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List of Abbreviation 

 

Abbr. Abbreviated Term 

BSA Bovine Serum Albumin 

DNMT DNA Methyltransferase 

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 

GFP Green Fluorescent Protein 
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JMJD JmjC Domain Containing Protein 

KMT Lysine (K) Methyltransferase 
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        NLS                                

Lysine Specific Demethylase 1 

Nuclear Localization Signal 
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PNA Peanut Agglutinin 
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WT                                                                     
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SUMMARY 

During spermatogenesis, chromatin conformation of germ cells is dramatically 

changed and is regulated by epigenetic modifications especially methylation of histones, 

which contribute to differentiation of germ cells. Although the roles of Histone H3 

Lysine methylation as well as methyltransferases and demethylases during 

spermatogenesis have been shown, the roles of Histone H4 methylation and its 

modifiers were rarely reported. Recently, mouse RSBN1 that has been detected to 

solely express in nucleus of round spermatids was identified as an ortholog of DPY-21 

in C.elegans and a demethylase for di-methylated H4K20 (H4K20me2). To explore the 

dynamic change of H4K20 and the role of RSBN1 (round spermatid basic protein 1) 

during spermatogenesis, the localization of three different levels (mono-, di-, tri-methyl) 

of H4K20 and RSBN1 was studied. Immunostaining results indicated in our report that 

RSBN1 was not only expressed in nucleus of round spermatids but also in whole of 

elongated spermatids. Furthermore, the results in this study showed RSBN1 was 

likewise expressed in other tissues, including ovary and brain. Unlike the previous 

report, RSBN1 could demethylate both H4K20me3 and H4K20me2 but not H4K20me1, 

in RSBN1-expressed HeLa cells. I also found each methylated H4K20 was distributed 

in almost every stage of germ cell before spermiogenesis, although the intensity of 

signal is slightly different among them. Nevertheless, the intensity of each methylated 

H4K20 was largely different in the occurrence of spermiogenesis. Results of 

immunostaining indicated that tri-methylated H4K20 and di-methylated H4K20 were 
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significantly decreased in nucleus of round spermatids, but mono-methylated H4K20 

was increased during spermiogenesis, strongly suggesting that different methylated 

H4K20 may play different regulatory roles in round spermatids. When the distribution 

pattern of RSBN1 in the seminiferous tubule was compared to that of methylated 

H4K20, di-methylated H4K20 and tri-methylated H4K20 but not mono-methylated 

H4K20 were disappeared from RSBN1 positive germ cells. Thus, these results 

suggested that RSBN1 could be a very important modifier to construct testis-specific 

landscape of methylated H4K20.  
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INTRODUCTION 

Mouse Spermatogenesis 

 

Spermatogenesis is the process by which spermatozoa are formed in the 

seminiferous tubules of the testis. This process begins with the mitotic division of 

spermatogonia located on the basement membrane of the tubules. Mitotic division of 

spermatogonia produces spermatocytes and each spermatocyte is divided into four 

haploid spermatids by meiosis. Finally, the round spermatids are transformed into 

elongated spermatids to form spermatozoa (Hess et al., 2008). Generally, 

spermatogenesis is defined by multiple germ cells including spermatogonia, 

preleptotene spermatocyte, leptotene spermatocyte, zygotene spermatocyte, pachytene 

spermatocyte, diplotene spermatocyte, round spermatids, and elongated spermatids 

(Endo et al., 2019). Sertoli cells are somatic cells in the seminiferous tubule, are 

essential for the formation of histological structure of seminiferous tubules, and support 

development of spermatogenesis (Wu et al., 2021).     

Chromatins of germ cells display multiple structures at different stages of 

spermatogenesis, which is closely connected to well-organized differentiation of germ 

cells. Histone modification has been reported to be a common marker of chromatins 

and is involved in remodeling of chromosomal conformation and regulating gene 

expression (Brejc et al., 2017; Kumari et al., 2020; Wells et al., 2012). 

 

Histone methylation.  
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Nucleosome is the core structure of chromatin. Each nucleosome consists of 

approximately 146 bp of double-strand DNA wrapped around a histone octamer, which 

consists of two copies of four histone proteins: H2A, H2B, H3 and H4 (Mohan et al., 

2021; Redon et al., 2002; Stillman et al., 2018). N-terminus of each histone proteins 

can be modified by some chemical groups, such as acetyl group (acetylation), methyl 

group (methylation), and so on. Several lysines (K) of H3 and H4, such as H3K4, H3K9, 

H3K27, H3K36, H4K20, can be methylated into three status: mono-methylation (me1), 

di-methylation (me2) and tri-methylation (me3). Each lysine methylated H3 or H4 

plays a vital role in modulating chromatin structure and affecting transcriptional 

regulation activity (Huang et al., 2015). For example, methylation on H3K4 and H3K36 

promote transcription, whereas methylation on H3K9, H3K27 and H4K20 inhibit 

transcription (Bannister et al., 2011; Greer et al., 2012; Iwamori et al., 2013; Jørgensen 

et al., 2013; Kouzarides et al., 2007; Martin et al., 2005; Peters et al., 2001).  

Among these methylated histones, methylated H4K20 has unique characteristics 

to oscillate during the cell cycle and multiple functions other than transcriptional 

repression. Methylated H4K20 is critical for genome integrity including DNA damage 

repair, DNA replication, chromatin compaction, and so on (Jørgensen et al., 2013; Pei 

et al., 2011; Schotta et al., 2004; Shoaib et al., 2018; Wang et al., 2009). Although the 

distributions of methylated H4K20 during spermatogenesis was already shown (Payne 

et al., 2006; Shirakata et al., 2014), little is known about the role of methylated H4K20 

during germ cell differentiation. 
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Histone demethylases  

Histone methylation is regulated by methyltransferases and demethylases (Morera 

et al., 2016; Mosammaparast et al., 2010; Walport et al., 2012). To date, at least three 

demethylases (PHF8/KDM7B, LSD1n, and RSBN1/KDM9) directly regulate H4K20 

methylation (Brejc et al., 2017; Liu et al., 2010; Qi et al., 2010; Wang et al., 2015). 

PHF8 and LSD1n can demethylate mono-methylated H4K20, while RSBN1 can 

demethylate di-methylated H4K20. Recently, human hHR23, a new histone 

demethylase for methylated H4K20 was identified. It could demethylate tri-, di-, and 

mono-methylated H4K20 and hHR23B-deficient mice showed impaired embryonic 

development (Cao et al., 2020; Ng et al., 2002). 

