
 

Aus der Klinik für Strahlentherapie und Radioonkologie 
Direktor: Prof. Dr. Ch. Rübe 
Universitätsklinikum des Saarlandes, Homburg/Saar 

 

 

 

 

Analysis of DNA double-strand break repair  

in spermatogonial stem cells within their physiological niche 

 

 
 

Dissertation zur Erlangung des Grades eines Doktors der Medizin 
der Medizinischen Fakultät 

der UNIVERSITÄT DES SAARLANDS 
 

2010 

 

 

 

 

 
Vorgelegt von:  Sheng Zhang 

geb. am 03.04.1975 in Wuhan, China 



 

 

Index 

1. ABSTRACT - 1 - 

1.1 Purpose - 1 - 

1.2 Materials and Methods - 1 - 

1.3 Results - 1 - 

1.4 Conclusion - 2 - 

2. INTRODUCTION - 3 - 

2.1. DNA double-strand breaks - 3 - 
2.1.1 An overview of DNA double-strand breaks - 3 - 
2.1.2 DNA double-strand breaks repair pathways - 4 - 
2.1.3 Proteins involved in the DSB repair - 8 - 

2.1.3.1 γ-H2AX - 8 - 
2.1.3.2 Mediator of Damage Checkpoint 1 (MDC1) - 10 - 
2.1.3.3 Tumor suppressor p53 binding protein1 (53BP1) - 12 - 

2.2 Germ cells and microenvironmental niche - 14 - 
2.2.1 Structure of the mouse testis - 14 - 
2.2.2 Spermatogenesis in mouse - 16 - 
2.2.3 Microenvironmental niche and SSCs self-renewal - 20 - 

2.3 DSB repair in male germ cells - 23 - 

2.4 Aim of the project - 25 - 

3. METHODS - 26 - 

3.1 Animals - 26 - 

3.2 Irradiation - 26 - 

3.3 Tissue sampling - 27 - 

3.4 Immunofluorescence staining in lung and kidney - 27 - 



 

3.5 Immunofluorescence double staining in testis - 28 - 

3.6 Determination of radiation-induced foci - 28 - 

3.7 Statistical analysis - 29 - 

4. RESULTS - 30 - 

4.1. Induction and repair of DSBs in normal tissues - 30 - 

4.2. Identification of undifferentiated spermatogonia by PLZF - 33 - 

4.3. Immunofluorescence staining in testis - 33 - 

4.4. DSB induction in testis - 36 - 

4.5. DSB kinetics in germ cells - 37 - 

5. DISCUSSION - 39 - 

5.1 DSB induction in mouse testis - 39 - 

5.2 DSB repair in differentiated round spermatids - 40 - 

5.3 DSB repair in undifferentiated spermatogonia - 43 - 

6. REFERENCES - 46 - 



 

Abbreviation 

53BP1 tumor suppressor p53 binding protein 1  

γ-H2AX phosphorylated histone H2A.X 

ATM Ataxia-telangiectasia mutated 

ATR Ataxia-telangiectasia mutated Rad3-related 

BRCA1 breast cancer susceptibility gene 1 protein  

BRCT BRCA1 C-terminal  

CHK checkpoint kinase 

DDR DNA-damage response 

DNA-PK DNA-dependent protein kinase 

DNA-PKcs catalytic subunit of DNA-dependent protein kinase  

DSB DNA double-strand break 

GDNF glial cell line-derived neurotrophic factor HR 

LigIV Ligase IV 

MDC1 mediator of DNA damage checkpoint 1 

MRN MRE11-RAD50-NBS1 complex 

NHEJ non-homologous end-joining 

PIKKs phosphatidylinositol 3-kinase-related protein kinases 

PLZF promyelocytic leukemia zinc-finger 

SCF stem cell factor 

SCID severe combined immunodeficiency 

SSB DNA single-strand break 

SSC spermatogonial stem cell 

WRN Werner syndrome protein 

XRCC4 X-Ray Repair Cross Complementing protein-4 
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1. Abstract 

1.1 Purpose 

Spermatogonial stem cells (SSCs) are the foundation of spermatogenesis. They 

and their direct descendants (Apaired and Aaligned spermatogonia), termed 

undifferentiated spermatogonia, reside in the basal compartment of seminiferous 

epithelium, known as stem cell niche. In the niche, SSC self-renewal and 

differentiation are regulated by intrinsic gene expression and extrinsic factors. The 

transcriptional repressor PLZF (promyelocytic leukemia zinc finger) is an essential 

regulator exclusively expressed in undifferentiated spermatogonia. By using PLZF 

immunofluorescence staining, we were able to distinguish undifferentiated 

spermatogonia from other spermatogonia, and analyzed DNA double-strand break 

(DSB) repair in spermatogonial stem cells within their physiological niche. 

 

1.2 Materials and Methods 

After whole body irradiation of repair-proficient mice, the induction and 

rejoining of DSBs were analyzed in PLZF-positive spermatogonia, compared to 

round spermatids and differentiated somatic cells by enumerating 53BP1 and 

γ-H2AX foci. 

 

1.3 Results 

DSB repair in male germ cells differs from that described for differentiated 

somatic cells. Different germ cell types express different DSB repair proteins, and no 

germ cell type possesses the complete set. Moreover, DSB repair in male germ cells 

was less efficient than in differentiated somatic cells. However, in PLZF-positive 



Abstract - 2 - 
  

 

SSCs, the DSB repair efficiency is clearly higher compared to other spermatogenic 

cells. 

 

1.4 Conclusion 

The compromised DSB repair efficiencies in male germ cells may result from 

the absence of some DSB repair proteins at the various developmental phases. 

Compared with round spermatids, DSB repair in PLZF-positive SSCs, however, is 

undoubtedly efficient, implying the important function of SSCs in maintaining the 

integrity of the genome. 
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2. Introduction 

2.1. DNA double-strand breaks 

2.1.1 An overview of DNA double-strand breaks 

Of all types of DNA damage, DNA double-strand breaks (DSBs) are considered 

as the biologically most significant genotoxic lesions. If DSBs are not repaired 

accurately, this may result in serious consequences for cells, such as dysregulation of 

cellular functions, genomic instability, senescence or cell death (Morgan et al., 1998; 

Olive, 1998). To protect the genome against these threatening events, a complex 

signal transduction cascade, known as DNA-damage response (DDR), initiates 

processes such as cell-cycle arrest, DNA repair and apoptosis before DNA 

replication and cell division (Kastan and Bartek, 2004). A vast network of proteins is 

involved in DDR and can be classified as sensors, mediators, transducers and 

effectors (Bekker-Jensen et al., 2006) (Fig. 1). Sensors are defined as activities that 

can detect DNA lesions. Although the nature of sensors and the mechanisms of 

DNA-damage detection still remain unclear, the earliest detectable DSB-induced 

events have been found to involve the MRN complex (Rupnik et al., 2008) and the 

PIKKs (phosphatidylinositol 3-kinase-related protein kinases) (Ward and Chen, 2001; 

Stiff et al., 2004). From these proteins, the DNA-damage signal is transmitted to 

transducers such as checkpoint kinase 1 (CHK1) and checkpoint kinase 2 (CHK2), 

which function in signal transduction cascades targeting downstream DDR 

components, as well as amplifying DDR signals (Zhou and Elledge, 2000). The 

signalling between sensors and transducers is thought to be facilitated by mediator 

proteins such as MDC1 (mediator of DNA damage checkpoint protein 1), 53BP1 

(tumor suppressor p53 binding protein 1) and BRCA1 (breast cancer susceptibility 
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gene 1 protein), thereby enhancing DDR signalling (Li and Zou, 2005). The activated 

sensors and transducers then target effectors, which initiate a series of events such as 

cell cycle arrest, DNA repair and apoptosis. 

 

 

 

 
 
 
 
 
Figure 1: The DDR signal transduction 
cascade. Following DSB lesions, DNA 
damage is detected by sensor proteins, 
which transmit the damaging signal to a 
series of downstream effectors through 
a transduction cascade, to initiate 
processes such as cell-cycle arrest, 
DNA repair and apoptosis. Figure was 
taken from Fitzgerald et al., 2009. 

 

2.1.2 DNA double-strand breaks repair pathways 

Upon exposure to DNA-damaging agents, eukaryotic cells repair DSBs 

primarily by two mechanisms: HR (homologous recombination) and NHEJ 

(non-homologous end-joining) (Jeggo, 1998; Johnson and Jasin, 2000). HR uses the 

sister chromatid or the homologous chromosome as a template for DSB repair. 

Therefore, the original DNA sequence can be precisely restored without the loss of 

information, based on homologous sequences (Johnson and Jasin, 2000). In contrast, 

NHEJ joins the broken ends without the need for homology, and thus is often 

associated with small deletions or insertions of nucleotides at the sites of repair. How 

cells make a choice between these two pathways to repair DSBs is quite complex and 
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not always clear (Shrivastav et al., 2008). However, it has been shown that the 

relative contribution of HR and NHEJ to DSB repair depends on the cell type and the 

cell cycle phase. For instance, developing B and T cells preferentially use NHEJ to 

eliminate the DSBs in V(D)J recombination (Gellert, 2002; Lieber et al., 2004), 

while spermatocytes undergoing meiotic divisions rejoin DSBs mainly by HR. In 

somatic cells, HR particularly occurs in dividing cells that are in S or G2 phase, in 

which undamaged sister chromatid can be employed as a template, whereas NHEJ 

can function throughout the whole cell cycle but predominately contributes to the 

DSB repair during G1 and G0 phases of the cell cycle, especially to most 

irradiation-induced DSBs (Aylon and Kupiec, 2005). 

