells. 

 
Figure 6. Morphology of an A spermatogonium compared to intermediate and B 
spermatogonia [4]. Notice the lack of heterochromatin at the edge of the nucleus in the A 
spermatogonium and the increase of heterochromatin in intermediate and B spermatogonia. 

 

Spermatogonial stem cell transplantationSpermatogonial stem cell transplantationSpermatogonial stem cell transplantationSpermatogonial stem cell transplantation    

 

In 1994, the Brinster group published the first and until now only functional assay 

for spermatogonial stem cells [35, 36]. A mixed population of testicular cells was 

isolated from testes of 4 and 12 dpp old donor mice. These cells were injected into 

seminiferous tubules of recipient mice via the efferent ductules and the rete testis. 

W/W mice were used as recipients because endogenous spermatogenesis is absent in 

testes of these mice as a result of a mutation in the dominant-white spotting locus, 

which encodes the transmembrane tyrosine kinase receptor c-KIT [37]. Upon 

transplantation of donor cells in recipient mice testes complete spermatogenesis was 

observed in recipient testes. As the donor cell population was obtained from young 

animals, the observed spermatozoa must have been produced de novo in the recipient 

testis. These findings indicated that the spermatogonial stem cells migrated from the 

lumen of the seminiferous tubules to the basal membrane, that the spermatogonial 
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stem cells passed the blood testis barrier and that they were capable to restart 

spermatogenesis from their new found niches [35, 36]. A remarkable finding and a 

major breakthrough for the research on spermatogonial stem cells.   

With this technique, populations of cells can now be checked for the presence of 

spermatogonial stem cells, allowing for example, the development of purification 

protocols [38-41]. Furthermore, as with this technique also the increase or decrease in 

the number of spermatogonial stem cells in a population can be observed, the effect 

of different growth factors on spermatogonial stem cells in in vitro experiments can 

be determined [42, 43]. The transplantation assay can also be used to detect whether 

fertility defects in transgenic mice are caused by a defect in the somatic cells or in the 

germ cells [44]. For example, Nakamura et al. reported that mice lacking Cnot7 are 

infertile due to impaired maturation of spermatids. Fertility was restored upon 

transplantation of Cnot7-/- spermatogonial stem cells in W/W recipient mice, 

suggesting that the function of the testicular somatic cells is disturbed in the Cnot7-/- 

mice [45]. 

Since, the first report of the spermatogonial stem cell transplantation technique, 

various modifications and many new approaches have been described in different 

species [46-48]. Xeno-transplantations of spermatogonial stem cells of other species 

(e.g. rabbit, dog, monkey, bull and human) into recipient mouse testis revealed that 

spermatogonial stem cells were able to migrate to the basal membrane of the 

recipient mouse testis, however no differentiation of spermatogonia occurred [49-52]. 

Surprisingly, transplantation of rat and hamster spermatogonial stem cells resulted in 

full spermatogenesis in the recipient mouse testes [53, 54]. However, defects were 

observed in the hamster spermatids and acrosomes within the seminiferous tubules of 

the recipient mouse [53].  

    

Spermatogonial stem cell markers Spermatogonial stem cell markers Spermatogonial stem cell markers Spermatogonial stem cell markers     

    

Since the establishment of the transplantation technique several new markers 

have been identified that could be used to isolate populations of cells that are (highly) 

enriched for spermatogonial stem cells (table 1). Also by immunohistochemistry on 

testis sections, several new genes expressed by early spermatogonia have been 

identified (table 2). However, until now no genes have been identified of which 

expression in the testis is restricted to the spermatogonial stem cells (As).  
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Table 1. Overview of markers that have been used successfully to isolate enriched populations 
of spermatogonial stem cells from testes, either by positive or negative selection.  
 

Proteins with which an enriched 

population of spermatogonial stem cells 

can be isolated by positive selection 

CD9 [55], integrin α6 [41], integrin β1 

[41], integrin αV [40], THY-1 [39], 

CD24 [39]  

Proteins with which an enriched 

population of spermatogonial stem cells 

can be isolated by negative selection 

c-kit [39], MHC1 [39], CD34 [39] 

Promotor (region)s used to direct 

expression of a label (GFP, LacZ) to a 

subpopulation of germ cells including  

the spermatogonial stem cells 

Stra8 [56], OCT4 [57] 

 

 
Table 2. Overview of markers expressed specifically by the indicated populations of germ cells.  

 

As and Apr  GFRα1 [58, 59] 

As, Apr and Aal PLZF [60, 61], OCT4 [62], NGN3*[63], 

NOTCH1 [58], SOX3 [64], c-Ret [65]  

A spermatogonia RBM [66] 

Spermatogonia EP-CAM [67] 

Pre-meiotic germ cells STRA8 [68], EE2 [69]  

Cells on the basal membrane and the 

interstutium 

CD9 [70]  

Spermatogonia, spermatocytes and 

round spermatids 

GCNA1 [71]  

Pre-meiotic germ cells and post-meiotic 

spermatids 

TAF4B [72]  

All germ cells Hsp90α [73]  

* It was found by Raverot et al. that NGN3 is also expressed in some spermatocytes [64]. 

 

Other stem cells and their specific markers Other stem cells and their specific markers Other stem cells and their specific markers Other stem cells and their specific markers     

 

Many, if not all, tissues of the body contain stem cells or early progenitor cells 

that like spermatogonial stem cells express proteins that can be used to distinguish 

them from their surrounding tissue. As research on, for example the hematopoietic or 

embryonic stem cells is more advanced compared to the research on spermatogonial 

stem cells, much can be learned from looking at other stem cell. Studying the markers 

that are used for enrichment and/or identification of other stem cells could help to 

identify and enrich spermatogonial stem cells. Tables 3 and 4 list markers commonly 

used to identify murine hematopoietic and embryonic stem cells, respectively. 
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SSSSide populationide populationide populationide population    
 

Besides the molecular markers that can be used to isolate enriched populations of 

spermatogonial stem cells from the testis, spermatogonial stem cells also posses other 

specific characteristics which were used to isolate enriched populations of 

spermatogonial stem cells from the testis [82-84].  

The side population technique was first described in 1996 by Goodell et al. [84]. The 

technique is based on the differential efflux of the fluorescent DNA-binding dye 

Hoechst 33342 from stem cells relative to non-stem cells. The stem cells are thought 

to be efficient in expelling the fluorescent dye because they express Breast Cancer 

Resistance Protein 1 (Bcrp1) and multidrug resistance-1 (Mdr1). The stem cells can 

therefore easily be isolated, as the side population, with FACS [85, 86]. The protocol 

for isolation of side population cells was originally established for murine bone 

marrow hematopoietic stem cells, but since its first report the technique has been  

 

Table 3. List of proteins used to enrich 
murine hematopoietic stem cells (HSC) 
from the total population of bone marrow 
[74, 75]. The right column indicates if the 
protein is expressed by spermatogonial 
stem cells (SSC) [39, 40].  
 

protein HSC SSC 

THY-1 low + 

CD24 + + 

SCA-1 + ? 

c-KIT + - 

Lin* -  

MHC-1 + - 
*The hematopoietic stem cells are negative 

for markers which are used for detection 

of lineage commitment. For purification of 

hematopoietic stem cells by FACS up to 14 

different mature blood-lineage markers 

(eg. CD45, Mac1, CD18, Gr-1, Ter119, 

Il7Ra, CD3, CD4, CD5 and CD8) are used 
as a mixture to deplete the lineage+ cells. 

(+) expressed, (-) not expressed, (?) 

unknown. 

Table 4. List of proteins expressed by 
murine embryonic stem cells (ES) isolated 
from the inner cell mass (ICM) [76, 77]. 
Right column indicates if the protein is 
expressed by spermatogonial stem cells 
(SSC) [62, 70, 78-80]. 

 

Protein ES SSC 

SSEA-1 + - 

SSEA-3 - ? 

SSEA-4 - ? 

TRA-1-60 - ? 

TRA-1-81 - ? 

CD9 + + 

Osteopontin + + 

OCT3/4 (pou5f1) + + 

REX-1 (Zfp42) + ? 

NANOG + - 

Fbx15 + ?* 

FGF4 + ? 

UTF1 + ? 

SOX2 + + 

ZFP57 + ?* 

* ZFP57 and Fbx15 are expressed in testis, 

however localization in testes is unknown 

[77, 81]. (+) expressed, (-) not expressed, 

(?)unknow
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adapted for other species and tissues [87-89]. About four years ago, four articles 

reported the presence of a side population in the testis [39, 90-92]. However, it is not 

clear whether the side population also contains the spermatogonial stem cells. Kubota 

et al. reported that no colonization of recipient mouse testes occurred upon 

transplantation of side population cells isolated from adult cryptorchid mice [39]. 

Surface markers found on these side population cells also differed from those found 

on spermatogonial stem cells [39]. In contrast, Lassalle et al. showed that the side 

population cells isolated from W/W or cryptorchid mice were able to colonize recipient 

mouse testes and that their side population cells expressed Stra8 and integrin α6, two 

genes known to be expressed by spermatogonial stem cells (table 1) [90]. Falciatori et 

al. also showed that the side population cells they isolated from 20-day-old mice 

contained spermatogonial stem cells [91]. Interestingly, Lo et al. reported restoration 

of Leydig cell numbers and testosterone levels in LH receptor-knockout (LhrKO) 

recipients when side population cells were transplanted into the interstitial tissue of 

testes of these mice. LhrKO mice are infertile due to targeted disruption of LH/hCG 

[93]. Restoration of Leydig cell numbers and testosterone levels in LhrKO mice upon 

transplantation of side population cells indicated that testicular side population cells 

included Leydig cell progenitors.  

 

Spermatogonial stem cell lines GCSpermatogonial stem cell lines GCSpermatogonial stem cell lines GCSpermatogonial stem cell lines GC----5spg and GC5spg and GC5spg and GC5spg and GC----6spg6spg6spg6spg    

 

The isolation of spermatogonial stem cells is difficult as only low numbers are 

present within the testis and isolation methods are not efficient. Furthermore, culture 

of a pure population of spermatogonial stem cells without feeder cells is until now 

only possible after immortalization and single cell cloning. A number of immortalized 

germ cell lines have been established using transfection of SV40 large T to 

immortalize testicular germ cells [94-98]. 

In 2002, two rat spermatogonial cell lines were established in our lab [96]. A 

mixed population of As, Apr and Aal spermatogonia was isolated from testes of so-

called vitamin A deficient (VAD) rats. As the seminiferous tubules of these VAD rats 

only contain Sertoli cells, sporadic spermatocytes and early A spermatogonia, a highly 

enriched population of early A spermatogonia could be obtained from these testes 

[83, 99]. The isolated early A spermatogonia were transfected with a pSV3-neo vector 

containing the intact SV40 early region. To obtain pure cell lines, the cells were single 

cell cloned and two stable cell lines were established, GC-5spg and GC-6spg. Both cell 

lines exhibited molecular characteristics of spermatogonial stem cells. They were c-KIT 

low, OCT-4 and HSP90α positive and upon transplantation in mouse testes, these 

cells were able to migrate to the basal membranes of the seminiferous tubules and 

colonization of recipient mouse testes was observed. Unfortunately, no differentiation 
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of the transplanted germ cell was observed [96]. Nevertheless, both cell lines possess 

characteristics of spermatogonial stem cells and can therefore be used to study certain 

aspects of spermatogonial stem cells. For example, the effects of drugs or 

environmental toxicants on spermatogonial stem cells could be studied, thereby 

possibly replacing experiments on laboratory animals. Even though, in vivo 

differentiation of the cell lines was not observed and studies on in vitro differentiation 

were not yet performed the cell lines could potentially be used to study the 

mechanisms of spermatogonial stem cell differentiation in vitro.   

 

PPPPart 3: art 3: art 3: art 3: Mechanisms of spermatogonial stem cell selfMechanisms of spermatogonial stem cell selfMechanisms of spermatogonial stem cell selfMechanisms of spermatogonial stem cell self----renewal and renewal and renewal and renewal and 

differentiationdifferentiationdifferentiationdifferentiation    

    

Since spermatogonial stem cell divisions occur in a symmetric manner, the ratio 

between self-renewal and differentiation should be 1. If the balance shifts to self-

renewal, reduced numbers of spermatozoa are formed, spermatogonial stem cells 

accumulate and even tumors will arise. On the other hand if the balance shifts 

towards differentiation, the spermatogonial stem cell population will deplete 

eventually, resulting in seminiferous tubules that only contain Sertoli cells.  

The mechanisms that induce differentiation and/or regulate self-renewal of 

spermatogonial stem cells are not yet fully understood. However, in recent years some 

growth factors and transcription factors have been identified that play a role in the 

self-renewal and/or differentiation of spermatogonial stem cells (Fig. 8).  

 

TGFTGFTGFTGFββββ family members family members family members family members    

 

The transforming growth factor beta (TGFβ) superfamily of ligands, includes more 

than 40 proteins, e.g. TGFβs, activins and inhibins, bone morphogenetic proteins 

(BMPs), growth differentiation factors (GDFs), nodal, anti müllarian hormone (AMH) 

and the distant related glial cell line derived neurothropic factor (GDNF) [100]. TGFβ 

family members have been found to play a role in a variety of cellular processes, 

including cell-cycle progression, cell differentiation, development, cell motility, 

reproductive function, adhesion, bone morphogenesis and neural growth [101]. With 

the exception of GDNF, TGFβ superfamily members bind to specific transmembrane 

receptors with serine/threonine kinase activity [100]. Thereafter the signal is 

transduced via phosphorylation of Smad 1, 2, 3, 5 or 8 depending on the ligand. The 

activated Smads bind to Smad4, translocates to the nucleus where gene transcription 

can be effected upon binding to smad binding elements [102]. Three members of the 

TGFβ superfamily, GDNF, BMP4 and activin A, were found to play a role in 

spermatogonial stem cell self-renewal and differentiation (Fig.7) [42, 103]. 
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Figure 7. Effects of TGFβ 
superfamily members on 
spermatogonial stem cell self-
renewal and/or differentiation. A: 
GDNF, low concentrations allow 
differentiation while high levels 
induce self-renewal B: BMP4 and 
Activin A are both reported to 
induce differentiation. 

 

GDNF was found to have a dosage dependent effect on the fate of the 

spermatogonial stem cell (Fig.7a) [103]. Overexpression of GDNF in testes of mice 

resulted in the accumulation of spermatogonial stem cells, whereas in testes of 

GDNF+/- mice depletion of spermatogonial stem cells was observed [103]. In the testis, 

GDNF is secreted by the Sertoli cells. 

The regulation of GDNF expression is still poorly understood, but follicle-

stimulating hormone (FSH) was found to control the GDNF levels in Sertoli cells [104]. 

GDNF binds to the GDNF family receptor α1 (GFRα1), which is known to be expressed 

by single and paired spermatogonia [58, 59]. In turn this receptor-ligand complex 

activates RET tyrosine kinase. Silencing of GFRα1 also leads to the differentiation of 

spermatogonial stem cells via the inactivation of RET tyrosine kinase [105]. 

In order to identify down-stream targets of GDNF, a micro-array experiment was 

performed [106]. One of the genes found to be down-regulated upon the withdrawal 

of GDNF from the culture medium was B-cell CLL/lymphoma 6, member B (Bcl6b). The 

importance of Bcl6b in spermatogonial stem cell maintenance was confirmed by 

siRNA experiments which showed a reduction in both size and number of germ cell 

clumps after 7 days of culture while the percentage of apoptotic germ cells increased 

in these cultures [106]. Furthermore, the Bcl6b -/- mice are capable of siring offspring, 

but mating of Bcl6b -/- mice produced lower numbers of pups per litter compared to 

mating with wild-types. Testis weight was reduced and histological examination of 

testes of Bcl6b -/- mice revealed that 7% of the round seminiferous tubules had 

degenerative spermatogenesis or a Sertoli cell only phenotype [106].  

Both, activin A and BMP4 were found to have a negative effect on stem cell 

maintenance in vitro (Fig.7b) [42]. Germ cells cultured for 7 days in the presence of 

activin A or BMP4 gave rise to lower numbers of colonies upon transplantation in a 

depleted recipient testis compared to cells that were cultured in the absence of activin 

A or BMP4 [42]. These results suggested that BMP4 and activin A induced 

differentiation of spermatogonial stem cells [42].  

Furthermore, up-regulation of c-KIT was observed when spermatogonia isolated 

from 4ddp old mice were in vitro exposed to BMP4 [107]. As c-KIT is expressed by 
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differentiating spermatogonia, but not by spermatogonial stem cells, upregulation of 

c-KIT is commonly used as a marker for spermatogonial stem cell differentiation [25, 

26]. Bmp4 heterozygous mice on a C57BL/6 background showed reduced sperm 

counts and motility. Histological examination of the testis of these mice showed an 

increased occurrence of meiotic germ cell degeneration [108].  

The expression pattern of BMP4 in the testis of adult mice is unclear. Different 

research groups reported different expression patterns in mice. Hu et al. showed high 

levels of Bmp4 mRNA in pachytene spermatocytes whereas lower levels were detected 

in other cell types, including Sertoli cells [108]. Baleato et al. described that BMP4 at 

both the protein and the mRNA level was expressed in germ cells, mainly in 

spermatogonia and early spermatocytes and was not expressed by Sertoli cells [109]. 

Pellegrini et al. did not detect Bmp4 in spermatogonia, spermatocytes or spermatids 

but did observe expression of Bmp4 in Sertoli cells isolated from 4dpp testis [107].  

Activins were originally identified as gonadal proteins capable of inducing the 

secretion of pituitary FSH [110, 111]. Activin proteins are generated from two gene 

products, activin βA and activin βB that dimerise to form activin A (βAβA), activin B 

(βBβB) or activin AB (βAβB) [111]. The Sertoli cells are the major side of activin A 

production in adult rats [112]. A recent report shows that activin A is secreted in a 

cyclic manner with a peak secretion at epithelial stage VIII [113]. The activins signal via 

cell surface serine-threonine kinase receptors, like most TGFβ superfamily members. 

Activins bind to type II ligand binding receptors (ActRIIa/ ActRIIb) whereafter the type II 

receptor heterodimerises with a type I (ActRIa/ ActRIb) receptor, which is then 

phosphorylated and that in turn leads to  phosphorylation of Smad2/3, translocation 

of the signal to the nucleus and regulation of transcription of specific target genes 

[114, 115].  

Unfortunately, activin βA knockout mice die from multiple abnormalities within 

the first 24 h after birth [116]. Mice that overexpress the βA subunit in the testis are 

infertile, however the mechanisms that underlie this infertility are unclear as the βA 

subunit is also a part of inhibin A, which is a functional antagonist of activin A [111, 

113].  

 

FGFs and FGFRsFGFs and FGFRsFGFs and FGFRsFGFs and FGFRs    

 

Basic fibroblast growth factor (bFGF or FGF2) was found to promote maintenance 

and proliferation of primordial germ cells (PGC’s) in vitro [117, 118]. Culture of 

spermatogonial stem cells in the presence of both GDNF and FGF2 showed a 

synergistic effect on the number of stem cells maintained in culture compared to 

cultures with only GDNF [119]. Including FGF2, currently 22 FGFs are known, which all 

interact with various affinity to the different FGF receptors (FGFRs) [120]. Four 
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members of the FGFR family (FGFR1, FGFR2, FGFR3 and FGFR4) are encoded by 

distinct genes and their structural variability is increased by alternative splicing [121]. 

The various FGFs show different FGFR specificity, FGF2 binds to distinct splice variants 

of the different FGFRs. The FGFR1c, FGFR3c and FGFR4 isoforms were found to be the 

preferential targets of FGF2. Lower affinity of FGF2 was observed for FGFR1b and 

FGFR2c [122]. A role of FGF signaling in the process of spermatogonial stem cell self-

renewal was furthermore supported by a study which showed that a specific mutation 

of FGFR2 in spermatogonial stem cells resulted in a selective advantage for these cells 

compared to spermatogonial stem cells that were not mutated [123].  

