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Downregulation of Col1a1 induces differentiation in
mouse spermatogonia

Sun-Hong Chen, Ding Li and Chen Xu

Col1a1 (one of the subunit of collagen type I) is a collagen, which belongs to a family of extracellular matrix (ECM) proteins that play an

important role in cellular proliferation and differentiation. However, the role of Col1a1 in spermatogenesis, especially in the control of

proliferation and differentiation of spermatogonial stem cells (SSCs), remains unknown. In this study, we explored effects of

downregulation of Col1a1 on differentiation and proliferation of mouse spermatogonia. Loss-of-function study revealed that Oct4 and

Plzf, markers of SSC self-renewal, were significantly decreased, whereas the expression of c-kit and haprin, hallmarks of SSC

differentiation, was enhanced after Col1a1 knockdown. Cell cycle analyses indicated that two-thirds of spermatogonia were arrested in

S phase after Col1a1 knockdown. In vivo experiments, DNA injection and electroporation of the testes showed that spermatogonia

self-renewal ability was impaired remarkably with the loss-of-function of Col1a1. Our data suggest that silencing of Col1a1 can

suppress spermatogonia self-renewal and promote spermatogonia differentiation.
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INTRODUCTION

Spermatogenesis is the process through which spermatogonial stem

cells (SSCs) self-renew and differentiate into sperm. Spermatogenesis

is composed of three particular phases: mitosis, meiosis and spermio-

genesis.1 Previous studies have shown that spermatogenesis involves

the detachment of spermatogonia from the basement membrane and

their subsequent migration towards the lumen of seminiferous

tubules.2,3

Although mechanisms underlying the maintenance and self-

renewal of SSCs have been explored by many research groups,1–3 the

signaling molecules that mediate the decision of SSCs to differentiate

rather than self-renewal remain largely unknown. The balance between

self-renewal and differentiation of SSCs must be tightly controlled to

maintain normal homeostasis in the normal seminiferous epithelium. If

self-renewal prevails, the seminiferous tubule will be stem cells only and

tumors might occur.4 More differentiation than self-renewal of SSCs

would result in Sertoli cells only in the seminiferous epithelium,5 sug-

gesting that there must be a regulatory mechanism controlling the ratio

between self-renewal and differentiation of SSCs.

Increasing evidences have shown that stem cell development

requires a niche, a local microenvironment that mediates the proli-

feration and differentiation of stem cells in tissues or organs.6–9 The

extracellular matrix (ECM) as a major niche element provides not only

a scaffold for cellular support, but also a source of signals directing

stem cell self-renewal, differentiation, cell adhesion and cell migra-

tion.4 The ECM is a compound of matrix molecules which are typically

large glycoproteins, including collagens, fibronectins, laminins and

proteoglycans.10

Collagen I, a major ECM component, may be involved in the regu-

lation of cellular differentiation. Loss of adhesion to ECM components

(e.g. collagen I) induces terminal differentiation of keratinocytes,11

and collagen I mRNA was down-regulated during mesenchymal stem

cell differentiation into chondrocyte-like cells.12 Type I collagen is also

a dedifferentiation marker for human nasal chondrocytes and fetal

bovine chondrocytes, and can be switched from collagen II and col-

lagen IX during the proliferation of chondrocytes.13,14 Procollagen I, a

precursor of type I collagen, is exclusively expressed in mouse undif-

ferentiated spermatogonia but absent in the differentiated male germ

cells, suggesting that procollagen I is associated with maintenance of

SSCs15. However, the role of procollagen I in regulating SSC fate

remains elusive. Two Col1a1 chains and one Col1a2 chain form pro-

collagen I. The objective of this study was to elucidate the functional

and developmental role of Col1a1 during spermatogenesis. To this

end, we performed a loss-of-function study of Col1a1 in vitro to

observe changes of molecular phenotype of SSCs. We then used an

antisense strategy to knock down the expression of Col1a1 in SSCs

purified from 6-day-old mice. Here, we show the influence of Col1a1

on the spermatogonia’s proliferation and differentiation.
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Plasmids and other reagents

The pDsRed2-1 and pAAV–IRES–hrGFP plasmids were gifts from Dr

Lixin Feng (Shanghai Jiaotong University School of Medicine, China).

