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1. ABSTRACT 

  

The gonocytes represent a specific phase of male gem cell development that precedes 

spermatogonial stem cell differentiation. Here, we describe the expression of Sox2, an OCT4 

partner, during rat germ cell development. Our hypothesis is that SOX2 has a cytoplasmic role 

during gonocyte-to-spermatogonia transition. Male rat embryos and testes were submitted to the 

analysis of Sox2 expression. Sox2 was detected in germ cells from 14 days post-conception (dpc) 

to 8dpp. SOX2 was present in 14dpc and 15dpc embryos and absent at 17 and 19dpc; however, it 

did not show direct correlation with mRNA. SOX2 labelling was detected after birth and its 

expression increased from 1dpp to 5dpp. SOX2 was localized in the cytoplasm and showed a 

granulated pattern similar to P-bodies. Indeed, GW182/SOX2 and LIN28/SOX2 double-labelling 

showed that SOX2 partially co-localized with the P-bodies components GW182 and LIN28. At 

8dpp SOX2 was detected in the nucleus and/or in the cytoplasm of spermatogonia, whereas at 

25dpp it was detected in the nucleus of rare spermatogonia. This suggests that SOX2 localization 

changes during gonocytes to spermatogonia transition.  
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2. INTRODUCTION 

 

Spermatogenesis is a very dynamic and controlled process that culminates with the 

differentiation of the sperm. The maintenance of spermatogenesis depends on the proliferation 

and differentiation of the spermatogonial stem cells (SSC) that reside in specific compartments 

of the seminiferous epithelium called niches. Although the presence of stem spermatogonia in 

the testis has been reported more than 40 years ago (1), very few is known about their biology 

and about the mechanisms that drive their differentiation from the gonocytes. In addition, it is 

not even clear what is the identity of these cells. 

 The SSC can be considered a special type of stem cell since they express a variety of 

embryonic stem cell markers in situ such as Tex19.1. (2), Sall4 (3), Lin28 (4, 5) and Oct4 (6). 

This places the SSC as an intermediary between embryonic and adult stem cells (7, 8, 9) and 

makes these cells very interesting and promising, since they can be reprogrammed to a 

pluripotent state in vitro without any genetic manipulation. 

  

 The SSC differentiate from the gonocytes, which represent a phase of male germ cell 

development that comprises the moment when they reach the gonads and the first week of post-

natal phase (10). During this phase they go from a mitotic phase to a quiescent (or mitotic arrest) 

phase and back to a proliferative state, when they migrate to the basis of the seminiferous cords 

and differentiate into spermatogonia (10). The quiescence period is characterized by the 

downregulation of proliferation markers and of pluripotent markers present in primordial germ 

cells (PGC) such as Oct4 in rats (11, 12, 13) and Sox2 and Nanog in mice (12). In humans Oct4 

and Nanog were detected in primordial germ cells (14), but the downregulation of these genes 

does not seem to lead to a quiescent condition (13). Contrasting with mice, Sox2 has not been 

detected in human primordial germ cells (PGC) (15, 16, 17).  

 In rats, by the end of quiescence and at the moment of proliferation resumption, OCT4 

protein is upregulated and become a marker of undifferentiated spermatogonia from this stage on 

(11). In mice Oct4 and Sox2 has been detected at mRNA levels in perinatal and adult germ cells 

(18, 19), but only OCT4 was detected at protein level (18). On the other hand, Nanog has not 

been detected after birth (20). In humans, the data about Oct4 and Nanog expression is 

controversial: some studies detect Nanog and Oct4 in the adult testis (21) whereas others do not 

detect these markers at any time after birth (14). Conversely, Sox2 expression has not been 
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detected in pre-pubertal and adult testes (15, 16, 17). However, to our knowledge, the expression 

pattern of Sox2 and Nanog during rat germ cell development has not been explored.  

 We have previously suggested that germ cell development in rats is different from mice 

and seems to be more similar to humans (22). Thus, we decided to investigate Sox2 expression in 

rat germ cells at PGC stage, during mitotic arrest and at proliferation resumption, which 

coincides with the transition from gonocytes to spermatogonia. Our data suggest that Sox2 

expression varies according to the phase of germ cell development and shows different 

dynamics, especially at the protein level, from that described for mice and humans. We also 

suggest that Sox2 seems to be an important factor for SSC emergence. 