Besides the direct effect of FGF2 on spermatogonial stem cells, FGF2 was found 

to effect the expression levels of the transcription factor Ets related molecule (ERM) or 

Ets variant gene 5 (ETV5) in the Sertoli cells that form the spermatogonial stem cell 

niche [124]. ERM was found to be essential for spermatogonial stem cell self-renewal. 

Targeted disruption of this protein was found to result in the loss of spermatogonial 

stem cell self-renewal without a block in normal spermatogenic differentiation. 

Seminiferous tubules of these mice become depleted with time [125] 

. 

 
Figure 8. Overview of the presently known factors involved in the regulation of self-renewal and 

differentiation of spermatogonial stem cells. From de Rooij [130].  

 

Transcription factorsTranscription factorsTranscription factorsTranscription factors    

 

During the last decade, a number of transcription factors have been identified 

that play an important role during spermatogenesis. These transcription factors were 

identified by chance when knockout mice, generated to study the role of these 

transcription factors in other organs, appeared to be infertile. Until now, the up- and 

downstream signals of these transcription factors are mostly unknown [126]. The two 
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transcription factors described below were found to be essential for the regulation of 

spermatogonial stem cell self-renewal. 

Luxoid mice, which arose spontaneously in 1950, show skeletal abnormalities of 

especially the hind limb and homeotic transformations of anterior skeletal elements 

into posterior structures. Luxoid males developed infertility due to the loss of germ 

cells with age [127, 128]. Recently, the luxoid testis phenotype was reassessed and a 

mutation in the first codon of zinc finger protein 145 (Zfp145) was found to be 

responsible for the luxoid phenotype [60]. Around the same time, Zpf145-/- mice were 

generated and testes of these mice showed the same loss of spermatogonia with age 

[61]. Furthermore, expression of promeolytic zinc finger (PLZF), the protein encoded 

by Zfp145, was found to be restricted to early A spermatogonia (As, Apr and Aal) in 

the testis [60, 61]. Recently, it was reported that PLZF is a direct transcriptional 

repressor of c-Kit transcription. Within the promoter region of c-Kit two PLZF 

responsive elements were found, of which only the second was found to have an 

inhibitory effect on the expression of c-KIT in vitro upon binding of PLZF [129]. 

Together, these findings thus suggest that PLZF is required for the process of self-

renewal and/or inhibition differentiation of spermatogonial stem cells and maintaining 

a stem cell pool in the testis throughout life [60, 61].  

Expression of TATA-binding protein associated factor 4b (TAF4B) is restricted to 

gonocytes, spermatogonia and spermatids [72]. Targeted knock-down of Taf4b 

resulted in a rapid loss of germ cells in the testis. Thus TAF4b, a component of the 

TFIID complex of RNA polymerase II basal transcription machinery, appeared to be 

essential for the proliferation of spermatogonial stem cells [72]. 

 

Part 4: Aim and outline of this thesisPart 4: Aim and outline of this thesisPart 4: Aim and outline of this thesisPart 4: Aim and outline of this thesis        

 

The aim of the work presented in this thesis was to obtain more knowledge 

about the mechanisms by which self-renewal and differentiation of spermatogonial 

stem cells are regulated. In order to gain more insight into these mechanisms the 

research was approached from two directions.  

• A ”candidate approach”, in which genes known to be important for the 

regulation of self-renewal or differentiation of other stem cells, e.g. embryonic 

stem cells or hematopoietic stem cells, were studied to investigate if these 

genes also play a role in the regulation of self-renewal or differentiation of 

spermatogonial stem cells. The work on two of these genes is described in the 

chapters two and three. 

• A “genomics approach” in which the gene expression profile of spermatogonial 

stem cells was compared to the expression profile of differentiated 

spermatogonia. For this approach, experiments were performed to investigate 
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how differentiation of the spermatogonial stem cell line GC-6spg could be 

induced in vitro. Thereafter micro-array studies were performed to identify 

genes involved in spermatogonial stem cell differentiation. Results that were 

obtained using this approach are described in chapters four and five. 

 

Chapter 2 Chapter 2 Chapter 2 Chapter 2 shows the localization of LY6A/E (SCA-1) in testes of adult mice of different 

strains by immunohistochemistry and describes the morphological study of the testis 

of LY6A/E-/- mice. Stem cell antigen 1 (SCA-1) was selected because it is frequently 

used for the isolation of HSCs. Skeletal muscle stem cells and mammary epithelium 

stem cells also express SCA-1. Furthermore, SCA-1 was found to play a role in the 

repopulating capacity of hematopoietic stem cells and the development of committed 

progenitor cells, megakaryocytes, and platelets. In the testis, both Kubota et al. and 

Falciatori et al. found that SCA-1 is expressed by the side population cells. However, 

as described above, these research groups disagreed about the cell types that could 

be isolated with the side population technique. 

    

Chapter 3 Chapter 3 Chapter 3 Chapter 3 shows, the expression pattern of UTF1 in the rat testis at different 

developmental stages during pre- and postnatal life. This chapter furthermore 

describes the co-localization experiment of UTF1 with PLZF and the distribution of 

UTF1 expressing cells over the different epithelial stages. UTF1 was selected as its 

expression was reported to be restricted to embryonic stem cells and in the adult 

mouse to the ovary and testis. Furthermore, expression of UTF1 in embryonic stem 

cells was rapidly down-regulated upon induction of differentiation of these cells, 

suggesting that expression is restricted to the pluripotent stem cells.  

 

Chapter 4Chapter 4Chapter 4Chapter 4 reports that spermatogonial stem cell line GC-6spg can be induced to 

differentiate in vitro by addition of BMP4 to the culture medium. It is shown that 

BMP4 receptors are expressed by the GC-6spg cells, Smads are phosphorylated and c-

KIT expression is upregulated. This chapter also reports the results of the micro-array 

experiments in which GC-6spg cells cultured in standard medium are compared with 

GC-6spg cells cultured in the presence of BMP4 at different time points. Analysis and 

confirmation of the micro-array results are reported in this chapter as well. 

 

Chapter 5Chapter 5Chapter 5Chapter 5 shows that differentiation of spermatogonial stem cell line GC-6spg can 

also be induced by addition of activin A to the culture medium. Experiments were 

performed to study if genes found in chapter 4 are general markers of spermatogonial 

stem cell differentiation.  

 

Chapter 6Chapter 6Chapter 6Chapter 6 summarizes and discusses the data described within this thesis. 
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AbstractAbstractAbstractAbstract    

 

Recently, it was found by two research groups that LY6A, known widely in the 

stem cell community as stem cell antigen-1 or SCA-1, is expressed on testicular side 

population (SP) cells. Whether these SP cells are spermatogonial stem cells is a point 

of disagreement and, therefore, the identity of the LY6A-positive cells as well. We 

studied the expression pattern of LY6A in testis by immunohistochemistry and found 

it to be expressed in the interstitial tissue on peritubular myoid, endothelial and 

spherical-shaped peritubular mesenchymal cells. To address the question whether 

LY6A has a function in spermatogenesis or testis development, we studied the testis 

of Ly6a—/— mice (allele Ly6atm1Pmf). We found no morphological abnormalities or 

differences in numbers of spermatogonia, spermatocytes, Leydig cells, or 

macrophages in relation to the number of Sertoli cells. Therefore, we conclude that 

LY6A expression does not influence testis development or spermatogenesis and that 

spermatogonial stem cells are LY6A negative. 

 

IntroductionIntroductionIntroductionIntroduction    

    

Spermatogenesis, the process during which spermatozoa are formed after several 

steps of mitosis, meiosis, and differentiation, begins with the spermatogonial stem 

cells. Spermatogonial stem cells must self-renew to keep spermatogenesis going 

throughout life, and, on the other hand, must give rise to differentiating cells to 

ultimately produce spermatozoa [1]. The mechanisms by which stem cell fate is 

regulated are still largely unknown. Research in this field is hampered by the fact that 

there are only 35 000 spermatogonial stem cells in a mouse testis [2] and by the fact 

that spermatogonial stem cells cannot yet be isolated from the testis as a pure 

population.  

Attempts to isolate spermatogonial stem cells were made and considerable 

enrichment was reached by using surface markers, such as integrin alpha 6, KIT, and 

integrin alpha v [3]. Progress in the purification protocol has been possible by the use 

of the spermatogonial stem cell transplantation technique as an assay for these cells. 

Only true spermatogonial stem cells will be able to colonize and repopulate depleted 

seminiferous tubules of recipient mice [4].  

Goodell et al. [5] were the first to discover that a small, distinct subset of bone-

marrow cells can easily be isolated with fluorescence activated cell sorting (FACS) 

when making use of the fact that these cells are able to quickly expel the fluorescent 

dye, Hoechst 33342 (Hoechst). The isolated cells were called side population (SP) cells, 

and they were also found in other tissues, i.e., skeletal muscle [6], mammary gland 
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[7], brain [8], and liver [9]. It was suggested that the SP cells are the most primitive 

and true stem cells in each of these tissues.  

The testis also contains SP cells [10—13]. Kubota et al. [10] were the first to report 

the existence of SP cells in the testis. Intriguingly, these authors did not find 

colonization of recipient mouse testes with SP cells from adult cryptorchid mice. The 

surface markers they found on the SP cells were also different from those present on 

spermatogonial stem cells. In contrast, Lassalle et al. [11] reported that their isolated 

testicular SP cells were able to colonize recipient mouse testes upon transplantation 

and hence were spermatogonial stem cells. In addition, they showed that the SP cells 

expressed Stra8 and integrin alpha 6, two germinal cell markers [3, 14]. Similar results 

were obtained by Falciatori et al. [12] by isolating SP cells from 20-day-old mice. 

Interestingly, Lo et al. [13] found restoration of Leydig cell numbers and testosterone 

levels in LH receptor-knockout (LhrKO) recipients when SP cells were transplanted into 

the interstitial tissue of the testis. LhrKO mice are infertile due to targeted disruption 

of LH/hCG [15]. Restoration of Leydig cell numbers and testosterone levels in LhrKO 

mice after transplantation with SP cells indicates that testicular SP cells include 

progenitors of Leydig cells.  

Both Kubota et al. [10] and Falciatori et al. [12] looked for expression of surface 

markers on testicular SP cells. The marker they both found to be present on testicular 

SP cells was the glycosyl phosphatidylinositol-linked cell-surface glycoprotein, LY6A 

(also known as SCA-1). LY6A is frequently used for isolation of hematopoietic stem 

cells. Sorting with the specific E13-161.7 antibody yields a 100-fold enrichment of 

hematopoietic stem cells out of bone marrow [16]. Expression of LY6A is not 

restricted to hematopoietic stem cells, it is also found on skeletal muscle stem cells, 

mammary epithelium stem cells, kidney epithelial cells, osteoblasts, and vasculature of 

brain, heart, and liver [6, 7, 17, 18]. LY6A is encoded by the prototypic member of the 

Ly-6 gene family, Ly6a, encoding two alleles (Ly6a.1 or Ly6e and Ly6a.2) in a mouse 

strain-specific manner [17]. Thus, LY6A has also been referred to as Ly6A/E. In 

addition to differing by two amino acids, the two alleles demonstrate differential 

tissue distribution due to differential transcriptional or posttranscriptional regulation 

[19, 20]. In Ly6a.2 mouse strains, including C57BL/6, essentially all bone marrow-

repopulating cells are LY6A-positive compared with 25% in Ly6a.1/Ly6e strains, such 

as BALB/c [21]. Also, the number of LY6A-positive thymocytes and peripheral T 

lymphocytes is different between different mouse strains [21, 22]. In Ly6a—/— mice, 

LY6A was found to have important functions in regulating the repopulating capacity 

of hematopoietic stem cells and the development of committed progenitor cells, 

megakaryocytes, and platelets [23]. Ly6a—/— mice also exhibit defects in T cell signaling 

[24] and self-renewal capacity of early mesenchymal precursors [25], that give rise to 

adipocytes, osteoblasts, chondrocytes, and muscle cells [26, 27].  
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In this paper, for the first time, the localization of LY6A in the testis is described. 

Furthermore, to determine a possible role of LY6A in spermatogenesis or testis 

development, we studied the morphology and numbers of various testicular cell types 

in Ly6a—/— mice. 

 

Material and methodsMaterial and methodsMaterial and methodsMaterial and methods    

 

Animals 

 

Ly6a—/— mice (allele Ly6atm1Pmf) on the BALB/c background and BALB/c wild-type 

littermates were generated as described before and maintained at Mount Sinai 

Hospital, Toronto [24, 25]. FVB and C57BL/ 6 mice were used and maintained 

according to regulations provided by the animal ethical committee of the University of 

Utrecht, which also approved the experiments. 

 

Immunohistochemistry 

 

For immunolocalization of LY6A, testes from adult mice of different strains, FVB, 

C57BL/6, and BALB/c, were fixed in Bouin fluid. Five-micrometer paraffin sections 

were mounted on 3-aminopropyl triethoxysilane (TESPA, Sigma, St. Louis, MO)-coated 

glass slides and dried overnight at 37˚C. Endogenous peroxidase was blocked with 

0.35% H2O2 in PBS for 15 min. After blocking in 5% normal rabbit serum (Vector 

Laboratories, Burlingame, CA), slides were incubated overnight at 4˚C with 1:200 

LY6A/E antibody (E13.161.7 no. 553333 or D7 no. 557403; BD Biosciences, Franklin 

Lakes, NJ) in 1% BSA in PBS (Sigma, St. Louis, MO). Secondary biotinylated rabbit 

anti-rat antibody (BA-4000, Vector Laboratories) was used 1:200 in 1% BSA in PBS for 

1 h at room temperature. Horseradish peroxidase avidin-biotin complex reaction was 

performed according to the manufacturer's protocol (Vector Laboratories). Antibody 

was finally detected by diaminobenzidine (DAB; Sigma) in 50 mM Tris-HCl, pH 7.6. 

The reaction was amplified with cobalt-chloride (0.025%) and nickel ammonium 

sulfate (0.02%). Sections were counterstained with nuclear fast red, dehydrated, and 

mounted with Pertex (Cellpath Ltd., Hemel Hempstead, U.K.). For positive and 

negative controls, Bouin-fixed kidney [28] and Ly6a—/— mice testis were used, 

respectively. 

 

Immunofluorescence 

 

Immunolocalization of LY6A in adult mice testis was performed on Bouin-fixed 

testes of different mice strains, FVB, C57BL/6, and BALB/ c. Five-micrometer paraffin 
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sections were mounted on TESPA-coated glass slides and dried overnight at 37˚C. 

Slides were incubated overnight at 4˚C with 1:50 LY6A/E antibody (E13.161.7 no. 

553333 or D7 no. 557403; BD Biosciences) in 5% normal rabbit serum in Coons 

buffer (10 mM 5,5-diethylbarbituric acid sodium salt, 145 mM NaCl, pH 7.4, 0.01% 

BSAc, 0.2% Triton x-100). Second, rabbit anti-rat (BA-4000; Vector Laboratories), and 

third antibody, goat anti-rabbit Texas red, were used 1:100 in coons and incubated 

for 1 h at room temperature. Sections were mounted with VECTAshield (Vector 

Laboratories) and viewed on a Leitz DMIRB fluorescence microscope (Leica, Voorburg, 

The Netherlands) interfaced with a Leica TCS4D confocal laser scanning microscope 

(Leica, Heidelberg, Germany). Images were recorded digitally. For positive and 

negative controls, Bouin-fixed kidney and Ly6a—/— mice testis were used, respectively. 

 

Cell Counts 

 

Five-micrometer sections were stained with periodic acid Schiff (PAS) and 

counterstained with hematoxylin. Numbers of A spermatogonia, preleptotene 

spermatocytes, Leydig cells, and macrophages were counted in 10- and 19-wk-old 

Ly6a—/— and wild-type littermate testes. For 10- and 19-wk-old animals, four and three 

testes of either genotype were counted, respectively. Cell numbers were expressed 

per 1000 Sertoli cells according to the method of Heller et al. [29, 30]. Cell counts 

were performed until at least 300 Sertoli cells were scored. All cell numbers were 

expressed in mean ± SEM, and statistical analysis was performed using the unpaired t-

test. 

 

Terminal Deoxynucleotidyl Transferase-Mediated Deoxyuridine 5-Triphosphate-Biotin 

Nick End Labeling on Ly6a—/— Mice Testis 

 

Detection of apoptotic cells was performed on 10- and 19-wk-old Ly6a—/— mice 

and wild-type littermates. Five-micrometer Bouin-fixed, paraffin-embedded testis 

sections were boiled for 5 min in 10 mM citric buffer (pH 6.0) at 98˚C and slowly 

cooled to room temperature. Endogenous peroxidase was blocked with 3% H2O2 in 

MilliQ (MQ) for 5 min. Sections were washed three times with PBS before 60 min 

incubation in 5-triphosphate-biotin nick end labeling (TUNEL) mix at 37˚C. TUNEL mix 

consists of 0.3 U/µl calf thymus terminal deoxynucleotidyl transferase (Amersham 

Biosciences, Freiburg, Germany), 6.66 µM/µl biotin dUTP (Roche, Basel, Switzerland) in 

terminal transferase buffer (Amersham Biosciences). TUNEL reaction was stopped by 

incubation in 300 mM NaCl, 30 mM sodium citrate in MQ for 15 min at room 

temperature. After washing with PBS, sections were blocked with 2% BSA (Sigma) in 

PBS at room temperature for 10 min. Sections were treated for 30 min at 37˚C in a 
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moist chamber with a 1:20 dilution of ExtrAvidin peroxidase antibody. After three 

washes in PBS, detection was performed with DAB+ (Dako, Glostrup, Denmark). 

Sections were counterstained with Mayer hematoxylin, dehydrated, and mounted 

with Pertex (Cellpath Ltd., Hemel Hempstead, U.K.). The number of TUNEL-positive 

cells was counted in four and three testes of 10- and 19-wk old-animals, respectively, 

and calculated as number per 100 tubule cross sections. At least 100 tubules were 

counted. Numbers were expressed as mean ± SEM, and statistical analysis was 

performed using the unpaired t-test. 

 

ResultsResultsResultsResults    

    

Immunolocalization of LY6A in the Testis 

 

To investigate the localization of LY6A in the testis, we performed both 

immunohistochemical and immunofluorescence studies with the monoclonal 

antibody, E13.161.7, that recognizes LY6A in both Ly6a and Ly6e mouse strains. With 

both techniques, a similar expression pattern was observed. In C57BL/6 (not shown) 

and FVB (Fig. 1, A, D, and G) wild-type mice, the cell membrane of most peritubular 

myoid cells as well as endothelial cells (Fig. 1G) were stained. In BALB/c mice some 

peritubular myoid, but no endothelial cells were stained (Fig. 1, B, E, and H).  

In addition, staining was often observed in spindle-shaped peritubular 

mesenchymal cells (Fig. 1H) in the interstitial tissue of all three mouse strains. No 

staining was present in seminiferous tubules in any of the strains tested. Also, in 

Leydig cells and macrophages, no staining could be observed in any of the strains. As 

a negative control, testes of Ly6a—/— mice were used. No staining was observed in these 

control sections (Fig. 1, C and F). For positive control, we showed expression of LY6A 

in the renal vessels of the kidney (Fig. 1I). Furthermore, using the D7 monoclonal 

antibody for both immunohistochemistry and immunofluorescence, the same 

expression pattern was observed as with the E13.161.7 antibody (data not shown). 