Lipofection 2000 was purchased from Invitrogen (Carlsbad, CA,

USA). T4 DNA ligase, restriction endonucleases Bgl II, Sal I, Not I

and BamH I were purchased from New England Biolabs (Beijing,

China). Dulbecco’s modified Eagle’s medium (DMEM) was pur-

chased from GIBCO BRL (Gaithersburg, MD, USA). PCR primers

were synthesized by Shanghai Sangon Biological Engineering,

Technology and Services (Shanghai, China). DNA sequencing was

performed by Ding’an (Shanghai, China). Escherichia coli DH5a was

grown in LB containing 50 mg l21 kanamycin.

Construction of a targeting vector both carrying mouse Stra8
promoter and antisense fragment of Col1a1
The first step was to construct pStra8-Dsred2-1, a plasmid contai-

ning 580 bp fragment of Stra8 (NM_009292) promoter. The 2550/

129 fragment amplified from Stra8 genomic DNA was inserted

into the Bgl II site of pDsred2-1 (Table 1 and Figure 1a and 1b).

The second step was to construct pStra8-Dsred2-1-antisense

Col1a1, a plasmid containing an antisense fragment spanning the

sequence of the first 1036 bp of Col1a1 (NM_007742) (Table 1 and

Figure 1c). The fragment amplified from testis cDNA was inserted

into the Bgl II/Sal I site of pDsred2-1, and the primers to amplify

antisense of Col1a1 containing Sal I site in the sense primer and Bgl

II site in antisense primer were designed respectively (Table 2). The

580 bp Stra8 promoter and pDsRed2-1 (a kind of promoterless

vector) could direct the antisense transcript of Col1a1. Finally,

the fragment of pAAV–IRES–hrGFP between BamH I and Not I

site was inserted into the vector as constructed above to displace

the BamH I/Not I site, and thus the recombinant vector, namely

pSPAPI, contains 33FLAG, IRES, hrGFP and hGH pA (Figure 1d–

1f). The plasmid pSP, containing all the fragments of pSPAPI but

antisense of Col1a1, was served as a mock control.

Isolation of mouse spermatogonia

The decapsulated testes from 6-day-old male ICR mice were sus-

pended in DMEM/F12 (Invitrogen) containing collagenase (1.5 mg

ml21) and DNAase (1 mg ml21), and incubated at 34 uC for 15 min in a

shaking water bath operated at 100 cycles per min. After two washes in

DMEM/F12 medium, seminiferous tubule fragments mostly devoid of

interstitial cells were incubated in DMEM/F12 medium containing

collagenase (1.5 mg ml21), hyaluronidase (1.5 mg ml21) and trypsin

(0.5 mg ml21) for 20–30 min using the method described above. The

dispersed cells were washed twice with medium and through 80 mm

and 40 mm nylon meshes respectively. The dispersed cells were incu-

bated for 3–4 h, and then the Sertoli cells and peritubular myoid cells

attached to the culture plates, while the spermatogonia still remained

in suspension, which could be collected by centrifuging at 100g for

5 min. Six-day-old mice were chosen in this study because only Sertoli

cells and spermatogonia (As, Apair and Aaligned spermatogonia) are

present in the seminiferous epithelium at this age.16 The differential

plating approach was used to separate spermatogonial populations

from Sertoli cells and peritubular myoid cells, and the purity of the

spermatogonia was .90%.

The spermatogenic capacity of the plasmid transfected cells were

determined by flow cytometry, the transfected cells were stained with

integrin b3 antibody conjugated with phycoerythrin, 10 ml for 106 cells

in 100 ml solution, and the ratio of the cells with both green and red

fluorescence to the cells with green fluorescence was analyzed. Flow

cytometry analysis was repeated at least three times.