  

3. MATERIALS METHODS 

 

3.1. Materials 

 All primers for conventional and quantitative PCR were obtained from IDT Technologies 

(Sintese Biotecnologia, Brazil). The antibodies were obtained as follows: anti-SOX2, from 

Abcam (Cat. ab59776), anti-LIN28 from Novus Biologicals (Cat. IMG6550A), anti-GW182 

from Santa Cruz Biotechnology (Cat. sc66915) and anti-ßActin from Cell Signalling (Cat 

4970S). The kits for immunohistochemistry (DAKO Detection System) and Western blot 

(Western Dot® 625) detection were obtained from DAKO (Cat. K0690) and ThermoFisher 

Scientific (Cat. W10142), respectively. The secondary antibodies for immunofluorescence were 

obtained from Millipore (Cat. 12-507), Vector Laboratories (Texas Red Cat. TI-1000) and 

Abcam (Alexa Fluor 5894® ab150116). The protease inhibitor cOmplete™, EDTA-free Protease 

Inhibitor Cocktail (Cat 11873580001) and all reagents used for the buffers were obtained from 

Sigma Aldrich/Merck or ThermoFisher Scientific.  

  

3.2. Animals and Tissue Preparation 

Pregnant Wistar rats (Rattus norvegicus albinus) were obtained from the Laboratory of 

Developmental Biology (UNIFESP, Sao Paulo, Brazil). The animals were kept in plastic cages 

under a 12–12 hours light/dark cycle at 23-25°C. Food and water were allowed ad libitum. 

Pregnancy was detected by the presence of sperm in the vaginal smears (1dpc).  
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3.3. Embryo and testis collection 

The dams were euthanized by analgesic/anaesthetic (xylazin/ketamin, 10 mg/Kg and 100 

mg/Kg, respectively) method. The embryos were collected at 14, 15, 17 and 19dpc and fixed in 

Bouin’s solution for immunohistochemistry. Embryo sexing was performed by visual inspection 

of the gonads. For testis collection, 1dpp, 5dpp, 8dpp and 25dpp rats were submitted to 

euthanasia through decapitation (1dpp, 5dpp and 8dpp) or by analgesic/anaesthetic 

(xylazin/ketamin, 10 mg/Kg and 100 mg/Kg, respectively) method (25dpp). The embryos from 

each age were obtained from five different mothers and the testes from 5 individuals to guarantee 

sample variability. The experiments were carried out according to the rules of the local 

committee for animal care (CEP No. 0251/12) and the National Institutes of Health (NIH) guide 

for the care and use of Laboratory animals. 

  

3.4. Immunolabelling 

Embryos (15 and 17dpc, n=6) or testes (19dpc, 1dpp, 5dpp, 8dpp and 25dpp, n=5) were 

fixed in Bouin’s liquid and processed for paraffin embedding. Four cross-sections (6 µm-thick) 

were obtained from each embryo or testes and submitted to the labelling of SOX2, LIN28 and 

GW182. The sections were dewaxed in xylene, hydrated and submitted to heat antigen retrieval 

using citrate buffer (pH 6.0.) for 10 minutes. The slides were treated with 5% BSA and incubated 

with the primary antibodies anti-SOX2 (1:250, Abcam - ab59776), anti-LIN28 (1:250, Novus 

Biologicals/Imgenex - IMG6550A) and/or GW182 (1:200, Santa Cruz - sc66915) overnight at 

4°C. For immunohistochemistry, the slides were washed in PBS (0.0.5 M, pH 7.2.) 3x and 

incubated with the secondary antibody (DAKO Detection System - K0690, USA). The slides 

were washed again in PBS and then incubated with the streptavidin-peroxidase (DAKO 

Detection System - K0690, USA). The reaction was revealed with DAB (K3468, DAKO, USA) 

and the nuclei were stained with Harris Hematoxilyn. For SOX2/GW182, SOX2/LIN28 and 

LIN28/GW182 double-labelling, FITC, Alexa and Texas Red-conjugated secondary antibodies 

were used. DAPI was used for nuclear staining. Negative controls (primary antibody omission) 

were performed for all reactions. 

 

3.5. RT-PCR 

The total RNA from embryo gonads (n=3) at 15, 17 and 19dpc and from 5dpp and 8dpp 

testes (n=3) was isolated using TRIzol reagent (Invitrogen®). The cDNA was obtained using the 
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Superscript IV Reverse Transcriptase (Invitrogen®). Quantitative RT-PCR (RT-qPCR) was 

performed using PowerUp SYBR Green Master Mix (Applied Biosystems) and specific primers 

for Sox2 (Table 1). Conventional RT-PCR was performed to check the presence of Oct4 and 

Nanog, which are the other two pluripotency factors of the “Pluripotency Triplet”. ßActin was 

used as reference gene for the conventional and quantitative PCR. The primer sequences are 

shown in Table 1.  