 

Morphology and Cell Counting in Ly6a—/— Mice Testes 

 

To address the question whether LY6A has a function in spermatogenesis, we studied 

testes of 10- and 19-wk-old Ly6a—/— mice and wild-type littermates. PAS-stained 

tubules cross sections of Ly6a—/— mice appear normal, i.e., a lumen is formed and all 

spermatogenic cell types are present (Fig. 2A). To study this in more detail we counted 

the numbers of A spermatogonia and preleptotene spermatocytes in epithelial stages 

VII and VIII in 10- and 19-wk- old animals and found no significant differences 

between Ly6a—/— and their wild-type littermates (Table 1). In the interstitial tissue, we 
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Figure 1. Immunolocalization of LY6A in the testis of different mice strains. A—C) 
Immunofluorescence staining of LY6A in FVB (A), BALB/c (B), and Ly6a—/— mouse testis (C). (D—I) 
Immunohistochemical staining of LY6A in FVB (D), BALB/c (E), and Ly6a—/— mouse testis (F). (G—
H) Higher magnification of FVB (G) and BALB/c testis (H). Indicated are endothelial cells 
(arrowheads), peritubular myoid cells (arrow), and spherical-shaped peritubular mesenchymal 
cells (asterisk). No staining is observed in Leydig cells nor in seminiferous tubules. I) Kidney; 
staining is observed in the renal vessels [28.] 

 

 
Figure 2. Morphology and apoptosis in Ly6a—/— testis. A) Ly6a—/— mice testis. B) The number of 
TUNEL-positive germ cells ± SEM per 100 tubular cross sections of Ly6a—/— mice and wild-type 
littermates testis of 10 and 19 weeks. 
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counted the numbers of Leydig cells and macrophages in 10- and 19-wk-old mice. No 

significant differences in the numbers of Leydig cells or macrophages were observed 

between Ly6a—/— mice and their wild-type littermates (Table 1). 

 

Apoptosis in Ly6a—/— Mice Testes 

 

To determine if LY6A deficiency causes abnormal apoptosis of germ cells, we 

performed a TUNEL assay on Ly6a—/— mice and wild-type testes. No significant 

differences were found between the numbers of apoptotic germ cells in Ly6a—/— mice 

and wild-type littermates (Fig. 2B). In the interstitial tissue of both Ly6a—/— and wild-

type testes, we sporadically observed a TUNEL-positive Leydig cell. No TUNEL staining 

was observed in the peritubular myoid, endothelial, or peritubular mesenchymal cells. 

 

Table 1. Number of A spermatogonia, spermatocytes, Leydig cells, and macrophages in Ly6a—/— 

and wt littermates of 10 and 19 wk*. 
 

Cell type 10 weeks 19 weeks 

  Wt Sca-1/Ly6A-null Wt Sca-1/Ly6A-null 

A spermatogonia 343 ± 14 337 ± 37 363 ± 13 387 ± 60 

preleptotene 

spermatocytes 5478 ± 217 5963 ± 196 5603 ± 420 5857 ± 89 

Leydig cells 1148 ± 15 1079 ± 32 1197 ± 34 1059 ± 62 

macrophages 115 ± 14 117 ± 3 158 ± 30 161 ± 11 
*Numbers are expressed as mean ± SEM number per 1000 Sertoli cells. 

    

DiscussionDiscussionDiscussionDiscussion    

 

The present data, for the first time, show that, in the testis, LY6A is solely 

expressed in the interstitial tissue and not in seminiferous tubules. In the three mouse 

strains tested, we found LY6A to be expressed in peritubular myoid cells and in 

spindle-shaped peritubular mesenchymal cells. Furthermore, we found in both FVB 

and C57BL/6 but not in BALB/c mice testis, LY6A to be expressed in endothelial cells.  

Difference in expression pattern of LY6A between different mouse strains is a 

known phenomenon. For both lymphocytes and hematopoietic stem cells, LY6A 

expression was found to differ between haplotypes [21, 22]. There are two allelic 

variants of Ly6a, Ly6e, and Ly6a.2, which are under distinct genetic control, resulting 

in two haplotypes, Ly6a and Ly6b, respectively. BALB/c encodes the Ly6a haplotype, 

while C57BL/6 encodes the Ly6b haplotype [21]. This may well explain the difference 

in expression of LY6A in endothelial cells in C57BL/6 versus BALB/c mice. Expression of 
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LY6A was shown before in vasculature of heart, brain, and liver in C57BL/6 mice [17]. 

The haplotype of FVB mice is not known, but our results would now suggest that FVB 

mice have the Ly6b haplotype. 

Testicular peritubular myoid [31], endothelial [32], and peritubular mesenchymal 

cells [31] all originate from the mesonephros. It was shown that the aorta-gonads-

mesonephros (AGM) region is largely LY6A positive [33]. The hematopoietic stem cells 

as well as endothelial cells also arise from the AGM region [34, 35] and show LY6A 

expression [16, 17], suggesting a relationship between LY6A expression and the 

embryonic origin. However, there are also LY6A-positive cells that may not arise from 

the AGM region. 

The germ cells and thus the spermatogonial stem cells originate from 

extraembryonic regions [36]. In this article, we show that LY6A expression is absent in 

all germ cells, including the spermatogonial stem cells. This is surprising because stem 

cells of many other tissues are found to be LY6A positive. However, satellite cells of 

striated muscle tissue are also LY6A negative [37]. Furthermore, it was already 

suggested by Kubota et al. [10] that spermatogonial stem cells do not express LY6A 

on their surface. 

LY6A is known to be expressed on SP cells of many tissues, including 

hematopoietic system [16], mammary gland [7], and skeletal muscle [6, 37]. Recently, 

four groups showed the presence of SP cells in the testis [10—13]. While Kubota et al. 

[10] found SP cells not be able to colonize the testis of busulfan-treated recipient 

mice, the opposite was found by Falciatori et al. [12] and Lassalle et al. [11], indicating 

disagreement about the question whether or not testicular SP cells are spermatogonial 

stem cells. The differences between these findings may have various causes. First, the 

groups use different types of donor mice, adult versus immature, and cryptorchid 

versus noncryptorchid. Second, for the isolation of SP cells, different protocols were 

used with respect to tissue dissociation, Hoechst concentration, time and temperature 

of Hoechst incubation, and stringency in the selection of SP cells (FACS gating). 

Recently, it was described that these parameters should be determined for each tissue 

tested because these factors all affect yield, viability, and homogeneity of SP cells and 

differ per tissue [38]. Therefore, different cell populations can be isolated by using 

different isolation protocols. Further research should be performed to optimize the SP 

protocol and to investigate whether there is a testicular SP that harbors 

spermatogonial stem cells. 

Nevertheless Kubota et al. [10] and Lassalle et al. [11] agree that testicular SP cells 

express LY6A brightly and therefore it was important to identify the LY6A-positive 

cells to unravel the confusion about the identity of testicular SP cells. 

Our results support the findings of Kubota et al. [10] that LY6A-positive SP cells 

are not spermatogonial stem cells because no staining for LY6A was observed in the 
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seminiferous tubules, including spermatogonial stem cells. Interestingly, the present 

data support and extend the results obtained by Lo et al. [13, 39], who showed 

restoration of Leydig cell numbers and testosterone levels in LhrKO mice after 

transplantation of SP cells into the interstitial tissue. They conclude that Leydig cell 

progenitors are among the SP cells. The present results indicate that spindle-shaped 

peritubular mesenchymal cells, which are thought to be progenitors of Leydig cells 

[40], express LY6A on their cell membranes. 

LY6A is not only useful as a surface marker, it also plays an important role in the 

regulation of hematopoietic stem cells [23] and mesenchymal progenitors [25].  

Ly6a—/— mice exhibit an age-dependent osteoporosis phenotype due to a primary defect 

in the self-renewal capacity of mesenchymal progenitors [25]. Furthermore, they have 

defects in the repopulating ability of hematopoietic stem cells upon competitive and 

serial transplantation of hematopoietic stem cells in lethally irradiated mice [23]. In 

contrast, we found that development and morphological appearance of the Ly6a—/— 

testes were normal in 10- or 19-wk-old animals. Also, the numbers of spermatogonia 

and preleptotene spermatocytes in stages VII/VIII of the epithelial cycle were similar to 

those in wild-type mice. This suggests that spermatogonial proliferation in wild-type 

and Ly6a—/— mice is similar with respect to kinetics as well as the numbers of 

spermatocytes produced. Furthermore, Leydig cell numbers were not significantly 

different in 10- or 19-wk-old Ly6a—/— mice and age-matched wild-type mice, indicating 

that Leydig cells are normally formed and do not deplete until at least 19 wk of age. 

However, turnover of interstitial cells, including progenitors as well as adult Leydig 

cells, is low [41]. Therefore, there might be depletion of peritubular mesenchymal 

progenitors and Leydig cells in older mice. Challenging of the Ly6a—/— peritubular 

mesenchymal progenitors, by transplanting them into the interstitium of LhrKO 

recipients testis, might, however, reveal a function of LY6A in the repopulating 

capacity of these cells. 

Based on our results, we can conclude that LY6A-positive cells in the testis are not 

spermatogonial stem cells but do include cells with morphological appearance of 

Leydig cell progenitors. Furthermore, LY6A deficiency does not influence testis 

development, spermatogenesis, or peritubular mesenchymal cell and Leydig cell 

development. The present results also indicate the importance of performing 

localization analysis in situ rather then just relying on cell sorting and FACS analysis. 
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Abstract Abstract Abstract Abstract     

 

The population of early A spermatogonia includes stem cells that possess 

spermatogonial stem cell properties. Recent reports suggest that these cells have the 

ability to regain pluripotent properties. Here we show that expression of pluripotency 

marker undifferentiated embryonic cell transcription factor 1 (UTF1) is restricted to 

distinct germ cells within the testis. In embryonic and neonatal testes, all gonocytes 

were found to strongly express UTF1. During further testicular development, 

expression of UTF1 was restricted to a subset of A spermatogonia and with the 

increase in age the number of cells expressing UTF1 decreased even more. Ultimately, 

in adult rat testes, only a small subset of the A spermatogonia expressed UTF1. 

Remarkably, even in testes of vitamin A deficient rats, in which the early A 

spermatogonia are the only type of spermatogonia, only a subset of the 

spermatogonia expressed UTF1. In adult rat testis expression of utf1 is restricted to a 

subpopulation of the PLZF positive early A spermatogonia. Furthermore, the observed 

distribution pattern of UTF1 expressing cells over the different stages of the cycle of 

the seminiferous epithelium suggests that expression of UTF1 is restricted to those As, 

Apr and short chains of Aal spermatogonia that are in the undifferentiated state and 

therefore maintain the ability to differentiate into A1 spermatogonia in a next round 

of the epithelial cycle or possibly even in other directions when taken out of their 

testicular niche. 

 

Introduction Introduction Introduction Introduction     

 

Spermatogenesis is a continues process starting with spermatogonial stem cells 

[1, 2], which were until recently thought of as unipotent stem cells only being able to 

form cells of the spermatogenic lineage [3, 4]. However, recent reports suggest that 

these cells have a greater potential. Testes of both neonatal and 6 weeks old mice 

were reported to contain pluripotent cells or cells able to obtain these properties in 

vitro [5-7]. Previously, it was described that primordial germ cells (PGCs), of both 

human and mouse origin, could give rise to pluripotent stem cells [8, 9]. Finally, PGCs, 

gonocytes and spermatogonial stem cells express several genes believed to be 

essential for pluripotency, e.g. octamer binding transcription factor 3/4 (Oct3/4) and 

Sry box 2 (Sox2) [10, 11]. 

Another pluripotency-associated gene is UTF1 [12]. This gene was found to be 

expressed in embryonic stem (ES) cells, embryonal carcinoma (EC) cells and PGCs [12-

14]. In adult mice, UTF1 mRNA was only detected in ovary and testis [12]. In EC and 

ES cells, protein expression of UTF1 was found to be localized to the nucleus and 

subnuclear fractionation and mobility assays revealed that UTF1 was a chromatin-
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associated protein with histone-like properties [15]. Differentiation of EC cells is 

accompanied by a rapid reduction in UTF1 levels, indicating a stem cell specific 

function [12, 14, 15]. Furthermore, it was suggested that activation of UTF1 is an 

important mechanism by which OCT3/4 maintains the stem cell state of ES cells [16]. 

Experiments indicated that UTF1 plays a role in the proliferation rate and teratoma-

forming capacity of ES cells [16]. However, recently it was proposed that UTF1 might 

be involved in the maintenance of a specific epigenetic profile that allows lineage-

specific differentiation of ES and EC cells while it is not involved in stem cell renewal 

[15]. 

In order to learn more about a possible role of UTF1 in spermatogenesis, we now 

studied the localization of UTF1 in the testis at different developmental stages during 

pre- and postnatal life. During testicular development, expression of UTF1 was 

restricted to gonocytes and A spermatogonia. Cell counts revealed a decrease in the 

number of UTF1 positive cells during testicular development and expression in adult 

rat testes was found to be restricted to a subpopulation of early A spermatogonia.   

 

Material and methodsMaterial and methodsMaterial and methodsMaterial and methods    

 

Animals 

 

Testes from Wistar rats of different ages (16 and 18dpc, 4, 9, 13, 17, 24, 42, 56, 

and 70 dpp) were snap frozen or fixed for 6 hours in 4% formaldehyde, followed by 

overnight fixation in diluted Bouin’s fluid (71% (v/v) 0.9% picric acid, 24% (v/v) 37% 

formaldehyde, 5% (v/v) acetic acid). Diluted Bouin’s fixed testes, total testis RNA and 

RNA isolated from A spermatogonia (93% pure) of (VAD) rats were obtained during 

previous studies [17, 18]. The A spermatogonia were isolated by enzymatic digestion 

and percoll gradient centrifugation. Purity was determined by Nomarski microscopy 

[18]. All procedures were performed according to regulations provided by the ethical 

committee of the University of Utrecht that also approved of the experiments. 

 

DNA Sequencing and RT-PCR 

 

T to determine the rat UTF1 sequence, primers were designed by comparing 

human and mouse mRNA sequence (accession numbers AB011076 and NM009482, 

respectively). RT-PCR was performed on cDNA from total testis of adult rat. DNA 

fragments of approximately 1000 bp were isolated from gel and subcloned into 

pcDNA3.1/V5-His TOPO vector (Invitrogen, Carlsbad, CA, USA). Plasmid DNA of 2 

clones was prepared for DNA sequence analysis. DNA sequence analyses were 

performed on automated ABI PRISM 310 and 377 DNA sequencers, using Dye 
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Terminator cycle sequencing chemistry (all from Applied Biosystems, Foster city, CA, 

USA). Sequence alignment was performed using ClustalW and Genedoc [19, 20]. 

Amino acid identity and similarity to mouse and human UTF1 sequences were 

determined with MatGAT 2.0 [21]. RT-PCR on cDNA of total rat testes was performed 

with the following primers;  

Utf1 fw: 5’-cgctcagattcagctcttcc-3’, rv: 5’-cgaaggaacctcgtagatgc-3’ (333bp),  

Pou5f1 fw: 5’-cgaggagtcccaggatatga-3’, rv: 5’-gttccacctcacacggttct-3’ (334bp),  

Sox2 fw: 5’-accagctcgcagacctacat-3’, rv: 5’-ccctcccaattcccttgtat-3’ (388bp),  

Zfp145 fw: 5’-tctgtctgctgtgtgggaag-3’, rv: 5’-gtggcagagtttgcactcaa-3’ (353bp).  

 

Cell counts and staging 

 

Cells expressing UTF1 and/or PLZF were counted in testes of rats at various ages. 

Cell numbers were expressed per tubule cross-section. Cell counts were performed 

until at least 100 tubule cross-sections per testis were scored. Numbers were 

expressed as means ± SEM. Statistical analysis (paired t-test) was performed with 

Graphpad Prism 4 (Graphpad Software, San Diego, USA). Adjacent sections were 

stained with periodic acid Schiff’s (PAS) reagent and Mayer’s hematoxylin in order to 

determine the epithelial stage of the tubule cross-sections.  

 

Immunohistochemistry 

 

For immunolocalization of UTF1 and PLZF, adjacent 5µm sections of diluted 

Bouin’s fluid fixed testes were mounted on TESPA coated glass slides. For antigen 

retrieval, sections were boiled in a microwave (H2500, Bio-rad, Veenendaal, The 

Netherlands) at 98°C in 0.01M sodium citrate pH6.0. Sections for localization of PLZF 

were boiled 3 times 10 min. For localization of UTF1, boiling time depended on the 

antibody used, 1 time 10 min. (AB3383, Chemicon, Temecula, CA, USA; ab24273, 

Abcam, Cambridge, UK and antibody generated by Okuda et al. [12]) or 1 time 20 

min. (antibody kindly provided by Dr. Eggen [13, 15]). Endogenous peroxidase was 

blocked with 0.35% H2O2 in PBS for 15 min. After blocking in 5% normal goat serum 

(NGS) or normal horse serum (NHS) (Vector laboratories, Burlingame, CA, USA), slides 

were incubated overnight at 4°C with 1:100 UTF1 (AB3383, ab24273, antibody Dr. 

Okuda), 1:200 (UTF1 antibody Dr. Eggen) or 1:50 PLZF (OP128, Calbiochem, San 

Diego, CA, USA) in 0.1% BSAc in PBS (Aurion, Wageningen, The Netherlands). 

Secondary biotinylated goat anti rabbit (BA-1000, Vector laboratories, Burlingame, 

CA, USA) or horse anti mouse (PK6102, Vector Laboratories) was used 1:200 in 0.1% 

BSAc in PBS for one hour at RT. Horseradish peroxidase avidin-biotin complex reaction 

was performed according to the manufacturers protocol (PK6102). Bound antibody 
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was finally detected by diaminobenzidine (DAB, Sigma, St. Louis, USA). Sections were 

counterstained with Mayer’s hematoxylin. For negative control first antibody was 

replaced with normal rabbit or normal mouse IgG (sc-2025, sc-2027, Santa Cruz 

Biotechnology Inc., Santa Cruz, CA, USA) for UTF1 and PLZF, respectively. Figure 3 

shows UTF1 immunolocalization with AB3383 antibody. 

 

Immunofluorescence 

 

Co-immunolocalization of UTF1 and PLZF was studied in diluted Bouins’s fluid 

fixed testes of rats at 42, 56 and 70 dpp. Five micrometer paraffin sections were 

mounted on TESPA-coated glass. For antigen retrieval, sections were boiled at 98°C in 

0.01M sodium citrate for 10 min. Sections were blocked in 5% NHS in 0.1% BSAc 

and incubated overnight at 4˚C with 1:100 UTF1 (AB3383) and 1:50 PLZF (OP128) 

antibody in 0.1% BSAc. To fluorescently label the UTF1 positive cells, slides were 

incubated with 1:100 goat anti rabbit alexa 488 (A11008, Molecular Probes, Leiden, 

The Netherlands) in 0.1% BSAc for 1 hour. PLZF antibody was labeled with 1:200 

biotinylated horse anti mouse (PK6102) for 1 hour, followed by incubation with 1:200 

streptavidin alexa Fluor 495 conjugated (S11227, Molecular Probes) in 0.1% BSAc. 

Sections were mounted with VECTAshield (Vector Laboratories). 

 

ResultsResultsResultsResults    

 

UTF1 mRNA is expressed in testis of neonatal, pubertal and adult rats 

 

To determine Utf1 mRNA expression in the rat testis of different ages we first 

obtained the rat Utf1 sequence. Adult rat total testis RNA was subjected to RT-PCR 

using primers derived from the human and mouse Utf1 cDNA sequences.  

The resulting rat Utf1 cDNA sequence (GenBank Acc. No. EU176857) encodes a 

predicted protein of 338 amino acids and comparison between rat and mouse or 

human UTF1 showed an overall amino acid identity of 93% and 65% and similarity of 

96% and 73%, respectively (Fig.1). Previously, based on the human and mouse UTF1 

protein sequences, two conserved domains, CD1 and CD2, were identified [22]. 

Analysis of the corresponding domains in rat UTF1 revealed identities of 96% and 

87% for CD1 and 100% and 86% for CD2 compared to mouse and human UTF1, 

respectively (Fig.1).  

To determine Utf1 expression during rat testicular development, RT-PCRs were 

performed on total testis RNA of rats of various ages (Fig.2). Utf1 mRNA was detected 

in neonatal, pubertal and adult rat testes and in testes of vitamin A deficient (VAD) 

rats (Fig.2). 
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Figure 1. Amino acid sequence of rat UTF1 protein compared to the mouse and human UTF1 
protein sequences. Identities are marked by the gray boxes. The two conserved domains are 
underlined [22]. 
 