NHEJ in mammalian cells requires Ku (Ku70/80 heterodimer), DNA-PKcs 

(catalytic subunit of DNA-dependent protein kinase), XRCC4 (X-Ray Repair Cross 

Complementing protein-4), DNA LigIV (ligase IV) and Artemis (Lees-Miller and 

Meek, 2003; Weterings and van Gent, 2004; Mahaney et al., 2009). As shown in Fig. 

2, the first step in NHEJ is that DSBs are detected by Ku70/80 heterodimer, which 

has a high affinity for DNA ends and can form a ring around the DNA (Walker et al., 

2001). Ku70/80 binding on the site of the break facilitates the recruitment of 

DNA-PKcs. Together these three proteins constitute the DNA-PK (DNA protein 

kinase) complex. Activated DNA-PK complex recruits Artemis, XRCC4 and LigIV. 

Subsequently, XRCC4 and LigIV form a complex (XRCC4/LigIV complex), which 

catalyzes subsequent ligation of DNA ends to repair the breaks (Costantini et al., 

2007). It should be mentioned that a large fraction of DSBs needs to be processed by 

nucleases or polymerases before the XRCC4/LigIV complex joins the ends. Artemis 

is thought to be such a processing enzyme as remove nucleotides from the DNA ends 

by using its nuclease activity (Rooney et al., 2003). 
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Figure 2: A model for NHEJ. (A) Irradiation induces multiple forms of DNA damage including DSBs. 
(B) The Ku heterodimer (orange) binds the ends of the DSB, tethering the ends together. (C) Ku 
translocates inwards, allowing the recruitment of DNA-PKcs (blue) such that it binds the extreme 
termini of the break. (D) Recruitment of DNA-PKcs to the DSB requires Ku, but no other NHEJ or 
DSB-repair factors. Two DNA-PK molecules (DNA-PKcs bound to DNA-bound Ku) interact to tether 
the DSB together. This triggers autophosphorylation (yellow circles) of DNA-PKcs. (E) A 
conformational change causes release of the DNA ends and/or release of phosphorylated DNA-PKcs 
from the complex. Whether DNA-PKcs is released prior to the recruitment of the XRCC4/LigIV 
complex (green) and its associated factors (F), or whether it remains part of a multi-protein complex 
until repair is completed (M) is not known. (G) A portion of the total cellular DNA-PKcs interacts 
with the nuclease Artemis (red), but if or when Artemis is released from the DNA-PKcs complex (H) 
is not known. (I) PNK (pink) interacts with XRCC4 suggesting that it is recruited to the break with the 
XRCC4/LigIV complex (green). (J) XLF (yellow) and DNA polymerase μ and λ (purple) interact 
with both XRCC4/LigIV and Ku, suggesting that they are recruited after or at the same time as 
XRCC4/LigIV is recruited to the Ku–DNA complex (K). Other processing enzymes such as WRN 
and APLF (grey) may also be recruited through interactions with DNA-bound Ku, XRCC4 and/or the 
XRCC4/LigIV complex (L). Once the ends are processed, the XRCC4/LigIV complex ligates the ends, 
repairing the break. Ligation of incompatible DNA ends is aided by the regulatory factor, XLF (K). 
How the various factors are released after repair is unknown. However, it is possible that 
ubiquitylation and/or proteolysis may be involved (N). Figure was taken from Mahaney et al., 2009. 
 

Mice deficient for Ku70 (Gu et al., 1997), Ku80 (Nussenzweig et al., 1996) or 

DNA-PKcs are viable but have defects in V(D)J recombination, and show marked 
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hypersensitivity to radiation. In addition, mice with defective DNA-PKcs, named 

SCID (severe combined immunodeficiency) mice, are fertile and exhibit a high rate 

of spontaneous apoptosis of spermatocytes in their testes (Gao et al., 1998; Taccioli 

et al., 1998; Hamer et al., 2003). 

In somatic cells, homologous recombination rejoins DSBs by using the sister 

chromatid as a template, and thus provides very high fidelity (West, 2003). As shown 

in Fig. 3, an early step in HR involves the generation of a single-stranded region of 

DNA, followed by the invasion of the template strand, which creates a Holliday 

junction. Subsequently, DNA synthesis by using a sister homolog is followed by 

branch migration and subsequent resolution of the heteroduplex. In the process of 

HR, RAD51 is a central player in promoting the strand invasion. BRCA2 is also 

required for HR and participates in the function of RAD51 (Pellegrini et al., 2002). 

Other proteins involved in HR include RAD52, XRCC2, XRCC3, Mre11, Nbs1, etc. 

(San et al., 2008). 

 
 
 
Figure 3: Homologous recombination. In the 
earliest stage, ATM senses and perhaps binds to 
the DSB, and phosphorylates H2AX, which would 
then attract BRCA1 and NBS1. The MRN 
complex resects the DNA to provide ssDNA 
overhangs necessary for DNA pairing and strand 
exchange. BRCA2, attracted to the DSB by 
BRCA1, facilitates the loading of RAD51 onto 
RPA-coated DNA overhangs with the help of 
RAD51 paralogs that in turn attract RAD52 and 
RAD54. The tumor suppressor p53, known to 
interact with BRCA1, RAD51, BLM and WRN, is 
also likely found in this DNA–protein complex. 
Figure was taken from Valerie et al., 2003. 
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HR exerts a key function in rejoining DSBs that arise from replication-fork 

stalling (Alberts, 2003). Cells lacking HR are only mildly sensitive to ionizing 

radiation, but are highly sensitive to DNA-crosslinking agents (Thompson and Schild, 

2001). This phenotype is consistent with the notion that the primary function of HR 

is to repair DSBs at replication forks while NHEJ primarily repairs DSBs generated 

elsewhere in DNA. 
 

2.1.3 Proteins involved in the DSB repair 

2.1.3.1 γ-H2AX 

H2AX is a kind of histone H2A variant and constitutes 2–25% of mammalian 

histone H2A depending on the cell and tissue type (Rogakou et al., 1998; Redon et 

al., 2002). In response to DSBs, H2AX is rapidly phosphorylated at ser-129 in mouse 

(serine 139 in humans) by PIKK (phosphoinositide-3-kinase-related protein kinase) 

family members including ATM, ATR and DNA-PKcs (Rogakou et al., 1998; Stiff 

et al., 2004), leading to the formation of γ-H2AX foci at the sites of DSBs. In 

principle, all three PIKK members have the potential to phosphorylate H2AX. 

However, it has been reported that each of them actually carries out the 

phosphorylation when others are compromised (Andegeko et al., 2001; Burma et al., 

2001; Stiff et al., 2004; Wang et al., 2005). ATM and DNA-PK display functional 

redundancy in phosphorylating H2AX after irradiation (Stiff et al., 2004), while 

ATR appears more important for replication fork-associated damage and UV damage 

(Furuta et al., 2003). H2AX phosphorylation is not limited to the immediate vicinity 

of the DSB site, but spreads from a few Mbp to many tens of Mbp in the chromatin 

regions surrounding the DSBs to form foci, which can be conveniently detected 

under immunofluorescence microscopy by using antibodies against γ-H2AX 

(Rogakou et al., 1999; Pilch et al., 2003). Discrete γ-H2AX foci appear immediately 
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following DSB generation, and reach maximal values within 10 to 30 minutes after 

radiation (Pilch et al., 2003). The foci induced by radiation usually are referred to as 

irradiation-induced nuclear foci (IRIF) (Fernandez-Capetillo et al., 2003; 

Fernandez-Capetillo et al., 2004). It has been confirmed that the irradiation-induced 

γ-H2AX foci represent DSBs at a ratio of 1:1 even at low dose levels (Rothkamm et 

al., 2003), and thus γ-H2AX has been utilized to quantify DSBs by counting the 

number of foci. 

γ-H2AX plays an essential role in the recruitment and accumulation of DNA 

repair proteins to the sites of DSB damage (Paull et al., 2000; Fernandez-Capetillo et 

al., 2004; Fillingham et al., 2006) and the sites of replication fork collapse (Furuta et 

al., 2003). These DNA repair proteins colocalizing with γ-H2AX include 53BP1, 

MDC1, BRCA1, MRN complex, etc. By the combined use of relevant antibodies, it 

is possible to examine the co-localization of these DNA repair proteins by the 

immunofluorescence techniques (Sedelnikova et al., 2003).  

Once DSBs are repaired, γ-H2AX will be de-phosphorylated by protein 

phosphatases (PP2A and PP4) at 2 to 24 hours following irradiation (Bekker-Jensen 

et al., 2006; Nakada et al., 2008). It has been reported that the kinetics of γ-H2AX 

foci loss is related to the DSB repair capacity of both somatic cells (Nazarov et al., 

2003) and germ cells (Chicheportiche et al., 2007). Persistent γ-H2AX foci following 

initial DSB induction indicate that some of the DSBs remain unrepaired, and thus are 

thought to be effective predictors of cellular response to radiation. After radiation, 

the delayed elimination of γ-H2AX foci is correlated with increased radiation 

sensitivity and decreased cell survival (Olive and Banáth, 2004; Liu et al., 2008). 

