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Abstract 

 To understand the epigenetic regulation required for germ cell-specific gene 

expression, I analyzed DNA methylation profiles of developing germ cells using a 

microarray-based assay adapted for a small number of cells. This microarray-based method 

provides the genome-wide assay of DNA methylation using only a subnanogram quantity of 

genomic DNA. I obtained DNA methylation profiles for mouse primordial germ cells (PGC) of 

different developmental stages and for stem cells derived from embryos or germ cells. Cluster 

analysis of the data revealed that each cell type possesses its own characteristic DNA 

methylation profile, enabling classification of the cell types. This classification is generally 

consistent with that based on gene expression profiles except for PGCs, whose genome is 

globally hypomethylated. Among the differentially methylated sites thus identified, I focused on 

a group of genomic sequences hypomethylated specifically in germline cells as candidate 

regions involved in the epigenetic regulation of germline gene expression. These 

hypomethylated sequences tend to be clustered, forming large (10 kb to ~9 Mb) genomic 

domains particularly on the X chromosome of male germ cells. Most of these hypomethylated 

regions designated here as Large Hypomethylated Domain (LoD) correspond to segmentally 

duplicated regions that contain gene families showing germ cell- or testis-specific expression, 

including cancer testis antigen genes. I found an inverse correlation between DNA methylation 

level and expression of genes in these domains. Most LoDs appear to be enriched with H3 

lysine 9 dimethylation (H3K9me2), usually regarded as a repressive histone modification,  

although some LoD genes can be expressed in male germ cells. It thus appears that such a 
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unique epigenomic state associated with the LoDs may constitute a basis for the specific 

expression of genes contained in these genomic domains.   
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List of abbreviations 

 

Abbreviation  Meaning                                        

C  cytosine 

T  thymine 

CGI  CpG island 

PGCs  primordial germ cells  

E  embryonic day   

P   postnatal day 

e.g.  (exempli gratia)  for example  

i.e.  (id eat)  that is 

LoD  large hypomethylated domain  

CTA  cancer testis antigen  

R  correlation coefficient 

bp   base pair 

IR  inverted repeats 

LOCKs   Large organized chromatin K9 modifications 

ES  Embryonic Stem  

EG  Embryonic Germ 

GS  Germline Stem 
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1. Introduction 

 

 Embryonic development of multicellular organisms is initiated after fertilization; 

a totipotent fertilized egg will go through cleavage stage, increase number of cells and will 

be differentiated into various cell types that constitute functional structures and eventually 

a whole organism. During this developmental process, various parts of genome in each cell 

are activated or inactivated to drive the developmental gene expression underlying the 

morphological changes. Although regulations of gene expression can be achieved by 

several layers of mechanisms, importance of “epigenetic” regulations is increasingly 

evident.  

 Epigenetics is an academic discipline for the study of mechanisms that influence 

gene expression without changing the DNA sequence of genome [1]. Epigenetic 

regulations are involved in genomic modifications acquired during development such as 

DNA methylation or various modifications (acetylation, methylation, phosphorylation, 

etc.) of histone tail. Genomic modification by DNA methylation is not found in all 

organisms, but it is known to be extremely important in regulations of gene expression in 

mammals including human and in some plants [2]. 

 In mammalian genome, addition of methyl groups usually occurs at cytosine of 

CpG dinucleotide. As methylated cytosine is prone to mutation, Cytosine (C) tends to be 

converted to thymine (T), resulting in underrepresentation of CpG dinucleotide in 
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mammalian genome. However, there are regions that contain a high frequency of CpG 

sequences within mammalian genome and these clusters of CpGs are designated as CpG 

islands (CGIs). Length of CGIs ranges from 300 bp to 3000 bp with GC percentage greater 

than ~50% and with an observed/expected CpG ratio of > 0.6. In mammalian genomes, 

there are approximately 15,000 CGIs, and these CGIs have been found in or near to 

promoters of mammalian genes [3]. About 40% of mammalian gene promoters contain 

CGIs. CGIs are typically free of DNA methylation in most cell types. However, 

hypermethylation of CGIs in promoters of tumor suppressor genes were detected in cancer 

cells [4]. In female mammals, one of two X-chromosomes is inactivated for gene dosage 

compensation. CGIs of X-linked gene promoters on inactive X chromosome are also 

known to be hypermethylated, resulting in silencing of gene expression [5]. These studies 

therefore suggest that DNA methylation is important for repression of gene expression. In 

mice, there are at least three distinct DNA methyltransferases exist; Dnmt1 is required for 

maintenance of DNA methylation, while Dnmt3a and Dnmt3b are used for de novo DNA 

methylation [6, 7]. Since mice with disrupted Dnmt genes die during development, DNA 

methylation is thought to be essential for regulation of developmental gene expression and 

the nuclear organization of chromatin [2, 8-11].  

 It is thus obvious that DNA methylation-dependent control is responsible for 

dynamic changes in gene expression during development. However, genomic information 

about which sequences undergo methylation or demethylation and in what order, or 
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relationships of these methylation changes with gene expression have been poorly 

understood. It has been known that genomic DNA methylation changes in developmentally 

regulated manner, but these studies investigated only a limited number of genes [12, 13], 

falling short of demonstrating global pictures of developmental changes in DNA 

methylation. Immunohistochemistry with anti-5-methyl cytosine antibody has been used to 

observe “global DNA methylation” pattern in developing cells [14]. This method is useful 

to roughly demonstrate DNA methylation pattern in individual cells. However, the staining 

pattern likely to reflect global methylation pattern of heterochromatic repetitive sequences 

and the method cannot detect DNA methylation patterns of individual gene sequences.  

 In this study, I aim to investigate dynamic changes in epigenetic states of early 

embryonic cells and developing germ cells as well as stem cell lines derived from these 

cells. Epigenetic state of cells in embryos is thought to be changed every moment. 