 
Figure 2. RT-PCR for Utf1 on total testis of rat of several ages and VAD  
total testis. Numbers express age in days post partum. + : cDNA, - : -RT control. 
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Figure 3. UTF1 expression in rat testes of different ages. A: 16dpc, B: 18dpc, C: 4dpp, D: 9dpp, 
E: 13dpp, F: 17dpp, G: 24dpp, H: 42dpp, I: 56dpp, J: 70dpp, K: adult VAD rat, L: negative 
control 70dpp. Asterisk: mitotic gonocytes, arrow: positive spermatogonia, arrowheads: 
negative spermatogonia. Bars: A, I: 100µm, B, C, D, L: 40µm, E, F, G, H, J, K: 50µm. Figure 
shows the immunolocalisation of UTF1 performed with the AB3383 antibody. 
 

 

 
 
 
Figure 4. RT-PCR for Utf1, Pou5f1 (OCT3/4), Sox2 
and Zfp145 (PLZF) on spermatogonia isolated from 
VAD rat testis. +: cDNA, - : -RT control. 
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Gonocytes and spermatogonia express UTF1 
 

To determine which cell types in the testis express UTF1, we performed 

immunohistochemistry at different developmental stages during pre- and postnatal 

life. At 16 days post coïtum (dpc), a strong staining for UTF1 was present in the nuclei 

of all gonocytes (Fig.3a). In gonocytes undergoing mitosis, the condensed 

chromosomes were stained for UTF1 (Fig.3a). At 18 dpc and 4 days post partum (dpp) 

the expression was also strong and localized to the nuclei of all gonocytes (Fig.3b, c). 

At 9 dpp, when gonocytes have migrated to the basal membrane and have become 

spermatogonia, UTF1 expression was detected in almost all A spermatogonia (Fig.3d). 

At 13 dpp, staining was present in A spermatogonia, but not in B spermatogonia or 

preleptotene spermatocytes (Fig.3e). At later stages during development and in adult 

rat testes, when spermatogenesis was complete, UTF1 expression was restricted to A 

spermatogonia (Fig.3f —j). However, in testes of older rats, A spermatogonia that did 

not express detectable UTF1 levels were also observed. In VAD animals, seminiferous 

tubules only contain early A spermatogonia Sertoli cells and sporadically preleptotene 

spermatocytes [23, 24]. Immunohistochemistry showed that in VAD rat testes, UTF1 is 

expressed in spermatogonia (Fig.3k). Interestingly, also in VAD testes spermatogonia 

were observed that did not show expression of UTF1. Immunolocalization experiments 

were repeated with three other antibodies directed against UTF1, all confirming the 

localization of UTF1 to the nuclei of gonocytes and A spermatogonia. In accordance 

with the immunolocalization of UTF1 to the spermatogonia in VAD rat testes, RT-PCR 

results confirmed the expression of Utf1 in spermatogonia isolated from these testes 

(Fig.4). We furthermore found that the early A spermatogonia marker Zfp145 (PLZF) 

and the activators of Utf1 transcription Pou5f1 (OCT3/4) and Sox2 were also 

expressed by the early A spermatogonia isolated from the VAD rat testes (Fig.4).  

 

The number of UTF1 positive cells decreases with age 

 

The expression pattern of UTF1 during testicular development indicated that the 

number of UTF1 positive cells in the testis decreased with age. To quantify this 

finding, the numbers of cells expressing UTF1 and promyelocytic leukemia zinc finger 

(PLZF) were determined. PLZF is a transcriptional repressor required for the self-

renewal of spermatogonial stem cells and its expression is restricted to early A 

spermatogonia [25, 26]. The numbers of UTF1 and PLZF positive cells per tubule cross-

section were scored in adjacent sections of rat testis of different ages (Fig.5). While 

the numbers of PLZF positive cells increased during testicular development, the 

number of UTF1 positive cells clearly decreased. Indicating that in adult rat, there is a 

clear reduction in UTF1 positive A spermatogonia whereas the number of PLZF 

positive A spermatogonia increased during testicular development. 
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Figure 5. Number ± SEM of UTF1 and PLZF positive cells per tubule cross-section in testes of rats 
of various ages. ND: not determined. Asterisk indicates that a significant difference (p≤ 0.05) 

between the number of UTF1 and PLZF positive cells.   

 

UTF1 expression is restricted to a subpopulation of early A spermatogonia 

 

 To study which type of A spermatogonia expressed UTF1 we performed double 

immunofluorescent labeling for UTF1 and PLZF. At 42 dpp almost all PLZF positive 

spermatogonia also expressed UTF1. However, at 56 dpp and 70 dpp, not all PLZF 

positive spermatogonia also expressed UTF1 (Fig.6). Cells positive for UTF1, but 

negative for PLZF were not observed. These findings indicate that in adult rat testis, 

UTF1 expression was restricted to a subpopulation of early A spermatogonia. 

 

Pattern of the UTF1 positive cells during the epithelial cycle 

 

Determining which early A spermatogonia express UTF1 is extremely difficult as 

early A spermatogonia are morphologically indistinguishable [27]. However, the 

numbers of the different types of early A spermatogonia follow a specific pattern 

during the epithelial stages. Studying the numbers of UTF1 expressing cells during the 

epithelial stage could thus possibly reveal the identity of UTF1 expressing cells.  

The numbers of UTF1 positive spermatogonia per tubule cross-section were scored for 

the different epithelial stages (Fig.7). During epithelial stage VII-X, the highest number 

of UTF1 positive spermatogonia was observed. The number decreased slowly from 

stage X until stage II-III, after which an increase in the numbers of UTF1 positive cells 

was found during stage IV-VI. However, the numbers in stages IV-VI did not yet reach 

the level observed in stage VII. In comparison, the average number of PLZF positive 

spermatogonia per tubule cross-section remained relatively constant with exception of 

the decrease observed in stage XIV (Fig.7).  During all stages the number of PLZF 

positive spermatogonia was higher then the number of spermatogonia that expressed 

UTF1. At stage VII the biggest overlap between UTF1 and PLZF expression was 

observed. 
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Figure 6. Co-localization of UTF1 and PLZF in 56dpp rat testes. A and B: partial co-localization 
of UTF1 and PLZF can be observed in the testis of two different 56dpp rats. C: negative control. 
    

    

    
Figure 7. Average number ± SEM of UTF1 and PLZF positive cells per tubule cross-section for the 
different epithelial stages in 10 weeks old rat testes.  
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Discussion Discussion Discussion Discussion     

 

 The mechanisms whereby spermatogonial stem cells self-renew, differentiate and 

possibly maintain their pluripotent potential are not yet fully known. In order to 

unravel the underlying mechanisms, the identification of proteins involved in one or 

more of these processes is crucial. The pluripotency associated protein UTF1 is a prime 

candidate for  being involved in the process of self-renewal and/or differentiation of 

spermatogonial stem cells and possibly in maintaining the pluripotent potential of 

these cells.  

The rat sequence of the Utf1 gene was found to be highly identical to that of 

mouse, but considerably different from the human sequence [22]. The identities of 

the conserved domains are higher compared to the overall identity and therefore the 

rat sequence supports the existence of the two conserved domains [22]. Utf1 mRNA 

expression was found in testes of both developing as well as adult rats, indicating that 

Utf1 expression is not restricted to a certain developmental stage.  

In embryonic and postnatal (4dpp) rat testis, expression of UTF1 protein was 

found to be restricted to the gonocytes. Following further testicular development, 

expression of UTF1 was only observed in A spermatogonia. However, the number of 

cells per tubule cross-section that expressed UTF1 decreased with age and non-

expressing type A spermatogonia were observed in the adult rat testes, suggesting 

that not all types of A spermatogonia expressed UTF1. 

Even in testes of VAD rats, in which the early A spermatogonia are the only type 

of spermatogonia, expression of UTF1 was restricted to the spermatogonia. This 

finding was supported by RT-PCR which showed expression of Utf1 and its upstream 

factors Oct3/4 and Sox2 in A spermatogonia isolated from VAD rat testes. Surprisingly 

however, also in VAD rat testis spermatogonia were observed that did not express 

UTF1, indicating that UTF1 expression was restricted to a subpopulation of the early A 

spermatogonia. 

As the different types of A spermatogonia are morphologically very difficult to 

distinguish, co-localization studies of UTF1 with PLZF were performed in order to 

reveal the identity of the UTF1 positive cells. In mice, expression of PLZF in the testis is 

known to be restricted to early A spermatogonia [25, 26]. To our knowledge 

localization of PLZF in rat testes was not described before. The expression pattern of 

PLZF we observed in both cross-sections as well as in whole mount seminiferous 

tubules of rat testes was similar to the expression seen in mice (data not shown). In 

addition, we determined the number of PLZF positive spermatogonia during the cycle 

of the seminiferous epithelium, which was to our knowledge not shown before. 

The co-localization studies of UTF1 with PLZF showed an almost complete overlap 

in A spermatogonia of 42dpp old rats. However, in adult (56 and 70 days old) rats 



UTF1 expression in the testis 57 

only partial co-localization was observed, cells that expressed UTF1 always expressed 

PLZF, but cells expressing PLZF did not always express UTF1. These observations are in 

accordance with our cell counts of the numbers of UTF1 and PLZF positive cells per 

tubule cross-section in testes of rats of various ages (Fig.5). At 42 dpp, when in almost 

all cells UTF1 and PLZF are co-expressed, counting revealed equal numbers of UTF1 

and PLZF expressing cells. At 10 weeks, approximately 3 times more PLZF expressing 

cells were counted compared to the number of cells expressing UTF1, thereby 

confirming the co-localization experiments that not all PLZF positive cells expressed 

UTF1.  

Thus, expression of UTF1 in adult rat testis is restricted to a subpopulation of early 

A spermatogonia as shown by the lower number of UTF1 positive cells compared to 

the number of PLZF positive cells, the partial co-localization of UTF1 with PLZF and the 

observation that in testis of VAD rats not all early A spermatogonia expressed UTF1. 

The important question then is which types of early A spermatogonia in adult rat 

testis expressed UTF1. Unfortunately, our attempts to immunohistochemically stain for 

UTF1 on whole mounts of seminiferous tubules were not successful, not allowing us 

to identify the UTF1-expressing spermatogonia. In order to shed more light on this 

issue we determined the number of UTF1 positive spermatogonia during the cycle of 

the seminiferous epithelium. A pattern was found in which the number of UTF1 

positive spermatogonia peaked in stages VII through X, gradually decreasing 

thereafter until stage III and then increasing again. This pattern is quite different from 

that of the total numbers of early A spermatogonia throughout the epithelial cycle 

which shows an increase from about stage X to stage III, almost similar numbers from 

stage III till VII and sharply decreasing thereafter as the Aal spermatogonia 

differentiate into A1 spermatogonia [28]. As Aal spermatogonia form the largest 

group within the population of early A spermatogonia, their pattern is similar to this 

latter pattern and thus does not reflect the pattern of the UTF1 expressing cell 

numbers we observed in this study. Surprisingly, the observed expression pattern of 

UTF1 also does not reflect the pattern of the numbers of As or/and Apr spermatogonia 

which remains about the same during the epithelial cycle [28]. Furthermore, very few 

divisions of early A spermatogonia occur from epithelial stage IV until IX [27]. Thus, as 

hardly any new early A spermatogonia are formed, the increase in UTF1 positive 

spermatogonia observed in epithelial stage VII, cannot be explained by the generation 

of new UTF1 positive cells by mitotic activity of existing UTF1 positive cells. It rather 

suggests that the observed pattern is related to the function of UTF1 and that its 

expression is stage specifically induced or upregulated to detectable levels in existing 

early A spermatogonia during epithelial stage IV to VII. 

Recently, it was reported that in EC and ES cells, UTF1 has histone-like properties 

and it was postulated to be involved in maintaining stem cells in a specific epigenetic 
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profile, either by attracting chromatin-modifying proteins or by chromatin compaction 

[15]. In the testis, UTF1 could have a similar function as in EC and ES cells. It is 

therefore most likely that the increase in the number of UTF1 positive cells during 

stage II-III until VII represent the As, Apr and Aal spermatogonia that do not 

differentiate into A1 spermatogonia but rather go through another round of the 

epithelial cycle. The observed distribution of UTF1 positive cells over the different 

epithelial stages supports this idea, as the number of UTF1 positive spermatogonia in 

stage II-III reflects the number of As and Apr spermatogonia as determined by Huckins 

for this stage [28]. Furthermore, the early A spermatogonia that during stage VII did 

not differentiate, do not undergo mitotic divisions until stage X [27]. The decrease in 

the number of UTF1 positive cells per tubule cross section thus coincides with the 

mitotic divisions of the early A spermatogonia in stage X/XI, suggesting that UTF1 

expression is gradually lost from the population of early A spermatogonia as new or 

larger syncitia of Aal spermatogonia are generated. 

Therefore, we propose that those As, Apr and short chains of Aal spermatogonia 

that do not differentiate into A1 spermatogonia express UTF1 and that these 

spermatogonia thus maintain the ability to differentiate in a next round of the 

epithelial cycle into A1 spermatogonia or possibly even in other directions when they 

are taken out of their testicular niche. 

Recent reports, described the presence of pluripotent stem cells in both the 

neonatal and adult mouse testis [5, 6]. A point of debate was whether these stem 

cells possessed pluripotency capacity in vivo, or whether these cells acquired their 

pluripotency in vitro. However, non cultured cells, isolated from adult mouse testes 

were shown to be able to contribute to multiple tissues upon injection into 

blastocysts, indicating the presence of pluripotent stem cells in the adult mouse testis 

[6]. Since UTF1 is thought to play a role in maintaining the pluripotent capacity and 

our immunohistochemistry experiments localize the expression of UTF1 to the 

population of cells that are close to, if not identical to the population of germ cells 

with stem cell properties, our results suggest that cells with the capacity for 

pluripotency are present in the testis during all stages of development, including the 

adult stage. However, our results furthermore suggest that with increasing age the 

number of stem cells with the capacity for pluripotency decreases and that the 

isolation and culture of sufficient numbers of these cells will be more difficult from 

testes of adult animals than of young animals, an observation supported by findings 

previously reported by Kanatsu-Shinohara et al. [5]. 

In conclusion, we have shown that during all stages of testicular development 

expression of UTF1 is restricted to the population of germ cells that contains the stem 

cells. The distribution of UTF1 positive cells over the different epithelial stages 

suggests that UTF1 in the testis plays a role in maintaining the cells in an 



UTF1 expression in the testis 59 

undifferentiated state that allows differentiation into one or more directions. We 

therefore believe that further studies on the function of UTF1 in the testis will reveal 

more insight into the mechanism(s) of spermatogonial stem cell self-renewal and the 

potential pluripotent capacity.  
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AbstractAbstractAbstractAbstract    

 

An in vitro model for spermatogonial stem cell differentiation was established 

using two spermatogonial stem cell lines (GC-5spg and Gc-6spg). Spermatogonial 

stem cell characteristics of these cell lines were studied in further detail and one of the 

cell lines was induced to differentiate in vitro. Upon addition of bone morphogenetic 

protein 4 (BMP4) to the culture medium, Smads (1/5/8) were phosphorylated and up-

regulation of c-Kit was observed on both the mRNA and protein level. In addition, 

expression of the different BMP receptors was observed in both cell lines. Together 

these results indicate that BMP4 induced differentiation of the GC-6spg 

spermatogonial stem cells in a specific manner to at least late Aal / A1 spermatogonia.  

To identify both direct and indirect targets of BMP4 induced differentiation, a 

time course  DNA micro-array experiment was performed. Several members and 

downstream targets of the BMP/TGF pathway were found to be differentially 

regulated after both 4 and 10 hours, confirming that the observed differentiation was 

specifically induced by BMP4. The number of differentially regulated genes increased 

with time suggesting that BMP4 triggered a cascade of signaling events resulting in 

the initial steps of spermatogonial stem cell differentiation. In total 529 transcripts 

were found to be differentially regulated during at least one time point. Several of the 

differentially regulated genes were already known to play a role in differentiation 

and/or development.  

In conclusion we have established an in vitro model for the initial steps of 

spermatogonial stem cell differentiation allowing the identification of genes involved 

in this differentiation process.  

    

IntroductionIntroductionIntroductionIntroduction    

 

In the testis spermatozoa are constantly produced by the process of 

spermatogenesis. At the base of this process is a small pool of spermatogonial stem 

cells that gives rise to either new spermatogonial stem cells (self-renewal) or to 

daughter cells committed to differentiate into spermatozoa, eventually [1, 2]. 

A balance should exist between self-renewal and differentiation of the 

spermatogonial stem cells in order to maintain spermatogenesis throughout live. 

Disruption of this balance will either result in the depletion of the seminiferous tubules 

or in the formation of spermatogonial stem cell tumors. These respective phenotypes 

were observed in testes of glial cell line derived neurothrophic factor (GDNF) 

transgenic mice [3]. Targeted knock down of GDNF resulted in a shift towards 

differentiation and eventually to the depletion of the seminiferous tubules of 

heterozygous knock out mice. In contrast, overexpression of GDNF resulted in the 
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accumulation of spermatogonial stem cells and finally in the formation of 

spermatogonial stem cell tumors. These phenotypes revealed the importance of GDNF 

as a regulator for spermatogonial stem cell fate decision [3]. 

Like GDNF, bone morphogenetic protein 4 (BMP4) was reported to influence 

spermatogonial stem cell fate decision. Spermatogonia isolated from adult mice that 

were cultured for 7 days in the presence of BMP4 gave rise to a lower number of 

colonies upon transplantation compared to cells that were cultured in the absence of 

BMP4, suggesting that BMP4 induced spermatogonial stem cell differentiation [4]. 

Furthermore, BMP4 was reported to induce the upregulation of the transmembrane 

tyrosine kinase receptor c-KIT in spermatogonia isolated from 4 day old mice [5]. C-

KIT is expressed by differentiating spermatogonia, but not or at a low level by 

spermatogonial stem cells [6, 7]. Upregulation of c-KIT can thus be used as a marker 

for spermatogonial stem cell differentiation. 

The establishment of GDNF as an inducer of spermatogonial stem cell self-

renewal has led to a number of reports describing downstream targets and regulatory 

mechanisms of spermatogonial stem cell self-renewal [8-11]. However, the knowledge 

about the regulatory mechanisms involved in spermatogonial stem cell differentiation 

is still poor. Establishment of a model for the in vitro differentiation of a pure 

population of spermatogonial stem cells would allow the identification of genes 

involved in the process of spermatogonial stem cell differentiation.  

Previously, two cell lines with spermatogonial stem cell characteristics were 

established in our lab [12]. These cells were derived from vitamin A deficient (VAD) rat 

testis and were shown to colonize depleted testes of recipient mice. Furthermore, 

these cell lines could be cultured without feeder cells and thus provide excellent 

models to study spermatogonial stem cells characteristics and possibly the 

mechanisms involved in their differentiation. 

We here report the establishment of an in vitro model for the initial steps of 

spermatogonial stem cell differentiation. Using the model in a time course DNA micro-

array revealed 529 differentially regulated transcripts, suggesting that these transcripts 

are involved in the initial steps of spermatogonial stem cell differentiation.  

 

Material and methodsMaterial and methodsMaterial and methodsMaterial and methods    

 

Cell culture 

 

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

described previously with a few minor adjustments [12]. Briefly, cells were cultured in 

MEM supplemented with nonessential amino acids (100IU/ml), penicillin/streptomycin 

(100g/ml), gentamicin (40g/ml), HEPES (15mM) (all from Life Technologies, Inc., 
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Paisley, UK), sodium bicarbonate (0.12%), L-glutamine (4mM), platelet-derived 

growth factor-BB (10ng/ml), recombinant human basic fibroblast growth factor 

(10ng/ml), recombinant human LIF (10ng/ml), forskolin (20µM), ), 1nM 17β-estradiol 

(all from Sigma, St. Louis, USA) and 2,5% FCS (10099141, Invitrogen, Carlsbad, USA) 

at 32°C and 5% CO2. For the induction of differentiation of the GC-6spg cells, 

50ng/ml BMP4 (R&D systems, Minneapolis, USA) was added to the culture medium 

and cells were subsequently cultured for the indicated periods of time. 