Therefore, γ-H2AX has become an attractive candidate for the rapid assessment of 

radiation sensitivity in different types of cells (Marchetti et al., 2006; Hamasaki et al., 

2007) and the identification of cells with defective DSB repair as well (Taneja et al., 

2004; Porcedda et al., 2006; Porcedda et al., 2009). 
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Lack of H2AX will diminish the recruitment of DNA repair proteins, leading to 

the impaired ability to DSB repair in cells. As shown in H2AX-/- mice, they are 

radiosensitive, growth retarded, immune deficient, and male infertility (Bassing et al., 

2002; Celeste et al., 2002). 

 

2.1.3.2 Mediator of Damage Checkpoint 1 (MDC1) 

At the sites of DSBs, MDC1 recognizes the γ-H2AX via its tandem BRCT 

(BRCA1 C-Terminal) domains, and then acts as a mediator protein, providing a 

‘landing-platform’ for the binding of MRN (MRE11-RAD50-NBS1) complex 

(Stucki et al., 2005; Lou et al., 2006). Subsequent interactions between ATM and 

MDC1 lead to the further recruitment of activated ATM molecules to the vicinity of 

DSBs (DNA-PKcs and its interaction partner Ku might also be recruited by 

analogous mechanisms) (Lou et al., 2004; Lou et al., 2006). This further recruitment 

of PIKKs in turn phosphorylates additional H2AX molecules which are located more 

distal to the initiating lesions, and a positive feedback loop thus emerges (Stucki and 

Jackson, 2006) as shown in Fig. 4. Besides, increasing evidence indicates that MDC1 

can directly interact with other proteins such as BRCA1, CHK2 and 53BP1 (Lou et 

al., 2003; Xu and Stern, 2003). Similar to γ-H2AX, these proteins are also able to 

amplify the DNA damage signal for the recruitment of HR and/or NHEJ repair 

proteins. As a result, MDC1 plays an essential role in signal amplification even 

before the decision is made to repair via NHEJ or HR. By immunofluorescence 

staining, MDC1 foci can be detected in somatic cells after irradiation, overlapping 

with γ-H2AX and 53BP1 foci completely (Bhogal et al., 2009). Loss of MDC1 

expression or the reduction in levels of MDC1 by short-interfering RNA treatments 

leads to the decreased H2AX phosphorylation in response to irradiation. MDC1-/- 

mice recapitulate many phenotypes of H2AX-/- mice such as growth retardation, 
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male infertility, chromosome instability, immune defects, and increased 

radiosensitivity (Stewart et al., 2003; Lou et al., 2006). 
 
 

 
Figure 4: (a) Working model for regulation of H2AX phosphorylation by MDC1. Upper panel: initial 
recruitment of the MRN complex and ATM to free DNA ends. Lower panel: subsequent binding of 
MDC1, MRN complex and activated ATM to phosphorylated proximal H2AX, protection of the 
phosphorylated H2AX from access by PP2A and ‘spreading’ of H2AX phosphorylation in more distal 
chromatin regions. (b) Flow diagram of putative MDC1-dependent positive feedback loop that carries 
DNA damage-induced H2AX phosphorylation over large chromatin regions. 
Figure was taken from Stucki and Jackson., 2006. 
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Figure 5: Model of DSB repair pathways for 
irradiation-induced DNA damage in G1 phase 
cells. A, B, C represent respectively the core 
NHEJ, ATM-Artemis-dependent and 
53BP1-dependent pathways. The dotted arrow 
presents the minor pathway in DT40 cells. The 
thin arrow presents a possible interaction 
resulting from the scaffold function of 53BP1. 
Figure was taken from Kobayashi et al., 2008. 

 

 

2.1.3.3 Tumor suppressor p53 binding protein1 (53BP1) 

After exposure to ionizing radiation, the tumor suppressor p53 binding protein 1 

(53BP1) rapidly localizes to discrete foci at the sites of DSBs (Schultz et al., 2000; 

Anderson et al., 2001; Rappold et al., 2001). The number of 53BP1 foci increases 

linearly with time, reaching a maximum within 15 to 30 minutes, and then steadily 

decreases to baseline levels within the next 16 hours (Schultz et al., 2000). The 

maximum yield of 53BP1 foci, around 20 foci/cell/Gy, closely parallels the number 

of DSBs. Moreover, 53BP1 foci were observed to colocalize with γ-H2AX foci and 

MDC1 foci (Rogakou et al., 1998; Bhogal et al., 2009), suggesting that 53BP1 foci 

represent “sites of DSBs” and play an important role in the early response to DSBs. 

The efficient recruitment of 53BP1 into focal structures after irradiation is a 

highly complex process involving multiple regulatory steps and interactions of 

various upstream factors such as γ-H2AX (Celeste et al., 2003), MDC1 (Stewart et 

al., 2003; Bekker-Jensen et al., 2005). Lack of interactions with these factors will 
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impair the formation of 53BP1 foci. Celeste et al. reported that the initial recruitment 

of 53BP1 at the sites of DSBs is normal in H2AX -/- mouse. However, 53BP1 fails 

to retain there, suggesting an essential role of γ-H2AX in the sustained retention of 

53BP1 near the sites of DNA damage (Celeste et al., 2003). In addition, the 

formation of 53BP1 foci is also impaired when cells are treated with wortmannin, an 

inhibitor of ATM, ATR and DNA-PK. As all these three kinases have the ability to 

phosphorylate H2AX, this effect of wortmannin is supposed to be by inhibition of 

H2AX phosphorylation (Schultz et al., 2000; Ward et al., 2003a). 

Additionally, a direct interaction between the BRCT domains of MDC1 and 

amino acids residues 1288-1409 of 53BP1 may be required for the efficient 

formation of 53BP1 foci (Eliezer et al., 2009). Stewart et al. reported that 53BP1 

cannot localize to the sites of DSBs when MDC1 expression is suppressed by siRNA 

(Stewart et al., 2003), in spite of contradictory observations made by other groups 

(Mochan et al., 2004). 

It is widely accepted that 53BP1 acts as a central mediator in the activation of 

DNA damage checkpoints, which lead to the arrest of cell cycle and make for the 

process of DSB repair. Moreover, increasing evidence suggests that 53BP1 also has 

the potential to participate in DSB repair directly (Fig. 5). Iwabuchi et al. found that 

the 53BP1 Tudor domains can stimulate the ligase activity of the DNA ligase 

IV/XRCC4 complex in vitro (Iwabuchi et al., 2003; Iwabuchi et al., 2006), 

suggesting the existence of a 53BP1-dependent pathway distinct from the core NHEJ 

pathway. In addition, 53BP1 was reported to contribute to NHEJ repair via an 

ATM-Artemis-Lig IV/XRCC4-dependent pathway, which is thought to reflect the 

late repair kinetics in G1 phase cells and may be involved in the DSB repair in 

heterochromatin (Goodarzi et al., 2008; Kobayashi et al., 2008). 

Knockout or knockdown of 53BP1 will result in genome instability, as 

characterized by increased levels of chromatid gaps, breaks and exchanges, as well 
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as aneuploidy and tetraploidy even in the absence of exogenous DNA damage. Also, 

53BP1-deficient mice and cell lines exhibit increased radiosensitivity to exogenous 

DNA damage (Ward et al., 2003b; Nakamura et al., 2006).  

 

2.2 Germ cells and microenvironmental niche 

2.2.1 Structure of the mouse testis  

As shown in Fig. 6, mouse testis comprises two major parts: the seminiferous 

tubules and the interstitial tissue. The interstitial tissue is located in the area between 

seminiferous tubules, containing blood and lymphatic vessels that never penetrate the 

basal lamina of testis tubules. The seminiferous tubules are responsible for 

spermatogenesis. One mouse testis contains about 20 tubules, which are highly 

convoluted and are tightly packed inside the testicular capsule. Both ends of each 

tubule construct a loop structure connecting to the common outlet of mature sperm. 

In histology, the seminiferous tubule consists of seminiferous epithelium, basement 

membrane and myoid cells. The myoid cells connect each other to constitute a single 

cell layer surrounding the outside of basement membrane. As smooth muscle-like 

cells, myoid cells possess the ability to cause the contractions of seminiferous tubules, 

contributing to the movement of mature sperm to rete testis. 

As the only somatic cell type within the seminiferous epithelium, Sertoli cell 

has an elongated cytoplasm extending from the basal lamina to the tubular lumen. 

The tight junctions between neighboring Sertoli cells constitute the anatomical basis 

of blood-testis barrier and next separate each seminiferous tubule into basal 

compartment and adluminal compartment (Dym and fawcett, 1970). The basal 

compartment (between the junctions and basement membrane) is occupied with 

spermatogonia containing SSCs (spermatogonial stem cells) and their differentiating 

progeny. In the early prophase of meiosis, preleptotene spermatocytes cross the tight 
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junctions and translocate to the adluminal compartment. In the adluminal 

compartment, spermatocytes undergo further development and give rise to round and 

elongating spermatids, which are continuously pushed up toward the tubular lumen 

during spermiogenesis. At the end of spermiogenesis, matured spermatozoa are 

released into the lumen, and then are transported to the epididymis. Obviously, the 

development of germ cells is closely associated with their surrounding structures 

constituted by Sertoli cells, which provide a physical and metabolic support during 

spermatogenesis. 