Moreover, in mammalian development, large scale changes in epigenetic states called 

“epigenetic reprogramming”[12, 15] take place at least twice; once just after fertilization 

[16] and once during specification of primordial germ cells (PGCs) [17] (Fig. 1). At both 

stages, genome-wide changes in epigenetic modifications such as DNA methylation and 

histone modifications should occur followed by re-establishment of cell-type-specific 

epigenetic status. After fertilization, demethylation of genomic DNA initiates and 

continues until the morula stage, by then the global DNA methylation level becomes quite 
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low[16]. De novo methylation is thought to occur at some stage after implantation, 

although precise timing of such an epigenetic remodeling is still unknown. 

 Major reprogramming also takes place in PGCs. In mice, PGCs are first 

identified as a cell population of about 45 cells at the base of allantois at embryonic day 

(E)7.25 [18-20]. In developing PGCs, epigenetic reprogramming such as reactivation of 

the inactive X chromosome or erasure of genomic imprints take place [21, 22], because 

PGCs need to remove such an epigenetic "parental legacy" in the genome before 

transmitting their genome to the next generation (Fig. 1). As a result of the epigenetic 

reprogramming, genomes of PGCs will become extensively hypomethylated. This DNA 

demethylation is known to be initiated around the time when PGCs enter genital ridges, i.e. 

embryonic day (E) 11.5, and completed between E11.5 and 13.5 [12, 15]. However, some 

other studies suggested that DNA demethylation may start earlier than E11.5, along with 

“epigenetic reprogramming” initiated early in PGC development [17, 22, 23]. 

 As just described, early embryonic cells and germ cells possess vital biological 

functions to reprogram their epigenomic status. Despite the evident significance of 

reprogramming events in this cell lineage, the precise timing and kinetics of epigenetic 

modifications are still largely unknown. While unbiased and genome-wide studies of DNA 

methylation have recently been carried out for cultured cells, attempts to delineate DNA 

methylation changes during mammalian development have been hampered, at least partly, 

due to technical reasons. For developmental epigenetic analyses, materials can often be 
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very limited in quantity, precluding conventional analytical techniques. Amount of 

genomic DNA in one diploid mouse cell is approximately 7 picogram. Number of cells 

that constitute early embryo is known to be small; e.g. single blastocyst embryo comprises 

about 60 cells, from which only 0.4 nanogram of DNA can be isolated. As shown in Fig. 2, 

there have been several distinct methods for DNA methylation analysis. However, for 

genome-wide analysis of DNA methylation, conventional techniques require microgram 

level of genomic DNA. Therefore I devised an experimental method that allow global 

analysis of the DNA methylation status using only a subnanogram of genomic DNA. In 

this study, I used a proven method of DNA methylation analysis called the HELP (HpaII 

tiny fragment enrichment by ligation-mediated PCR) assay [24-26]. Because this method 

uses linker-mediated PCR, it can be adapted for the small-scale analysis of developing 

germ cells. Oda et al.[26] developed an improved version of the method, nanoHELP. Here, 

I have fine-tuned the protocol further. This modified nanoHELP method provides a global 

analysis of the DNA methylation status of CCGG sites using only a subnanogram (≥0.5 

ng) quantity of genomic DNA.  

 Another point of DNA methylation study would be which regions of the genome 

should be investigated. Traditionally, CGIs and gene promoter regions have been the main 

targets in most DNA methylation studies [27]. However, the importance of DNA 

methylation in genomic regions outside the promoters is becoming increasingly apparent 

[2, 11]. For example, as shown in Fig. 3, differential DNA methylation of some nongenic 
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sequences located in intergenic regions appear to be correlated with expression of nearby 

genes [11]. While CGIs are almost always unmethylated, differential methylation in 

regions close to CGIs have been reported [28]. These “CGI shores” show differential 

methylation in tissue- or cancer-specific manners. Promoters of actively transcribed genes 

are normally DNA hypomethylated, but it is unexpectedly found that bodies of active 

genes tend to be hypermethylated compared with those of inactive genes [2]. These 

findings suggest the importance of DNA methylation studies in regions outside the 

promoters/ CGIs. Although recent research has advanced my understanding of the PGC 

epigenome [23, 29-31], further studies are still required to gain more detailed information 

on epigenomic features of germline cells and their involvement in defining germ 

cell-specific gene expression. 

Therefore I used a custom-made genomic microarray that can assay DNA 

methylation status of intergenic regions as well as the promoters and gene bodies of known 

genes. This microarray may provide novel information about previously unexplored but 

potentially informative parts of epigenome. The custom-made genomic microarray used in 

this study is unusual in that the CCGG sites of the intergenic regions as well as the 

promoters and gene bodies of the RefSeq genes could be tested. This HELP microarray 

may provide new information about previously unexplored parts of the germ cell 

epigenome. I applied this method to analyze DNA methylation in the mouse X 

chromosome. I reasoned that epigenomic features specific to germ cells could be found 
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by focusing on the X chromosome, because the X chromosome carries many germ 

cell-expressed genes [32, 33] and undergoes major epigenetic changes (e.g. X chromosome 

reactivation) during germ cell development [22].   

 In this thesis, I describe details of newly established method of DNA methylation 

analysis and applications of the method for the analysis of DNA methylation in the 

genome of PGCs and stem cell lines derived from early embryos and germ cells. Through 

these analyses, I found for the first time a group of sequences that are specifically 

hypomethylated on the X chromosome of male germline cells. These sequences form 

relatively large genomic domains that harbor gene families displaying specific expression 

in germ cells. These regions are termed here as large hypomethylated domains (LoDs). 

LoDs have not been detected in previous studies, including recent whole-genome bisulfite 

sequence analyses [31] probably because mapping of bisulfite-converted short sequence 

reads onto locally duplicated regions such as LoDs is technically challenging. By contrast, 

the experimental design of the HELP assay, which involved removal of the potentially 

confounding effect of copy number difference [24] and inclusion of a probe design that 

selects unique sequences for hybridization, was effective in finding LoDs.  

Interestingly, LoDs contain many genes with homologies to human cancer testis 

antigen (CTA) genes. CTA genes are normally expressed only in the germline, and are also 

expressed in some tumor cell types [34]. The results presented in this study may shed light 
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on the epigenetic basis for the germline gene expression program and its relationship with 

oncogenesis. 