 

Analysis of Marker Gene Expression and BMP4 receptors 

 

Isolated spermatogonia of VAD rat testis and adult total testis were obtained 

during earlier published and unpublished experiments [12, 13]. Total RNA from 

isolated spermatogonia, total rat testis 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. RNA was DNase treated (79254, Qiagen, 

Valencia, USA) and purified on RNeasy MinElute columns (74204, Qiagen). Thereafter 

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 1.   

 

Table 1. 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).  
 

Gene forward sequence reverse sequence size (bp) 

Bmpr1a taggatgtcggcttggtttc ggcaaatatgcctttctcca 326 

Bmpr1b agaagccagacctcggtaca cagaatgttctcgtgcctca 319 

Bmpr2 ttggtagacaggagggaacg cactgccattgttgttgacc 358 

Cd9 tgggattgttcttcggattc tgtggaacttgctgtggaag 318 

Cd24 gagactcaggccaagaaacg ggtcgaaggaaccaatgaaa 390 

Integrinα6 ctcaggagctgaccctgaac ggatgcctttctgaattgga 339 

Integrinβ1 ctctccagaaggtggctttg tgtgcccactgctgacttag 340 

Cd90 (Thy1) agctattggcaccatgaacc acatgtagtcgccctcatcc 323 

Pou5f1 (Oct3/4) cgaggagtcccaggatatga gttccacctcacacggttct 334 

Zfp145 (PLZF) tctgtctgctgtgtgggaag gtggcagagtttgcactcaa 353 
 

Western analysis 

 

Protein lysates of GC-6spg cells and total testis were prepared with RIPA buffer 

(1% NP40, 0,5% sodium deoxycholate, 0,1%SDS, 1mM protease inhibitors 

(1836153, Roche, Mannheim, Germany). Protein concentrations were measured using 

bicinchoninic acid analysis (Pierce Chemical Co., Rockford, USA). Of each sample, 
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50µg was loaded on a 4-12% gradient gel (NP0323box, Invitrogen). Proteins were 

blotted on a polyvinylidene fluoride (PVDF) membrane (Milipore, Bedford, USA). The 

membrane was blocked with 5% Protifar (Nutricia, Zoetermeer, The Netherlands) in 

tris-buffered saline (TBS, 10mM tris-HCl, pH 8.0, 150mM NaCl), including 0,05% 

Tween-20 (TBT) for 30 min. at room temperature (RT). Thereafter, the membrane was 

incubated overnight at 4˚C with 1:400 c-KIT antibody (Oncogene Research, San 

Diego, USA) or with 1:1000 phosphorylated smad1/5/8 (9511, Cell Signaling 

Technology, Danvers, USA) in 5% Protifar in TBT. After 1 hour of incubation with 

horseradish peroxidase conjugated goat anti rabbit antibody (SC-2004, Santa Cruz 

biotechnology Inc, Santa Cruz, USA) diluted 1:5000 in 5% Protifar in TBT, the 

antigens were visualized using chemiluminescence (ECL, Amersham Bioscience, 

Buckinghamshire, UK) and exposed to hyperfilm (Amersham Bioscience). For loading 

control, alpha tubulin (ms-581-pc, Neomarkers, Fremont, USA) was used.  

 

Micro-array analysis 

 

RNA of GC-6spg cells cultured in the presence of BMP4 for 0, 4, 10, 48 or 168 

hours was extracted using FastRNA Pro Green kit (Qbiogene). RNA was DNase treated, 

purified (Qiagen) and amplified by in vitro transcription using T7 RNA polymerase 

(AM1334, Ambion, Foster City, USA) on 1µg of total RNA. During in vitro 

transcription, 5-(3-aminoallyl)-UTP (Ambion) was incorporated into the single-stranded 

cRNA. Of each sample, 3µg cRNA was labeled with Cy3 or Cy5 dye (PA23001 or PA 

25001, Amersham, Buckinghamshire, UK). Labeled cRNA was fragmented and of 

each alternatively labeled cRNA, 2µg was hybridized (5188-5242, Gene Expression 

Hybridization Kit, Agilent, Santa Clara, USA) on whole genome rat arrays (G4131A, 

Agilent, Santa Clara, USA) for 17 hours at 65˚C, according to the two-color micro-

array based gene expression analysis manual (Agilent). After hybridization, slides were 

washed manually according to the manufacturers protocol and scanned in the Agilent 

G2565AA DNA Microarray scanner (100% laser power, 30% photomultiplier tube). 

Scanned images were quantified (Imagene 6.0.1, biodiscovery, El Segundo, USA) and 

lowess print-tip normalization was performed [14]. Further data analysis was 

performed using Genespring GX (Agilent).  

 

Real-time PCR  

 

From 5 independent culture experiments, in which GC-6spg cells were cultured 

for 0, 4, 10, 48 or 168 hours 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. Quantitative RT-PCR was performed using taqman 
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gene expression assays (Id2: Rn01495280_m1, Gadd45g: Rn01435432_g1, Gata2: 

Rn00583735_m1, Nr4a1: Rn00577766_m1, Cxcl12: Rn00573260_m1, Emp1: 

Rn00563345_m1, Kit: Rn01641579_m1, Applied biosystems, Foster City, USA) on a 

ABI prism 7700 (Applied Biosytems). The results were normalized to 18S (4352930E, 

Applied biosystems) and the average of the fold difference and its significance were 

calculated using one-way ANOVA (Graphpad 4, Graphpad Software, San Diego, USA). 

 

ResultsResultsResultsResults    

 

Characterization of the spermatogonial stem cell lines GC-5spg and  GC-6spg 

 

Previously, we reported that the spermatogonial stem cell lines GC-5spg and GC-

6spg were able to colonize depleted seminiferous tubules upon transplantation and 

that both cell lines expressed the spermatogonial marker octamer 4 (OCT3/4 also 

known as POU5f1) and no or low levels of c-KIT [12]. Since the establishment of these 

cell lines, several new genes have been identified that are expressed by 

spermatogonial stem cells [15-19]. Therefore we now performed RT-PCR to 

characterize the spermatogonial stem cell lines in more detail. Both cell lines expressed 

the membrane markers Cd9, Cd24, integrin alpha 6 (Itga6) and integrin beta 1 (Itgb1) 

(Fig.1). The membrane receptor Cd90, better known as Thy-1 was clearly expressed by 

cell line GC-5spg, however only low levels of expression were found in the GC-6spg 

cell line. Expression of zfp145, which encodes for the transcriptional repressor 

promyelocytic leukemia zinc finger protein (PLZF), was found to be expressed in GC-

6spg, but no detectable levels were found in the GC-5spg cell line (Fig.1).   

 

 

 

 

 

 

 

 

 

 
Figure 1. RT-PCR analysis of the 
spermatogonial stem cell lines GC-5spg and 
GC-6spg for genes known to be expressed 
by spermatogonial stem cells. 5: GC-5spg, 
6: GC-6spg, VAD: spermatogonia isolated 
from vitamin A deficient rat , T: rat total 
testis. 
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BMP4 induces GC-6spg cells to differentiate 

 

It was suggested that BMP4 could induce differentiation of adult spermatogonial 

stem cells [4]. Therefore, we investigated the ability of BMP4 to induce in vitro 

differentiation of GC-6spg spermatogonial stem cells. As to our knowledge, the first 

known molecular sign of spermatogonial stem cell differentiation is the up-regulation 

of c-KIT, the mRNA and protein expression levels of c-KIT were determined at several 

time points after addition of BMP4 to the culture medium (Fig.2). Quantitative RT-PCR 

revealed that the expression level of c-Kit mRNA was significantly up-regulated from 

48 hours onwards (Fig.2a). Also at the protein level an increase of c-KIT expression 

was observed. Already after 8 hours there was a slight increase which became more 

apparent after 24 hours and remained high for at least 1 week (Fig.2b). 

 

 
Figure 2. BMP4 induces in vitro differentiation of spermatogonial stem cells GC-6spg as 
demonstrated by the upregulation of c-KIT on the mRNA (A) and protein level (B). Significant 
difference from the control (t=0), P<0.01 is indicated by two asterisks.   

 

 

Rat spermatogonial stem cells express BMP4 receptors 

 

BMPs signal through heteromeric complexes of type I (BMPR-IA / ALK3, BMPR-IB / 

ALK6) and type II (BMPR-II) serine/threonine kinase receptors [20]. To study if these 

receptors were expressed by our spermatogonial stem cell lines, RT-PCR was 

performed. As positive controls, RNA from total testis and from spermatogonia 

isolated from vitamin A deficient (VAD) rats were taken along. Expression of all three 

receptors was observed in both positive controls as well as in both spermatogonial 

stem cell lines, suggesting that BMP4 induced differentiation via activation of its 

receptors (Fig.3). No signal was observed in the -RT controls. 
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Figure 3. 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 deficient rat , T: rat total testis. 
 

 

 

Smad’s are phosphorylated upon addition of BMP4 to the culture medium 

 

In order to confirm that the BMP4 induced differentiation of the GC-6spg cells 

was specifically induced via the BMP receptors we investigated if the downstream 

Smads 1, 5 and 8 were phosphorylated. Western blot analysis with an antibody 

specifically recognizing phosphorylated Smads 1, 5 and 8 showed that the Smads 

were phosphorylated within 15 minutes upon addition of BMP4 to the culture 

medium (Fig.4).  

 

 
Figure 4. Smads 1, 5 and 8 were phosphorylated in GC-6spg spermatogonial  
stem cells upon addition of BMP4 to the culture medium. 

 

 

Time course micro-array reveals 529 transcripts that might play a role in 

spermatogonial stem cell differentiation. 

 

The now established model of spermatogonial stem cell differentiation was used 

for a time course DNA micro-array experiment to identify genes involved in the 

process of spermatogonial stem cell differentiation. 

The GC-6spg cells were cultured in the presence of BMP4 for 0, 4, 10, 48 and 

168 hours after which RNA was isolated, labeled and hybridized on Agilent whole rat 

genome oligo-DNA arrays. Multiple time points were chosen to enable the 
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identification of genes involved during different steps of BMP4 induced 

differentiation: before the up-regulation of c-Kit mRNA and protein (4 hours), after 

the first sign of up-regulation of c-Kit mRNA and protein (10 hours), after both mRNA 

and protein levels of c-Kit were clearly up-regulated (48 hours), and after 1 week 

when differentiation was established (168 hours). Expression levels at all time points 

were compared with those at 0 hours. In total 529 transcripts were found to be ≥ 2-

fold regulated during at least 1 time point and as expected the number of 

differentially expressed genes increased over time, from 95 transcripts after 4 hours to 

359 after 168 hours (table 2).  

To verify the data obtained by the micro-array experiment, the expression levels 

for the different time points of 6 selected genes were determined by quantitative RT-

PCR (Fig.5). All selected genes showed a similar expression profile compared to the 

micro-array data, verifying the data found by the micro-array (Fig.5). Expression of Id2,    

a known downstream target of BMP4, was sharply increased at 4 hours after which 

the expression decreased again. Expression of Gata2, another known downstream 

target of BMP4, was found to be increased at 4 hours but expression remained high. 

A similar expression pattern was observed for Gadd45g. Up-regulation of Emp1 was 

observed at 48 and 168 hours after the addition of BMP4 to the culture medium. For 

Nr4a1, both a direct as well as an indirect effect was observed, at 4 and 168 hours a 

decrease in the expression of Nr4a1 was observed. The expression of Cxcl12 

decreased from 10 hours onwards.  

 

 

Table 2. Number of transcripts found 
to be 2≥-fold regulated per time point 

in the GC-6spg cells upon the 
addition of BMP4 to the culture 
medium. In total 529 different 
transcripts were differentially 
regulated. 

 
 
 
Table 3. Number of genes ≥2-fold up- or down-regulated for the indicated biological functions. 
 

Cell differentiation 18 genes Transport 30 genes 

Cell proliferation 17 genes Transcription 13 genes 

Development 25 genes Metabolism 27 genes 

Apoptosis 11 genes Cell cycle 6 genes 

Signal transduction 24 genes Cell adhesion 8 genes 

 

 

Time(hours) up down total 

4 84 11 95 

10 75 29 104 

48 119 89 208 

168 170 189 359 



BMP4 induced differentiation of spermatogonial stem cells      73 

 

Analysis of the micro-array data 

 

Of the 529 transcripts identified by micro-array, 176 (33%) unique genes were 

assigned to at least one biological function according to the GO database. Most genes 

could be categorized to at least one of the categories listed in table 3. The genes 

known to play a role in differentiation, development and/or proliferation were 

summarized (Fig. 6).  

Among the genes involved in differentiation are a number of genes that were 

reported to be involved in the differentiation of other stem cells, e.g. Pparγ and Emp1. 

Furthermore, analyzing the expression patterns of the different genes over time, it 

became clear that among the early (4 hours) and intermediate (10 hours) regulated 

genes several known downstream targets or members of TGF/BMP pathway were up-

regulated, e.g.: Id2, Gata2, Bhlhb2, Sno, Bmp3, Smad7.  

 

 
Figure 5. Verification of micro-array results by quantitative RT-PCR. Fold expression ± SEM is 
shown for the different genes. Significant difference from the control ( t=0) is indicated by one 
asterisk (P<0.05), two asterisks (P<0.01) or three asterisk (P<0.001).  

 

DiscussionDiscussionDiscussionDiscussion    

 

The here described in vitro model of spermatogonial stem cell differentiation is to our 

knowledge the first in which the differentiation of a pure population of 

spermatogonial stem cells can be studied. Previously, we reported that the GC-5spg 

and GC-6spg cells were capable of colonizing a depleted testis upon transplantation 
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and that the cells expressed OCT3/4 [12]. We now also confirmed and extended the 

evidence for the spermatogonial stem cell character of both cell lines by performing  

  
Figure 6. Genes known to play a role in A) differentiation, B) development, or C) proliferation 

that are ≥2-fold -regulated in GC-6spg cells upon induction of differentiation by BMP4. 

 

 

RT-PCR for several markers known to be expressed by spermatogonial stem cells. 

Furthermore, we demonstrated the expression of BMP4 receptors by early A 

spermatogonia and by both our spermatogonial stem cell lines. Expression of BmprIa 

and BmprII was previously reported in spermatogonia isolated from pubertal mice [5]. 

Our data now extends these findings by demonstrating that all three BMP4 receptors, 

i.e. BmprIa, BmprIb and BmprII are expressed in early A spermatogonia of adult VAD 

rats, in which the As, Apr and Aal are the only type of spermatogonia present.  

Addition of BMP4 to the GC-6spg cells resulted in the phosphorylation of the BMP4 

responsive Smads (1/5/8) and the up-regulation of c-KIT. Together these results 

indicate that BMP4 induced differentiation of the GC-6spg cells in a specific manner.     

Unfortunately, it is at this point impossible to state how far differentiation of the 

GC-6spg cells is induced by addition of BMP4 to the culture medium. However, 

during spermatogenesis c-KIT is upregulated at the border of the differentiation of Aal 

to A1 spermatogonia [6]. The upregulation of c-kit in GC-6spg therefore suggests that 

the GC-6spg cells differentiated until at least late Aal. Up-regulation of SCP3, a 
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meiosis-specific gene, was not observed within one week upon the addition of BMP4 

to the culture medium (data not shown) suggesting that differentiation does not 

reach until the spermatocyte stage [21]. A recent report describes that PLZF is a direct 

repressor of c-Kit transcription [22]. Previously, PLZF was reported to be essential for 

spermatogonial stem cell maintenance and expression was found to be restricted to 

the early A spermatogonia [18, 19]. Expression of PLZF should thus be down-

regulated in the differentiated GC-6spg cells and would be interesting to study as an 

additional sign of differentiation. It will also be interesting to carry out a 

transplantation assay with the differentiated GC-6spg cells to check whether they lost 

there ability to colonize a recipient mouse testis [23]. Nevertheless, the increase in c-

KIT expression suggests that the GC-6spg cells have differentiated until to at least the 

late Aal stage [6].  

Many genes were found to be differentially expressed during the differentiation 

process. Our time course micro-array experiment revealed in total 529 transcripts to 

be differentially regulated during at least one of the time points studied. Of these 

transcripts about one-third (176) had a known biological function. Several of these 

genes were reported to play a role in differentiation, some even in the differentiation 

of stem cells. 

For example, Gata2, a transcription factor expressed by brown adipocyte 

precursors and hematopoietic stem cells, was reported to suppress the differentiation 

of both these cell types [24, 25]. Reduction of GATA2 expression in these cells 

allowed brown adipogenesis and hematopoiesis, respectively [24, 26]. Gata2 has also 

been reported to be up-regulated during the differentiation of embryonic stem cells in 

embryoid bodies and during hemangioblast development and differentiation [27, 28]. 

Hemangioblasts are the precursors of both hematopoietic and endothelial cells [29]. 

Furthermore, GATA2 has been reported to be a known downstream target of BMP4 

[28, 30, 31]. Although expression of GATA2 in the testis to our knowledge has not 

been reported before, the expression levels we observed in the GC-6spg cells by both 

micro-array and quantitative PCR were high upon the induction of differentiation of 

these cells by BMP4. Furthermore, PLZF, a transcriptional repressor was shown to 

interact with GATA2 and modify its transactivation capacity, suggesting that within 

the spermatogonial stem cells and early A spermatogonia, PLZF could block the 

function of GATA2 [32].  

Another example of a gene previously reported to have a function in 

differentiation is Epithelial membrane protein 1 (Emp1). This membrane protein was 

reported to be highly up-regulated during squamous cell differentiation and 

suggested to play a role in neuronal differentiation and neurite outgrowth [33, 34]. 

During the BMP4 induced differentiation, upregulation of Emp1 was observed at 48 

and 168 hours. Although, expression of Emp1 mRNA was reported to be expressed in 
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human total testis, the localization of EMP1 was to our knowledge not reported [35].  

We are not aware of other studies that aimed at identifying genes involved in the 

differentiation process of spermatogonial stem cells. Several studies aimed to identify 

genes differentially regulated between different populations of tesicular cells [36-39]. 

For example, Small et al. studied the difference between A spermatogonia, B 

spermatogonia, pachytene spermatcytes, round spermatids, myoid cells and Sertoli 

cells [39].  

Other micro-array studies on spermatogonial stem cells were focused on 

identifying genes involved in spermatogonial self-renewal [8, 10]. All studies used 

addition of GDNF to the culture medium to secure spermatogonial stem cell self-

renewal and one of the genes that was identified to be up-regulated was the 

transcription factor Egr-1 [10, 40]. Remarkably, we now found that the expression of 

this gene, Egr-1, is down-regulated upon the induction of differentiation of the GC-

6spg cells by BMP4. The early growth response gene Egr-1 is a transcription factor 

known to serve as an intermediary in a broad range of signal transduction processes 

in many different tissues [41]. 

In conclusion, we believe that with the establishment of the in vitro model for 

spermatogonial stem cell differentiation and by generating of a list of genes 

differentially regulated during the differentiation process we have developed a very 

strong research tool that can now be used to unravel the regulatory mechanisms 

involved in spermatogonial stem cell differentiation. Potentially, the in vitro model can 

also be used to identify additional and possibly earlier makers for spermatogonial stem 

cell differentiation and for screening of other potential inducers of spermatogonial 

stem cell differentiation.  
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Abstract Abstract Abstract Abstract     

 

The underlying regulatory mechanisms of spermatogonial stem cell differentiation 

are poorly understood. We now used our previously established GC-6spg 

spermatogonial stem cell line to study the role of activin A in spermatogonial stem cell 

differentiation. We report that upon addition of activin A to the GC-6spg cells 

expression of c-Kit was up-regulated on both the mRNA and protein level. 

Furthermore, we show that the various activin A receptors are expressed by GC-6spg 

cells. These results suggest that activin A can induce differentiation of spermatogonial 

stem cells in a direct and specific manner. 