 

 

Figure 6: Anatomy of the mouse testis and seminiferous tubules. (A) Seminiferous tubules are highly 
convoluted and tightly packed in the tunica albuginea. (B) As shown by green dots, stem cells are 
scattered throughout the tubule loops. (C, D) The blood vessels (red) never penetrate the seminiferous 
tubule, but run through the interstitial space and form a network among the seminiferous tubules. (E) 
Anatomical framework composed of somatic components; (F) Spermatogenic cells in seminiferous 
epithelium. Figure was taken from Yoshida, 2008. 
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2.2.2 Spermatogenesis in mouse 

Spermatogenesis is the process by which male spermatogonia develop into 

mature spermatozoa (Fig. 7). This process initiates in mouse embryo. After 

colonizing the genital ridge, primordial germ cells actively proliferate. Some of them 

undergo apoptosis, and the remainders convert to gonocytes. The gonocytes 

proliferate and subsequently arrest in G0/G1 phase. Shortly after birth, reactivated 

gonocytes migrate to the basal lamina of seminiferous tubules and afterwards 

differentiate into self-renewing spermatogonial stem cells (SSCs) by day 5 

post-partum. Soon after the formation of SSCs, the first round of spermatogenesis 

occurs. Some of the SSCs differentiate and yield meiotic spermatocytes by day 10 

post-partum. Meiotic phase lasts 10–12 days, leading to the appearance of haploid 

spermatids by day 21 post-partum. The spermatids further differentiate into mature 

spermatozoa, which first appear in seminiferous tubules by approximately day 35 

post-partum. After this first round, SSCs enter spermatogenesis in a coordinated 

manner, which is related to a set of sophisticated control mechanisms in germ cells 

and leads to the continuous production of functional spermatozoa during the whole 

reproductive phase. 

The entire process of mouse spermatogenesis takes about 35 days as described 

above, and can be divided into three sequential phases: 1, the mitotic proliferation 

phase; 2, the meiotic phase; 3, the post-meiotic phase of spermatid differentiation, 

named spermiogenesis.  

The mitotic proliferation of spermatogonia starts with SSCs. They are single 

and isolated cells in morphology, and thus are called Asingle spermatogonia (Oakberg, 

1971; de Rooij, 1973). According to the most widely accepted model, the Asingle 

spermatogonia can divide into two daughter cells. One of them remains as a stem cell, 

and the other enters the process of spermatogenesis and divides into paired Apaired 

spermatogonia (two cells connected by intercellular cytoplasmic bridges). The Apaired 

http://en.wikipedia.org/wiki/Spermatozoa�
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spermatogonia next divide to form four long chains of aligned Aaligned cells (chains of 

4 cells connected by intercellular bridges). Subsequent divisions form chains of 8 or 

16 cells (Oatley and Brinster, 2006). Asingle, Apaired, and Aaligned spermatogonia, also 

together termed undifferentiated spermatogonia, exhibit minimal heterochromatin 

condensation in their nucleus, and thus can be identified by morphological analysis 

under the electron microscopy or high-resolution light microscopy (Chiarini-Garcia 

and Russel, 2001; Chiarini-Garcia and Russel, 2002). The Aaligned spermatogonia 

subsequently initiate a differentiation step to convert to A1 spermatogonia. The A1 

spermatogonia afterwards undergo five successive mitoses, giving rise to A2, A3, A4, 

intermediate and B spermatogonia (Ehmcke et al., 2006). Finally, the B 

spermatogonia divide into primary preleptotene spermatocytes. This is the last 

mitotic division during spermatogenesis. 

Meiosis is a highly coordinated cell division process, involving one round of 

DNA replication and two nuclear divisions called meiosis I and meiosis II (Olsen et 

al., 2005). Similar to mitosis, both meiosis I and II can be divided into four stages: 

prophase, metaphase, anaphase, and telophase. The DNA replication before meiosis 

leads to the twice diploid DNA content (2n, 4c DNA) in primary spermatocytes in 

the preleptotene stage. Following preleptotene, the meiotic I prophase consists of five 

successive stages: leptotene, zygotene, pachytene, diplotene and diakinesis. In the 

leptotene stage, individual chromosomes condense into long filamentous strands to 

form a pair of sister chromatids attaching to the nuclear envelope by attachment 

plaques. Subsequently, the synapsis between homologous chromosomes occurs in the 

zygotene stage. Once the synapsis is completed, spermatocytes enter the pachytene 

stage, in which nonsister chromatids of homologous chromosomes randomly 

exchange the segments of genetic information over the regions of homology, while 

the heterologous XY chromosome pair only exchange information over a small 

region. Afterwards, the homologous chromosomes start to separate in the diplotene 
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stage, and two separated haploid secondary spermatocytes (1n, 2c DNA) appear in 

the diakinesis stage. Immediately, the second meiotic II division initiates. Sister 

chromatids are separated, leading to the formation of four haploid round spermatids 

(1n, 1c DNA). 

As the last phase of spermatogenesis, spermiogenesis starts in round spermatids 

to form mature spermatozoa. Spermiogenesis is a complex process involving 

spermatid elongation, DNA condensation, and development of specific cellular 

structures, etc., whereas a dramatic change of the chromatin structure takes place, 

including the transition of nucleohistone to nucleoprotamine. During the course of 

continuous DNA condensing, most of the somatic histones in round spermatids are 

replaced by testis-specific histone variants, which are subsequently replaced by 

transition proteins (TP1 and TP2) (Brewer et al., 2002; Carrell et al., 2007). In the 

elongating spermatid stages, the transition proteins are replaced by protamines, 

which allow the dense packaging of chromatin in spermatozoa. This condensed 

chromatin structure contributes to the protection of the genetic integrity during 

spermatozoon transport through the male and female reproductive tracts. 

Because spermatogenesis is a rhythmic and cyclic process, male germ cells at the 

various phases are arranged in defined cellular associations in cross-sectioned 

seminiferous tubules, i.e. spermatogenic stages. Within a cycle of spermatogenesis, 

the number of stages differs between species. In mice, 12 stages have been defined 

and only one stage can be seen in one tubule cross section. Therefore, staging into 

the various spermatogenic stages provides an adjuvant method to recognize the 

different types of germ cells in seminiferous tubules. 
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Figure 7: A schematic presentation of spermatogenesis.  The general organization of 
spermatogenesis can be divided into three phases: the mitotic, the meiotic and the spermiogenesis 
stages. The mitotic proliferation stage starts with a division of spermatogonial stem cells into two 
daughter cells, one of which enters the process of spermatogenesis, while the other remains as a stem 
cell. This is the period of active replicative DNA synthesis producing different types of spermatogonia. 
The ultimately type B spermatogonia give rise to tetraploid primary spermatocytes in the preleptotene 
stage. During the first prophase of the meiotic stage, genetic recombination takes place after which a 
first reduction division gives rise to secondary 2n spermatocytes, and subsequently the second 
reduction division results in haploid round spermatids. During spermiogenesis, extensive changes 
occur in spermatids, including nuclear condensation, leading to spermatozoa. Figure was taken from 
Olsen et al., 2005. 
 

2.2.3 Microenvironmental niche and SSCs self-renewal 

Stem cells are defined as a group of undifferentiated cells having the dual ability 

to renew themselves by mitotic division and to differentiate into functional mature 

cells. In adult tissues, stem cells reside in a physiologically limited 

microenvironment called stem cell niche, in which stem cells can be maintained 

throughout their lifespan. The specialized environment in the niche will promote 

stem cell self-renewal, whereas stem cells leaving the niche will most likely get into 

an environment promoting their differentiation. It has been reported that the activities 

of different kinds of stem cells are sophisticatedly regulated within their niches in 

several organs such as gonads, skin and intestine (Spradling et al., 2001), even 

though these stem cell niches vary in nature and location depending on the tissue 

type (Li and Xie, 2005). 

On the basis of experimental results obtained by post-transplantation 

spermatogenic colony formation (Brinster and Avarbock, 1994; Brinster and 

Zimmermann, 1994; Brinster, 2002), it has been widely accepted that Asingle 

spermatogonia, a morphological subtype of undifferentiated spermatogonia, are the 

SSCs in mouse testis. Undifferentiated spermatogonia (Asingle, Apaired, and Aaligned 

spermatogonia) can be morphologically distinguished from A1 to B spermatogonia 
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in testis sections by a special fixative and embedding technique (Chiarini-Garcia et 

al., 2001; Chiarini-Garcia et al., 2002). The distribution of undifferentiated 

spermatogonia is not random in mouse seminiferous tubule. The vast majority of 

them resides in the basal compartment, which are adjacent to the blood vessels and 

interstitial tissue and be regarded as the niche for undifferentiated spermatogonia 

(Yoshida et al., 2007) (Fig. 8). Further analysis showed that the Asingle spermatogonia 

are preferentially located along the basal membrane opposing blood vessels, while 

Aaligned spermatogonia are localized in the areas opposed to blood vessels (Shetty and 

Meistrich, 2007). 

 

 

 
Figure 8: Schematic model of the niche microenvironment for undifferentiated spermatogonia.  
The basal compartment adjacent to blood vessels and interstitial tissue is regarded as the niche for 
undifferentiated spermatogonia. Upon transition into A1, they migrate horizontally to spread 
throughout the basal compartment, followed by six mitotic divisions in the basal compartment and 
subsequent vertical translocation into the adluminal compartment upon entering meiosis. 
Figure was taken from Yoshida et al., 2008. 