 

2.  Results 

2.1. DNA methylation analysis with subnanogram amounts of genomic DNA 

 For epigenomic analyses, materials can be very limited in quantity, precluding 

conventional analytical techniques. One of my goals is to describe comprehensively the 

epigenomic changes during the development of early embryos and germ cells in the mouse. 

Toward this goal, I use the HELP assay [24], a proven, microarray-based method for the 

analysis of DNA methylation [24]. The original HELP protocol requires 10 µg of genomic 

DNA as the starting material [24], but Oda et al. [26] established an improved version of 

the method, nanoHELP that is adapted to accommodate a limited amount of starting DNA. 

Here I have further fine-tuned the protocol for the analysis of 0.5–2 ng of starting material. 

The detail of this method is described in the Methods section, and the flow of the data 

analysis is presented in Fig. 4. 

 The HELP assay is a microarray-based method that detects the subset of 

unmethylated HpaII fragments in the genome, with the corresponding, methylation- 

insensitive MspI representations serving as a control. The M-value, an index of the 

methylation level, is calculated as log2(HpaII signal/MspI signal) as described in Section 

2: unmethylated segment has a value of ≧0 and methylated segment has a negative value 
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of＜0. As shown in Fig. 5A–D, the modified nanoHELP generated good correlations 

between the M-value and the data obtained by the original protocol. To validate these 

results, bisulfite pyrosequencing analysis of six CpG sites was performed as described [24]. 

The results showed that the modified nanoHELP assay could generate reliable data (Fig. 

5E). I have exported the data as a custom track for the UCSC Genome Browser to present 

the methylation data associated with genomic annotations (Fig. 6). The results appear to be 

reproducible for the different samples and can detect differentially methylated regions 

specific to particular samples. 

 

2.2. Custom HELP microarray used in this study 

 

 The number of restriction sites for HpaII, 5’-CCGG, in the mouse genome is 

1,588,546, covering ~7.5% of the total CpG dinucleotides in the genome (Table 1A). The 

CCGG sites are almost evenly distributed over the mouse genome and do not show an 

apparent bias to a particular genomic context. Thus, the use of CCGG sites is suitable for 

obtaining a chromosome-wide view of CpG methylation profiles. 

 In this experiment, I designed a custom microarray harboring 382,018 

oligoprobes. I first selected HpaII or MspI fragments (designated here as CCGG segments) 

with a size range of 200 bp to 2000 bp, mostly from mouse chromosome 7 and X, and 

designed 10 probes of 50 nucleotides long per each CCGG segment. The custom 
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microarray can detect 22,128 CCGG segments on chromosome 7 and 14,472 on the X 

chromosome, which correspond to 46% and 39% of the total segments on each 

chromosome, respectively (Table 1B). Table 1C, D describe the categorization of the 

CCGG segments based on the genome annotations. About 47% of the segments map to 

intergenic regions, 5% map to promoter regions, and 46% to bodies of RefSeq genes 

(Table 1C). About 40% of RefSeq genes on chromosome 7 and 75% of X-linked RefSeq 

genes are covered by this HELP microarray (Table 1D). About 1% of CGIs annotated in 

the UCSC mm8 genome assembly can be assayed by this array (Table 1E). 

 CGIs and gene promoter regions have been the main targets in most DNA 

methylation studies. However, the importance of DNA methylation in genomic regions 

outside the promoters is becoming increasingly apparent [2, 11]. It is expected that this 

microarray method should be appropriate for the analysis of previously unexplored and 

potentially informative parts of the genome. 

 

2.3. Analysis of DNA methylation profiles of stem cells and germline cells 

 I performed DNA methylation profiling of the following samples: embryonic 

stem (ES) cells from male and female blastocysts, male and female embryonic germ (EG) 

cells established from PGCs of embryonic day 12.5 (E12.5), germline stem (GS) cells 

derived from spermatogonia, and male and female PGCs purified from embryos in various 

stages by fluorescence activated cell sorting (FACS). PGCs were isolated from male and 
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female E10.5, E13.5, and E17.5 embryos. PGCs have not entered the gonads at E10.5, and 

PGCs are colonized within the gonads in E13.5 embryos. At E17.5, PGCs are subjected to 

mitotic arrest in male gonads, and female PGCs are arrested in the early phase of meiosis 

[20]. I isolated germ cells from newborn ovary and testis. Whole adult testis, thymus, and 

brain were isolated from male mice and used for the analysis. Germ cells in the adult testis 

were purified by FACS from Mvh (mouse Vasa homolog)-Venus transgenic mouse) [35]. 

Gene expression profiling of all samples was conducted using my custom 44K microarray. 

Fig.7 shows the results of principal component analysis (PCA) and hierarchical cluster 

analysis of the DNA methylation profiles and the gene expression profiles. In this 

comparison, pluripotent stem cells (i.e. ES and EG cells) and PGCs from various stages 

show similar but distinct expression profiles; ES and EG cells are positioned more closely 

(blue circle) relative to PGCs (red circle) (Fig. 7A and 7C). This result confirms my 

previous findings that PGCs possess a distinct transcription program from ES cells, 

although both share the expression of common ‘signature genes’[36]. In contrast, analysis 

of the DNA methylation profiles showed the differences between samples more clearly. 

PGC samples could be classified into two groups: one comprising female PGCs and early 

male PGCs (i.e. E10.5 and E13.5 in the red circle) and E17.5 and P0.5 male germ cells that 

formed a cluster together with GS cells and testis (green circle) (Fig. 7B and 7D). Male 

PGCs in different stages appeared to be more distantly related to each other than to female 

PGCs, suggesting that the DNA methylation profiles change more drastically during male 
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PGC development. These results suggest that cell type can be classified by their DNA 

methylation profiles and that, in some cases, DNA methylation profiling can display 

differences in the cellular state more effectively.  
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2.4. K-means cluster analysis of DNA methylation profiles revealed cell-type	
  

specific differentially methylated regions 

 To visualize differences in the DNA methylation profiles of the samples tested, 

nonhierarchical k-means analysis (k=12) was performed using the data obtained from the 

28,217 informative CCGG segments; the result is shown as a heat map in Fig. 8A. One of 

the most conspicuous trends was that the genomes of the PGCs examined are mostly 

hypomethylated except for male E17.5 PGCs. Box plot of the M-value for each sample is 

shown in Fig. 8B. Global levels of DNA methylation are lower in the E10.5 PGC genome 

than in ES and EG cells, and the levels are even lower at E13.5. At E17.5, the methylation 

level of male PGCs is increased, whereas female PGCs maintain a hypomethylated status 

similar to those at E10.5 or E13.5. The difference in methylation level between male and 

female germ cells is most prominent in neonates: male spermatogonia possess a highly 

methylated genome. GS cells derived from spermatogonia also have a globally 

hypermethylated genome. Genomes of the somatic organs, thymus and brain, are also 

relatively hypermethylated, although the brain genome is less methylated than the thymus. 