Furthermore, the expression pattern of a number of genes was followed during 

activin A induced differentiation. These selected genes were previously identified to be 

involved in BMP4 induced differentiation. Comparison of the expression patterns 

revealed only a partial overlap in the genes involved in activin A and BMP4 induced 

differentiation. Expression of Id2, Gata2, Gadd45g, Emp1 and Nr4a1 was not 

significantly affected during activin A induced differentiation, in contrast to the effects 

observed during BMP4 induced differentiation of the GC-6spg cells. Interestingly, 

expression of Cxcl12 was down regulated during both activin A and BMP4 induced 

differentiation which together with its known function in hematopoietic stem cells 

maintenance and primordial germ cell migration suggests a role for CXCL12 in 

spermatogonial stem cell maintenance. The present results suggest that activin A and 

BMP4 induce differentiation of GC-6spg cells via different pathways that however, 

partly overlap. 

 

IntroductionIntroductionIntroductionIntroduction    

 

Spermatogonial stem cells, like other stem cells, have the ability to proliferate 

indefinitely and to produce daughter cells which can terminally differentiate into a 

particular cell type [1]. Spermatogonial stem cells are unique in that they are the only 

cells in the adult animal that undergo self-renewal and contribute genes to the next 

generation [2, 3]. Furthermore, spermatogonial stem cells have recently been reported 

to be pluripotent or capable of regaining pluripotent capacity in vitro [4-7]. 

Spermatogonial stem cell division results in either two new stem cells (self-renewal) or 

in two daughter cells committed to differentiate. The committed daughter cells stay 

connected by an intercellular bridge, due to incomplete cytokinesis, and undergo 

several more mitotic, meiotic and differentiation steps to eventually become 

spermatozoa [8, 9]. 

Little is known about the mechanisms that underlie the regulation of 

spermatogonial stem cell self-renewal and differentiation. This lack of knowledge is 
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mainly caused by the fact that spermatogonial stem cells are difficult to isolate, 

identify and maintain in vitro [2, 9]. Nevertheless, research on spermatogonial stem 

cell self-renewal has made progress during the last decade since the discovery of 

GDNF, BCL6b and PLZF as factors promoting self-renewal [10-12]. However, less is 

known about the mechanisms of spermatogonial stem cell differentiation. 

Recently, we described the potential of BMP4 to induce differentiation of the 

spermatogonial stem cell line GC-6spg [13]. The GC-6spg cell line was previously 

generated in our lab by single cell cloning upon transfection of SV40 large T antigen 

into early A spermatogonia isolated from vitamin A deficient rats [14]. The GC-6spg 

spermatogonial stem cells were able to colonize depleted mice testes upon 

transplantation and expressed several spermatogonial stem cells markers, i.e. Cd90, 

Itga6, Itgb1, Cd9, Cd24 and Pou5f1 [13, 14]. 

Upon addition of BMP4 to the GC-6spg cells, BMP4 responsive Smads were 

phosphorylated and expression of c-KIT was up-regulated on both the mRNA and 

protein level, indicating that BMP4 induced differentiation of GC-6spg cells in a 

specific manner [13]. Micro-array analysis revealed numerous genes differentially 

regulated during BMP4 induced differentiation of these cells [13]. 

Like BMP4, activin A was reported to reduce stem cell maintenance in vitro [15]. 

Cell suspensions containing spermatogonial stem cells, isolated from cryptorchid mice, 

that were cultured for 7 days on STO feeder cells in the presence of activin A or BMP4 

generated less colonies upon transplantation than spermatogonia that were cultured 

in the absence of activin A or BMP4 [15]. Activin was also suggested to play a role in 

spermatocyte differentiation and proliferation of spermatogonia [16, 17]. Inhibin, an 

inhibitor of activin was reported to suppress the numbers of intermediate and late 

spermatogonia after intratesticular injection in vivo [18]. 

Sertoli cells and peritubular cells were reported to produce activin [19, 20]. 

Activins act through binding of type II receptors and phosphorylation of type I 

receptors, which in turn phosphorylates the downstream Smads 2 and 3 [21]. For 

activin, two subtypes of each receptor have been described (i.e. ActRIIA, ActRIIB, 

ActRIA and ActRIB). Expression of activin receptors in rodents was reported for most 

testicular cell types, i.e. Leydig and Sertoli cells contained ActRIIA, the A1 and A2 

spermatogonia expressed ActRIIB and the spermatocytes and spermatids expressed 

ActRIIA. Presence of actRIA was reported in spermatids (reviewed in [22]).  

We now show that mRNA of all four activin receptors was expressed by both GC-

5spg and GC-6spg spermatogonial stem cells and that activin A can induce 

differentiation of GC-6spg cells, as demonstrated by the up-regulation of c-Kit, both 

on mRNA and protein level. Furthermore, the expression levels of six genes, found to 

change in expression level during BMP4 induced differentiation, were followed during 

activin A induced differentiation of the GC-6spg cells. 
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Material and methodsMaterial and methodsMaterial and methodsMaterial and methods    

 

Cell culture 

 

Spermatogonial stem cell line GC-6spg was cultured as described previously [13]. 

Cells were cultured in MEM supplemented with nonessential amino acids (100 IU/ml), 

penicillin/streptomycin (100 g/ml), gentamicin (40 g/ml), HEPES (15 mM) (all from Life 

Technologies, Inc., Paisley, UK), sodium bicarbonate (0.12%), L-glutamine (4 mM), 

platelet-derived growth factor-BB (10 ng/ml), recombinant human basic fibroblast 

growth factor (10 ng/ml), recombinant human LIF (10 ng/ml), forskolin, 1 nM 17β-

estradiol (20 βµM) (all from Sigma, St. Louis, USA) and 2,5% FCS (10099141, 

Invitrogen, Carlsbad, USA) at 32°C and 5% CO2. Activin A (50 ng/ml, R&D systems, 

Minneapolis, USA) was added to the culture medium and the cells were subsequently 

cultured during the indicated times.  

 

Analysis of activin receptors expression  

 

Total RNA from cell lines GC-5spg and GC-6spg was extracted using the FastRNA 

Pro Green kit (Qbiogene, Illkirch Cedex, France) according to the manufacturers 

protocol. RNA isolated from adult rat total testis and the GC-5spg spermatogonial 

stem cells was obtained during earlier experiments [14, 23]. RNA was DNase treated 

and purified on Rneasy MinElute columns (79254 and 74104, Qiagen, Valencia, USA). 

Thereafter first-strand cDNA was synthesized using random primers and M-MLV 

Reverse transcriptase (28025-021, Invitrogen, Carlsbad, USA). RT-PCR for the activin A 

receptors was performed using the following primers. Rat activin receptor 1(actRIA) 

fw: 5’-ggtcaacccgaagctttaca-3’, rv: 5’-aaaaggcataccgcaaacac-3’ (333kb), rat activin 

receptor 1b (actRIB) fw: 5’-gggaaccaaacgatacatgg-3’, rv: 5’-gcttagctgggacaaagtc-3’ 

(371kb), Rat activin receptor 2 (actRIIA) fw: 5’-aagatggcctaccctcctgt-3’, rv: 5’-

tagccacaggtccacatcaa-3’ (303kb) rat activin receptor 2b (actRIIB) fw: 5’-

ggagaacccccaggtgtatt-3’ rv: 5’-tcttcacagccacaaagtcg-3’ (371kb). 

 

Western Blot analysis for c-KIT 

 

The expression level of c-KIT in GC-6spg cells cultured in the absence or presence 

of activin A was determined by western blot analysis as described before [13]. Briefly, 

whole protein extracts were obtained by lysing the GC-6spg cells in RIPA buffer (1% 

NP40, 0,5% sodium deoxycholate, 0,1%SDS, 1 mM protease inhibitors, Roche, 

Mannheim, Germany). Thereafter 50 ug protein lysate was loaded on a 4-12% 

gradient bis-tris gel (Invitrogen, Carlsbad, USA). Protein was blotted on PVDF 
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membrane (Milipore, Bedford, USA) and c-KIT protein was detected with an antibody 

specifically directed to c-KIT (Oncogene Research, San Diego, USA). For loading 

control, alpha tubulin (ms-581-pc, Neomarkers, Fremont, USA) was used.  

 

Quantitative RT-PCR 

 

Using the FastRNA Pro Green kit (Qbiogene) total RNA was isolated from 5 

independent culture experiments in which the GC-6spg cells were cultured for 0, 4, 

10, 48 or 168 hours in the presence of 50 ng/ml activin A. RNA was DNase treated 

and cDNA was synthesized using random primers. Quantitative RT-PCR was 

performed using taqman gene expression assays (Id2: Rn01495280_m1, Gadd45g: 

Rn01435432_g1, Gata2: Rn00583735_m1, Nr4a1: Rn00577766_m1, Cxcl12: 

Rn00573260_m1, Emp1: Rn00563345_m1, Kit: Rn01641579_m1, Applied 

biosystems, Foster City, USA). The results were normalized to 18S (4352930E, Applied 

biosystems) and the average of the fold change (±SEM) and its significance were 

calculated using one-way Anova (Graphpad 4, Graphpad Software, San Diego, USA). 

 

ResultsResultsResultsResults    

 

Spermatogonial stem cell cell-lines express activin A receptors 

 

Activins signal through type I (actRIA or actRIB) and type II (actRIIA or actRIIB) 

activin receptors. To investigate if these receptors are expressed by GC-5spg and GC-

6spg spermatogonial stem cells, we performed RT-PCR for all 4 receptors on both cell 

lines. All activin receptors were found to be expressed by both cell lines (Fig.1). The -

RT controls were negative and total testis which was taken along as a positive control 

showed a clear band for all receptors (Fig.1).    

 

    

 
 
 
 
 
 
 
 
Figure 1. Expression analysis of the different 
activin receptors. 5: GC-5spg, 6: GC-6spg, 
T: total rat testis. All four receptors are 
expressed by the spermatogonial stem cell 
cell-lines.  
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Activin A induces spermatogonial stem cell differentiation 
 

In order to study the potential of activin A to induce differentiation of 

spermatogonial stem cells, GC-6spg cells were cultured in the presence of 50 ng/ml 

activin A during several time intervals up to 1 week. As c-KIT was previously found to 

expressed in differentiating spermatogonia and spermatocytes and no or only low 

levels of expression were observed in spermatogonial stem cells, we used c-KIT as a 

marker for differentiation [24]. Expression of c-Kit mRNA was found to be significantly 

up-regulated within 4 hours after the addition of activin A to the medium. On the 

protein level, up-regulation of c-KIT was observed within 8 hours after the addition of 

activin A and expression of c-Kit remained elevated during at least one week (Fig.2b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Activin A induced in vitro differentiation of spermatogonial stem cell line GC-6spg as 
demonstrated by the up-regulation of c-KIT on the mRNA (A) and protein level (B). Significant 
difference from the control (t=0), P<0.05 is indicated by an asterisk.  

 

 

Cxcl12 Down-regulation marks spermatogonial stem cell differentiation 

 

Previously, we identified 529 transcripts to be differentially regulated during 

BMP4 induced differentiation of GC-6spg spermatogonial stem cells [13]. To study if 

during activin A induced differentiation the same genes were differentially regulated, 

we performed quantitative RT-PCR on 6 selected genes and compared their 

expression patterns with those observed during BMP4 induced differentiation (Fig.3).  
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Figure 3. Comparison of the fold change (± SEM) of the indicated genes by GC-6spg cells upon 
the induction of differentiation by activin A (grey bars) or BMP4 (white bars). Significant 
difference from the control (t=0) is indicated by one asterisk (p<0,01) or two asterisks (p<0,001) 
for the activin A samples. Significance for the BMP4 experiment was reported elsewhere [13]. 
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Expression levels of Id2, Gadd45g, Emp1 and Gata2 did not change during 

differentiation induced by activin A in contrast to the up-regulation of these genes 

previously observed during BMP4 induced differentiation. The expression levels of 

Nr4a1 over time seemed to follow the same trend as was observed during BMP4 

induced differentiation, however no significant effects were measured (Fig.3). Already 

after 4 hours of activin A induced differentiation, the expression of Cxcl12 was 

significantly down-regulated and with time a further decrease was observed (Fig.3). 

Also during BMP4 induced differentiation of the GC-6spg spermatogonial stem cells, 

a significant down-regulation of Cxcl12 was observed from 10 hours onwards [13]. 

 

DiscussionDiscussionDiscussionDiscussion    

 

The present results clearly demonstrate that activin A can induce differentiation of 

GC-6spg spermatogonial stem cells in vitro. Interestingly, the activin A induced 

differentiation was accompanied by a different pattern of changes in gene expression 

than that previously observed during BMP4 induced differentiation of the GC-6spg 

cells. However, both activin A and BMP4 induced differentiation caused a clear down-

regulation of Cxcl12 suggesting that Cxcl12 down-regulation can be used as a 

molecular marker for spermatogonial stem cell differentiation and that Cxcl12 plays a 

role in spermatogonial stem cell maintenance. 

Furthermore, we show here that all four activin receptors are expressed in the 

GC-5spg and GC-6spg cell lines. This suggests that spermatogonial stem cells express 

activin receptors and that spermatogonial stem cells therefore have the potential to be 

directly affected by activin A. This notion is strongly supported by the clear up-

regulation of c-KIT on both the mRNA and protein level upon the addition of activin A 

to the culture medium of the GC-6spg cells. As the GC-6spg cells have been cultured 

in the absence of feeder cells, the observed effect indicates that activin A has a direct 

effect on GC-6spg spermatogonial stem cells.  

As up-regulation of c-KIT is a marker of spermatogonial stem cell differentiation, 

the observed effect strongly suggests that activin A induced differentiation of GC-

6spg cells in vitro. Previously, Nagano et al. reported a decrease in the number of 

spermatogonial stem cells upon culture of early A spermatogonia in the presence of 

activin A and feeder cells [15]. It was suggested that activin A induced in vitro 

differentiation of the spermatogonial stem cells as a result of the proliferation of 

committed spermatogonia by recruiting stem cells into the differentiation process to 

sustain the proliferation of non-stem spermatogonia or by a negative feedback 

mechanism from the expanding population of advanced spermatogonia to 

spermatogonial stem cells [15]. Our results, now suggest that activin A has a direct 

effect on the differentiation of spermatogonial stem cells. 
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Previously, we demonstrated the potential of GC-6spg cells to differentiate upon 

the addition of BMP4 to the medium. The now discovered potential of activin A 

underlines the usefulness of GC-6spg cells as a model system to study regulatory 

mechanisms of spermatogonial stem cell differentiation. Especially as the mechanisms 

by which BMP4 and activin A induce differentiation appear to be distinct. The 

expression of a number of genes, previously identified to be differentially regulated 

during BMP4 induced differentiation, were now studied during activin A induced 

differentiation. The expression of Id2, Gata2, Gadd45g and Emp1, was not 

significantly affected during activin A induced differentiation of the GC-6spg cells, in 

contrast to the upregulation observed for these genes during BMP4 induced 

differentiation. Although not significant, the expression pattern of Nr4a1 during 

activin A induced differentiation appeared similar to the pattern observed during 

BMP4 induced differentiation. Notably, the expression of Cxcl12 was downregulated 

during both activin A and BMP4 induced differentiation of GC-6spg cells. In addition, 

activin A is known to signal via activin receptors and the downstream Smads 2 and 3, 

while BMP4 signals via BMP receptors and the Smads 1, 5 and 8 [25]. Together, these 

findings indicate that activin A and BMP4 induce differentiation of GC-6spg cells, but 

the signaling pathways that are triggered by BMP4 and activin A have both distinct 

and common components. Additional experiments should be performed to identify 

more genes involved in activin A induced differentiation as this will allow unraveling 

of the specific signaling pathways of both BMP4 and activin A induced differentiation 

as well as common players in spermatogonial stem cell differentiation.  

The expression of Cxcl12 was down regulated during both activin A and BMP4 

induced differentiation of GC-6spg cells. The CXC chemokine, CXCL12 is also known 

as stromal cell-derived factor 1 (SDF-1) or pre-B-cell-growth-stimulating factor (PBSF) 

and has been reported to be required for chemotaxis, homing and survival of 

hematopoietic stem and progenitor cells [26-30]. The primary physiologic receptor for 

CXCL12 is CXCR4, but CXCR7 has also been reported to bind CXCl12 [31].  

Immunohistochemical staining revealed that expression of CXCR4 was restricted to 

the macrophages in the testicular interstitium [26]. To our knowledge the expression 

pattern of CXCR7 in mammalian testis was not reported. However, it was recently 

shown that CXCR7 functions primarily in the somatic environment and that CXCR7 is 

crucial for a proper migration of primordial germ cells toward their targets [32]. 

Previously, it was reported that in chick and mouse CXCL12 was required for the 

migration of primordial germ cells towards the genital ridge [33]. This suggests that in 

the adult testis, signaling between CXCl12 and CXCR7 is essential for maintaining the 

stem cells in their niche and thus for the maintenance of the stem cell. Upon 

induction of differentiation, expression of CXCl12 may be downregulated in order to 

allow the stem cells to leave the stem cell niche and to differentiate. Further studies 
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on the expression pattern of CXCL12 and CXCR7 and their function in the adult testis 

are required to identify their precise role within the regulation of spermatogonial stem 

cell maintenance and/or differentiation. 

In conclusion, we report here that the different activin receptors are expressed by 

the GC-6spg spermatogonial stem cells and that activin A can in a direct manner 

induce the differentiation of these cells. In addition, we demonstrate that activin A 

and BMP4 induce differentiation via both distinct and identical downstream targets. 

Expression of Cxcl12, became down-regulated during both activin A and BMP4 

induced differentiation, suggesting an important function for CXCl12 in the 

maintenance of spermatogonial stem cells.    
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Spermatogenesis is a fascinating process, capable of producing millions of highly 

differentiated cells per day [1]. The process is complex and requires the constant 

interaction between germ cells and somatic cells. Several known growth factors and 

signaling pathways are known, however likely more, yet unknown factors, pathways 

and other regulatory mechanisms play a role [2].  

In this thesis, emphasis was placed on unraveling regulatory mechanisms involved 

in the initial process of spermatogenesis, i.e. the mechanisms that regulate 

spermatogonial stem cell self-renewal and differentiation. To be more precise, 

research was focused on identifying genes that play a role in spermatogonial stem cell 

self-renewal and differentiation.   

Genes were identified using two approaches, i.e., a candidate approach (chapters 

2 and 3) and a genomics approach (chapters 4 and 5). For the candidate approach, 

genes were selected based on their previously reported function in self-renewal and 

differentiation of other stem cells. The possible function of these candidate genes in 

spermatogonial stem cells was studied and the results of two of these candidate 

genes were described in this thesis. For the genomic approach a model for 

spermatogonial stem cell differentiation was established using the GC-6spg 

spermatogonial stem cell line. Upon establishment of this model, micro-array and 

quantitative RT-PCR studies were performed which allowed the identification of genes 

differentially regulated during spermatogonial stem cell differentiation.  

 

Candidate approach: SCACandidate approach: SCACandidate approach: SCACandidate approach: SCA----1 and the side population1 and the side population1 and the side population1 and the side population    

 

Stem cell antigen 1 (SCA-1), also known as LY6A/E, was selected because SCA-1 

is frequently used as a marker to isolate hematopoietic stem cells and was shown to 

play a role in the repopulating capacity of these cells and the development of 

committed progenitor cells, megakaryocytes, and platelets [3, 4]. Furthermore, two 

independent research groups showed that SCA-1 was expressed by the testicular side 

population [5, 6]. However, these results were confusing as one of the research 

groups showed that the testicular side population contains spermatogonial stem cells, 

while the other group reported that the testicular side population cells did not possess 

repopulation capacity [5, 6].  