 

The SSCs are the foundation of spermatogenesis. They can self-renew and 

generate a large number of differentiated germ cells. A balance between SSCs 

self-renewal and differentiation in adult testis is essential for the maintenance of 
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normal spermatogenesis. This balance is strictly regulated by the intrinsic gene 

expression in SSCs and extrinsic signals including a number of soluble factors from 

the surrounding niche. It has been confirmed that most of the presently known 

factors are produced by Sertoli cells (de Rooij, 2009). Some of these factors (GDNF 

(glial cell line-derived neurotrophic factor) and FGF2 (fibroblast growth factor 2)) stimulate 

the self-renewal and proliferation of SSCs, others (SCF (stem cell factor), BMP4 (bone 

morphogenetic protein 4), and Activin A) induce the differentiation, suggesting that 

Sertoli cells are the major contributors to the niche regulation. Among these factors, 

the regulating effects of GDNF have been well understood (Meng et al., 2000; 

Sariola and Saarma, 2003). Heterozygous GDNF knockout mice show a progressive 

depletion of SSCs (Meng et al., 2000). Conversely, the mice overexpressing GDNF 

exhibit an increased number of undifferentiated spermatogonia, resulting in the 

seminoma (Meng et al., 2001). It should be mentioned that the secretion of GDNF is 

under the control of FSH (follicle-stimulating hormone) blood levels (Tadokoro et al., 

2002). This might be one of the reasons why the SSC niche is close to the blood 

vessels and interstitial tissue. 

The intrinsic gene expression in SSCs also plays an essential role in the 

regulation of SSC behavior. Mice with Luxoid mutant exhibit a progressive loss of 

SSCs after birth. PLZF (promyelocytic leukemia zinc finger protein), a kind of 

transcriptional repressor protein originally identified in haematopoietic cells (Reid et 

al., 1995), has been confirmed to be the disrupted gene in the luxoid mutation (Buaas 

et al., 2004; Costoya et al., 2004). The PLZF is exclusively expressed in Asingle, 

Apaired, and Aaligned spermatogonia (Payne and Braun, 2006). Filipponi et al. recently 

reported that PLZF can directly inhibit the transcription of c-Kit receptor in Asingle, 

Apaired and Aaligned spermatogonia (Filipponi et al., 2007). The c-Kit receptor is 

expressed from late Aaligned spermatogonia onwards, and plays an important role in 

the transition of Aaligned spermatogonia into A1 spermatogonia after activation by its 
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ligand: stem cell factor (SCF) (Schrans-Stassen et al., 1999). In view of this, PLZF 

prevents Asingle, Apaired and Aaligned spermatogonia to differentiate into A1 

spermatogonia probably by inhibiting the transcription of c-Kit receptor in 

undifferentiated spermatogonia. Loss of PLZF function in undifferentiated 

spermatogonia will shift the strictly regulated balance between self-renewal and 

differentiation towards differentiation, finally resulting in the depletion of SSCs and 

male sterility. 

In view of the fact that spermatogonia consist of various subtypes, the 

identification and purification is an important precondition for the study of SSCs in 

vitro and in vivo. The unequivocal expression of given surface markers in 

spermatogonia will help us to identify some subtypes of spermatogonia. 

Fluorescence-activated cell sorting with c-kit was used to enrich type A1-A4 

spermatogonia from mouse testis; Yoshida et al. found that Ngn3 (neurogenin3), a 

basic helix-loop-helix transcription factor, is expressed in undifferentiated 

spermatogonia, and successfully visualized these spermatogonia by GFP (green 

fluorescent protein) labeling technique (Yoshida et al., 2007). In the present study, 

by using the PLZF immunofluorescence staining of mouse testis sections, we were 

able to distinguish undifferentiated spermatogonia from other subtypes. This 

approach allowed us to analyze the DSB repair of undifferentiated spermatogonia in 

vivo.  
 

2.3 DSB repair in male germ cells 

DNA double-strand breaks can be caused by exogenous agents such as 

oxidative radicals and ionizing radiation, and can arise endogenously during DNA 

replication, V(D)J recombination, and meiotic recombination in male germ cells 

(Hoeijmakers, 2001; van Gent et al., 2001). The accurate repair of these endogenous 

DSBs is critical for male germ cells to avoid reproductive failure and abnormal 
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chromosomal alternations. Meiosis-specific homologous recombination is a distinct 

DSB repair mechanism that occurs between homologous chromosomes during 

meiotic prophase I. Recent studies have shown that the SPO11 protein, a member of 

topoisomerase family, plays an important role in the generation of endogenous DSBs, 

which are thought to be the starting points of homologous recombination. 

Subsequent procedures require homologous chromosome as a template and the 

participation of proteins such as RAD51 and DMC1. The detailed repair process of 

meiotic recombination is similar but not totally identical to HR in somatic cells (Li 

and Ma, 2006).  

Upon exposure to exogenous damages such as ionizing radiation, eukaryotic 

cells repair DSBs primarily by two pathways: HR and NHEJ (Jeggo, 1998; Johnson 

and Jasin, 2000). Although both pathways are important, it has been known that the 

relative contribution of HR or NHEJ to DSB repair depends on the cell type and the 

cell cycle phase. HR particularly occurs in S and G2 phase, while NHEJ is active 

throughout the cell cycle but predominately in G1 and G0 phase (Rothkamm and 

Löbrich, 2003). In regard to male germ cells, which comprise various types, 

apparently, the choice of DSB pathway must differ in different types. Both pathways 

seem to be possible in the contiguous differentiating spermatogonia undergoing 

mitotic divisions. However, in undifferentiated spermatogonia, it has been reported 

that most of them actually stay in a quiescent state, only less than 10% divides per 

day (Tegelenbosch and de Rooij, 1993). Therefore, NHEJ is believed to be a more 

important pathway for undifferentiated spermatogonia to rejoin DSBs relative to HR. 

As mentioned above, the meiotic homologous recombination is the predominant 

pathway in spermatocytes undergoing meiosis, especially from the leptotene to 

middle pachytene stages. In haploid spermatids, the homologous recombination 

seems to be impossible due to the absence of sister chromatids and homologous 

chromosomes. 
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Moreover, recent studies have shown that the expression of DSB repair proteins 

differs in the various types of male germ cells. This may also influence the choice of 

DSB repair pathways as well as the repair efficiency. For example, Ku70, an 

indispensable protein in NHEJ, is absent during early prophase I, leading to a shift 

towards HR by suppressing NHEJ pathway (Goedecke et al., 1999; Hamer et al., 

2003). On account of the fact that the endogenous DSBs arise naturally in this period, 

it is helpful for spermatocytes to minimize the germline mutations by utilization of 

error-free HR mechanism. In contrast, Ku70 is expressed in round spermatids. 

However, immunohistochemical evidence has indicated that DNA–PKcs is absent in 

these haploid cells (Hamer et al., 2003), suggesting an impaired repair efficiency of 

NHEJ. In addition, Ahmed et al. recently reported that the expression of MDC1 and 

53BP1 differs for the various male germ cell types, leading to different DSB repair 

capacities (Ahmed et al., 2007). 

 

2.4 Aim of the project 

Spermatogonial stem cells are the foundation of spermatogenesis, and thus have 

an important function in maintaining the integrity of genome. In mouse testes, SSC 

self-renewal and differentiation are sophisticatedly regulated in the stem cell niche 

by intrinsic gene expression and extrinsic signaling factors. PLZF is an essential 

regulator exclusively expressed in undifferentiated spermatogonia. By the established 

double staining for PLZF combined with γ-H2AX and 53BP1, this study aimed to 

analyze the DSB repair in SSCs within their physiological niche. 
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3. Methods 

3.1 Animals 

Male C57BL/6 (wild-type, C57BL/6NCrl) mice of different ages (2 weeks, 8 

weeks and 12 weeks) were obtained from Charles River Laboratories (Sulzfeld, 

Germany). All mice were housed 4-5 per cage in laminar flow hoods under 

identically standard laboratory conditions (temperature 22 ± 2°C, humidity 55 ± 10%, 

and light-dark cycle 12:12), and had free access to sterilized food and water. Before 

use, the mice were allowed to acclimatize from shipping for 1 week. The 

experimental protocol was approved by the Animal Care and Use Committee of the 

Saarland University. 
 

3.2 Irradiation 

Whole body irradiation was performed in a special plastic cylinder with a 6-MV 

linear accelerator at a dose rate of 2 Gy/min. The isodose distributions were 

evaluated by ADAC Pinnacle three-dimensional treatment planning system, 

revealing that the 95% isodose enclosed the whole body of each individual mouse. 

Before irradiation, all mice were randomly placed into appropriate treatment groups. 

For the DSB induction, three 8-week-old mice per dose group (0.01 Gy, 0.1 Gy, 

0.5 Gy and 1 Gy) were sacrificed at 30 min after irradiation. For the DSB repair 

kinetics, three 12-week-old mice per time point were sacrificed at 0.5 h, 5 h, 24 h and 

48 h after irradiation with 1 Gy. In each case, three sham-irradiated mice served as 

controls. 
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3.3 Tissue sampling 

After anesthesia (intraperitoneal injection of Rompun and Ketamine; Rompun 

1ml and Ketamine 0.75 ml, diluted in 8.25 ml 0.9% natrium chloride solution; 

0.1 ml/10 g body weight), the organs (testis, lung and kidney) were immediately 

removed and placed in fixative (4% neutral buffered formaldehyde) for 16 h at room 

temperature. After dehydration with a graded series of ethanol and xylene by an 

automatic tissue dehydration apparatus, the organs were embedded in paraffin and 

were sectioned at an average thickness of 4 μm. 