 

Table 1. Sequences of primers used for RT-qPCR (Sox2 and ßActin) and RT-PCR (Oct4, Nanog 

and Gapdh). 

Gene Forward Primers Reverse Primers 

Sox2  AAGGGTTCTTGCTGGGTTTT ACGAAAATGGTCTTGCCAG 

Oct4 TGTTCCTGTCACTGCTCTGG CCCCTGTTTGTGCTTTCAAT 

Nanog AAGCAGAAGATGCGGACTGT GAAGTTATGGAGCGGAGCAG 

ßActin 

(qPCR) 

CCTCATGCCATCCTGCGTCT GGCAGTGGCCATCTCTTGCT 

ßActin (PCR) GCTCGTCGTCGACAACGGCTC CAAACATGATCTGGGTCATCTTCTC 

 

3.6. Western blot 

 To confirm SOX2 expression in the quiescent gonocytes, the testes were collected at 

1dpp and submitted to lysis buffer (50mM Tris-HCl,25mM NaCl, 1% Triton X-100) and 

sonication. The protease inhibitor cOmplete™, EDTA-free Protease Inhibitor Cocktail (Merk) 

was added immediately. The protein extract was separated by SS/PAGE in an 8% 

polyacrylamide gel and the bands were transferred to a nitrocellulose membrane. The membrane 

was incubated overnight with the same anti-Sox2 antibody used for the immunohistochemistry 

reactions (1:200, Abcam - ab59776). The secondary antibody incubation and bands revelation 

was performed using the Western Dot® 625 (Cat. W10142, Invitrogen, Thermo Scientific™) in 

an E-Gel™ Imager System with Blue Light Base (ThermoFisher Scientific). ß-Actin was used as 

reference. 
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4. RESULTS 

  

4.1. RT-qPCR 

  

To investigate Sox2 expression during gonocytes quiescence, we performed RT-qPCR. 

Sox2 expression was detected at all ages, but the level of expression decreased from 15dpc to 

8dpp (Figure 1A). This data do not exactly match the immunohistochemistry analysis in which 

SOX2 was detected at 15dpc and then from 1dpp to 8dpp (Figure 1A). This inconsistency could 

be explained by the limited detection capacity of the techniques used or may simply reflect a 

biological process in which the expression of Sox2 at mRNA or protein levels SOX2 is regulated 

according to the germ cell development. 

To check for the presence of the other two members of the pluripotency triplet, the 

expression of Oct4 and Nanog was investigated at the same ages by conventional PCR. The 

expression of these genes was detected at 15dpc, 17dpc and 8dpp, i.e., during gonocyte or 

spermatogonia proliferation, but not at 19dpc and 5dpp, when gonocytes are quiescent (Figure 

1B). 
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Figure 1 Sox2 expression in 15dpc and 19dpc embryo gonads and 5dpp and 8dpp testis. A: Sox2 

was detected at all ages but showed a decrease in the expression level at 8dpp (**p<0.001). B: 

The conventional PCR shows that Nanog and Oct4 are detected at 15dpc, 17dpc and 8dpp, but 

not at 19d0c and 5dpp. 

 

4.2. Immunohistochemistry 

 During rat male germ cell development SOX2 expression was clearly dependent on the 

stage of germ cell development. SOX2 expression was detected in the gonocyte nucleus at 14dpc 

(Figure 2A) and 15dpc (Figure 2B). SOX2 was not detected at 17dpc (Figure 2C) and at 19dpc 

(Figure 2D), when germ cells are quiescent (23, 11). This suggests that SOX2 is downregulated 
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as male germ cells enter mitotic arrest. SOX2 labelling was detected again at 1dpp and was 

localised in the gonocyte cytoplasm (Figure 3A). At 5dpp the SOX2 labelling in the cytoplasm of 

the gonocytes was more abundant that at 1dpp (Figure 3B). At both ages SOX2 labelling showed 

a granulated pattern very similar to the P-bodies, which are subcellular compartments 

responsible for RNA-processing. At 8dpp (Figure 3C to 3E) SOX2 labelling was detected in pre-

spermatogonia nuclei (Figure 3C) or cytoplasm (Figure 3D), suggesting that this protein starts to 

be transported to the nucleus at this age, coinciding with OCT4 upregulation (11). At 25dpp 

SOX2 was detected exclusively in the nucleus of very rare spermatogonia (Figure 3E), 

suggesting that SOX2 could be a good indicator of the SSC in the rat testis.  