GS cells possess a similar DNA methylation profile to that of P0.5 spermatogonia (R = 

0.80). Epigenetic features of GS cells have not been reported to date, and this result 

suggests that GS cells should provide a valuable in vitro model for epigenetic studies of 

spermatogonial cells. Adult testis, which comprises both germ cells and somatic cells, has 
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a slightly lower DNA methylation level relative to spermatogonia (P0.5 male) and GS cells 

(Fig. 8B). 

 Although most of the PGC genomes are hypomethylated, genomic regions 

classified as cluster 12 remain methylated at a level comparable to the other cell types 

examined. The rest of the clusters showed some cell or tissue specificities in DNA 

methylation. For example, cluster 11 regions are hypomethylated in stem cells and germ 

cells but are hypermethylated in the somatic cell types examined. There are 1,111 CCGG 

segments classified in the cluster 11,169 of which correspond to promoter regions of 

known RefSeq genes. Gene Ontology (GO) analysis showed that terms like meiotic sister 

chromatid cohesion, meiotic chromosome segregation, female meiosis, and oogenesis are 

enriched in these genes. Genes related to germ cell differentiation or meiosis, such as Stra8 

[37], Sycp3 [38], and Figla [39] are included in this cluster. 
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2.5. Characterization of germline-specific hypomethylated CCGG segments on the 

X chromosome 

 

 The clusters were then characterized by examining their tissue specificities in 

DNA methylation patterns. I noticed that Cluster 4 comprises the segments 

hypomethylated only in PGCs, GS cells and the testis, whereas these segments are 

hypermethylated in ES and EG cells, and somatic organs. These putative germline-specific 

hypomethylated segments were characterized further. Although no particular GO terms are 

enriched, Cluster 4 contains genes expressed in the germ cells of testis such as Xmr 

(Xlr-related, meiosis regulated)[40, 41] or CTA genes; e.g. the Mage (melanoma antigen) 

gene family[42]. The number of Cluster 4 CCGG segments mapped onto the X 

chromosome is disproportionately high. There are 1,004 segments in Cluster 4, and 715 

(71.2%) are on the X chromosome, which has 14,472 CCGG segments in total. In contrast, 

219 of Cluster 4 segments (21.8%) are on Chromosome 7, which carries 22,128 segments. 

Because genes expressed in germ cells or testis are known to be enriched on the X 

chromosome[32, 33], I focused on the Cluster 4 segments of the X chromosome as 

candidates involved in the epigenetic regulation of germ cell-specific gene expression. As 

shown in Fig. 9A-D, I plotted the M-values of all the CCGG segments along the X 

chromosome using the data obtained from each sample (grey dots). To translate the 

M-value measurements into regions of equal M-value, I used a circular binary 
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segmentation program, which is used normally for comparative genomic hybridization 

analysis [43]. Using this program, I drew lines (black horizontal lines) to show regions of 

equal M-value. By tracing the line, I could identify the genomic regions in which the 

M-value changes significantly from the flanking regions. The M-values of the segments 

belonging to Cluster 4 are overlaid as red dots. The distributions of the M-values in the 

DNA of somatic cells (i.e. brain and thymus) along the entire X chromosome are similar to 

each other: the average M-value is less than –1, with some local exceptions. The Cluster 4 

dots are mapped even below the average line, indicating that, as expected, Cluster 4 

segments are hypermethylated in both brain and thymus (Fig. 9A). In ES and EG cells (Fig. 

3 and Fig. 9B), the average M-values of the Cluster 4 segments do not change significantly 

along the X chromosome and are positioned below –1, suggesting that Cluster 4 segments 

are largely hypermethylated in the genomes of ES or EG cells. In sharp contrast, in E17.5 

male PGC DNA, it appears that the average M-value line is often discontinuous, and that 

hypomethylated CCGG segments exist over relatively large, contiguous genomic regions 

(Fig. 9A-D). For example, the average M-value of the segments within the 9 MB genomic 

region harboring the Xmr gene cluster (double-headed arrows) is close to 0, and Cluster 4 

segments are enriched in this region. It is obvious that the distribution of the Cluster 4 

segments is not uniform, and that these Cluster4 segments form ‘hypomethylated domains’ 

compared with their flanking regions. These trends persist in P0.5 spermatogonia and GS 

cells derived from P0.5 spermatogonia (Fig. 9A), with a few cell type-specific differences. 
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In testis DNA, the overall methylation pattern of the Cluster 4 segments is essentially 

similar to that found in the male germline cells, described above (Fig. 9A and C). I also 

examined earlier stages of male PGCs (Fig. 9C). In E10.5 male PGCs, formation of 

hypomethylated domains, e.g. Xmr region, is not as obvious as seen in E17.5 male PGCs. 

In E13.5 male PGC DNA, the distribution of the Cluster 4 segments is similar to that found 

in E17.5 male PGCs. It thus appears that clustering of hypomethylated DNA segments 

become increasingly evident on the X chromosome during the development of male germ 

cells. 
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2.6. Discovery of large genomic regions hypomethylated specifically in male 

germline cells 

 Although it is clear that segment DNAs possess generally lower methylation 

levels in female PGCs than in cells of somatic organs, the formation of hypomethylated 

DNA regions as seen in male PGCs is not evident in female PGCs (Fig. 9C and D). I 

therefore decided to focus on the male germline-specific hypomethylated DNA regions 

that comprise Cluster4 segments. To visualize the hypomethylated DNA regions in the 

male germline from a different viewpoint, I plotted fold differences in the methylation 

level between somatic and male germ cell DNA along the X chromosome (Fig. 10A). 