 

3.4 Immunofluorescence staining in lung and kidney 

To analyze the induction and repair of DSBs in the differentiated cells of lung 

and kidney, we performed the immunofluorescence staining with antibodies against 

53BP1 and γ-H2AX according to the following protocol: 

Paraffin sections were dewaxed twice in 100% xylene (10 min each), and 

hydrated by progressively washing with absolute ethanol, 96% ethanol, 90% ethanol, 

80% ethanol, 70% ethanol and distilled water (5 min each), and then boiled in the 

citrate buffer (DAKO Retrieval puffer, #S-2031, Glostrup, Denmark) for 60 min at 

96°C to unmask the antigenic sites. After 20 min cooldown at room temperature, 

sections were soaked in the normal goat serum (#642921 ICN, Irvine, CA, USA) at 

room temperature for 60 min to block non-specific binding sites. Afterwards, the 

sections were incubated with the primary rabbit polyclonal antibody against 53BP1 

(Bethyl, #IHC-0001 Montgomery, TX.) at a 1:200 dilution in a humidified chamber 

overnight at 4°C, and were next incubated with Alexa Fluor 488-conjugated goat 

anti-rabbit secondary antibody (Invitrogen, cat #A11008) at a 1:400 dilution in a 

humidified chamber for 60 min in dark at room temperature. Finally, the sections 

were mounted in DAPI-containing mounting medium (Vector Laboratories, 
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Burlingame, CA) and were stored at 4°C until use. Between each step, the sections 

were gently washed with PBS three times (10 min each) on a shaker. 

Similar steps were taken for immunofluorescence staining with antibody against 

γ-H2AX, except for the use of the primary rabbit polyclonal antibody against 

γ-H2AX (Bethyl, #IHC-0059, Montgomery, TX) at a 1:200 dilution. 

 

3.5 Immunofluorescence double staining in testis 

Considering the exclusive expression of PLZF in undifferentiated 

spermatogonia, we performed the immunofluorescence double stainings 

(PLZF/53BP1 and PLZF/γ-H2AX) in the testis. Sections were incubated in the 

mixture of two primary antibodies (mouse monoclonal antibody against PLZF, 

Calbiochem, San Diego, CA, at a 1:50 dilution; rabbit polyclonal antibody against 

53BP1 or γ-H2AX, both at a 1:200 dilution) overnight at 4°C, and were next 

incubated in the mixture of two secondary antibodies (Alexa Fluor-568-conjugated 

goat anti-mouse and Alexa Fluor-488 conjugated-conjugated goat anti-rabbit, both at 

a 1:400 dilution, Invitrogen) for 60 min at room temperature in dark. 

 

3.6 Determination of radiation-induced foci 

The sections were examined by using a Nikon E600 epifluorescent microscope 

equipped with charge-coupled device camera and acquisition software (Nikon, 

Düsseldorf, Germany). For quantitative analysis, 53BP1 and γ-H2AX foci were 

counted by eye under x600 microscope magnification. For each data point, the lung, 

kidney and testis sections from three different mice were analyzed. Foci/cell 

counting was performed until at least 50 cells and 40 foci were registered for each 

sample. The number of PLZF-positive cells per seminiferous tubule also was counted 

in the testis sections. 
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3.7 Statistical analysis 

To evaluate the potential differences in DSB rejoining kinetics between 

spermatogonial stem cells, round spermatids and differentiated somatic cells. The 

Mann-Whitney U test was performed for each time-point (0.5 h, 5 h, 24 h and 48 h 

post-irradiation). The criterion for statistical significance was p ≤0.05. 
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4. Results 

4.1. Induction and repair of DSBs in normal tissues 

To investigate the induction and repair of DSBs in differentiated somatic cells, 

we performed the 53BP1 immunofluorescence staining in the lung and kidney 

sections. The absolute number of 53BP1 foci per cell was counted by eye in renal 

tubular epithelial cells and bronchiolar epithelial cells, respectively. 

 

 
Figure 9: Immunofluorescence staining of γ-H2AX (green) and 53BP1 (red) in kidney and lung 
tissues at 0.5 h after whole body irradiation with 1 Gy. DNA counterstained with DAPI (blue), 
and images merged to determine co-localization (yellow). Clear 1:1 co-localization between 
γ-H2AX and 53BP1manifested in both analyzed tissues. 

 

As shown in Fig. 9, thirty minutes after exposure to irradiation, the numbers of 

53BP1 foci clearly increased in both lung and kidney sections, while the unirradiated 

controls were predominantly negative for 53BP1. By enumerating foci, we observed 

very low background levels in controls (0.04. foci/cell) and a linear correlation 

between the foci formation and the radiation dose in both tissues, with approximately 

1 foci/cell after 0.1 Gy, 4.5 foci/cell after 0.5 Gy, 7.5 foci/cell after 1 Gy (Fig. 10). 
 

 
10 µm 
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Figure 10: DSB induction quantified by 
enumerating 53BP1 foci in SSCs, as 
well as the differentiated somatic cells in 
kidney and lung at 30 min after whole 
body irradiation. All analyzed cell types 
revealed linear dose correlation from 
0.1 Gy to 1.0 Gy. Error bars represent 
standard error of mean from three 
experiments. 

 

These data are in line with the previous results obtained by γ-H2AX staining (Rübe 

et al., 2008b), indicating that 53BP1 immunofluorescence analysis can be used to 

quantify the radiation-induced DSBs in both analyzed tissues. 

We next counted the 53BP1 foci at defined time points (0.5 h, 5 h, 24 h and 48 h) 

after irradiation with 1 Gy. As shown in Fig. 11, both kinds of the tissues exhibited 

similar kinetics for 53BP1 foci elimination. The average number of foci per  

 

  
Figure 11: DSB repair kinetics of SSCs compared with differentiated somatic cells (lung and kidney) 
by counting 53BP1 foci at defined time-points (0.5 h, 5 h, 24 h and 48 h) after irradiation with 1 Gy. 
Moderate increased residual 53BP1 foci levels were observed in SSCs at 24 h and 48 h time points. 
Error bars represent standard error of mean from three experiments. 
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cell peaked at 30 min after irradiation (7.5 foci/cell), and approximately 30% of the 

peak-value was observed at 5 h post-irradiation (2.5 foci/cell). At 24 h and 48 h, only 

a few foci remained (0.5 foci/cell and 0.3 foci/cell), suggesting that most of the 

radiation-induced DSBs had been repaired before 24 h post-irradiation. 

γ-H2AX, a widely accepted marker for DSBs, also was analyzed at each 

observation point along with the analysis of 53BP1. Fig. 9 shows the nearly 1:1 

co-localization of γ-H2AX and 53BP1 foci in both tissues. Moreover, the elimination 

kinetics of γ-H2AX foci was in line with that of 53BP1 foci (Fig. 12). No significant 

variations in the initial yields of γ-H2AX or 53BP1 foci were observed in both 

analyzed tissues. These results strengthen the notion that the DSB rejoining kinetics 

in differentiated somatic cells are nearly identical (Rübe et al., 2008b). 

 

 

  
Figure 12: DSB repair kinetics of round spermatids compared with differentiated somatic cells (lung 
and kidney) by counting γ-H2AX foci at defined time-points (0.5 h, 5 h, 24 h and 48 h) after 
irradiation with 1 Gy. Increased γ-H2AX foci levels were observed in round spermatids at 5 h, 24 h 
and 48 h time points, suggesting that DSB repair in round spermatids is clearly less efficient than 
analyzed somatic cells. Error bars represent standard error of mean from three experiments. 
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4.2. Identification of undifferentiated spermatogonia by PLZF 

It has been reported that PLZF plays an essential role in the maintenance of SSC 

self-renewal. The expression of PLZF is restricted to the subtypes of spermatogonia 

exhibiting stem cell-like properties (Payne and Braun, 2006). Using 

immunohistochemical staining by mouse anti-PLZF antibodies, we observed that 

PLZF is exclusively expressed in Asingle, Apaired and Aaligned spermatogonia located 

near the basement membrane of seminiferous tubules. 

By immunofluorescence staining, we calculated the average numbers of PLZF 

positive cells per tubule at different ages. In immature 2-week-old mice, around 4 

PLZF-positive spermatogonia were detected per tubule. In contrast, the average 

number in 12-week-old mice was much lower, with approximately 0.5 cells per 

tubule. This age-dependent decline of PLZF-positive spermatogonia per tubule is in 

line with the features of pubertal development in mouse testis (de Rooij and Russell, 

2000). Our results, therefore, suggest that PLZF immunofluorescence staining can be 

used as a feasible approach to distinguish undifferentiated spermatogonia from other 

types of germ cells in mouse testis sections. By the established immunofluorescence 

double stainings (PLZF/53BP1 and PLZF/γ-H2AX), we were able to analyze the 

DSB repair of SSCs within their physiological niche.  