      To date, the roles of demethylase for methylation of H4K20 during mouse 

spermatogenesis still remain to be elucidated. Previous report indicated that the 

expression of round spermatids basic protein 1 (RSBN1/KDM9) was testis-specific 

(Takahashi et al., 2004). In addition, partial amino acids of RSBN1 (RSBN1350-795) 

could convert H4K20me2 to H4K20me1 but could not catalyze the demethylation of 

H4K20me3 (Brejc et al., 2017). However, the role of RSBN1 during spermatogenesis 

remains unclear. 

 

Organization of this thesis 

In the chapter I, expression of RSBN1 in multiple tissues was examined by 

semiquantitative PCR. Then, a newly developed RSBN1 polyclonal antibody was 

purified, and its antibody specificity was evaluated by in vitro experiments. After that, 
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localizations of RSBN1 in testis and ovary were examined by immunofluorescence 

microscopy using the purified antibody.   

In chapter II, distributions of mono-methylated H4K20, di-methylated H4K20, and 

tri-methylated H4K20 in the seminiferous tubules were examined at different stages of 

spermatogenesis by immunostaining. 

In chapter III, demethylation function of RSBN1 on methylated H4K20 was 

verified by immunoblotting and immunostaining. Additionally, distribution of RSBN1 

and methylated H4K20 were compared at stage VII in spermatogenesis.  
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                                                     CHAPTER I  

Expression of RSBN1 in different tissues and RSBN1 localization in 

spermatogenesis. 

 

Introduction 

Spermiogenesis, the final stage of spermatogenesis, begins with haploid round 

spermatids that undergo a series of complex changes, including acrosome formation, 

chromatin compaction, tail formation, and phagocytosis. During these processes, round 

spermatids transform into elongated spermatids that further develop into mature 

spermatozoa (Nishimura et al., 2017). During spermiogenesis, germ cell differentiation 

is regulated by different proteins that are temporarily or continuously expressed. These 

factors are related to transcriptional regulation or chromosome remodeling of haploid 

germ cells (Blendy et al., 1996; Luense et al., 2019; Nantel et al., 1996).    

Round spermatid basic protein 1 (RSBN1) was first reported in 2004 (Takahashi 

et al., 2004). The full-length sequence was 2,388 bp, which encodes 795 amino acids. 

In the previous study, RSBN1 cDNA was isolated by subtracting the cDNA of 17-day-

old testes from 35-day-old mouse testes cDNA. Previous findings also have 

demonstrated that RSBN1 is exclusively expressed in the testis, but not in other tissues. 

However, information from GenBank indicates that RSBN1 is expressed not only in 

the testis, but also in the brain and ovary, which is inconsistent with the previous results. 
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To explore the role of RSBN1 in spermatogenesis, it is necessary to confirm its 

localization and expression in the testes. 

Here, reverse transcription polymerase chain reaction (RT-PCR) was performed to 

show the RSBN1 expression in several tissues. In addition, a newly designed antibody 

was used for western blot analysis to confirm RSBN1 protein expression in 

reproductive tissues.  
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Materials and Methods 

Semiquantitative RT-PCR  

Total RNA of twelve different tissues were extracted by ISOGEN II (Nippon Gene), 

followed by reverse transcription using PrimeScript II RTase and random primer 

(Takara). The primers to amplify Rsbn1 cDNA fragment spanning exons 8 and 9 were 

as follows: forward, 5’-AGTGAAAATGAGAAAAACGC-3’; reverse, 5’-CACAGGA 

GTGCTTGGATGTG-3’.  

 

Nuclear Localization Signal (NLS) prediction 

In this study, the putative nuclear localization signals (NLS) in RSBN1 were 

predicted by NLS Mapper (https://nls-mapper.iab.keio.ac.jp/cgi-bin/ NLS_Mapper_ 

form.cgi).  

 

Polyclonal Antibody 

An antibody against mouse RSBN1 was developed in a rabbit by an immunization 

using the RSBN1 specific peptide (SCRUM Inc.). The sequence of RSBN1 specific 

peptide is as follows: Cys-ETAQNTESNSNM. The polyclonal antibody was purified 

from rabbit serum by affinity chromatography using an antigen peptide. 

 

Cell culture and Transfection 

The open reading frame (ORF) sequences of mouse RSBN1 was subcloned into 

https://nls-mapper.iab.keio.ac.jp/cgi-bin/%20NLS_Mapper_%20form.cgi
https://nls-mapper.iab.keio.ac.jp/cgi-bin/%20NLS_Mapper_%20form.cgi
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pCS2-F vector, which contains a C-terminal FLAG tag sequence, by In-fusion HD 

cloning kit (Takara) according to the manufacturer’s instruction. The primer sequences 

that are used to amplify the vector and RSBN1 were listed in Table 1. HEK-293T and 

Hela cells were maintained in Dulbecco’s modified Eagle Medium (Thermo Scientific) 

supplemented with 10% fetal calf serum (SIGMA), 1% glutamine (Wako), and 1% 

penicillin-streptomycin (Wako) at 37˚C in a humidified 5% CO2 atmosphere in air. The 

cells were transfected using ScreenFectTM A plus (Wako) following manufacturer’s 

instruction. The transfected Hela cells were cultured for 48 hours and re-seeded onto 

poly-L-lysine coated coverslips, followed by immunostaining analysis. Here, the HEK-

293T cells were used for sample preparation of western blot. 

 

Western Blot 

       To detect RSBN1 protein in multiple tissues or culture cells, RIPA lysis buffer 

(10mM Tris-HCl [PH7.4], 150mM NaCl, 0.5M EDTA, 1% NP-40, 0.1% SDS) was 

utilized to prepare tissue lysate samples and cell lysates. Primary Antibodies used are 

anti-RSBN1 (SCRUM Inc.), anti-Beta Actin (Abcam), anti-Flag (Wako). Secondary 

antibodies are as follows: Goat anti-rabbit IgG-HRP and Goat anti-mouse IgG-HRP 

(both from Bio-Rad). 

 

Immunofluorescence 

Mouse testes or ovaries were fixed in 4% paraformaldehyde (PFA) for 48 hours, 

followed by infiltration in 30% sucrose solution for overnight, and then they were 
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embedded in OCT compound (Sakura Finetek USA, Inc.) and frozen by liquid nitrogen. 