Because methylation patterns of Cluster 4 segments are essentially similar in testis, E17.5 

and P0.5 male PGCs, the testis was chosen for this analysis. Brain was also used as 

somatic tissue for this analysis. As the data were plotted with a log2 scale, a negative value 

indicates the lower level of DNA methylation in the testis than in the brain. The plot 

revealed broad domains with lower methylation levels in the testis and therefore, in male 

germ cells of late stages (colored light blue in Fig. 10A). These broad domains of 

hypomethylated DNA described above are distinct from CGIs, which are generally located 

within or near a promoter and have a typical length of 300– 3000 bp [44]. The broad and 

hypomethylated domains identified here are often much larger than CGIs and do not show 

preferential localization at promoter regions. Thus, these broad domains do not correspond 

to the known hypomethylated regions and may represent a hitherto unknown epigenomic 
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entity. For convenience of discussion, I here designate such a broad and hypomethylated 

domain as a LoD. By definition, a LoD has a size of >10 kb and shows more than a 2-fold 

difference in M-value between germline and somatic cells (testis and brain in this case). 

Each LoD should also have at least one Cluster 4 segment. 
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2.7. Overlap of LoDs with segmentally duplicated regions 

 Using the definition described above, I list the LoDs of the X chromosome in 

Table 3. There are 16 LoDs on the X chromosome (Table 3), and their sizes are generally 

large: 11 of the16 LoDs are >100 kb (mean:1,219,252 bp), and six of the large LoDs are 

~1 Mb. The mammalian genome is replete with segmentally duplicated regions [45]. 

Although segmental duplications can be found on every chromosome, they are particularly 

abundant on the sex chromosomes. Because LoDs are generally large and contain gene 

families such as Xmr, I asked whether LoDs overlap with segmentally duplicated regions. 

As shown in Fig. 10A and B and Table 3, all LoDs on the X chromosome are found to 

contain segmentally duplicated regions. The use of the MspI control represents an unusual 

strength of the HELP assay to remove the potentially confounding effect of copy number 

variation [24]. Combined with a probe design that selects only unique sequences for 

hybridization, these aspects ensure that the DNA methylation readout from regions of 

constitutive segmental duplication accurately reflects the underlying DNA methylation and 

is not influenced by DNA copy number. Hypomethylation of two such domains, LoD 10 

and 12, was confirmed by Southern blot analysis (Fig. 10C and D). Since LoD 10 and 12 

contain homologous, locally repeated sequences, a hybridization probe can be used to 

assess the methylation status of both regions. The genomic DNAs of the thymus, brain and 

testis were digested by either methylation-sensitive HpaII or the methylation-insensitive 

MspI. In the HpaII digests of thymus and brain DNA, no bands were detected except for a 
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hybridization signal in the unresolved part of the lanes, indicating that the genomic region 

is hypermethylated in somatic organs. In the HpaII digest of testis DNA, many bands were 

detected, and the band pattern was essentially the same as that found in the MspI digest, 

clearly indicating that this region is largely unmethylated in the testis. Given that the testis 

comprises both germ and somatic cells, I asked whether LoDs are hypomethylated in germ 

cells. I used an Mvh-Venus reporter transgenic mouse line [46], in which germ cells are 

marked by Venus fluorescence protein. I also used FACS to purify the Venus-positive 

germ cells from the adult testis and performed Southern blot analysis. The results indicated 

that the genomic regions in the purified germ cells are indeed hypomethylated (Fig. 10C 

and D). 
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2.8. Predominance of genes expressed in male germ cells or in the testis in LoDs 

 We noticed that most LoDs contain genes that are expressed in the testis. For 

example, Gmcl1l (germ cell-less protein-like 1-like), Ssx9, Fthl17, Xmr, Mageb, Ott, 

Samt4 and Magea are expressed in the testis and are included in LoDs 1, 2, 3, 4, 11, 14 and 

15, respectively (Table 3). Expression of these genes is also detected in germ cells purified 

from adult testes. If I omit LoDs 10, 12 and 16, which do not carry known genes, only 

LoDs 6 and 13 do not contain genes predominantly expressed in germ cells (Table 3 and 

Table 4). The mean expression levels of genes contained in LoDs are shown in Fig. 11A. 

Genes within LoDs show significantly higher expression in the testis than in the brain. 

Figure 11B shows the mean levels of DNA methylation within and outside LoDs on the 

mouse X chromosome. Fig.11 indicates that there is an inverse correlation between the 

level of DNA methylation and the expression of genes in LoDs. 
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2.9. Genomic structures of LoDs: Xmr/Slx and Mageb regions 

 

 In addition, I demonstrate the detailed structures of two LoD regions (Fig. 12). 

LoD 4 is ~ 9.1 Mb in size (chrX: 22,991,291–32,117,922) and contains three distinct 

genes/gene families, all of which are expressed specifically in the testis. Because Xmr is a 

synonymous gene with Slx [40, 41], I call this gene/gene family either Xmr or Xmr/Slx in 

this study. Xmr/Slx is known to be expressed in spermatids, where it encodes a protein, 

SLX/XMR, normally localized in cytoplasm [40, 41]. Xmr/Slx represents a locally 

duplicated multi gene family, whose copy number is at least 28 in LoD 4. Gmcl1l and 

LOC236749 are included in the same LoD, and both are expressed in the testis and in 

purified male germ cells (Fig. 12A). The LoD 4 region represents one of the largest 

segmentally duplicated regions on the mouse X chromosome (Katsura and Satta, personal 

communication) and can be divided into four subregions (Fig. 13). Subregion I spans~3 

