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Summary sentence: BMP4 is able to induce diff eren  a  on of the rat spermatogonial stem 
cell line GC-6spg, leading to overexpression of KIT and changes in expression levels of various 
adhesion proteins including Cdh1.
*These authors contributed equally to this study. 
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BMP4-induced diff eren  a  on

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

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

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

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

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

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

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

We have previously established two rat cell lines, GC-5spg and GC-6spg 21. These cell lines 
have SSC characteris  cs, can be cultured without feeder cells and are capable of homing to the 
basal membrane a  er transplanta  on. Therefore, they provide an excellent model to study 
the mechanisms involved in the regula  on of SSC fate. We now have used these cell lines to 
demonstrate that BMP4 acts directly on GC-6spg cells to induce diff eren  a  on. Using a  me 
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BMP4-induced diff eren  a  on

course DNA micro-array approach we show that several genes and pathways that regulate 
adhesion proper  es are aff ected by BMP4 including adherens junc  ons, focal junc  ons, gap 
junc  ons, cell adhesion molecules (CAMs) and regula  on of ac  n cytoskeleton. These results 
suggest a role of adhesion and cytoskeleton proteins in BMP4-induced SSC diff eren  a  on.
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M    

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

C        GC-5   
GC-6  

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

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

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

lines GC-5 and GC-6 spg express BMP4 receptors and found the expression of type I (Bmpr1A 
/ Alk33, Bmpr1B / Alk6) and type II (Bmpr2) serine/threonine kinase receptors in both SCC cell 
lines (Fig.1B). cDNA from total rat tes  s and from the isolated rat As, Apr and Aal popula  on 
were used as posi  ve controls.

5
+ -

6
+ -

A
+ -

T
+ -

Cd9

Cd90
Cd24

Zbtb16

A

Itgβ1

Itgα6 5
+ -

6
+ -

A
+ -

T
+ -

Bmpr1b

Bmpr2

Bmpr1a

B

Figure 1. A) RT-PCR analysis ( PCR: +RT and –RT) of the spermatogonial stem cell 
lines GC-5spg and GC-6spg for genes known to be expressed by spermatogonial 
stem cells. B) RT-PCR (PCR: +RT and –RT) showing that BMP4 receptors BmprIa, 
BmprIb and BmprII are expressed by spermatogonial stem cell lines GC-5spg 
and GC-6spg; 5: GC-5spg ; 6: GC-6spg; A: spermatogonia isolated from vitamin A 
defi cient rat; T: rat total tes  s.
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BMP4  K    GC-6  
Based on the expression of Zbtb16, we chose the GC-6spg cell line to inves  gate the 

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

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

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

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

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

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

pSMADs

Tubulin

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Cell prolifera  on 17 genes Transcrip  on 13 genes

Development 25 genes Metabolism 27 genes

Apopto  s 11 genes Cell cycle 6 genes

Signal trasduc  on 24 genes Cell Adhesion 8 genes

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

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

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

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

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

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

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