For Hela cells, they were fixed by PFA at room temperature for 30 min. Frozen sections 

(6μm thickness) were cut and placed on adhesive glass slides. After rinsed in PBS and 

permeabilization with 0.5% triton X-100, tissue sections or Hela cells were blocked in 

3% bovine serum albumin (BSA)-PBS for one hour at room temperature. Then, samples 

were incubated with the primary antibodies, which were diluted 1:1,000 with 3% BSA-

PBS blocking buffer, for overnight at 4˚C, followed by incubation with the secondary 

antibodies for one hour at room temperature. Primary antibodies used in this study were 

anti-RSBN1 polyclonal antibody (SCRUM Inc.) and anti-Flag antibody (Wako). An 

absorbed antibody was used as a control staining. Secondary antibodies were Alexa 

555-conjugated donkey anti-rabbit IgG and Alexa 488-conjugated goat anti-mouse 

(Both from Invitrogen). The samples were examined by fluorescence microscopy after 

nucleus staining with Hoechst 33342 (Invitrogen) and acrosome staining with PNA-

FITC (Jackson Immunores). 
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Results and Discussion 

To examine RSBN1 expression in mice, twelve tissues were collected from adult 

mice. These tissues included samples from brain, heart, lungs, kidney, intestine, liver, 

pancreas, spleen, muscle, limbs, ovary, and testis. RT-PCR results suggested that Rsbn1 

mRNA was detected not only in testis but also in other tissues. RSBN1 was expressed 

at high levels in testis and brain; at moderate levels in heart, lung, liver, and ovary; and 

at a low level in limb (Fig 1), indicating that RSBN1 is not exclusively expressed in the 

testis. mRNA of Rsbn1 in testis was reverse transcribed to synthesize cDNA, then the 

RSBN1 ORF was subcloned into pCS2-F for construction of recombinant plasmid 

pCS2-RSBN1-Flag (Fig 2) for transfection into HeLa cells and 293T cells. In this study, 

a newly designed antibody against RSBN1 was developed in a rabbit and purified from 

rabbit serum using affinity chromatography. Antibody specificity was evaluated by 

immunoblotting and immunostaining after RSBN1 was expressed in HeLa cells and 

293T cells. Immunoblotting analysis suggested that a single band in each lane was 

recognized by RSBN1 polyclonal antibody and Flag monoclonal antibody (Fig 3A). 

Furthermore, immunostainings showed that the fusion proteins expressed in HeLa cells 

were restricted to the nucleus and that the signal intensity in each HeLa cell stained 

using the two types of antibodies overlapped thoroughly (Fig 3B). The data indicated 

that the newly developed polyclonal antibody could specifically recognize RSBN1 

protein.   

To further determine the expression of RSBN1 protein, six tissue lysates in which 
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Rsbn1 mRNA was detected were analyzed by immunoblotting, resulting in the 

identification of RSBN1 expression in testis, brain, and ovary, but not in liver, heart, or 

lung (Fig 4). The results implied that RSBN1 may be involved in the development 

and/or regulation of both brain and germ cells. A previous study indicated that RSBN1 

is exclusively located in round spermatids (Takahashi et al., 2004). Its distribution in 

the seminiferous tubules was examined using the newly developed antibody against 

RSBN1. Immunofluorescent staining of testis sections indicated that RSBN1 protein 

signals were mainly detected in the nucleus of round spermatids and in both the nucleus 

and cytoplasm of elongated spermatids. Nevertheless, the intensity of RSBN1 

immunosignals in round spermatids was very weak, and the intensity of those in 

elongated spermatids was very strong (Fig 5A). Unexpectedly, RSBN1 signals in the 

ovary were not detected in germ cells but were concentrated in the cytoplasm of stromal 

cells (Fig 5B). 

Compared with previous report, our results revealed some differences. Firstly, 

RSBN1 was only expressed in the testes in the previous study, whereas RSBN1 was 

expressed in brain, testis, and ovary, based on our results. Although it is difficult to 

explain the reasons for this difference, the methods employed may be able to explain 

such differences. Northern blotting and RT-PCR were utilized in the previous study and 

in our study, respectively.  Since RT-PCR has greater sensitivity than northern blot 

analysis, weak expressions of Rsbn1 in other tissues could be detected by RT-PCR. The 

second difference was the localization of RSBN1 in the seminiferous tubules. As 

suggested in the previous report, RSBN1 is localized in the nuclei of round spermatids. 
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However, our immunostaining analysis showed that RSBN1 was detectable not only in 

round spermatids but also elongated spermatids. This difference can be explained by 

differences in the antibodies used in the two analyses. A fragment of a RSBN1 peptide 

sequence (ETAQNTESNSNM, residues 709-720) was utilized in our study, whereas a 

different peptide fragment (VFKVESRLDSDQQH, residues 772–785) was used for 

immunization in the previous study. In addition, testis sections were fixed with 4% 

paraformaldehyde (PFA) in this study, whereas they were fixed with 100% ethanol in 

the previous report. This experimental difference could lead to distinct results because 

of the different effects of PFA and ethanol fixation on antigens.  

RSBN1 was localized in the nucleus of round spermatids, whereas it is localized 

in both the nucleus and the cytoplasm of elongating spermatids (Fig 5A). Since there 

were three putative nuclear localization signals (NLSs) found in RSBN1 (Fig 6), 

RSBN1 in the cytoplasm of elongated spermatids could be interacted with and retained 

by other proteins that play a role in the cytoplasm of elongating spermatids. To date, 

only a small number of studies have suggested the role of histone demethylases in the 

cytoplasm of maturing spermatids. KDM3A/JHDM2A is localized in the cytoplasm of 

elongating spermatids, and deficiency of KDM3A leads to deformed acrosomes, 

incomplete manchettes, and detached centrosomes (Kasioulis et al., 2014). Furthermore, 

the interaction between KDM3A and HSP90 in the cytoplasm of maturing spermatids 

is essential for cytoskeletal rearrangements during spermiogenesis (Kasioulis et al., 

2014). Since RSBN1 was also expressed in the cytoplasm of maturing spermatids, it 

could be necessary to identify proteins that interact with RSBN1 to investigate a role 
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of RSBN1 in the cytoplasm of elongating spermatids as well as to explore whether 

RSBN1 is involved in the cytoskeletal rearrangements of spermatids. 

Although the localization of RSBN1 in the ovary was identified in the present 

study, RSBN1 was not localized in female germ cells. Immunostaining showed that 

RSBN1 signals were intense in the cytoplasm of stromal cells surrounding follicles. 