Mb and harbours tandemly repeated Xmr genes. Subregion II spans ~3.8 Mb and 

comprises both tandem and inverted repeats (IRs) of Xmr genes. Subregion III contains 

tandem and IRs of Gmcl1l genes, which are duplicated on two distant sites on the X 

chromosome; the other site is also classified as LoD 1 (Table 3). Subregion IV is, 1 Mb 

and contains tandem repeats of Xmr genes. One hundred and forty-one CCGG segments 

are mapped within LoD 4, and the fold difference in methylation level (brain versus testis) 

of these segments were calculated as described in Fig. 10A. The mean value is –1.4745, 
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suggesting that the CCGG segments in this region are generally hypomethylated in the 

testis genome (Table 3 and Figs 9 and 10). Because of the repetitive nature of the LoD 

region, HELP probes cannot be assigned for most of the subregions II and IV. To examine 

DNA methylation in these regions, I performed Southern analysis of the testis and brain 

DNA digested with either HpaII or MspI, and hybridized with an Xmr cDNA probe. As 

shown in Fig. 12A and Fig. 13. the Xmr cDNA probe should be able to assess the 

methylation status of 161 restriction fragments. These fragments are distributed evenly 

within subregions I, II and IV, and fill the gaps of information provided by the nanoHELP 

assay, which tests only unique sequences. The results of the Southern blot analysis shown 

in Fig. 12B demonstrate that the Xmr region is highly methylated in the brain and liver, 

whereas a considerable proportion of the restriction fragments appear unmethylated in the 

testis. It has been suggested that transcriptionally active genes are hypomethylated in their 

promoter region, while their gene bodies tend to be hypermethylated [2]. However, a 

magnified view of the LoD 4 region (Fig. 14) indicates that all CCGG segments in this 

region are hypomethylated in the testis and male PGCs regardless of their positions with 

respect to the Xmr genes. Both the probes positioned near the transcription start sites and 

the probes positioned at introns or even at intergenic regions are unmethylated in the testis, 

GS and male PGCs. The Southern blot analysis data suggest that the CCGG segments 

containing exons of the Xmr genes appear to be relatively hypomethylated in the testis (Fig. 

12B). These results imply that methylation of the whole LoD 4 is subjected to a 
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region-wide regulation. This feature is shared by other LoDs not described here. Mageb 

belongs to the Mage (melanoma antigen) gene family, which is expressed in spermatogenic 

cells and in some cancer cells [40]. Figure 12C shows a genomic region spanning ~1 Mb 

that contains Mageb1 and Mageb2 genes. This region represents a large IR with arms of 

~400 kb in length. At the ends of both arms, LoDs 10 and 12 are located 4–2 kb upstream 

of the transcription start sites of Mageb1 and Mageb2, respectively. These two LoDs do 

not contain the Mageb locus itself (Fig. 15). Both LoDs are highly homologous and ~14 kb 

long, and comprise repeat sequences with a unit size of ~3 kb. These sequences are both 

tandem and IRs (Fig. 12C magnified part), are found only in these LoD regions and are 

clearly hypomethylated only in germ cells (Fig. 15). Hypomethylation of LoDs 10 and 12 

was confirmed by Southern blot analysis as described (Fig. 10C and D).  
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2.10. Developmental changes in the methylation levels of LoDs 

 

 LoDs are hypomethylated in the testis, GS cells and male PGCs. The 

methylation heat maps of LoDs 10 and 12 shown in Fig. 12D illustrate how the DNA 

methylation of LoDs changes during germ cell development. During development, the 

PGC genome undergoes global DNA demethylation, which is known to be completed 

between E11.5 and E13.5 [15]. In E10.5 PGCs, the LoDs tested here are not unmethylated 

completely, whereas demethylation of LoD DNA progresses in PGCs by E13.5. At E17.5, 

the LoD regions are largely unmethylated in both male and female PGCs. This trend 

persists in later stages of male germ cells, where as the methylation levels of the LoDs 

appear to increase in newborn oocytes. The results together with the results shown in Fig. 9 

suggest that, in general, LoDs begin to form between E10.5 and E13.5, and distinct 

hypomethylated domains are established around E13.5 in the male germline. Despite the 

global increase in DNA methylation at later stages of male germline development (Fig. 

8B), hypomethylation of LoD DNAs is maintained in male germ cells. Although LoDs 10 

and 12 are shared by male and female PGCs, the overall DNA methylation patterns are not 

identical, suggesting that a distinct epigenomic status is generated in male and female 

germlines (Fig. 9C and 9D). 
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2.11. Coincidence of most LoDs with broad domains of the repressive histone mark, 

H3K9 dimethylation 

 I have shown that most LoDs are broad genomic domains with low DNA 

methylation levels that form boundaries between the LoDs and other methylated parts of 

the genome. The mammalian genome can be divided into broad domains of distinct histone 

modifications[47, 48]. For example, LOCKs (large organized chromatin K9 modifications) 

are genomic domains with histone H3 lysine 9 dimethylation (H3K9me2) modification 

thought to be involved in region-wide gene repression [48]. To investigate the relationship 

between LoDs and the repressive histone mark, ChIP-on-chip analysis was performed to 

detect H3K9me2 enrichment in GS cells as a representative of germ cells in this test and in 

cumulus (somatic cells in the ovary) cells as a somatic cell control [49]. Figure 16 shows 

the H3K9me2 modification patterns on the X chromosome in both GS and cumulus cells. 

The overall pattern of H3K9me2 modifications along the X chromosome in GS cells is 

essentially similar to that in cumulus cells (Fig. 16A and C). Enrichment of the 

modifications along the LoD regions (colored light blue) is seen in both GS and cumulus 

cells (Fig. 16A and C). In contrast, as expected, DNA methylation levels in the LoD 

regions are high in cumulus cells and low in GS cells (Fig. 16B and D). Figure 16E shows 

a magnified view of LoD 12, indicating that the hypomethylated region has the H3K9me2 

mark. A significant enrichment of H3K9me2 is found in most (11 of 16) LoDs in GS cells 

(Fig. 17). Expression of six genes contained in the LoDs was examined in cumulus, GS, 
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testis and two other somatic cell types by quantitative RT-PCR analysis (Fig. 16F). Fthl17, 

Ott, Mageb and Magea are included in the LoDs and are expressed in the testis; the 

expression level of these genes is much higher in GS cells, but only negligible expression 

is detected in somatic cells. This result indicates that genes in hypomethylated LoDs can be 

expressed even though the same region has continuous H3K9me2 modifications (Fig. 16A , 