Table 1 Sequences of the insert fragment in reconstructed plasmids

Name Sequences

Upstream region of the Stra8 gene 2550 tttgaggcgg aaaatgagtt gtagtccctc aacctggaga aaacttgttg cttactacaa

2490 acaactcaac acatcctctc tctctctctc ttttcttctc tgcattttaa gtccaccttt

2430 aaggttctct tctctgcttt tttagttggg aatcccctat tcccctctcc tattttgtac

2370 ctattccctc tcacatcttc atttttctct ttcttttcct tgaaacaggg gactgctact

2310 gggaccttga agatggctcc tctatatctc aagagaaagt tataggtggc attgccctgg

2250 ttgaggggtg taagaactgg cgctagccgc ctggatgggg tgaaaaggtc atcttgctcc

2190 ttccacaccc tcttgcaacc tgtggcaagt tgttacaatg ttttcaccaa tgtccacgct

2130 ccccattggc gccccaccat gcatccccat tggtcatggt ggcagtgaca gggctgtgat

270 tggttcgcag cctggggtac caggtcagtt ttttacctga ggcaagagcc tctcttcttc

210 ttctgcgacg ggcagtcgtg agtgactgac tcgtcagggc

Sequence of the fragments of Col1a1 1 agacatgttc agctttgtgg acctccggct cctgctcctc ttaggggcca ctgccctcct

61 gacgcatggc caagaagaca tccctgaagt cagctgcata cacaatggcc taagggtccc

121 caatggtgag acgtggaaac ccgaggtatg cttgatctgt atctgccaca atggcacggc

181 tgtgtgcgat gacgtgcaat gcaatgaaga actggactgt cccaaccccc aaagacggga

241 gggcgagtgc tgtgctttct gcccggaaga atacgtatca ccaaactcag aagatgtagg

301 agtcgaggga cccaagggag accctggccc ccaaggccca aggggacccg ttggcccccc

361 tggacgagat ggcatccctg gacagcctgg acttcctggt cctcctggtc cccctgggcc

421 ccccggaccc cctggccttg gaggaaactt tgcttcccag atgtcctatg gctatgatga

481 aaaatcagct ggagtttccg tgcctggccc catgggtcct tctggtcctc gtggtctccc

541 tggcccccct ggtgcacctg gtccacaagg tttccaaggc ccccctggtg aacctggcga

601 gcctggcggt tcaggtccaa tgggtccccg aggtccccct ggccctcctg gcaagaatgg

661 agatgatggg gaagctggca agcccggccg tcctggtgag cgtggacctc ctggacctca

721 gggtgctcgt ggattgcctg gaacagctgg cctccctgga atgaagggac accgaggctt

781 cagtggtttg gatggtgcca aaggagatgc tggtcctgct ggtcctaagg gagagcccgg

841 cagtcctggt gaaaacggag ctcctggcca gatgggtccc cgaggtctgc ccggtgagag

901 aggtcgccct ggacctcctg gcactgctgg tgctcgcggt aacgatggtg ctgttggtgc

961 tgctggaccc cctggtccca ccggccccac tggccctcct ggcttccctg gtgcagttgg

1021 tgctaagggt gaagct
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Figure 1 Construction of the pSPAPI plasmid carrying mouse Stra8 promoter, antisense DNA fragment of Col1a1. The promoterless vector pDsred2-1 is a progenitor

vector (a). The upstream region of the Stra8 gene (from 2550 to 129) was amplified and cloned into the Bgl II site of the pDsred2-1 MCS (b), and thus, the vector could

be transfected into spermatogonia specifically. A DNA fragment of Col1a1 (from 11 to 11036) containing enzyme site Sal I in 59 end and enzyme site Bgl II in 39 end

respectively was then inserted into Bgl II/Sal I site of the plasmid (c). pAAV–IRES–hrGFP was digested with BamH I and Not I, and then the fragment containing FLAG,

Ires and hrGFP (d) took the place of the fragment of pDsred2-1 between the BamH I and Not I sites (e). Finally, the recombinant vector was designated as pSPAPI (f).