Stromal cells play an essential role in follicular development. For example, they can 

multiply and differentiate into thecal cells to maintain integrity of the follicle structure 

and outer myofibroblasts, which secrete extracellular matrix, including type I and type 

III collagen fibers (Jiang et al., 2003). Furthermore, the outer tissues of the follicles can 

promote the formation of follicular capillaries, which provide nutrients for follicle 

growth and development (Wang et al., 2001). Thus, stromal cells are essential for 

follicle development. In a recent report, RSBN1 expression in the mouse ovary was 

reported to be regulated by miR-378d in vitamin D (VD)-deficient mice, which is 

associated with the expression of GLUT4, and GLUT4 is responsible for insulin-

stimulated glucose uptake (Sun et al., 2021). VD promotes the production of hormones 

and growth factors, including estradiol, estrone, progesterone, and insulin-like growth 

factor-binding protein 1 in the ovary. These hormones and growth factors are critical 

for follicular and embryonic development (Parikh et al., 2010). VD could also correct 

reproductive dysfunction in female mice, and RNA-sequencing analysis showed that 

RSBN1 expression decreases in VD-deficient ovaries (Sun et al., 2021). Another study 

indicated that RSBN1 is associated with the expression of anti-Mullerian hormone 

(AMH) and the production of steroid hormones, which regulate follicle formation 
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(Ohyama et al., 2015). Moreover, VD directly targets AMH in vivo, and AMH mRNA 

expression is upregulated in response to vitamin D in fertile females (Lata et al., 2017). 

Thus, RSBN1 in stromal cells may play a positive role in follicle development.  
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Table. 1. Primer sequences used for construction of recombinant plasmid in this 

study. 

 

Name            Forward Primer                  Reverse Primer 

RSBN1 TCAAGGCCTCTCGAGATGTTCAGGTCTA 

CGAGAACGAC 

GTCGTCCTTGTAGTCCACAGGAGTGCTTGGATGTG 

pCS2-F GACTACAAGGACGACGATGACA CTCGAGAGGCCTTGAATTCA 
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Fig. 1. Expression of Rsbn1 in multiple tissues. Transcripts of Rsbn1 were examined 

by semiquantitative RT-PCR in different tissue samples. Gapdh was used as an internal 

control. 
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Fig. 2. Information of recombinant plasmid pCS2-RSBN1-Flag. ORF of RSBN1 

was subcloned into pCS2-F vector by in-fusion HD cloning kit.    
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Fig. 3. Evaluation of the specificity of the RSBN1 antibody. (A) A representative 

immunoblotting result to detect FLAG-Tagged RSBN1 protein expressed in 293T cells 

using the anti-RSBN1 and the anti-FLAG antibodies. The molecular weight of RSBN1 

is about 90 kDa. (B) The immunostaining evaluation of the specificity of the RSBN1 

antibody. Transfected HeLa cells were double stained by the antibodies against RSBN1 

and FLAG. Representative immunofluorescent images of RSBN1 (red) and FLAG 

(green) in FLAG-RSBN1 expressed HeLa cells are shown. Scale bar = 20μm. 
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Fig. 4. Expression of RSBN1 protein in multiple tissues. A immunoblot results of 

RSBN1 protein in six different tissues are shown. Mouse IgG was used for negative 

control. Beta-actin was used as an internal control. 
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Fig. 5. Localization of RSBN1 in the testis and the ovary. (A) The localizations of 

nucleus (Hoechst, blue: A, E, and A’), acrosome (PNA, green: B, F, and B’), RSBN1 

(red: C and G), an absorbed antibody used as a control (C’), and merged images (D, H, 

and D’) in the seminiferous tubules are shown.  RS, round spermatids. ES, elongated 
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spermatids. Scale bars = 50μm (A-D, A’-D’) and 10μm (E-H). (B) The localization of 

nucleus (Hoechst, blue: A, D, and G), RSBN1 (red, B and E), an absorbed antibody 

used as a control (H), and merged images (C, F, and I) in the ovary are shown. Scale 

bars = 50μm (A-I).  
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Fig. 6. Prediction of NLS sequences in RSBN1. (A) Locations of putative NLS 

sequences in mouse RSBN1. Full amino acids of RSBN1 and predicted NLS sequences 

(red) are shown. (B) Amino acid sequences of putative NLS. Amino acid sequences of 

three putative NLSs and their positions are listed. 
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                                      CHAPTER II 

The distribution of mono-methylation, di-methylation, and tri-

methylation of histone H4 lysine 20 during spermatogenesis. 

 

Introduction 

Among several methylated histones, methylated H4K20 has multiple functions 

and the function of methylated H4K20 is varied among methylated degree (Wang et al., 

2009). For example, recognition of H4K20me1 by L3MBTL1 promotes chromatin 

compaction and transcriptional repression (Beck et al., 2012). Furthermore, H4K20me1 

has been shown to promote X-chromosome compaction in C. elegans dosage 

compensation as well as marks the initiation of X-chromosome inactivation in mouse 

undifferentiated ES cells (Brejc et al., 2017; Fang et al., 2002; Kalakonda et al., 2008; 

Kohlmaier et al., 2004). H4K20me3 is required to ensure positive replication of 

heterochromatin in human U2OS cells, and it acts as an important repressive marker 

(Brustel et al., 2017; Schotta et al., 2004; Schotta et al., 2008). Although methylated 

H4K20 during spermatogenesis was shown (Shirakata et al., 2014), how each 

methylated H4K20 contributes to differentiation of germ cells remain to be elucidated. 

 In the present study, dynamic distribution involving methylated H4K20 at different 



 

 

29 
 

 

stages of spermatogenesis were investigated. I found that the distribution of H4K20 

methylation at different stages of spermatogenesis was variable. Three methylated 

H4K20 were distributed at most stages of spermatogenesis, while the distinct 

distribution pattern of three types of methylated H4K20 was dependent on stages of 

spermatogenesis and could be related with chromatin compaction as well as 

transcription in germ cells.  
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Materials and Methods   

Immunofluorescence  

     Mouse testes were fixed in 4% paraformaldehyde (PFA) for 48 hours, followed by 

infiltration in 30% sucrose for overnight, then testes were embedded by OCT compound 

(Sakura Finetek USA, Inc.) and frozen by liquid nitrogen. Frozen sections (6μm 

sickness) were cut and placed on adhesive glass slides. After rinsed in PBS and 

permeabilization with 0.5% triton X-100, sections were blocked in 3% bovine serum 

albumin (BSA)-PBS for one hour at room temperature. Then, sections were incubated 

with primary antibodies diluted 1:1000 with 3% BSA-PBS blocking buffer, for 

overnight at 4˚C and followed by incubation with secondary antibodies for one hour at 

room temperature. Primary antibodies used in in this study were as follows, mouse anti-

H4K20me1 (GeneTex); mouse anti-H4K20me2 (GeneTex); mouse anti-H4K20me3 

(Abcam) monoclonal antibody. Secondary antibody was Alexa 488-conjugated goat 

anti-mouse IgG (Invitrogen). The frozen sections were examined by fluorescence 

microscopy after nuclear staining with Hoechst 33342 (Invitrogen). Stages of the 

seminiferous epithelium were determined by nucleus staining.  
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Results and Discussion 

To determine the distribution of methylated H4K20, H4K20 methylation was 

examined by immunofluorescent staining at several stages of spermatogenesis. 