To infer about a possible function for SOX2 in RNA processing in the gonocytes, 5dpp 

testes were submitted to GW182 labelling, which is considered a marker of the P-bodies. The 

age of 5dpp was chosen because SOX2 labelling was more abundant that at 1dpp. GW182 

labelling (Figure 4A) was very similar to SOX2 labelling (Figure 4B), with granulated pattern 

throughout the cytoplasm. On the other hand, contrasting with SOX2, GW182 was not specific 

to gonocytes and was also detected in Sertoli cell cytoplasm (Figure 4A). LIN28, a 

spermatogonial stem cell marker (4, 5), has been shown to be a component of the P-bodies 

(Balzer and Moss 2007) and to interact with SOX2 in embryonic stem cells (24). Thus, we 

investigated LIN28 labelling in post-natal gonocytes. Indeed, LIN28 labelling pattern was very 

similar to that observed for SOX2 and GW182 (Figure 4C). 
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Figure 2 SOX2 immunolabelling in primordial germ cells of rat embryos at 14dpc, 15dpc, 17dpc 

and 19dpc. SOX2 was detected in PGC (arrowheads) at 14dpc (A) and 15dpc (B) but not at 

17dpc (C) and 19dpc (Figure D). 
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Figure 3 SOX2 immunolabelling in post-natal (1dpp, 5dpp and 8dpp) and pre-pubertal (25dpp) 

testes. SOX2 was detected in gonocyte cytoplasm (arrows) at 1dpp (A) and 5dpp (B). SOX2 

labelling shows a granulated pattern and is less abundant at 1dpp than at 5dpp. The insets show 

the detail of SOX2 subcellular localization in gonocyte cytoplasm. At 8dpp (C and D) SOX2 was 

detected in the nucleus (arrowhead) or in the cytoplasm (arrows) of pre-spermatogonia. In 25dpp 

(E) testis SOX2 was present only in the nucleus of rare undifferentiated spermatogonia 

(arrowhead). 
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Figure 4: Comparison of GW182 (A), SOX2 (B) and LIN28 (C) immunolabelling in 5dpp testis. 

The three proteins show a similar granulated pattern in the gonocytes 

 

 

To confirm whether SOX2 was localized in the P-bodies, we performed the double-

labelling of SOX2 and GW182 as well as SOX2 and LIN28 in the 5dpp testes. We found that 

SOX2 and GW182 labelling partially coincides in 5dpp quiescent gonocytes (Figure 5), 

suggesting that some of SOX2 protein localizes to P-bodies in these cells. We also observed a 

partial co-localization of SOX2/LIN28 in the gonocyte cytoplasm (Figure 5), reinforcing that 

SOX2 might be part of P-bodie, since LIN28/GW182 double-labelling confirmed LIN28 

localization to P-bodies (Figure 5 
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Figure 5 SOX2/GW182, SOX2/LIN28 and LIN28/GW182 double-labelling. SOX2 partially co-

localizes with GW182 and Lin28, whereas LIN28 and GW182 show greater co-localization. 
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4.3. Western Blot 

 To confirm the expression of SOX2 during the quiescence phase, we performed a 

Western blot. Two specific bands were detected in the testicular extract of 19dpc testis: one of 

around 100KDa and another of around 60KDa (Figure 6). The expected band for SOX2 is of 

around 38 to 43KDa. However, considering that the reaction was very specific and that the 

antibody is well validated, we suggest that the two bands might correspond to the detection of 

complexes of SOX2 and other proteins that might interact with it. 

 

 

 

 

 

 

 

 

 

Figure 6 SOX2 expression in post-natal rat testicular homogenates. Representative immunoblot 

demonstrating the presence of SOX2 at 1dpp, confirming SOX2 presence in quiescent 

gonocytes. 

 

 

5. DISCUSSION 

  

Spermatogonial stem cells (SSC) are the male germline stem cells and are responsible to 

maintain spermatogenesis throughout life. Spermatogonia emergence is preceded by a quiescent 

period in which germ cells do not proliferate or die, but become distributed along and across the 

seminiferous cords (11). Male germ cell quiescence in mice and rats seems to involve the 

downregulation of the pluripotent marker OCT4 (22, 11) and of proliferation markers (25). Here 

we observed that Sox2 seems to follow a similar pattern of that observed for OCT4 expression as 

germ cells go towards quiescence during embryonic phase. Similarly, Oct4 and Sox2 

downregulation at both mRNA and protein levels as PGC enter mitotic arrest has been also 
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reported for mice (12). On the other hand, these data contrast with human PGC, which do not 

express Sox2 (16, 17, 15).  