C and Fig. 17), demonstrating peculiar epigenomic features of LoD regions. It is 

reasonable to expect that Ssx and Xmr are barely detectable in GS cells, because these 

genes become active in postmeiotic stages [32], whereas GS cells are derived from 

pre-meiotic spermatogonia. It is probable that, in GS cells, other factors required for the 

expression of postmeiotic genes (e.g. transcription factors) are lacking. These results 

suggest that DNA hypomethylation in LoDs may not be sufficient by itself, but is a 

prerequisite for the expression of LoD genes.  
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3. Discussion 

 In the present study, I have analyzed the DNA methylation profiles of 

developing germ cells using the modified nanoHELP method, which requires only a 

limited amount of DNA. Recent studies by Guibert et al. [29] using the MeDIP analysis of 

a promoter array and Seisenberger et al. [31] using a whole-genome bisulfite sequencing 

suggest that DNA demethylation of the PGC genome is initiated earlier than previously 

thought [12, 15]. The finding that the PGC genome is substantially hypomethylated 

already at E10.5 is consistent with the result of Seisenberger et al. [31], confirming the 

technical reliability of my method. My data from developing germ cells revealed for the 

first time the presence of large, hypomethylated DNA domains on the X chromosome of 

male germline cells in mice.   
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3.1. Discovery of large hypomethylated domains of epigenomic organization 

 Traditionally, epigenetic studies have focused on modifications of genes or 

elements adjacent to genes. However, with the development of genome-wide assays, 

recent studies have revealed marked clustering of particular histone modifications over 

relatively large genomic regions; e.g. LOCKs and BLOCs (broad local enrichments) 

enriched with the histone marks H3K9me2 and H3K27me3, respectively [47, 48]. These 

large epigenetic marks, LOCKs in particular, are thought to be involved in gene silencing. 

DNA methylation is found throughout the mammalian genome except for short 

unmethylated regions, CGIs, which typically occur around the transcription start sites of 

genes [2]. The LoDs described in this work are also hypomethylated genomic regions, but 

are distinct from CGIs in terms of their size, tissue specificity and genomic structure. To 

my knowledge, large differentially methylated DNA regions showing germ cell 

specificities, such as LoDs, have not been previously reported. This may be because 

previous studies have focused only on methylation of gene promoters and not broader 

genomic contexts in germ cell samples. In contrast, my custom HELP chip method could 

assess the DNA methylation status of both genic and intergenic regions using the meager 

amounts of DNA that could be sampled from germ cell genomes in this study. 

Seisenberger et al. [31] recently reported the results of whole-genome bisulfite 

sequencing analysis of the mouse PGC genome. I analyzed their data on E16.5 male 

PGCs to determine whether LoDs could be found at the single-nucleotide level and found 
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that the number of sequence reads mapped to LoDs were significantly lower than that 

mapped to the flanking regions. Given that mapping of bisulfite converted short sequence 

reads onto locally duplicated regions is technically challenging, the probability of finding 

LoDs using the currently available bisulfite sequencing data seems low. In contrast, the 

HELP assay uses an MspI control to remove the potentially confounding effect of copy 

number variation [24] along with a probe design that selects unique sequences for 

hybridization. These ensure that the DNA methylation readout from regions of segmental 

duplication is genuinely reflective of the underlying DNA methylation. Oda et al. [50] 

reported that CGI methylation of an X-linked homeobox gene cluster spanning ~1Mb is 

under long-range regulation in a tissue-specific manner. Therefore, widespread changes in 

DNA methylation could occur depending on the cellular phenotype or differentiation 

status. 
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3.2. Peculiar epigenomic features of LoDs 

   LoDs have been detected based on arbitrary criteria, but most share common 

features. Most LoDs represent segmental duplications that harbor germline expressed 

genes and overlap with large H3K9me2-enriched domains. Wen et al. [48] described large 

H3K9me2-enriched chromatin blocks, LOCKs, in the human and mouse. The occurrence 

of LOCKs is differentiation specific: there are more LOCKs in differentiated cells, and 

genes contained in the LOCKs tend to be repressed during differentiation. Because 

LOCKs substantially overlap with lamin B-associated domains, a gene-silencing 

mechanism based on three-dimensional subnuclear organization has been proposed [48] 

(Fig. 18).  

   I found that most LoDs are enriched with H3K9me2 modifications, and that at 

least four LoDs—1, 2, 3 and 4—correspond to the LOCKs described by Wen et al. [48]. 

Overlaps of other LoDs with LOCKs cannot be checked because LOCKs data are not 

available for the rest of the mouse X chromosome. Overlap of LoDs with LOCKs is 

counterintuitive because LOCKs are supposed to repress gene expression, whereas genes 

can be highly expressed within LoDs. This may be reconciled if gene silencing in LoDs is 

complete when both DNA methylation and H3K9me2 marks are established, but is 

derepressed in the absence of DNA methylation. Consistent with this idea, somatic cells 

such as cumulus cells, which have both marks, do not express the LoD genes, although 

germ cell genes can be active in DNA-hypomethylated but H3K9-dimethylated LoDs. 
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The H3K9me2 histone methyltransferases, G9a and GLP, are required for DNA 

methylation in ES cells, but not in cancer cells [51]. It is thus likely that DNA methylation 

and the H3K9me2 modification are not always interdependent, and that they can be 

regulated independently in the LoD regions of male germ cells and cancer cells.       
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3.3. Segmental duplication, hypomethylation and gene expression in germ cells and 

cancer cells 

     Through the analysis of germ cell-specific hypomethylated regions, I found 

that LoDs overlap with large segmentally duplicated regions, within which germ 

cell-expressed genes are commonly found. Some of these genes, such as Xmr, are found 

only in rodents. In contrast, the Mage gene family genes, Ssx and Fthl17, are conserved in 

the human genome and are known as CTA genes, which are expressed specifically in 

germ cells and in some tumor cell types. More than 260 CTA genes have been detected in 

the human (http://www.cta.lncc.br/), and half of them are on the X chromosome. Most of 

the X-linked CTA genes are organized as multicopy gene families [34]. Warburton et al. 