MCS, multiple cloning site.

Table 2 Oligonucleotide primers used for RT-PCR

Name Sequences of primer

Stra8 promoter (from 2550 to 129) F: 59-ATAGATCTTTTGAGGCGGAAAATGAG-39 (containing Bgl II)

R: 59-GGAGATCTGCCCTGACGAGTCAGTCACT-39 (containing Bgl II)

Antisense sequence of procollagen I (from 11 to 11036) F: 59-TAAGTCGACAGACATGTTCAGCTTTGTGGACC-39 (containing Sal I)

R: 59-TGAAGATCTAGCTTCACCCTTAGCACCAAC-39 (containing Bgl II)

Stra8 F: 59-GCGGATCCCTCAAAGCATCCTTCAACCT-39

R: 59-GCAAGCTTTGGCGGCAGAGACAA AG-39

Oct4 F: 59-CACGAGTGGAAAGCAACTCA-39

R: 59-AGATGGTGGTCTGGCTGAAC-39

Plzf F: 59-GACCTGGATGACCTGCTGTATG-39

R: 59-CTCCTGAGATGCTAGACTCAGCT-39

c-kit F: 59-CCCGACGCAACTTCCTTA-39

R: 59-CGCTTCTGCCTGCTCTTC-39

Acrosin F:59-CGGAGTCTACACAGCCACCT-39

R:59-GCATGAGTGATGAGGAGGTT-39

Haprin F: 59-CCAGAACATGAGACAGAGAG-39

R: 59-AGCAACTTCCTGAGCATACC-39

Pcna F: 59-GAACAGGAGTACAGCTGTGTA-39

R: 59-CAGGCTCATTCATCTCTATGG-39

Col1a1 F: 59-GACGCCATCAAGGTCTACTG-39

R: 59- ACGGGAATCCATCGGTCA-39

Gapdh F: 59-AAGGGCTCATGACCACAGTC-39

R: 59-ACACATTGGGGGTAGGAACA-39
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Cell culture and transfection

Mouse spermatogonia were cultured in DMEM/F12 (Invitrogen) sup-

plemented with 10% fetal calf serum, penicillin (100 U ml21) and

streptomycin (100 g ml21) at 37 uC in a humidified incubator with

5% CO2. For the long-term maintenance of SSC potential, the isolated

spermatogonia were cultured with Sertoli cells as feeder cells. Cells

were counted and seeded onto 10-cm dishes with 107 cells per dish.

After 12 h of culture, cells were transfected with the recombinant

vector pSPAPI using Lipofection 2000 reagent, according to the ma-

nufacturer’s manual. The transfected cells and supernatant were then

harvested after 36 h. Vector pSP was used as a mock. After 36 h, the

transfected primary spermatogonia with Sertoli cells were used for

fluorescence-activated cell analysis sorting (FACS). Cell sorting was

performed using a dual-laser fluorescence-activated cell sorter (FACS

VantageSE; Becton Dickinson, San Jose, CA, USA). Cells showing

green fluorescence were collected as positive cells.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated from the cultured cells using Trizol reagent

(Invitrogen). The first-strand cDNA was synthesized using PrimeScript

RT Reagent Kit (Takara). PCR was performed using specific primers

(Table 2). House keeping gene, Gapdh, was used as an internal

standard in all experiments. RT-PCR bands were quantified using

Quantity One Softwere (Bio-Rad, Hercules, CA, USA), and the data

were presented as mean6s.e.m. from three experiments. The mRNA

transcript expressions of each gene were evaluated relative to the Gapdh

expression in the individual samples and are presented as a ratio to that

in controls.