Generally, there are 12 stages (I ~ XII) involved in mouse spermatogenesis and 16 steps 

for spermiogenesis (Russell et al., 1990) (Fig 1), and I focused on changes in H4K20 

methylation at stages I, VIII, IX-X, and XI-XII. The results indicated that H4K20me3 

fluorescence intensity was strong in pachytene spermatocytes but weak in round and 

elongated spermatids at stage I (Fig 2). At stage VIII, the H4K20me3 signal remained 

strong in pachytene spermatocytes and preleptotene spermatocytes but was still weak 

in spermatids (Fig 2). At stages IX and X, H4K20me3 was weak in pachytene 

spermatocytes but strong in leptotene spermatocytes (Fig 2). At the final stage (XII), 

H4K20me3 was strong in zygotene spermatocytes and was moderately accumulated 

during meiosis (Fig 2). H4K20me3 is a hallmark of repressed chromatin in eukaryotes 

and maternal pericentric regions (Balakrishnan et al., 2010; Probst et al., 2007). In the 

present study, the intensity of H4K20me3 staining changed in pachytene spermatocytes 

at stages I, VIII, IX, and X, suggesting that it maintains heterochromatin and could 

repress transcription in pachytene spermatocytes. Furthermore, the overall H4K20me3 

distribution in different male germ cells might also be related to paternal genomic 

imprinting because H4K20me3 has been detected in paternally methylated imprinting 

control regions (ICRs) and marks ICRs during spermatogenesis (Delaval et al., 2007). 

Also, it is likely that H4K20m3 regulate the telomere length in the germ cells, since 
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H4K20me3 is enriched in the telomeric and subtelomeric domains and since relative 

telomere length is dynamically changed during spermatogenesis (Benetti et al., 2007; 

Fice et al., 2019; Ozturk et al., 2015; Tanemura et al., 2005). At least, it is possible that 

H4K20me3 demethylation occurs in germ cells during post-meiotic stages, since a 

strong H4K20me3 signal was not found at these stages. 

Similarly, H4K20me2 signal intensity was strong in pachytene spermatocytes but 

weak in round spermatids and elongated spermatids at stage I (Fig 3). The H4K20me2 

signal was weaker in round spermatids at stage VIII than in stage I spermatids, but it 

remained strong in the nuclei of pachytene, preleptotene, and leptotene spermatocytes 

(Fig 3). At stages XI-XII, the H4K20me2 signal was weak in zygotene spermatocytes, 

but strong during meiosis (Fig 3). To date, there have been few reports regarding the 

correlation between H4K20me2 and transcription in animals. Some studies have 

suggested that H4K20me2 is involved in DNA damage repair. For example, 

methyltransferase MMSET-mediated H4K20me2 significantly accumulates at sites of 

double-strand breaks (DSBs) in HeLa cells (Pei et al., 2011). The checkpoint protein 

Crb2 preferentially binds to the H4K20me2 residue at genomic lesions in yeast, which 

is very important for maintaining genome stability of the fission yeast 

Schizosaccharomyces pombe (Greeson et al., 2008). In this study, H4K20me2 was 

strong in pachytene spermatocytes but disappeared at the post-meiotic stage, so that 

H4K20me2 in pachytene spermatocyte could be related to DNA repair. In mouse 

spermatocytes, endogenous DSBs are introduced by the endonuclease SPO11, which 

contributes to homologous chromosome recognition and is repaired by homologous 
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recombination (HR) at the first meiotic prophase (Ahmed et al., 2021; Paquin et al., 

2018). In addition, BRCA1, a binding protein of H4K20me2, promotes HR by 

activating DNA end resection (Isono et al., 2017). Thus, it is possible that H4K20me2 

is largely recruited during HR and is involved in the repair of DSBs by HR. It remains 

to be studied whether it is associated with other functions, such as gene transcription or 

chromatin organization. 

H4K20me1 distribution was different from the distribution of H4K20me3 and 

H4K20me2 at the same stages of spermatogenesis. The signal intensity of H4K20me1 

was very strong in round spermatids, but medium in pachytene spermatocytes at stage 

I (Fig 4). H4K20me1 intensity was also strong in round spermatids and pachytene 

spermatocytes, whereas it was weak in both elongated spermatids and preleptotene 

spermatocytes at stage VIII (Fig 4). The H4K20me1 signal in leptotene spermatocytes 

was also weak at stages IX and X, whereas it was very strong in elongated spermatids 

at these two stages (Fig 4). At the stages XI and XII, H4K20me1 was strong in zygotene 

spermatocytes (Fig 4). Overall, H4K20me1 was enriched in the chromocenter of 

spermatids at stages I-VIII, unlike H4K20me2 and H4K20me3, which were decreased 

at these stages. When round spermatids transform into elongated spermatids during 

spermiogenesis, chromatin undergoes condensation and structural remodeling. 

Therefore, enrichment of H4K20me1 could contribute to the alteration of haploid 

spermatid chromatin conformation in the steps 1-10 of spermiogenesis.  

Previous studies have reported that H4K20me1 is a repressed marker in both 

prokaryotic and eukaryotic cells, which can drive the compaction of chromatin, and 
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thus, maintain genome integrity (Brejc et al., 2017; Karachentsev et al., 2005; Shoaib 

et al., 2018; Tjalsma et al., 2021). At stages IX and X, immunostaining suggested that 

H4K20me1 was strongly accumulated in spermatids, in which chromatins are 

compacted into the head of spermatozoa. Additionally, H4K5ac, H4K8ac, and 

H4K12ac at these two stages are also intensive and could increase chromatin relaxation 

(Luense et al., 2019). Therefore, histone H4 bearing different types of modification at 

post-meiotic stages. In contrast to the function of histone acetylation, H4K20me1 can 

maintain the integrity of genome. For example, SET8-dependent accumulation of 

H4K20me1 not only promotes the compaction of chromatin, which is essential for 

genome integrity during mitosis in U2OS cells, but also plays a role in inhibiting 

aberrant unwinding of DNA by limiting chromatin-associated pre-replicative complex 

components in U2OS cells during the G1 phase (Shoaib et al., 2018). Thus, it is possible 

that the effect of histone H4K20me1 on the chromatin strike a balance with that of 

histone acetylation at the stages of IX and X to maintain the higher-order chromosome 

structure. Therefore, H4K20me1 at the stages IX-X in spermatogenesis could limit 

excessive relaxation of chromatin and maintain the orderly conformation of chromatin.  