Our results (chapter 2) showed that expression of SCA-1 was restricted to the 

testicular interstitium. Immunohistochemistry only revealed SCA-1 staining of 

peritubular myoid cells, spherical-shaped peritubular mesenchymal cells and 

depending on the mouse strain of endothelial cells. No phenotypic defects were 

observed in Ly6a-/- mice testes suggesting that the function of SCA-1 in testis 

development and spermatogenesis is redundant. Nevertheless, the observed results 

were important as they revealed the identity of SCA-1 positive cells and demonstrated 
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that SCA-1 does not play a critical role during spermatogonial stem cell self-renewal 

and differentiation.  

Furthermore, comparing the different reports on the testicular side population, it 

became clear that parameters like Hoechst 33342 concentration and incubation time 

define which cell types are isolated by the side population technique [5-10]. For 

example, the testicular side population isolated by Lo et al. contained stem cells of the 

Leydig cell lineage [7, 11]. Use of the side population technique as an isolation 

method for spermatogonial stem cells would require extensive optimization as the 

protocols described so far were not efficient. The protocol used by Lassalle et al. 

resulted in a 15-fold enrichment in stem cell activity as determined by transplantation 

assay [6]. In comparison, a 166-fold enrichment was obtained by FACS sorting 

testicular cells on light-scattering properties, positive staining for α6-integrin and 

negative or low αv-integrin expression [12]. A 700-fold enrichment was obtained 

using a 400bp fragment of the stra8 locus to direct gene expression of a surface 

protein tag to a population of testicular cells containing repopulation activity [13]. In 

addition to the lack of a good protocol to isolate spermatogonial stem cells with the 

side population technique, the Hoechst 33342 dye, used for this technique has been 

reported to be toxic for cells [14].  

The side population technique is therefore, in my opinion, not the preferred 

method to isolate spermatogonial stem cells from testes. A much purer population 

could be obtained using a combination of surface markers (e.g. ITGα6+, THY1+, SCA1-, 

GFRα1+) to sort spermatogonial stem cells from cryptorchid or VAD animals with FACS 

or MACS. Alternatively, highly pure populations of spermatogonial stem cells could be 

isolated by FACS from testes of transgenic animals which express a reporter protein 

(e.g. green fluorescent protein, GFP) under the control of the PLZF or UTF1 promoter.  

 

Candidate approach: UTF1Candidate approach: UTF1Candidate approach: UTF1Candidate approach: UTF1    

 

Undifferentiated embryonic cell transcription factor 1 (UTF1), known to be 

expressed by embryonic stem cells and embryonal carcinoma cells, was quickly down-

regulated upon the induction of differentiation of these cells [15, 16]. In adult mice 

expression of Utf1 mRNA was found to be restricted to the ovary and the testis [15].  

Our results (chapter 3) showed that within the testis, expression of UTF1 was 

restricted to a small subset of germ cells. In embryonic and neonatal testes, all 

gonocytes were found to strongly express UTF1. During further testicular 

development, expression of UTF1 was restricted to a subset of A spermatogonia and 

with increasing age the number of cells expressing UTF1 decreased even more. 

Ultimately, in the adult rat testis, only a small subset of the type A spermatogonia 

expressed UTF1. Remarkably, even in testes of vitamin A deficient rats that exclusively 
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contain As, Apr and Aal type spermatogonia, only a subset of the spermatogonia 

expressed UTF1. In the adult rat testis, expression of UTF1 was restricted to a 

subpopulation of the PLZF positive early A spermatogonia. Furthermore, the 

distribution pattern of UTF1 expressing cells over the different stages of the cycle of 

the seminiferous epithelium suggested that expression of UTF1 was restricted to those 

spermatogonia that were in an undifferentiated state and that these cells had the 

potential to differentiate into spermatozoa or possibly even in other directions when 

taken out of their testicular niche (chapter 3).   

These results were exciting as UTF1 expression was restricted to a small 

population of germ cells likely including the spermatogonial stem cells. Unfortunately, 

two questions were not answered. First, what percentage of the early A 

spermatogonia expressed UTF1? Second, how were the UTF1 expressing cells divided 

over the different types of early A spermatogonia, i.e. As, Apr and Aal spermatogonia? 

These questions might be answered by immunohistochemical staining of whole 

mounts of seminiferous tubules. The early A spermatogonia are located on the basal 

lamina of the seminiferous tubules and the topographical arrangement of the single, 

paired and short chains of aligned spermatogonia can easily be distinguished in whole 

mount preparations [17]. Immunohistochemical staining with an antibody directed to 

UTF1 on whole mount seminiferous tubules would thus allow calculation of the 

percentage of early A spermatogonia that express UTF1. In addition, the distribution 

of these positive cells over the As, Apr and the Aal of various chain lengths could be 

determined. Unfortunately, several attempts and protocols failed, while an antibody 

directed to PLZF, taken as a control showed clear staining. This lack of staining is 

probably due to the fact that the antibodies directed to UTF1 worked best on diluted 

Bouin's fixed testes tissue. As this is a strong fixation method, the antibody is probably 

not capable of reaching the UTF1 protein within the nucleus of the early A 

spermatogonia in a whole mount assay.  

Generation of transgenic reporter mice that express a reporter protein under the 

control of the UTF1 promoter would be an alternative. UTF1 expressing cells isolated 

from these mice could also be used to determine what percentage of the UTF1 

expressing cells posses repopulation capacity. As repopulation capacity is believed to 

be a unique characteristic of the spermatogonial stem cells (As), it would be 

interesting to see if the percentage of cells that forms a colony is equal to the 

percentage of As spermatogonia that express UTF1 as determined by the whole 

mount experiment. The function of UTF1 in primordial germ cells, gonocytes and 

spermatogonial stem cells is unknown. In addition, the role of UTF1 in embryonic 

stem cells is under debate as some reports suggested UTF1 to be a transcriptional co-

activator while a recent report described UTF1 as a stable chromatin-associated 

transcriptional repressor protein with a dynamic behavior similar to core histones [15, 
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18, 19]. Knock down of UTF1 in embryonic stem cells resulted in a substantial delay or 

block in the differentiation but did not affect the self-renewal capacity of the 

embryonic stem cells [19]. It was suggested that the function of UTF1 in embryonic 

stem cells could be the maintenance of a specific epigenetic profile required for 

differentiation either by attracting chromatin-modifying proteins or by chromatin 

compaction [19]. It was furthermore reported that expression of UTF1 in embryonic 

stem cells is rapidly down-regulated upon differentiation and that UTF1 therefore can 

be used as a marker for pluripotency [15, 19, 20].  

The literature about UTF1 in embryonic stem cells and our findings, as described 

in chapter 3, have let us to develop a working hypothesis for the function of UTF1 in 

the pluripotent stem cell (Fig.1). In our hypothesis, UTF1 functions in a complex that 

maintains the DNA in such an epigenetic state that transcription of lineage specific 

genes is inhibited. However, when differentiation in a specific lineage is induced, the 

UTF1 complex is removed and the epigenetic state of the DNA is brought to a state 

that allows transcription of the lineage specific genes. Furthermore, we speculate that 

the UTF1 complex is only partly removed from genes involved in differentiation of 

other lineages, thereby permanently blocking differentiation in other directions. Knock 

down of UTF1 in embryonic stem cells resulted in the delay or block of differentiation 

[19], suggesting that the UTF1 complex can no longer be efficiently removed and that 

differentiation therefore is permanently blocked.  However, this model should be 

tested in further research to either confirm or adjust the hypothesis. Confirmation that 

also in testicular cells, UTF1 functions in a complex and identification of the different 

components of this complex, could support and expand the hypothesis. As the model 

indicates that the complex blocks the transcription of many different genes, it is not 

likely that the complex binds to one specific DNA binding site. Nevertheless, it would 

be interesting to perform a chromatin immunoprecipitation assay (CHIP), in order to 

determine if the complex binds to specific sites on the DNA [21]. Furthermore, it 

would be exciting to knock down the different components of the complex to 

determine their function within the complex. 

As only a small percentage of the testicular cells express UTF1 and in vitro 

experiments allow easier manipulation, the use of cell-lines would be preferable to 

identify the function of UTF1 in the spermatogonia. Unfortunately, expression of UTF1 

could not be detected in any of the immortalized germ cell lines generated in our lab, 

i.e. the gonocyte (G53-3-1, G53-3-2 and G53-3-4) and the spermatogonial stem cell 

(GC-5spg and GC-6spg) cell-lines (not shown). However, the GS and ES-like cells 

described by Kanatsu-Shinohara et al. expressed UTF1 and these cells could therefore 

be used to test the hypothesis and to study the function of UTF1 in the testis [22, 23].  
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Figure 1. Hypothetical model for the function of UTF1. 
 
In an undifferentiated pluripotent stem cell (A), UTF1 functions in a complex that 

maintains the DNA in such a state that the lineage specific genes can not be transcribed. 

Although symbolically drawn as three components, each component may actually consist of 

multiple proteins. The component indicated with C is symbolic for the structure that renders 

the DNA in a state that does not allow transcription. Histones and DNA compaction are 

likely to be part of component C. The components indicated with M, En or Ec are lineage 

specific components, which may function as specific recognition sites for differentiation 

inducing signals.  

When differentiation is induced, in for example the mesodermal direction (B), the whole 

complex detaches from the mesodermal specific genes, allowing their transcription (B). The 

different components of the structure are broken down. UTF1 expression is down-regulated 

upon the differentiation of the cell. However, the complex is only partial removed from the 

genes involved in the differentiation in the other directions, thereby blocking the 

differentiation in these directions permanently, pluripotency is then lost.  

When in an experimental model UTF1 is knocked out (C), all differentiation pathways are 

blocked as the complex can no longer be (efficiently) removed and no transcription of 

lineage specific genes can occur.  

MESO: mesodermal specific promotor/gene, ENDO: endodermal specific promotor/gene, 

ECTO: ectodermal specific promotor/gene.   
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Candidate approach: BMICandidate approach: BMICandidate approach: BMICandidate approach: BMI----1111    

 

Besides SCA-1 and UTF1, a number of other proteins were examined for their 

possible function in spermatogonial stem cell self-renewal and differentiation. For 

example, B lymphoma MO-MLV insertion region 1 (BMI-1), a transcriptional repressor 

that belongs to the polycomb group. This protein was reported to be required for the 

efficient self-renewal of neural and hematopoietic stem cells [24, 25]. Bmi-1-/- mice are 

viable, but exhibit defects in hematopoiesis, skeletal patterning, neurological functions 

and development of the cerebellum [26]. As a result of these phenotypic defects, 

homozygous knock out mice were difficult to breed (personnel communication with 

members of the group of Dr. M. van Lohuizen, NKI, Amsterdam, the Netherlands). 

Bmi-1 mRNA was reported to be expressed in the testis [27]. 

We performed immunohistochemical staining and observed expression of BMI-1 

in Sertoli cells, spermatogonia and spermatocytes. However, as the results obtained by 

immunohistochemistry were variable, the identification of the type of spermatogonia 

and spermatocytes that expressed BMI-1 was unreliable. The morphology of Bmi-1-/- 

mice testes on both FVB and C57BL6/J backgrounds was studied in collaboration with 

van der Stoop and van Lohuizen. An enlarged rete testis was observed on the FVB 

background, however to our surprise we also observed this phenotype in the wild 

type animals. Taking this abnormality into account, there were no further visible 

effects on spermatogenesis. A recent report showed that BMI-1 was expressed in 

undifferentiated spermatogonia and that overexpression of BMI-1 could promote 

spermatogonia proliferation, while repression of endogenous Bmi-1 by RNAi resulted 

in inhibition of the proliferation [28]. 

 

Candidate approach: conclusionCandidate approach: conclusionCandidate approach: conclusionCandidate approach: conclusion    

 

Unraveling the mechanisms of spermatogonial stem cell self-renewal and 

differentiation by means of selecting genes on the base of literature studies is in my 

opinion not the best approach as the study of the possible role of each selected gene 

requires a large amount of time and resources. However, as at the start of the project 

no experimental model for spermatogonial stem cell self-renewal or differentiation 

was available we did use the direct gene approach. Our efforts did rule out SCA-1 as 

possible player in the regulation of spermatogonial stem cell self-renewal or 

differentiation and revealed the unique expression pattern of UTF1 in the testis. 

Further research on the expression pattern and the function of UTF1 will bring more 

insight in the mechanisms of spermatogonial stem cell self-renewal, differentiation 

and its potential role in the pluripotent capacity of spermatogonial stem cells. 
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Genomics approachGenomics approachGenomics approachGenomics approach    

 

In theory, identification of genes involved in spermatogonial stem cell 

differentiation is simple. Obtain a pure population of spermatogonial stem cells, 

differentiate them in vitro and compare the undifferentiated cells with the 

differentiated cells in a micro-array experiment. The spermatogonial stem cells were 

present in the lab as immortalized cell lines and with the establishment of the protocol 

for their in vitro differentiation we generated an excellent and unique model to study 

the regulatory mechanisms of the initial steps of spermatogonial stem cell 

differentiation.  

The GC-6spg cells form a pure population of cells with spermatogonial stem cell 

properties which can be cultured indefinitely without feeder cells or high 

concentrations of fetal calf serum. In chapter 4, we showed that the GC-6spg cells 

expressed several spermatogonial stem cell markers which together with the earlier 

reported colonization potential confirmed the spermatogonial stem cell character of 

the GC-6spg cells [29].  

In vitro differentiation of the GC-6spg cells was first established by addition of 

BMP4 to the culture medium (chapter 4). BMP4 was previously suggested to play a 

role in differentiation of spermatogonial stem cells [30, 31]. c-KIT negative 

spermatogonia isolated from neonatal mice acquired sensitivity to stem cell factor 

(SCF), the ligand for the c-KIT receptor, upon the addition of BMP4 to the culture 

medium [30]. Transplantation of spermatogonia cultured on feeder cells in the 

presence of BMP4 resulted in a lower number of colonies compared to transplantation 

of spermatogonia cultured in the absence of BMP4 [31]. These results suggested that 

BMP4 induced differentiation of the early A spermatogonia. Our data (chapter 4) 

reinforced the idea that BMP4 has the potential to induce differentiation of a pure 

population of adult spermatogonial stem cells in vitro. We showed that the GC-6spg 

cells expressed the different BMP4 receptors and upon addition of BMP4 to the 

medium the Smads 1, 5 and 8 were phosphorylated and expression of c-Kit was up-

regulated on both the mRNA and protein level. Hence, differentiation of the cells 

occurred in a direct and specific manner. 

Activin A was also shown to be capable of inducing differentiation of GC-6spg 

cells as c-Kit mRNA and protein were upregulated within 4 and 8 hours, respectively 

(chapter 5). Previously, it was reported that culture of spermatogonia in the presence 

of activin A resulted in the loss of repopulation capacity of these cells compared to 

spermatogonial stem cells cultured in the absence of activin A [31]. Furthermore, 

Activin A was suggested to play a role in spermatocyte differentiation and the 

proliferation of spermatogonia [32, 33]. Although we showed that the different 

activin A receptors were expressed by GC-6spg cells, phosphorylation of the 
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downstream targets Smad 2 and 3, was not studied yet. The data suggested that 

activin A, like BMP4, could induce in vitro spermatogonial stem cell differentiation in a 

specific manner as demonstrated by the up-regulation of c-KIT.  

With the establishment of activin A as an additional inducer of differentiation, the 

GC-6spg cells became an even more powerful tool to study spermatogonial stem cell 

differentiation. Especially, because BMP4 and activin A signal via different pathways, 

i.e. activin A signals via the activin receptors and Smad 2 and 3, while BMP4 signals 

via BMP receptors and Smad 1, 5 and 8 [34].  Now, not only the specific signaling 

pathways of both BMP4 and activin A can be studied, it also allows the identification 

of common downstream factors in the process of differentiation.  

Up-regulation of c-KIT can be used as a marker for the differentiation of early A 

spermatogonia into differentiating spermatogonia as Aal spermatogonia were found 

to gradually change from c-KIT negative to c-KIT positive cells before their 

differentiation into A1 spermatogonia [35]. However, additional evidence should be 

provided to confirm that BMP4 and activin A induced differentiation of GC-6spg cells 

in the direction of differentiated spermatogonia. After all, c-KIT is also expressed by 

primordial germ cells and gonocytes, in which case BMP4 and activin A induced de-

differentiation instead of differentiation. Even more, in view of recent reports 

describing the pluripotent potential of spermatogonial stem cells, addition of BMP4 or 

activin A may have resulted in the up-regulation of c-KIT as a result of the 

differentiation in the direction of a different lineage, e.g. hematopoietic stem cells and 

its immediate progenitors or Leydig cells [36, 37]     

Unfortunately, no other or earlier molecular markers are known that could 

confirm the first in vitro differentiation step of GC-6spg cells. Other molecular markers 

used to determine the degree of differentiation of testicular germ cells are proteins 

involved in meiosis (e.g. SCP1, SCP3, DMC1, SPO11) or proteins expressed in 

spermatids (e.g. HILS1, H1T2, PRM1 and PRM2) [38-44]. Down-regulation of the early 

A spermatogonial markers GFRα1 and PLZF, could potentially be used as markers for 

spermatogonial stem cell differentiation. Expression of GFRα1 was reported to be 

restricted to the As and Apr spermatogonia [45]. However, no expression of GFRα1 

was observed in GC-6spg cells. As no GDNF was present in the culture medium of 

GC-6spg cells the expression of GFRα1 was possibly lost during earlier passages. The 

expression level of PLZF upon induction of differentiation by either BMP4 or activin A 

was not studied but should be down-regulated as expression is known to be restricted 

to the early A spermatogonia [46, 47]. In addition, it was recently reported that PLZF 

directly represses the transcription of c-Kit [48]. Alternatively, transplantation assays 

could be performed to investigate if the differentiated GC-6spg cells did loose their 

potential to home to the stem cell niche. After all, it is believed that only the true 

spermatogonial stem cell can colonize the depleted recipient testis [49]. 
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The low level of expression and the relatively high molecular weight of c-KIT (140-

150 kDA) make the detection of its up-regulation by western blot analysis difficult. 

Also, western blot analysis is a time consuming technique and therefore the 

generation of an alternative method to detect c-KIT up-regulation would be ideal. 

Stable transfection of a fluorescent reporter under the control of the c-KIT promoter 

would allow fast identification of differentiation and thereby provide a tool for 

screening multiple factors for their differentiation potential, e.g. LIF, SCF, IGF and 

combinations of these and other factors.    

Two students in our lab (Gregor van Bochove and Marloes Bergevoet) 

demonstrated that omitting FGF2 from the culture medium resulted in the up-

regulation of c-KIT [50, 51]. However, the signal was weak and only occurred after at 

least two weeks of culture in the absence of FGF2. The effect of FGF2 depletion on 

GC-6spg cells could possibly be enhanced by blocking the FGF2 pathway by inhibitors 

such as SU5402 or PD173074 to prevent any signaling from FGF2, likely present in the 

FCS in the culture medium. Previously, no effect was observed on spermatogonial 

stem cell self-renewal when spermatogonia were cultured in the presence of FGF2 

alone [31, 52]. However, a synergistic effect on the maintenance and expansion of 

spermatogonial stem cells was reported when both FGF2 and GDNF were present [53, 

54]. Hence, FGF2 appears to play a role in spermatogonial stem cell fate decision. 

Nevertheless, it would be interesting to study if c-KIT expression is enhanced or 

expression of meiosis markers is up-regulated when GC-6spg cells are cultured in the 

presence of BMP4 or activin A while FGF2 is absent.  

In conclusion, we have demonstrated that GC-6spg cells can be induced to 

differentiate by at least two growth factors and that the cells therefore provide an 

excellent tool to study the intrinsic regulation mechanisms of the initial steps of 

spermatogonial stem cell differentiation.  

 

MicroMicroMicroMicro----array analysis using the GCarray analysis using the GCarray analysis using the GCarray analysis using the GC----6spg differentiation model6spg differentiation model6spg differentiation model6spg differentiation model    

 

In order to generate a candidate list of genes involved in the initial steps of 

spermatogonial stem cell differentiation, a micro-array experiment was performed 

using the BMP4 induced differentiation of GC-6spg cells as a model (chapter 4). 