Western blotting

Spermatogonia were transfected as described above and cell lysates were

prepared in EBC buffer (50 mM Tris pH8, 170 mM NaCl, 0.5% NP40,

50 mM NaF) supplemented with protease inhibitors. Thirty micro-

grams of protein lysate per sample was denatured and fractionated by

10% SDS–PAGE. The separated proteins were transferred to a nitro-

cellulose membrane followed by blocking with 5% nonfat milk in TBS

containing 0.1% Tween. Membranes were incubated for 2 h at room

temperature with anti-procollagen I antibody (1 : 300) following which

anti-rabbit IG conjugated with horseradish peroxidase at a 1 : 2000

dilution was used. The signals were detected with the Western

Blotting Luminescent Reagent (Millipore, Billerica, MA, USA).

Flow cytometry and analysis of cell ploidy

The transfected spermatogonia were subjected to FACS using a FACS

VantageSE apparatus at 24, 36 and 48 h respectively post-transfection.

We assessed the proportion of cellular ploidy of testicular cells by

staining with propidium iodide (2 mg ml21) in the GFP-positive cells.

Cells were harvested using trypsin/EDTA solution (0.05% trypsin in

0.5 mmol l21 EDTA) and resuspended in PBS separately. For detection

of the cell ploidy, testicular cells were stained with propidium iodide at

a final concentration of 2 mg ml21 for 5 min at room temperature. Cell

cycle distribution was determined by flow cytometry. Thousands of

events were recorded for each sample and all analyzed events were

gated to remove debris and aggregates. Cell cycle analysis was repeated

at least three times.

DNA injection and electroporation of the testis

ICR mice were used for the in vivo DNA electroporation. Male mice

(n55) at 20 dpp were anesthetized with Nembutal solution. Testes

were pulled out from the abdominal cavity, and approximately 15 ml of

plasmid DNA (10–15 mg) solution were injected into the rete testis

using glass capillaries under a binocular microscope. Within each

mouse, left testis was injected with solution containing pDsRed2-1,

while the right one was injected with pSPAPI. Electric pulses were

delivered with an Electrosquare Porator ECM 830 Electro Square

Porator (BTX, San Diego, CA, USA). Testes were directly held between

a pair of tweezertrodes (BTX). Square electric pulses were applied

three times, and again three times in the reverse direction at 50 V

for 50 ms for each pulse.

Histological examination

In prepubertal mice, type A and type B spermatogonia are presented by

day 8, 2 days later, meiotic prophase is initiated.16,17 The testes were fixed

2 days after being electroporated with Bouin’s solution, and were then

embedded in paraffin preceded in two steps: dehydration and clearing.

Paraffin blocks of testes were sectioned at a thickness of 5 mm. After

being deparaffined, the sections were stained with hematoxylin and

eosin. Images were taken with a microscope (Olympus, Tokyo, Japan)

equipped with a CCD camera. Histology was compared between elec-

troporated and control testes. At least three sections were examined per

testis. Spermatogonia, Sertoli cells and primary spermatocytes within

five seminiferous tubules each section were counted, respectively.

Statistical analysis

Statistical differences were assessed with t-test. Data are presented as

mean6s.e.m., and P values ,0.05 were considered statically signifi-

cant.

RESULTS

The Stra8 promoter used for directing spermatogonia-specific

expression

To verify the cellular activity and specificity of the Stra8 promoter

used, the primary cells (spermatogonia with Sertoli cells) after 36-h

transfection with pSPAPI were analyzed for GFP expression using

confocal laser scanning microscopy. Green fluorescence was observed

only in spermatogonia (Figure 2), suggesting that the Stra8 promoter

used specifically directed expression of the transgene (antisense

Col1a1) in spermatogonia. However, only ,10% spermatogonia were

transfected by recombinant plasmid (Figure 2). Under the micro-

scope, Sertoli cells were fibroblast-like and attached to the culture

plates, while spermatogonia were round in shape in the suspension

or adhered slightly to the plates. Flow cytometry analysis revealed that

,93% of the GFP-positive cells were integrin-beta3 (marker for pri-

mordial germ cell18) positive, suggesting that the green cells were

indeed spermatogonia.