Since the degree of enrichment of H4K20me1 at the spermiogenesis stage is much 

higher than that of di- and tri-methylated H4K20, it is obvious that H4K20 mono-

methylation is an important marker at the post-meiotic stages of spermatogenesis. 

However, it remains unclear whether its effects on gene transcription are achieved by 

co-acting with other factors in the promoter region or by changing chromatin 

conformation directly. It is necessary to perform ChIP-seq to provide a novel annotation 
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of H4K20me1 in spermiogenesis. Consequently, the specific function of mono-

methylated H4K20 during spermiogenesis requires further investigation. 
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Fig. 1. Stages of spermatogenesis and steps of spermiogenesis to produce 

spermatozoa in the mouse seminiferous tubules. The abscissa Roman numerals 

depict the stages of spermatogenesis, while the Arabic numbers depict the steps of 

spermiogenesis. Several types of cell are shown: type A spermatogonia in mitosis (mIn), 

intermediate spermatogonia in mitosis (Inm), type B spermatogonia (B), type B 

spermatogonia in mitosis (Bm), preleptotene spermatocyte (Pl), leptotene spermatocyte 

(L), zygotene spermatocyte (Z), pachytene spermatocyte (P), diplotene spermatocytes 

(D) and secondary spermatocytes in meiosis (m2°m) (Russell et al., 1990). 
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Fig. 2. The distribution of tri-methylated H4K20 in the seminiferous tubules. The 

distributions of nucleus (Blue: A-E), H4K20me3 (Green: F-J), and merged images 

(bottom panel: K-O) at stages I, VIII, IX-X, and XI-XII are shown. PL-SPC, 

preleptotene spermatocyte; L-SPC, leptotene spermatocyte; Z-SPC, zygotene 

spermatocyte; P-SPC, pachytene spermatocyte; R-SPD, round spermatid; E-SPD, 

elongated spermatid. Scale bars = 20μm. 
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Fig. 3. The distribution of di-methylated H4K20 in the seminiferous tubules. The 

distributions of nucleus (Blue: A-E), H4K20me2 (Green: F-J), and merged images 

(bottom panel: K-O) at stages I, VIII, IX-X, and XI-XII are shown. PL-SPC, 

preleptotene spermatocyte; L-SPC, leptotene spermatocyte; Z-SPC, zygotene 

spermatocyte; P-SPC, pachytene spermatocyte; R-SPD, round spermatid; E-SPD, 

elongated spermatid. Scale bars = 20μm. 
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Fig. 4. The distribution of mono-methylated H4K20 in the seminiferous tubules. 

The distributions of nucleus (Blue: A-E), H4K20me1 (Green: F-J), and merged images 

(bottom panel: K-O) at stages I, VIII, IX-X, and XI-XII are shown. PL-SPC, 

preleptotene spermatocyte; L-SPC, leptotene spermatocyte; Z-SPC, zygotene 

spermatocyte; P-SPC, pachytene spermatocyte; R-SPD, round spermatid; E-SPD, 

elongated spermatid. Scale bars = 20μm.  
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                                          CHAPTER III 

RSBN1 exhibits demethylation function on both tri-methylation and 

di-methylation of H4K20 in round spermatids. 

Introduction 

  In mammals, a number of enzymes regulate H4K20 methylation. To date, three 

methyltransferases (PR-SET7/SETD8/KMT5A, SUV420H1/KMT5B, and 

SUV420H2/KMT5C) have been implicated in mono-, di-, and tri-methylation of 

H4K20 (Nishioka et al., 2002; Pannetier et al., 2008; Rice et al., 2002). PR-SET7 can 

catalyze only the mono-methylation of H4K20, while SUV420H1/KMT5B and 

SUV420H2/KMT5C can catalyze di- and tri-methylation of H4K20. On the other hand, 

four demethylases (LSD1n, KDM7B/PHF8, hHR23, and KDM9/DPY-21/RSBN1) that 

can demethylate methylated H4K20 have been reported (Brejc et al., 2017; Cao et al., 

2020; Liu et al., 2010; Wang et al., 2015). Among them, PHF8 and LSD1n demethylates 

mono-methylated H4K20, whereas RSBN1 can convert di-methylation of H4K20 to 

mono-methylation but cannot demethylate mono-methylated and tri-methylated forms 

of H4K20. To date, hHR23 is the only catalyst that can demethylate mono-, di-, and tri-

methylated H4K20 (Cao et al., 2020). Although H4K20 methyltransferases or H4K20 

demethylases are shown to play a role in mammalian development, their roles during 

spermatogenesis still remain unclear (Malik et al., 2017; Wang et al., 2015; Xiong et 

al., 2013). 
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Among the H4K20 methylation modifiers, RSBN1/KDM9 might be an H4K20 

demethylase, but its catalytic activity was only analyzed with partial RSBN1 

(RSBN1350-795) in the previous study (Brejc et al., 2017). It is not clear whether full 

length RSBN1 (RSBN11-795) can demethylate the tri-methylated form of H4K20. Here, 

I examined the demethylation function of full length RSBN1 (RSBN11-795) and 

compared dynamic changes of H4K20 methylation and RSBN1 localization patterns 

during spermatogenesis. The results implicated that the expression of RSBN1 is closely 

related to the distribution of three types of H4K20 methylation during spermiogenesis, 

which may indicate that RSBN1 plays important roles during the late stages of germ 

cell differentiation. 
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Materials and Methods 

Cell culture and Transfection 

The open reading frame (ORF) sequences of green fluorescence protein (GFP) was 

subcloned into pCS2-F vector, which contains RSBN1 ORF and a C-terminal FLAG 

tag sequence, by In-fusion HD cloning kit (Takara) according to the manufacturer’s 

instruction. Primers that are used to amplify GFP and vector were listed in Table 1. Hela 

cells were maintained in Dulbecco’s modified Eagle Medium (Thermo scientific) 

supplemented with 10% fetal calf serum (SIGMA), 1% glutamine (WAKO), and 1% 

penicillin-streptomycin (WAKO) at 37 ˚C in a humidified 5% CO2 in air. 1-10 μg 

plasmids were transfected to Hela cells using ScreenFect A plus reagent (WAKO) 

following manufacturer’s instruction. Cells were cultured for 24 hours and re-seeded 

onto poly-L-lysine coated coverslips. 