 

4.3. Immunofluorescence staining in testis 

As shown in Fig. 13. In the unirradiated testis sections, strong homogeneous 

nuclear staining and pronounced γ-H2AX foci were observed in the preleptotene and 

leptotene spermatocytes. From the zygotene to pachytene stages, the numbers of 

γ-H2AX foci decreased gradually, and an intensive γ-H2AX staining localized in sex 

chromosome, which can be easily recognized in morphology. In late pachytene 

spermatocytes, only the sex vesicles were stained, and this staining disappeared in 
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diplotene spermatocytes (stage XII of the cycle of the seminiferous epithelium). In 

some given spermatogenic stages, round spermatids regularly exhibited a weak 

homogeneous nuclear staining and some dispersed tiny foci. It should be noted that 

these tiny foci were significantly weaker and smaller than those irradiation-induced 

foci. Late elongated spermatids and all somatic cells (i.e. myoid, Leydig and Sertoli 

cells) were negative for γ-H2AX. After carefully examining the sections, we found 

that γ-H2AX-positive and negative spermatogonia both existed in testis sections, 

suggesting the existence of different γ-H2AX expression patterns in spermatogonia 

subtypes. By PLZF/γ-H2AX double staining, we found that all of the PLZF-positive 

spermatogonia (i.e. undifferentiated spermatogonia) were definitely negative for 

γ-H2AX staining. 

After irradiation with defined doses, all of the spermatocytes, round spermatids 

and PLZF-negative spermatogonia exhibited striking radiation-induced γ-H2AX foci 

in their nuclei, whereas no γ-H2AX foci was detected in PLZF-positive 

spermatogonia and elongated spermatids. 

To better know the expression of DSB repair proteins in different germ cell 

types, we next performed the PLZF/53BP1 double staining in testis sections. In the 

controls, diffuse nuclear staining for 53BP1 was observed in both PLZF-positive and 

negative spermatogonia, pachytene and diplotene spermatocytes, and round 

spermatids. The sex vesicles showed an intense 53BP1 staining in late pachytene 

spermatocytes. After irradiation, 53BP1 foci rapidly appeared in all spermatogonia, 

preleptene spermatocytes and late pachytene spermatocytes, but failed to be detected 

in any other germ cell types. In addition, we noticed that the PLZF positive 

spermatogonia exhibited a kind of uniform pale nuclear staining with DAPI, and 

strong background staining of 53BP1. These were clearly different from that in 

PLZF-negative spermatogonia and differentiated somatic cells (Fig. 14). 
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Figure 13: Immunofluores- 
cence stainings of γ-H2AX 
(upper panel) and 53BP1 
(lower panel) in testis reveal 
the expression of these two 
repair proteins differs in 
different types of germ cell. 
30 min after irradiation with 
0.1 Gy, 0.5 Gy and 1.0 Gy, 
clear γ-H2AX foci appeared 
in round spermatids, while 
53BP1 foci appeared in 
SSCs. The number of 
γ-H2AX and 53BP1 foci 
clearly increased with the 
increasing radiation doses in 
both analyzed types of germ 
cell. 

 
20 µm 

 
20 µm 
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Figure 14: Immunofluorescence staining of PLZF/53BP1 double staining in testis shows that 
PLZF-positive (red) undifferentiated spermatogonia exhibited a kind of uniform pale nuclear staining 
with DAPI (blue) and strong basal staining for 53BP1 (green). 

 

4.4. DSB induction in testis 

Our data obtained by immunofluorescence staining indicate that 53BP1 and 

γ-H2AX were both expressed in the differentiated cells of lung and kidney, but their 

expression differed in the various subtypes of germ cells after irradiation (Fig. 13). 

Only 53BP1 foci were detected in undifferentiated PLZF-positive spermatogonia, 

while γ-H2AX foci appeared in PLZF-negative spermatogonia, spermatocytes and 

round spermatids. These findings strongly suggest that the DSB induction and 

rejoining in male germ cells may not be in line with those established in somatic 

cells. 

To analyze the correlation between the number of foci and the irradiation dose 

in SSCs and round spermatids, we respectively counted 53BP1 or γ-H2AX foci at 

30 min after irradiation with 0.1 Gy, 0.5 Gy and 1 Gy, and found that the foci 

formation was linearly dependent on the radiation dose in both germ cell types. 

However, the absolute yields of foci in each type were not identical with the 

 
20 µm 
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differentiated somatic cells analyzed. In SSCs, the foci yields (≈1 foci/cell after 0.1 

Gy, ≈3.5 foci/cell after 0.5 Gy, and ≈5 foci/cell after 1 Gy) were slightly lower 

than the yields in differentiated somatic cells (Fig. 10). In haploid round spermatids, 

the expected yields of foci were close to one-half of the yields in diploid somatic 

cells on the basis of the half of DNA content. However, the actual foci yields were 

approximately the same as in differentiated somatic cells (≈5 foci/cell after 0.5 Gy, 

and ≈7 foci/cell after 1 Gy). 

Despite the differences in the absolute foci yields, we observed a linear 

correlation between the foci number and the radiation dose in both types of germ 

cells. This enables us to compare the DSB repair kinetics between SSCs, round 

spermatids and differentiated somatic cells by using the same DSB repair marker. 

 

4.5. DSB kinetics in germ cells 

As shown in Fig. 12, at 5h post-irradiation, a highly increased γ-H2AX foci 

level (4.5 foci/cell) was found in round spermatids, whereas only 2 foci/cell was 

observed in the differentiated somatic cells. Moreover, round spermatids also 

exhibited significantly increased residual foci levels at 24h and 48h post-irradiation 

(2 foci/cell and 1.5 foci/cell), while only 0.5 foci/cell at 24h and 0.3 foci/cell at 48h 

were observed in the differentiated somatic cells. Obviously, the elimination of 

radiation-induced γ-H2AX foci in round spermatids was remarkably slower than that 

in somatic cells. 

In contrast to round spermatids, the DSB repair kinetics of undifferentiated 

spermatogonia was generally similar to differentiated somatic cells, although 

moderate increased residual 53BP1 foci levels (11% at 24 h and 7% at 48 h in SSCs 

versus 6% at 24 h and 4% at 48 h in differentiated somatic cells) were observed at 

24 h and 48 h post-irradiation (Fig. 11). Taken together, both analyzed germ cell 
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types displayed high residual foci levels, which suggest that the DSB repair in male 

germ cells is generally less efficient than in differentiated somatic cells. On the other 

hand, compared with differentiated round spermatids, undifferentiated spermatogonia 

definitely possess higher efficiencies in DSB repair. 
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5. Discussion 

5.1 DSB induction in mouse testis 

In the present study, we were able to distinguish undifferentiated spermatogonia 

from other subtypes of germ cells by PLZF immunofluorescence staining. The 

undifferentiated spermatogonia exhibited a kind of uniform pale nuclear staining 

with DAPI, known to be associated with lack of heterochromatin. By the 

high-resolution light microscopy and transmission electron microscopy, 

Chiarini-Garcia and Garcia observed that highly dense and moderately dense flecks 

of facultative heterochromatin are diffusely distributed throughout the nuclei of 

undifferentiated spermatogonia, leading to a mottled appearance. These flecks vanish 

in the following differentiating spermatogonia (A1-A4), and are replaced by the 

increasing heterochromatin masses along the nuclear envelope (Chiarini-Garcia and 

Russel, 2001; Chiarini-Garcia and Russel, 2002). It has been reported that chromatin 

structure may strongly influence the formation of γ-H2AX foci (Bewersdorf et al., 

2006; Cowell et al., 2007; Goodarzi et al.; 2009). Blanco-Rodríguez observed that 

the levels of H2AX phosphorylation progressively increase with the gradually 

increasing amounts of heterochromatin in spermatogonia (Blanco-Rodríguez, 2009). 

Therefore, in the present study, the absence of γ-H2AX foci in PLZF-positive 

spermatogonia might be partly due to the distinct distribution of facultative 

heterochromatin in undifferentiated spermatogonia. Besides, we noticed that the 

background staining of 53BP1 in PLZF-positive spermatogonia was noticeably 

stronger than in differentiated somatic cells. This finding may also be associated with 

their distinct chromatin structure, and may probably affect the detection of some tiny 

53BP1 foci, which might be one of the reasons for our finding of lower 53BP1 foci 

levels in the PLZF-positive spermatogonia compared to the differentiated somatic 

cells. 
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In contrast to undifferentiated spermatogonia, bright and clear γ-H2AX foci 

were detected in round spermatids after irradiation. Besides, in some given 

spermatogenic stages, round spermatids regularly exhibited some tiny speckle-like 

γ-H2AX foci. Recent studies have revealed that these foci are mainly located in the 

heterochromatin and are associated with the spontaneous occurrence of endogenous 

DSBs in the process of chromatin remodeling during the earlier stages of 

spermiogenesis (Marcon and Boissonneault, 2004; Leduc et al., 2008). It should be 

noted that the spontaneous foci were significantly weaker and smaller than the 

irradiation-induced foci in round spermatids. Therefore, the spontaneous foci should 

not have interfered with our counting of radiation-induced γ-H2AX foci. 

Due to their haploid DNA content, the yields of γ-H2AX foci in round 

spermatids were supposed to be close to one-half of yields of diploid cells, analyzed 

under same irradiation conditions. However, the actual mean value of γ-H2AX foci 

in round spermatids was approximately the same as that in differentiated somatic 

cells. The previous work of our laboratory has shown that the number of γ-H2AX 

foci formed in murine blood lymphocytes after irradiation with 2Gy is about 23 

foci/cell at 5 min post-irradiation, and decreases to 12 foci/cell at 30 min 

post-irradiation (Rübe et al., 2008a), suggesting that the number of γ-H2AX foci may 

reach peak values within 30 min after irradiation and then gradually diminishes with 

time. Therefore, in the present study, the high levels of γ-H2AX foci at 30 min 

post-irradiation may reflect the fact that the DSB repair in round spermatids is 

remarkably delayed compared with differentiated somatic cells, even before 30 min 

post-irradiation. 