Levels of both Col1a1 mRNAs and protein were reduced in mouse

spermatogonia after the plasmid transfection

RT-PCR and western blot analyses of mouse spermatogonia were

performed 24 h and 48 h, respectively after the cells were transfected

with pSPAPI, and the cells transfected with pSP served as a mock

control. Transfected cells were sorted and then proteins were

extracted. In these experiments, both Col1a1 mRNAs and protein

was decreased significantly in the transfected spermatogonia

(Figure 3), suggesting that the antisense transcripts of Col1a1 indeed

suppressed the transcription of the Col1a1 in mouse spermatogonia.

RT-PCR analysis for evaluation of differentiation

To determine the effect of downexpression of Col1a1, mouse sperma-

togonia were transfected with the recombinant plasmid pSPAPI.
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RT-PCR analyses were performed to quantify levels of several sperma-

togonial markers, including Oct4, Stra8, Pcna, Gfra-1 and Plzf. Levels

of Pcna and Gfra-1 were downregulated slightly, Stra8 remained

stable, whereas Oct4, a marker of self-renewal spermatogonia, was

almost completely silenced by Col1a1 knockdown, and Plzf, a tran-

scription factor for spermatogonial stem cell renewal, was downregu-

lated in spermatogonia with knockdown of Col1a1 (Figure 4a and

4b). We also analyzed the expression of some differentiation markers

of spermatogonia, and observed upregulation of c-kit and Haprin,

markers for differentiating spermatogonia. However, we could not

detect Acrosin (Figure 4c and 4d).

Cell cycle analyses in mouse spermatogonia after Col1a1

knockdown

The cell cycle phase distribution of the plasmid transfected mouse

spermatogonia was determined by flow cytometry. A representative

cell cycle phase distribution of spermatogonia transfected with pSP

and pSPAPI was shown in Figure 5. After 24 h, the experimental group

(spermatogonia transfected with pSPAPI) showed 65.95%63.53% in

S phase, and 4.97%62.41% in G2 phase, while the mock group (sper-

matogonia transfected with pSP) displayed 40.12%60.98% in S phase

and 25.13%61.86% in G2 phase, suggesting an increase in cells at S

phase, (Figure 5a–5c). Interestingly, after 36 h (Figure 5d–5f) and 48 h

(Figure 5g–5i), the cell cycle phase distribution of experimental

groups appeared to be similar to that of the mock groups. These data

suggest that knockdown of Col1a1 induced the S phase entry of sper-

matogonia, which is consistent with the decrease of the proportion of

cells in G2 phase within 24 h.

In vivo differentiation of spermatogonia after Col1a1 knockdown

Using the DNA electroporation protocol, we next examined effects of

Col1a1 knockdown on spermatogonial proliferation and differen-

tiation in vivo. Testes electroporated with pSPAPI (expressing anti-

sense Col1a1) and pSP (control) were collected and analyzed 2 days

after electroporation. Histological analyses showed that the numbers

of spermatogonia was reduced significantly in the seminiferous tubule

(Figure 6e–6h), while the histology of control testes was similar to that

of untreated testes (Figure 6b–6d). The numbers of Sertoli cell did not

differ (P.0.05) between the Col1a1 knockdown and control testes.

Interestingly, the number of spermatogonia in Col1a1 knockdown

testes was about sevenfold fewer (P,0.01) than that in mock testes.

However, the number of primary spermatocyte in Col1a1 knockdown

Figure 3 Col1a1 knockdown assays in vitro. RT-PCR and western blotting were

used to determine levels of Col1a1 mRNA and protein. (a) Western blotting

analyses of Col1a1. (b) Quantification of Col1a1 levels was shown with the stan-

dard deviations (s.d.). (c) Semiquantitative RT-PCR analyses of Col1a1.

Compared to the mock controls, levels of Col1a1 in spermatogonia were signifi-

cantly down regulated. Spermatogonia were transfected with pSPAPI or with pSP.

Figure 4 Levels of SSC marker genes in spermatogonia transfected by pSPAPI or

pSP determined by semiquantitative RT-PCR analyses. Levels of Pcna and Gfra-

1 were down-regulated slightly, while Stra8 remained stable, and Oct-4 expres-

sion was reduced to undetectable levels after antisense Col1a1 treatments (a, b).