 

Immunostaining   

At 48 hours after transfection, Hela cells were fixed by 4% paraformaldehyde in 

PBS, washed, and immunostained by the methylated H4K20 antibodies before 

examination by fluorescence microscopy. Untransfected HeLa cells were used as 

control. To compare localization of RSBN1 and methylated H4K20 in the seminiferous 

tubules, double-immunostaining was carried out. Frozen sections that have been fixed 

and permeated were incubated with two primary antibodies diluted 1:1,000 with 3% 

BSA-PBS blocking buffer for overnight at 4˚C, followed by incubation with secondary 
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antibodies for one hour at room temperature. The primary antibodies were anti-RSBN1 

(SCRUM Inc.), anti-H4K20me1 (GeneTex), anti-H4K20me2 (GeneTex), and anti-

H4K20me3 (Abcam), and two secondary antibodies were Alexa 555-conjugated 

donkey anti-rabbit IgG and Alexa 488-conjugated goat anti-mouse IgG (both from 

Invitrogen).  

 

Histone extraction and SDS-PAGE 

For histone extraction, Hela cells were electroporated by the pCS2F-GFP-RSBN1 

using NEPA21 (Nepa Gene) according to manufacturer’s instruction. After 48 hours, 

histone proteins were extracted according to the procedure described before (Iwamori 

et al., 2011). The nuclear fraction was collected after cell lysis in the following buffer: 

100mM Tris/HCl [pH 7.5], 1.5M NaCl, 1.5mM MgCl2, 0.65% NP-40, and protease 

inhibitor cocktail. Histone proteins were extracted from the nuclear fraction by 

treatment with 0.2M H2SO4, followed by trichloro-acetic acid agglutination. Histone 

proteins were then analyzed by SDS-PAGE and the gel was stained by Coomassie blue 

solution at room temperature for 2 hours and decolorated by decoloring solution which 

contains 50% deionized water, 40% methanol, and 10% glacial acetic acid.  

 

Immunoblotting and Band analysis 

Extracted histone proteins of Hela cells were processed to immunoblot analysis. 

To examine RSBN1 demethylation function, amounts of methylated H4K20 in each 

group were compared by quantification of band densities by Quantity One software 
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(Bio-Rad). the relative fold change of histone of RSBN1-transfected cells compared 

to control cells was presented as the mean ± SEM. Primary antibodies were anti-

histone H4 (Millpore) and other H4K20 methylated antibodies that were described 

above. Secondary antibodies were goat anti-rabbit IgG-HRP or goat anti-mouse IgG-

HRP (both from Bio-Rad). 
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Results and Discussion 

To evaluate the demethylating function of mouse RSBN1 on mono-, di-, and tri-

methylation of H4K20, RSBN1 was expressed in HeLa cells, and the methylation 

intensity of each histone H4 lysine 20 was examined. Here, the plasmid vector pCS2-

RSBN1-GFP, which contains a GFP ORF at the C-terminus of RSBN1, was constructed 

and transfected in HeLa cells (Fig 1). After transfection for 48h, RSBN1 was mainly 

localized in the nucleus but not in the cytoplasm of HeLa cells. Immunostaining results 

indicated that the fluorescence intensity of H4K20me3 and H4K20me2 in HeLa cells 

significantly decreased after RSBN1 expression, whereas that of H4K20me1 increased 

in RSBN1-expressing cells (Fig 2A). Histone proteins were extracted from HeLa cells, 

and the purification of histone proteins was confirmed by SDS-PAGE analysis (Fig 2B). 

Immunoblotting results indicated that the intensity of H4K20me3 and H4K20me2 

bands in RSBN1-expressing cells decreased by 0.28 ± 0.2-fold and 0.58 ± 0.31-fold, 

respectively, whereas that of H4K20me1 increased by 1.61 ± 0.18-fold in RSBN1-

expressing cells (Fig 2C). These results suggested that RSBN1 can demethylate 

H4K20me2 and H4K20me3 to H4K20me1.  

Furthermore, to examine the relationship between RSBN1 and methylated H4K20 

in the seminiferous tubules, their distribution was determined and compared. First, I 

compared the localization of RSBN1 and methylated H4K20 in elongated spermatids. 

The results suggested that RSBN1 staining intensity was strong in the cytoplasm of 

elongated spermatids at stage VII, but signals of three methylated H4K20 and RSBN1 
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in the nucleus of elongated spermatids were not detected (Fig 3A), suggesting that 

histones in elongated spermatids could be replaced by protamines at that stage. 

Therefore, RSBN1 in elongated spermatids may play other roles that are not related to 

histone demethylation. Although RSBN1 might be involved in the formation of 

subcellular functions, owing to being evenly distributed in elongated spermatids (Fig 

3A), the specific localization of RSBN1 in organelles such as the acrosome, centriole, 

mitochondria, and flagellum were not determined in the present study. Additionally, it 

is necessary to identify interactive partners of RSBN1, which could be useful for us to 

comprehend the role of RSBN1 in the cytoplasm.     

Next, the distribution of RSBN1 and methylated H4K20 was compared in RSBN1-

positive round spermatids. Immunostaining results suggested that H4K20me3 and 

H4K20me2 were not present in RSBN1-positive round spermatids, but H4K20me1 was 

colocalized with RSBN1 (Fig 3B). The distribution of methylated H4K20 in RSBN1-

expressing HeLa cells and round spermatids exhibited the same pattern, which strongly 

suggested that RSBN1 demethylates H4K20me3 and H4K20me2 into H4K20me1. 

The demethylation function of RSBN1 examined in the previous report using 

partial amino acids of RSBN1 (RSBN1350-795) showed the demethylation activity for 

H4K20me2 but not H4K20me3 (Brejc et al., 2017). In this study, the full-length amino 

acid sequence of RSBN1 (RSBN11-795) was used to verify the demethylation activity of 

RSBN1. The N-terminal region of RSBN1 (RSBN11-350) might increase the substrate 

recognition activity of RSBN1 or might be able to interact with other components to 

demethylate H4K20me3. As shown in our immunostaining results (Fig. 3), H4K20me3 
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signal was not detected in nucleus of round spermatids at stage VII in which RSBN1 

was expressed. Thus, RSBN1 acts as a demethylase for both H4K20me2 and 

H4K20me3. Although no jmjC domain and PHD finger were found in the RSBN1 

protein sequence, several sites including H582, D584, and H685, are conserved in 

mouse and C. elegans, which play critical roles in demethylase activity because they 

can interact with Fe2+ and α-KG (Brejc et al., 2017). 