 While the way towards quiescence involves the loss of proliferation and pluripotency 

markers, the data obtained here and in previous study (11) suggest that the transition from 

gonocytes to spermatogonia seems to depend on the upregulation of these factors. We have 

previously observed that the proliferation marker Ki67 and the pluripotent marker OCT4 are 

absent, at the protein level, from gonocytes from 19dpc to 5dpp. At around 8dpp these markers 

are back, suggesting that proliferation resumption and the reacquisition of pluripotent markers 

are linked (11). Conversely, here we detected SOX2 in 3dpp and 5dpp gonocytes, suggesting that 

this factor may have a function at this phase of rat male germ cell development. Interestingly, 

SOX2 was detected in the cytoplasm of these post-natal gonocytes, contrasting with the expected 

nuclear localization as a transcription factor. The cytoplasmic distribution of SOX2 in gonocytes 

showed a granulated pattern that is very similar to the processing bodies (P-bodies). Thus, we 

decided to look at the expression of the P-body marker GW182 in these cells. The P-bodies are 

subcellular structures where mRNAs and miRNAs are processed (26, 27, 28). The P-bodies 

contain proteins of the mRNA decay machinery and proteins involved in miRNA processing (29, 

30, 31), indicating that the P-bodies participate of miRNA-mediated gene silencing. The protein 

GW182 interacts with Argonaute proteins and is fundamental for this process (32, 33). Here we 

observed that the labelling pattern of SOX2 and GW182 was very similar, suggesting that SOX2 

is located to P-bodies in quiescent gonocytes and early spermatogonia. To confirm this 

hypothesis we performed the double-labelling of SOX2 and GW182, which is a key component 

of P-bodies and is related to gene silencing through miRNA pathway (24, 34, 32, 35, 36). SOX2 

and GW182 co-localized in restricted portions of gonocytes cytoplasm. This leads to the 

hypothesis that SOX2 could play a role in mRNA processing at this phase of male germ cell 

development. Despite of the incomplete colocalization of SOX2 and GW182, we do not exclude 

a possible SOX2 function in RNA-processing since it could be part of distinct RNA-processing 

body in which GW182 is not present. As a positive evidence for this hypothesis, recent studies 

have shown that SOX2 interacts with RNA-processing proteins such as LIN28 (24) and RBM14 

(37). Lin28, which is also associated with miRNA processing (38), localizes to P-bodies in 

undifferentiated embryonal carcinoma cells (39). Here we observed a partial co-localization of 

SOX2 and LIN28 in post-natal gonocyte cytoplasm, suggesting an interaction between these 

proteins at this phase male germ cell development. A partial interaction of SOX2 with LIN28 has 
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been also observed in embryonic stem cells (24). On the other hand, most of LIN28 and GW182 

protein detected in the gonocyte cytoplasm co-localized, suggesting that they are part of the same 

P-body class. 

The nuclear detection of SOX2 protein as well as of Sox2 mRNA at 8dpp coincides with 

the return of Oct4 expression (11). Thus, our hypothesis is that SOX2 might be transported from 

the cytoplasm to the nucleus and that this coincides with the upregulation of OCT4. This could 

be an indicative of the emergence of the first spermatogonia in the rat testis, reinforcing our 

previous data suggesting that the first SSC emerge around 8dpp (11). Although Nanog has been 

detected only at mRNA level in the 8dpp testes, we consider that it represents another important 

indicative of spermatogonia emergence. Indeed, the frequency of spermatogonia showing nuclear 

SOX2 increases from 8dpp on so that, in the pre-pubertal testis, it was detected exclusively in the 

nucleus of rare undifferentiated spermatogonia. This data contrasts with humans in which the 

expression of SOX2 has not been detected in pre-pubertal testis (15). In mice, Sox2 expression 

has been detected at mRNA level (19) but not at protein level (40) in adult testis.  

In this study we described the dynamics of Sox2 expression in male germ cells from PGC 

stage to pre-pubertal spermatogonia stage. We conclude that by the end of mitotic arrest SOX2 

protein is upregulated and locates to gonocytes cytoplasm to subsequently be transported to the 

nucleus, what happens concomitantly with Nanog and Oct4 re-expression. We also raise the 

hypothesis that SOX2 may have a function in RNA processing. Taking all these data together, 

we propose that SOX2 plays important and distinct roles in rat germ cell development and can be 

a good indicator of the reacquisition of the pluripotency potential by these cells.  
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