The expression of c-kit and haprin, two markers for spermatogonia differen-

tiation, was upregulated after Col1a1 knockdown (c, d). Gapdh served as a

loading control. Bars represent abundance relative to Gapdh (b, d). Grey bars

indicate mRNA in knockdown testes, while black ones represent mRNA in mock

testes. Asterisk (*) indicates statistical difference (P,0.05). pSPAPI or pSP

marked in the figure means that the cells were transfected by plasmid pSPAPI

or plasmid pSP, respectively. SSC, spermatogonial stem cell.

Figure 2 Identification of primary spermatogonia. Both spermatogonia and Sertoli

cells, isolated from the seminiferous tubules of 6-day-old mice, were transfected

with two recombinant plasmids respectively: pSP without the antisense of Col1a1

fragment (a) and pSPAPI with the antisense of Col1a1 (b). About 10% of sper-

matogonia (arrowhead) expressed GFP fluorescence, while Sertoli cells (arrow)

were negative. Flow cytometry analysis revealed that 93% of the GFP-positive

cells were integrin-beta3 (marker for primordial germ cell) positive, suggesting

that the green cells were indeed spermatogonia (c). SPG, spermatogonia.
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testes was about twice (P,0.05) of the number seen in mock control

testes (Figure 6i).

DISCUSSION

In this study, we investigated the potential role of Col1a1 in sperma-

togonial self-renewal or differentiation. Our results revealed that a

reduction in Col1a1 mRNA and protein levels could lead to an imba-

lance between self-renewal and differentiation of spermatogonia, char-

acteristic of suppressed self-renewal and accelerated differentiation.

Therefore, Col1a1 appears to be an important ECM component in

maintaining normal spermatogonial homeostasis during spermato-

genesis.

It is believed that N-propeptide region of collagens is important for

its function. For example, the N-propeptide region of procollagen IIA

binds to TGF-b1 and BMP-2, suggesting that the NH2-propeptide of

procollagen IIA function in the ECM distribution of bone morpho-

genetic proteins during endochondral bone formation.19 Moreover,

the NH2-propeptide of the cartilage-characteristic collagen, such as

type II B, PIIBNP, is released into the ECM prior to formation of the

collagen fibrils, and when it is suppressed by small interfering RNA,

adhesion is blocked.20 Therefore, we chose the fragment (from 11 to

11036 bp) encoding the N-terminal of Col1a1 for antisense-mediated

gene knockdown study.

Stra8 is exclusively expressed in spermatogonia,21 rendering it a

suitable promoter for directing transgene expression in all spermato-

gonia. Out data suggest that the 400 bp fragment from the promoter

region of Stra8 is sufficient for directing gene expression in sperma-

togonia, which is consistent with a previous report.22 Indeed, Stra8

promoter has been used to isolate spermatogonia including SSCs from

the mouse testes.23

To demonstrate the functional importance of the Col1a1 on sper-

matogonia self-renewal and differentiation, several gene markers were

chosen for further analysis. When Col1a1 levels were reduced, levels of

markers for mouse spermatogonia and progenitors including Pcna,

Gfra-1, Oct4 and Stra8, were changed in different way. Interestingly,

Oct4, a hallmark for mouse SSCs, was reduced to undetected level in

spermatogonia with the Col1a1 knockdown (Figure 4), while levels of

Gfra-1 was relatively lower compared to control cells and Pcna and

Stra8 change slightly. Pcna is expressed in proliferating spermatogonia

and spermatocytes, but not in non-proliferating spermatogonia or

preleptotene spermatocyte.24 Stra8 is a vertebrate-specific gene whose

expression is crucial for initiation of meiosis in both male and female

germ cells25 and its overexpression is known to promote the in vitro

differentiation of mouse embryonic stem cells into spermatozoa.21,26

Our observations suggest that in response to Col1a1 suppression, the

spermatogonial proliferation appeared to be suspended, while their

differentiation was trigged. Supporting this notion, levels of c-kit, a

hallmark for mouse differentiating spermatogonia,27,28 and Haprin,

novel haploid germ cell-specific gene in the mouse potentially

involved in the acrosome reaction, were upregulated. Acrosin is a

marker of the acrosome in spermatids. It is a proteolytic enzyme that

hydrolyses the zona pellucida (ZP) of the oocyte in the process of

fertilization29,30. Acrosin is expressed broadly in 1N spermatid31.