To date, several modifiers of H4K20 methylation have been found, but little is 

known about their expression and function during spermatogenesis. Recently, two 

homologs of yeast Rad23 (hHR23A and hHR23B) were reported as a demethylase for 

tri-, di-, and mono-methylated H4K20 (Cao et al., 2020). Theoretically, if hHR23A and 

hHR23B are expressed in round spermatids, mono-methylated H4K20 would disappear. 

However, strong H4K20me1 signals were observed in round spermatids, suggesting 

that H4K20me1 demethylase could not be expressed in round spermatids and that 

HR23s might not be involved in the regulation of methylated H4K20 during 

spermatogenesis. Thus, RSBN1 could be solely responsible for regulating H4K20 

demethylation and generating the specific methylation patterns in round spermatids.  

Results in this study suggested that RSBN1 can convert H4K20me3 and 

H4K20me2 into H4K20me1 but cannot demethylate H4K20me1. Given that 

methylated H4K20 is critical for genome integrity, chromatin remodeling, and 

transcriptional (Jørgensen et al., 2013; Pei et al., 2011; Schotta et al., 2004; Shoaib et 

al., 2018), the regulation of methylated H4K20 could be essential for spermatogenesis. 

H4K20me3 marks pericentric heterochromatin and silences repetitive DNA and 
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transposons (Phalke et al., 2009; Schotta et al., 2004). Therefore, demethylation of 

H4K20me3 by RSBN1 could be a critical step for removing heterochromatin region 

prior to the histone removal.  

In a previous report, DPY-21-mediated H4K20me1 was found to be involved in 

X-chromosome inactivation and to localize in compacted chromatin regions of C. 

elegans, to regulate X-dosage compensation (Brejc et al., 2017; Kramer et al., 2015; 

Vielle et al., 2012; Wells et al., 2012). Repressing effects of H4K20me1 on transcription 

and the results that H4K20me1 was intensive in spermatids at the steps 1-10 suggested 

that RSBN1 could repress transcription during spermiogenesis (Milite et al., 2016; 

Myers et al., 2020; Kapoor-Vazirani et al., 2014; Trojer et al., 2007). Otherwise, 

RSBN1-dependent accumulation of H4K20me1 in spermatids could be involved in 

chromatin compaction during the transformation of round spermatids to elongated 

spermatids, since chromatin condenses during this transformation process. Therefore, 

RSBN1, as a hallmark of spermiogenesis, needs to be thoroughly studied how it 

modifies the structure of chromatin in round spermatids and regulates the transcription 

in germ cell differentiation.   
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Table. 1. The primer sequences used for construction of recombinant plasmids in 

this study. 

 

Name       Forward Primer            Reverse primer 

GFP CCAAGCACTCCTGTGATGGTGAGCAAGGGCG

AGGA 

GTCGTCCTTGTAGTCCTTGTACAGCTCGTCC

ATGC 

pCS2-F CACAGGAGTGCTTGGATGTG GACTACAAGGACGACGATGACA 
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Fig. 1. Information of recombinant plasmid pCS2-RSBN1-GFP. ORF of GFP was 

subcloned in pCS2-RSBN1-F vector through homologous recombination.  
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Fig. 2. Demethylation activity of RSBN1. (A) Tri-methylated, di-methylated, and 

mono-methylated H4K20 of RSBN1-positive Hela cells were stained by corresponding 

antibodies. Nucleus of Hela cell (blue), RSBN1 (green) and methylated H4K20 (red) 

are shown. Scale bars = 20μm. (B) Four bands of Hela cell histone proteins are shown 

by SDS-PAGE. (C) Immunoblot results of methylated H4K20 in non-transfected cells 

(control) and transfected cells (RSBN1). Values of relative fold change of band density 
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(RSBN1/Control) are shown at right of each images. 
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Fig. 3. Distributions of methylated H4K20 and RSBN1 in the stage VII of the 

seminiferous tubule. (A) The comparative distribution of RSBN1 and methylated 

H4K20 in elongated spermatids. The nucleus (blue), RSBN1 (red), methylated H4K20 

(green), and merged images (right panel) are shown. Triangle and arrowhead represent 



 

 

54 
 

 

pachytene spermatocytes and elongated spermatids respectively. (B) The comparative 

distribution of RSBN1 and methylated H4K20 in round spermatids. The nucleus (blue), 

RSBN1 (red), methylated H4K20 (green), and merged images (right panel) are shown. 

Triangle and arrowhead represent pachytene spermatocytes and round spermatids 

respectively. Scale bars=20μm. 
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CONCLUSION 

   In Chapter I, the expression of RSBN1 in different tissues was examined. In 

addition to testis, RSBN1 was expressed in brain and ovary. Moreover, the localization 

of RSBN1 in both testes and ovaries was explored using a newly developed antibody 

specific to RSBN1. In contrast to the previous report in which RSBN1 was specifically 

expressed in testis and was localized only in the nucleus of round spermatids, the results 

in this study showed that RSBN1 was not testis-specific and was localized in both 

elongated and round spermatids in the testis. Furthermore, RSBN1 in the mouse ovary 

was expressed in the cytoplasm of stromal cells but not in oocytes, suggesting that 

RSBN1 could have different roles between male and female germ cell differentiation. 

Thus, our results redefined the expression and the distribution of RSBN1 in the mouse. 

    In Chapter II, the status of methylated H4K20 during spermatogenesis was 

identified by immunostaining, and methylated H4K20 was re-confirmed to be changed 

dynamically during spermatogenesis. The results indicated that methylated H4K20 was 

precisely regulated during spermatogenesis, although the roles of methylated H4K20 

during spermatogenesis still remain to be elucidated. 

In Chapter III, the demethylation function of full-length RSBN1 (RSBN11-795) was 

analyzed, and it was revealed that RSBN1 could demethylate both H4K20me3 and 

H4K20me2 in contrast to the previous report. In addition, the comparison between the 

distribution of RSBN1 and methylated H4K20 during spermatogenesis indicated that 

RSBN1 could be an important demethylase that constructs the specific distribution 
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pattern of methylated H4K20 at post-meiotic stages. Since methylated H4K20 is 

essential for genomic integrity, chromosome compaction, and transcriptional repression, 

RSBN1 could be responsible for the spermatogenesis through the regulation of H4K20 

methylation. Thus, novel expression and function of RSBN1 revealed in this study 

could be useful to comprehend epigenetic regulation of spermatogenesis. The 

mechanism of RSBN1-mediated regulation of germ cell differentiation via H4K20 

demethylation merits further investigation.  
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