 

5.2 DSB repair in differentiated round spermatids 

Upon exposure to radiation, eukaryotic cells repair DSBs primarily by two 
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pathways: HR and NHEJ (Jeggo, 1998; Johnson and Jasin, 2000). HR needs the 

undamaged sister chromatid as a template, thus particularly occurs in proliferative 

phase (Johnson and Jasin, 2000; Rothkamm and Löbrich, 2003), while NHEJ is 

active throughout the cell cycle and contributes to the repair of most DSBs in G1/G0 

phase (Rothkamm et al., 2003; Aylon and Kupiec, 2005). Therefore, differentiated 

somatic cells and haploid round spermatids are expected to repair DSBs by NHEJ 

rather than HR. Recent work from our laboratory has shown that differentiated 

somatic cells derived from different normal tissues have nearly identical DSB 

rejoining kinetics analyzed by enumerating γ-H2AX and 53BP1 foci in 

repair-proficient mice (Rübe et al., 2008b). In the present study, however, 53BP1 

was absent in round spermatids, and significantly increased γ-H2AX foci levels were 

observed at 5 h, 24 h and 48 h post-irradiation, suggesting that DSB repair in round 

spermatids is clearly less efficient and may differ from the classic NHEJ pathway 

established in differentiated somatic cells. 

In differentiated somatic cells, the majority of radiation-induced DSBs are 

rejoined dominantly by NHEJ in a DNA-PK-dependent manner (Mahaney et al., 

2009). DNA-PK has been confirmed to play a major role in regulating the efficiency 

of NHEJ. Analysis of DSB rejoining in DNA-PK-proficient cells by pulsed-field gel 

electrophoresis has shown that DNA-PK-dependent NHEJ is a very fast process 

operating with half-times of 10-30 min after irradiation. Cells lacking the catalytic 

subunit of DNA-PK (or in which DNA-PKcs activity has been inhibited) are 

hypersensitive to radiation, showing an obviously slow rejoining of DSBs with a half 

time of 10-12 h (DiBiase et al., 2000). Moreover, severe combined 

immunodeficiency (SCID) mice, characterized by a spontaneous mutation in the 

DNA-PKcs, exhibit strikingly increased residual foci levels after irradiation (50% at 

5 h, 40% at 24 and 48 h) in differentiated somatic cells (Rübe et al., in press). In 

addition, recent immunohistochemical studies have shown that DNA-PKcs is not 
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expressed in round spermatids (Hamer et al., 2003), implying that the low efficacy of 

DSB rejoining of round spermatids is, at least in part, due to the lack of DNA-PK. 

Whenever the activity of DNA-PK is compromised, DNA-PK-independent 

NHEJ may play an enhanced role in eliminating DSBs with slower kinetics (Perrault 

et al., 2004). DNA-PK-independent NHEJ includes several different pathways and 

involves different associations of DNA repair proteins. Iwabuchi et al. demonstrated 

that 53BP1 can directly interact with LigIV/XRCC4 complex as a backup NHEJ 

pathway to rejoin DSBs in G1 phase cells when upstream phosphorylation signals 

are weak or absent (Iwabuchi et al., 2003; Iwabuchi et al., 2006). Besides, ATM, 

another member of PIKKs, was reported to contribute to DSB repair by an 

ATM-Artemis-LigIV/XRCC4-dependent pathway. This pathway is specifically 

required for repair of DSBs located close to or within heterochromatic regions, and 

needs the participation of other DDR-mediator proteins including 53BP1 (Goodarzi 

et al., 2008; Kobayashi et al., 2008; Goodarzi et al., 2009). Therefore, the absence of 

53BP1 may be another reason for the less efficient DSB repair in round spermatids. 

Recently, a Lig IV/XRCC4-independent NHEJ pathway, termed ‘B-NHEJ’, was 

summarized by Iliakis (Iliakis, 2009). This pathway requires a set of proteins 

involved in DNA excision repair, such as Ligase III, Poly(ADP-ribose) Polymerase-1 

and histone H1, and may function throughout the cell cycle with slower kinetics of 

several hours (Audebert et al., 2006). DNA excision repair is an important pathway, 

mainly for the repair of DNA single-strand breaks (SSBs), but it also can be used for 

rejoining DSBs as a complementary mechanism. Recent studies have revealed that 

DNA excision repair is highly active in spermatids at the early stages of 

spermiogenesis (Olsen et al., 2005), suggesting that ‘B-NHEJ’ may function in the 

DSB repair of round spermatids. It should be mentioned that the DSB rejoining by 

‘B-NHEJ’ relies on the synapsis by random encounters of freely diffusing DNA ends, 

and thus often results in more extensive DNA deletions relative to D-NHEJ. This 
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might explain the increased incidence of chromosomal aberrations in spermatids 

after exposure to radiation (Iliakis et al., 2007). 

 

5.3 DSB repair in undifferentiated spermatogonia 

In the seminiferous epithelium of adult mouse testis, the proliferative activity of 

SSCs follows a cyclic pattern (i.e. periods of quiescence followed by the active 

proliferation). Therefore, SSCs are mostly quiescent (G0 phase) during a particular 

period of each seminiferous epithelium cycle (de Rooij, 2001). Within a seminiferous 

epithelium cycle, the total duration of cell cycle in SSCs has been calculated to be in 

the range of about 70–100h, within which the actively proliferative phase last for 

about 40 h (de Rooij et al., 2000). On the basis of these, we can infer that most of 

SSCs (estimated to be about 80%) do not divide (i.e. stay in G0/G1 phase) at any 

time, and thus the majority of SSCs analyzed in the present study are supposed to 

repair DSBs by NHEJ. Ahmed et al. recently analyzed the DSB repair in 

spermatogonia by immunofluorescence staining with antibodies against γ-H2AX and 

53BP1, and found 60% residual foci levels for both markers at 16 h post-irradiation, 

suggesting a much slower and incomplete repair in spermatogonia compared with 

somatic cells. This less efficient DSB repair might be due to the absence of MDC1, 

an important DSB repair protein involved in the early signal amplification of DNA 

damage (Ahmed et al., 2008). However, in the present study, we found that 

undifferentiated spermatogonia, a distinct subtype containing SSCs, were definitely 

negative for γ-H2AX staining, implying that the spermatogonia analyzed by Ahmed 

et al. should belong to differentiating spermatogonia subtypes. After enumerating 

53BP1 foci, we found that the DSB rejoining kinetics of undifferentiated 

spermatogonia was generally similar to that of differentiated somatic cells in lung 

and kidney, although moderate increased residual foci levels were observed at late 
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time points (30% of foci levels at 5 h, 11% at 24 h and 7% at 48 h). Moreover, 

compared with differentiated spermatids, DSB repair in undifferentiated 

spermatogonia was undoubtedly proficient. 

Spermatogonia are a heterogeneous population. It has been reported that 

differentiating spermatogonia (A1 to A4, In, and B spermatogonial cells) are most 

sensitive to killing by irradiation, whereas undifferentiated spermatogonia are 

moderate sensitivity to radiation (van der Meer et al., 1992a; van der Meer et al., 

1992b; van der Meer et al., 1993; Ogilvy-Stuart and Shalet, 1993; Judas et al., 1996; 

Zhang et al., 2007). Compared with the DSB repair in differentiating spermatogonia 

reported by Ahmed et al., the DSB repair in undifferentiated spermatogonia analyzed 

in our experiment is quite efficient, although the different radiation dose was used 

(Ahmed et al., 2008). Therefore, the different radiosensitivities between 

undifferentiated spermatogonia and differentiating spermatogonia may be partly 

explained by their different DSB repair efficiencies. On the other hand, differentiated 

somatic cells usually are thought to be relatively resistant to radiation. The 

discrepancy in DSB repair efficiency between undifferentiated spermatogonia and 

differentiated somatic cells seems not to explain fully the significant difference in the 

radiosensitivities between them, and thus other mechanisms may be operative. 

The DSBs induced by radiation lead to a series of cellular responses such as 

cell-cycle arrest, DSB repair and apoptosis (Kastan and Bartek, 2004). Although 

DSB repair is a critical mechanism for maintaining genome stability in all cell types, 

the relative ability and even necessity to repair DSBs may vary depending on the 

specific cell type and developmental stage, and may change along the life time. As a 

result, distinct cell types at different developmental stages might adopt different 

cellular responses to counteract the deleterious effects of DSBs. While differentiated 

somatic cells senesce and die each generation, spermatogonia are responsible for 

faithfully transmitting genetic information from one generation to the next, and thus 
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must have more strict response mechanisms to repair DSBs and/or to eliminate 

damaged cells. It has been reported that the number of male germ cells at different 

developmental phases is regulated by a dynamic balance between cell proliferation 

and apoptosis (Tripathi et al., 2009). Radiation-induced apoptosis of male germ cells 

primarily occurs in proliferating spermatogonia (Hasegawa et al., 1997). Therefore, 

apoptosis as a main response to DNA damage may contribute to the elimination of 

damaged spermatogonia, leading to a higher radiosensitivity of spermatogonia 

compared with differentiated somatic cells. Further studies are required to elucidate 

the exact mechanism underlying this process. 
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