That is why we could not find Acrosin in the mock spermatogonia.

The expression of Acrosin mRNA could not be detected in the trans-

fected spermatogonia, suggesting that spermatogonia differentiated

into early spermatocyte but not spermatid. Downregulation of Plzf,

a transcription factor involved in spermatogonial stem cell renewal,32

is also supportive of the notion that Col1a1 suppression can inhibit

proliferation, but enhance differentiation. This effect was confirmed in

vivo by electroporation-based gene delivery of Col1a1 antisense

mRNA-coding plasmids.

The seminiferous epithelium in the mammalian testis is segregated

into the basal and the apical (adluminal) compartments by the

Figure 5 Cell cycle phase distribution of spermatogonia transfected with pSP and pSPAPI. Representative graphs showing the cell cycle phase (G1, G2 and S phase)

distribution patterns in samples with and without Col1a1 knockdown. An increase of cells in S phase and a decrease of cells in G2 phase were noticed in 24 h (a–c), but

not in 36 h (d–f) as well as 48 h (g–i) post-transfection. Grey bars indicate cells in Col1a1 knockdown testes, while black bars represent cells in mock testes. Asterisks

indicate statistical difference (P,0.01). pSPAPI or pSP marked in the figure means that the cells were transfected by plasmid pSPAPI or plasmid pSP, respectively.
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blood–testis barrier.33 Mitosis occurs in SSCs residing in the basal

compartment to produce additional germ cells, some of which

differentiate into type B spermatogonia and primary preleptotene

spermatocytes.34,35 During their transit at the BTB, preleptotene sper-

matocytes differentiate into diplotene spermatocytes, and then enter

metaphase I to undergo meiosis I and meiosis II which produces

haploid spermatids in the apical compartment36,37. Collagen is one

of the most abundant ECM proteins in basement membrane, and the

basement membrane and integrins act as anchorage for undifferenti-

ated spermatogonia.38 It has been shown that the de novo synthesis of

collagens is associated with tight junction assembly.4 So we hypothes-

ize that even the slightly restructuring in the basement membrane or

cell junctions would disrupt the spermatogonia in undifferentiated

state. The loss of the Col1a1 in basement membrane might impair

spermatogenesis, perhaps by disturbing cell-matrix interactions or

by changing the structure of basement membrane and dynamics of

cell junctions. Our data presented here also suggest that the balance of

the self-renewal and differentiation in spermatogonia can be altered in

response to Col1a1 suppression. Progression of the cell cycle is pre-

cisely controlled by checkpoints, the signaling networks including

ERK1/2 pathway that allows cells to monitor successive events and

ensure ordered cell proliferation and genomic stability.39,40 He et al.41

have showed that ERK1/2 pathway may be essential for the GDNF-

induced G1/S transition in SSCs. GDNF signals through a multicom-

ponent receptor complex comprised of Ret and Gfra-1.42,43 Our data

have shown that Gfra-1 levels decreased slightly after Col1a1 knock-

down, suggesting that the ERK1/2 pathway may have been affected,

leading to reduced interactions between GDNF with Gfra-1, and cell

cycle arrest at the S phase. But it is still unclear why the downregulation

of Col1a1 could affect the Gfra-1 expression.

In summary, our data suggest that Col1a1, as a component of the

SSC niche, may play an important role in the control of the balance

between SSC self-renewal and differentiation. Further study using

conditional Col1a1 knockout mice is needed for unequivocally estab-

lish such a role of Col1a1.
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