Expression levels of the BMP4 treated cells were compared with the expression levels 

of the non treated cells at four different time points (4, 10, 48 and 168 hours) after 

addition of BMP4 to the culture medium. Studying multiple time points allowed us to 

follow the events during the differentiation process with time. It allowed the 

identification of direct targets of BMP4 within spermatogonial stem cells as well as the 

identification of possible new markers of spermatogonial stem cell differentiation. 



104 Chapter 6 

In total, 529 transcripts were identified by micro-array to be ≥ 2-fold regulated 

during at least one of the time points measured. Of these 529 transcripts, 176 (33%) 

unique genes could be assigned to at least one biological function category according 

to the Gene Ontology (GO) database. Out of the 176 genes, 6 were selected to be 

confirmed by quantitative RT-PCR. All 6 genes showed a similar expression pattern 

compared to the micro-array data indicating that the micro-array experiment was 

reliable and that the data obtained could be used to generate a list of genes that 

might play a function during spermatogonial stem cell fate decision and the initial 

differentiation steps. 

Remarkably, most differentially regulated genes known to play a role in 

proliferation were down-regulated during the later time points (Fig.6, chapter 4). 

Although the effect of BMP4 on proliferation of GC-6spg was not studied by for 

example a tritiated thymidine or Brdu incorporation assay, the number of cells present 

in the BMP4 culture appeared to be lower then the number of cells present in the 

standard culture after 1 week. This difference became even more apparent after 10 

days of culture. Together these results strongly suggest that BMP4 not only induced 

differentiation but also had a negative effect on the proliferation of the GC-6spg cells.   

  Furthermore, several genes involved in the differentiation of other cell types 

were differentially regulated during the differentiation of GC-6spg cells. These genes 

might also play a role during spermatogonial stem cell differentiation and should be 

considered first when selecting genes for further studies. 

Upon the induction of differentiation by BMP4, the expression level of the 

transcription factor GATA2, was directly up-regulated and continued to increase 

thereafter in GC-6spg cells (Fig.5, chapter 4). Interestingly, GATA2 was reported to be 

a key transcription factor in the control of cell fate in hematopoietic stem and 

progenitor cells [55, 56]. Furthermore, PLZF was shown to interact with GATA-2 and 

to inhibit the transcriptional activity of GATA2 [55]. As PLZF was reported to be a 

transcriptional repressor essential for spermatogonial stem cell self-renewal it suggests 

that GATA2 inhibits the repressor activity of PLZF and/or that PLZF inhibits the 

transcription activity of GATA2. In addition, as PLZF was recently reported to be a 

direct inhibitor of c-Kit transcription and GATA2 was reported to collaborate in 

activating c-Kit, it is tempting to speculate that PLZF and GATA2 compete for the 

regulation of the c-Kit promoter [48, 57].   

Although it is not clear from the literature if GATA2 is expressed in the testis or 

spermatogonial stem cells of adult animals, expression levels as measured in both the 

micro-array and the quantitative RT-PCR experiments were high. Western blot analysis 

of GATA2 on GC-6spg cells and total testis will reveal if Gata2 mRNA is also 

translated into protein. Immunohistochemistry on testis sections and/or whole mount 

seminiferous tubules can reveal the localization of GATA2 in vivo. Thereafter 
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experiments can be performed to see if PLZF and GATA2 interact with each other and 

it will be interesting to see if GATA2 target genes are elevated when PLZF is knocked 

out or vice versa. It should however be noted that the expression of GATA2 was not 

up-regulated during activin A induced differentiation of GC-6spg cells (chapter 5).  

Among the 6 genes differentially regulated by BMP4, only two showed similar 

expression profiles upon activin A induced differentiation, e.g. Nr4a1 and Cxcl12 

(chapter 5). As BMP4 and activin A bind to different receptors, which in turn 

phosphorylate distinct Smads, it is to be expected that the downstream signals that 

lead to differentiation only partially overlap. To identify how big the overlap is, more 

of the 529 transcripts that were differentially regulated during BMP4 induced 

differentiation should be tested with respect to their expression level during activin A 

induced differentiation. Preferably, a micro-array experiment should be performed in 

which the mRNA expression levels of the activin A treated GC-6spg cells could be 

compared with the non treated cells at the same four different time points ( 4, 10, 48 

and 168 hours). Overlap in the BMP4 and activin A candidate list will results in a list of 

genes which are likely to be involved in spermatogonial stem cell differentiation 

independent of the initiator of differentiation.  

Although the activin A induced down-regulation of Nr4a1 was not significant, 

both Nr4a1 and Cxcl12 were down-regulated during BMP4 and activin A induced 

differentiation (chapter 5). An initial targeted knockdown experiment of Nr4a1 in GC-

6spg cells did not reveal up-regulation of c-KIT protein. Nevertheless, further research 

on the function of NR4a1 in apoptosis and proliferation of spermatogonial stem cells 

could be interesting as NR4a1 was previously reported to have an effect on these 

processes [58].  

As described in chapter 5, the expression of Cxcl12 was down regulated during 

both activin A and BMP4 induced differentiation of GC-6spg cells. Furthermore, 

CXCl12 was reported to play a role in homing and maintenance of hematopoietic 

stem cells and in the migration of primordial germ cells toward the genital ridge  [59-

61]. Together, these results suggest that in the adult testis, signaling between CXCl12 

and its receptor CXCR7 could be essential for maintaining the stem cell in its niche 

and thus for the maintenance of the stem cell. Studies on the expression pattern of 

CXCL12 and CXCR7 and further studies on their function in the testis will allow the 

identification of their role in spermatogonial stem cell maintenance and/or 

differentiation. 

In conclusion, our models of spermatogonial stem cell differentiation have 

enabled us to detect a number of genes involved in this process. If additional 

experiments can be performed that confirm the differentiation of the GC-6spg cells in 

the direction of spermatozoa, these cells form a unique and exciting model which 

allows studies on intrinsic regulatory mechanisms of spermatogonial stem cell 
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differentiation. Expression of CXCl12 was found to be significantly down-regulated 

during both activin A and BMP4 induced differentiation and further research on 

CXCl12 and its receptor CXCR7 will reveal their possible role in maintaining the 

spermatogonial stem cells in the niche and therefore a role in spermatogonial stem 

cell maintenance.  

  

OverallOverallOverallOverall conclusion  conclusion  conclusion  conclusion     

 

In order to obtain more knowledge about the mechanisms of spermatogonial 

stem cell self-renewal and differentiation we aimed to identify genes involved in these 

processes. Using both a candidate and a genomics approach we revealed numerous 

genes that are very likely to be involved in these processes.  

The restricted expression pattern of UTF1, described in this thesis and the know 

function of UTF1 in embryonic stem cells strongly suggest that UTF1 plays a role in 

maintaining the stem cell state of the spermatogonial stem cells. Additional 

(functional) experiments should be performed to determine the exact function of 

UTF1 in these cells.  

For the genomics approach two protocols for in vitro differentiation of the 

GC6spg cells were established. Using BMP4 induced differentiation of the GC-6spg 

cells as a model in a time course micro-array experiment has revealed numerous 

transcripts that are differentially regulated during the differentiation process. Among 

those transcripts were a number of genes known to be involved in differentiation of 

other types of stem cells, suggesting that these genes are indeed involved in 

spermatogonial stem cell differentiation and that these genes are prime candidates for 

further studies on spermatogonial stem cell differentiation.  
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Within the testis, new spermatozoa are constantly produced by the process of 

spermatogenesis. At the base of this process is a small pool of spermatogonial stem 

cells that generate new stem cells as well as committed spermatogonia that will 

eventually differentiate in spermatozoa. A tight balance between self-renewal and 

differentiation must be maintained to prevent accumulation of stem cells or depletion 

of the seminiferous tubules.  

The mechanisms by which self-renewal and differentiation are regulated are 

largely unknown. Therefore we have aimed at identifying genes that are involved in 

the self-renewal and/or differentiation of spermatogonial stem cells. Genes have been 

identified using both a candidate and a genomics approach. Candidate genes have 

been selected for their known function in the regulation of self-renewal and/or 

differentiation of other stem cells.  

The gene Ly6a/e, also known as Sca-1, is frequently used for the isolation of 

hematopoietic stem cells and plays a role in the repopulating capacity of 

hematopoietic stem cells and the development of committed progenitor cells, 

megakaryocytes, and platelets. Furthermore, LY6a/ae is supposed to be expressed by 

the testicular side population, although the different reports disagree about the cell 

types that can be isolated from the testis with the side population technique. In this 

thesis (chapter 2), expression of SCA-1 has been localized to the mesenchymal and 

peritubular cells in the interstitial tissue and histological examination of Ly6a/e null 

mice testes has not revealed any abnormal phenotype. Together these observations 

indicate that LY6A/E is not expressed by spermatogonial stem cells and that LY6A/E 

does not play a role in the self-renewal or differentiation of the spermatogonial stem 

cells.  

Expression of undifferentiated embryonic cell transcription factor 1 (Utf1) has 

previously been reported to be restricted to embryonic stem and embryonic carcinoma 

cells. In adult mice expression is restricted to the ovary and the testis. As expression of 

Utf1 is rapidly down-regulated upon the induction of differentiation of embryonic 

stem cells, UTF1 has been referred to as a pluripotency marker. In chapter 3, 

expression of UTF1 in the rat testis is shown to be restricted to the population of cells 

that contains the stem cells, i.e. gonocytes in embryonic and neonatal rats and to a 

subpopulation of early A spermatogonia in adult rat testis. This result together with 

the recently proposed notion that UTF1 may be involved in the maintenance of a 

specific epigenetic profile suggests that UTF1 plays a role in maintaining the 

spermatogonial stem cells in an undifferentiated state.  

In order to identify genes using a genomics approach, two protocols of 

spermatogonial stem cell differentiation have been established. Both, BMP4 and 
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activin A induce differentiation of the GC-6spg spermatogonial stem cell line (chapter 

4 and 5 respectively). Expression of c-KIT, a marker of differentiated spermatogonia, is 

up-regulated and BMP4 and activin A receptors are expressed by GC-6spg cells. Using 

BMP4 induced differentiation of the GC-6spg cells as a model in a time course micro-

array experiment has revealed numerous transcripts that are differentially regulated 

during the differentiation process (chapter 4). Among the differentially regulated 

genes are several TGFβ family members and downstream targets, e.g. Id2, Smad7, 

Bambi and Sno. Furthermore, a number of genes more generally known to play a role 

in stem cell maintenance or differentiation are identified, e.g. Emp1, Gata2 and 

Cxcl12. Quantitative RT-PCR confirmed the expression pattern of six differentially 

regulated genes, indicating that the list of genes identified using this genomic 

approach can be used as candidate genes for further research.  

Like BMP4, activin A induces differentiation of GC-6spg cells as demonstrated by 

the up-regulation of c-KIT. Our experiments indicate that activin A and BMP4 act via 

both distinct and identical downstream target genes (chapter 5).   

Our results form a strong foundation for further research as multiple genes have 

been identified that likely play a role in spermatogonial stem cell self-renewal and/or 

differentiation. In addition, two distinct methods for in vitro differentiation of a 

spermatogonial stem cell line have been established, which can now be used as a 

unique model to study the process of spermatogonial stem cell fate and 

differentiation.    
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Spermacellen worden in de testis gevormd tijdens een proces dat we 

spermatogenese noemen. Aan de basis van dit proces bevindt zich een kleine 

populatie spermatogoniale stamcellen die doormiddel van mitotische delingen zowel 

nieuwe stamcellen (zelfvernieuwing) vormt als ook dochtercellen die uiteindelijk zullen 

differentiëren in spermacellen. Het is cruciaal dat de verhouding tussen deze 

zelfvernieuwing en differentiatie in balans is. Verstoring van de balans kan resulteren 

in een opeenhoping van spermatogoniale stamcellen of in uitputting van de voorraad 

stamcellen. 

Omdat het grotendeels onbekend is hoe zelfvernieuwing en differentiatie worden 

gereguleerd, hebben we geprobeerd om genen te identificeren die een rol spelen 

tijdens de zelfvernieuwing en differentiatie van de spermatogoniale stamcellen. 

Hiervoor is gebruik gemaakt van zowel een “kandidaat” als een “genomics” 

methode. Kandidaat genen zijn geselecteerd op basis van hun functie in de 

zelfvernieuwing of differentiatie van andere soorten stamcellen.  

Het gen Ly6a/e, beter bekend als Sca-1, wordt vaak gebruikt voor de isolatie van 

hematopoietische stamcellen, is belangrijk voor de repopulatie capaciteit van deze 

stamcellen en speelt een rol in de ontwikkeling van bloedcel-voorlopers, 

megakaryocyten en bloedplaatjes. Bovendien, komt LY6a/e tot expressie in de 

zogenaamde ‘testiculaire side population’. Er is echter onduidelijkheid over welke 

celtypen met deze techniek kunnen worden geïsoleerd uit de testis. In hoofdstuk 2, 

laten we zien dat LY6a/e tot expressie komt in de mesenchymale en peritubulaire 

cellen in het interstitium. Ook laten we zien dat er geen afwijkingen werden 

gevonden tijdens de histologische analyse van testes van Ly6a/e null-muizen. Deze 

resultaten tonen dus aan dat LY6a/e niet tot expressie komt in de spermatogoniale 

stamcellen en dat LY6a/e geen rol speelt in de zelfvernieuwing of differentiatie van de 

spermatogoniale stamcellen. 

Eerder gepubliceerde onderzoeken laten zien dat expressie van Utf1 is beperkt tot 

embryonale stamcellen en embryonale carcinoma cellen. In de volwassen muis, komt 

Utf1 alleen tot expressie in het ovarium en de testis. Ook is beschreven dat expressie 

van Utf1 zeer snel wordt uitgezet wanneer de embryonale stamcel wordt geïnduceerd 

om te differentiëren. UTF1 wordt daarom ook wel gebruikt als marker voor 

pluripotency. In hoofdstuk 3, laten we zien dat in de rat testis, UTF1 alleen tot 

expressie komt in die populatie van cellen die de stamcellen bevat. In het embryo en 

de pasgeboren rat zijn dat de gonocyten, in de volwassen rat komt UTF1 alleen tot 

expressie in een subpopulatie van de vroege A spermatogonia. Recentelijk is 

beschreven dat UTF1 mogelijk een rol speelt in het behouden van het DNA in een 

specifieke epigenetische staat. Dit samen met het door ons gevonden 



116 Summary & Samenvatting 

expressiepatroon in de testis suggereert dat UTF1 in de spermatogoniale stamcellen 

een rol kan spelen bij het behouden van de ongedifferentieerde staat. 

Om genen te identificeren met behulp van de ‘genomics’ methode, zijn er twee 

modellen voor spermatogoniale stamcel differentiatie gegenereerd. Zowel BMP4 als 

activin A kan de GC-6spg cellen in vitro aanzetten tot differentiatie (hoofdstuk 4 en 

5). Expressie van c-KIT, een marker voor gedifferentieerde spermatogonia, werd 

verhoogd en expressie van de verschillende receptoren voor BMP4 en activin A werd 

aangetoond in de GC-6spg cellen. Gebruik van het BMP4 geïnduceerde differentiatie 

model in een micro-array experiment leidde tot de identificatie van verscheidende 

genen waarvan de expressie veranderd tijdens het differentiatieproces (hoofdstuk 4). 

Onder de geïdentificeerde genen zijn leden van de TGFβ familie en bekende 

downstream targets van deze familie, bv. Id2, Smad7, Bambi and Sno. Ook genen 

waarvan bekend is dat ze een rol spelen in de zelfvernieuwing of differentiatie van 

andere stamcellen, werden geïdentificeerd als genen waarvan de expressie veranderd 

tijdens de differentiatie van spermatogoniale stamcellen, bv. Emp1, Gata2 and Cxcl12. 

Kwantitatieve RT-PCR bevestigt het expressie patroon van 6 genen met een 

veranderde expressie. Hieruit kan worden geconcludeerd dat de lijst met genen die 

we hebben geïdentificeerd met deze ‘genomics’ methode gebruikt kunnen worden 

als kandidaat genen voor vervolgonderzoek.  

Net als bij BMP4, zien we ook na toevoeging van activin A aan het medium van 

de GC-6spg dat de expressie van c-KIT wordt verhoogd, wat duidt op de differentiatie 

van deze cellen. Onze experimenten tonen verder aan dat bij de differentiatie die 

BMP4 en activin A induceren zowel verschillende als overlappende genen zijn 

betrokken (hoofdstuk 5).  

De resultaten beschreven in dit proefschrift, vormen een stevig fundament voor 

vervolgonderzoek. Verscheidende genen die waarschijnlijk een rol spelen in 

spermatogoniale stamcel zelfvernieuwing en/of differentiatie zijn geïdentificeerd. 

Daarnaast, zijn er twee methodes ontwikkeld waarmee de spermatogoniale stamcel 

cellijn, GC-6spg, kan worden geïnduceerd om te differentiëren. Deze methoden 

maken van de cellijn een uniek model dat gebruikt kan worden voor 

vervolgonderzoek aan spermatogoniale stamcel zelfvernieuwing en differentiatie. 
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Figure 6, chapter 3. Co-localization of UTF1 and PLZF in 56dpp rat testes. A and B: partial co-
localization of UTF1 and PLZF in the testis of two different 56dpp rats. C: negative control. 
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←←←←----------------------------. Figure1, chapter 2. Immunolocalization of LY6A in testes of different mice strains. A—
C) Immunofluorescence staining of LY6A in FVB (A), BALB/c (B), and Ly6a—/— testis (C). (D—I) 
Immunohistochemical staining of LY6A in FVB (D), BALB/c (E), and Ly6a—/— testis (F). (G—H) 
Higher magnification of FVB (G) and BALB/c testis (H). Indicated are endothelial cells 
(arrowheads), peritubular myoid cells (arrow), and spherical-shaped peritubular mesenchymal 
cells (asterisk).( I) Kidney; staining is observed in the renal vessels 
 

 

 
Figure 3, chapter 3. UTF1 expression in rat testis of different ages. A: 16dpc, B: 18dpc, C: 4dpp, 
D: 9dpp, E: 13dpp, F: 17dpp, G: 24dpp, H: 42dpp, I: 56dpp, J: 70dpp, K: adult VAD rat, L: 
negative control 70dpp. Asterisk: mitotic gonocytes, arrow: positive spermatogonia, 
arrowheads: negative spermatogonia. Bars: A, I: 100µm, B, C, D, L: 40µm, E, F, G, H, J, K: 
50µm.  
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De afgelopen (ruim) vier jaar heb ik 

veel mogen leren over spermatogenese 

en stamcellen en heb ik zelfs een beetje 

kunnen bijdragen aan de kennis over 

spermatogoniale stamcellen. Dat heb ik 

natuurlijk niet alleen gedaan en ik ben 

daarom ook iedereen die mij daarbij 

heeft geholpen zeer dankbaar. 
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bijzonder noemen en bedanken. Ten 

eerste natuurlijk mijn professor, Dick de 

Rooij, die mij een plekje in zijn lab gaf, 

Dick bedankt voor deze plek en voor het 

vele nakijkwerk van mijn schrijfsels. Jou 
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Ans, vanaf dag 1 stond je voor me 

klaar als co-promotor, wat betekende dat 

ik op ieder moment aan je bureau kon 

staan met een vraag, waarop jij meteen 

tijd maakte om die vraag te 

beantwoorden. Samen zijn we de oceaan 

overgestoken voor de American Testis 

Workshop en zijn we op zoek gegaan 

naar een boterham met kaas. De crackers 

met cheddar, waarmee we uiteindelijk op 

een bankje in het park neerstreken, 

waren een verademing na alle bagels en 

hamburgers. We vormden een goed 

team, of dat nou in Utrecht, Amsterdam, 

Tampa of Barcelona was en ik hoop dan 

ook dat we, ook op wetenschappelijk 

gebied, contact blijven houden.  

Hermien, voor jou heeft de immuno 

al lang geen geheimen meer en ik denk 

dat ik er dankzij jou nu ook wel het een 

en ander vanaf weet. Dank daarvoor 
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