[52] searched the IR structures in the human genome and found that the X chromosome is 

replete with large IRs harboring testis-expressed genes, most of which encode CTA genes. 

More than 40% of large IRs found in the mouse genome are on the X chromosome, and 

Ssx, Fthl17 and the Xmr loci are contained in such regions. Thus, three kinds of studies 

with different starting points reached the same conclusion: the X chromosome is abundant 

with duplicated regions containing germ cell-expressed genes, including CTA genes. To 

this, I add the new observation that these regions also have unique epigenomic features, 

i.e. widespread DNA hypomethylation and H3K9me2 enrichment. The epigenomic 

features of the LoDs could account for the finding that CTA genes can be activated by 

inhibition of DNA methylation but not by a reduction in H3K9 dimethylation [51, 53], 
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and suggest that DNA methylation is the key epigenetic mechanism involved with the 

regulation of LoD–CTA genes. It is not fully understood how DNA methylation regulates 

the coordinated expression of CTA genes in a cell type-specific manner. It is also 

necessary to clarify whether CTA gene expression contributes directly to oncogenesis or 

whether it simply reflects global chromatin changes that occur during tumor formation. 

Simpson et al. [54] postulated an intriguing hypothesis that the aberrant expression of 

germline genes in cancer reflects the activation of the gametogenic program, which is 

normally silenced in somatic cells. The gametogenic program is normally repressed 

because germline specific products would be harmful for normal somatic cells, whereas 

they would be advantageous for cancer cells. To test this hypothesis, it will be essential to 

elucidate the activation mechanism for the germline gene expression program, as well as 

the epigenetic and chromatin status required for the operation of this program. As shown 

in this study, widespread DNA hypomethylation may be a prerequisite for the activation 

of LoD genes, including CTA genes. In addition to DNA methylation, the nuclear 

chromatin environments within germ cells and/or tumor cells may also be important for 

long-range transcriptional control over large genomic regions, because LOCKs [48], 

LoDs and the partially methylated domains found in colorectal cancer [10] are correlated 

with nuclear lamin associated domains. Therefore, further studies of epigenomic features 

and the nuclear architecture of LoDs may shed light on the germline gene expression 

program and its relationship to oncogenesis [54]. 
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4. Conclusions and future directions 

In this study, I first established a method that allow DNA methylation analysis of 

subnanogram quantity of genomic DNA by improving the method known as HELP assay 

[24]. With this modified nanoHELP method, I analyzed genomes of PGCs and showed for 

the first time that the PGC genome is substantially hypomethylated already at E10.5, 

suggesting that DNA demethylation during PGC development may initiates earlier than 

previously thought. Currently my colleagues and I try to determine when DNA 

demethylation of PGC genomes starts using other genome-wide technique based on a 

massively parallel sequencing.  

 Through the analysis of PGCs of various developmental stages as well as stem 

cells derived from embryos and germ cells, I discovered large hypomethylated DNA 

domains (LoDs). Although large-scale enrichments of a particular histone modifications 

have been reported, large differentially methylated DNA regions showing germ 

cell-specificities such as LoDs have not previously been reported to my knowledge. The 

germ cell-specific LoDs contain gene families showing germ cell-specific expression, and 

I demonstrate that DNA methylation is the key epigenetic mechanism involved in the 

regulation of LoD genes. Among these, there are mouse genes with homology to human 

cancer testis antigen genes, suggesting epigenetic regulations common to both germ cells 

and tumor cells. Remarkably, most LoDs coincide with broad domains of the repressive 

histone mark, H3K9 dimethylation, and indeed overlap with LOCKs reported by Wen et al. 
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[48]. Therefore, expression regulation of genes within the LoDs may be dependent on 

changes in nuclear architecture. Analyses of DNA methylation profiles and chromosomal 

positioning of LOCKs/LoDs in cancer cells and germ cells of both mouse and human 

should be performed in future.  
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5. Materials and Methods 

5.1. Sample preparations and purifications of DNA and RNA 

 TMA5 cells are male ES cells derived from the 129/Sv mouse [55]. The female 

ES#5 line was from F1 hybrid mice between TgN(deGFP)20Imeg (RBRC No. 00822) and 

MSM/Ms (RBRC No. 00209) [36]. The EG cell lines used in this study were TMA55G 

(male) and TMA58G (female) [55]. These ES and EG cell lines were cultured on 

mitomycin C-treated primary mouse embryonic fibroblasts in Dulbecco’s modified Eagle’s 

medium (Sigma-Aldrich, St. Louis, MO) supplemented with 14% Knockout Serum 

Replacement (Life Technologies, Carlsbad, CA), 1% fetal bovine serum (Life 

Technologies), 1000 U/ml Leukemia Inhibitory Factor, 2-mercaptoethanol, 1x nonessential 

amino acids, and penicillin–streptomycin. The Oct3/4–GFP transgenic mouse line, 

TgN(deGFP)18Imeg (RBRC No. 00821) [56], was used to collect PGCs from developing 

mouse embryos, as described previously [36]. GS cells were obtained from the RIKEN 

BRC Cell Bank (RCB1968) and were cultured on a feeder layer as described by 

Kanatsu-Shinohara et al. [57]. Germ cells expressing the Venus reporter were purified by 

FACS from the Mvh[35]-Venus BAC transgenic mouse line (N. Mise and K. Abe, in 

preparation). All animal experiments were approved by the Institutional Animal 

Experiment Committee of the RIKEN BioResource Center. DNA and RNA were extracted 

simultaneously from the same samples using an AllPrep DNA/RNA micro kit (Qiagen, 

Hilden, Germany). The amount of DNA was measured using a Qubit dsDNA High 
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Sensitivity Kit (Life Technologies). RNA was quantified by NanoDrop (Thermo Scientific, 

Wilmington, DE), and the quality of RNA samples was checked using a Bioanalyzer 2100 

(Agilent Technologies, Santa Clara, CA). 
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5.2. Gene expression profiling 

 A 44K custom microarray was used for gene expression profiling throughout this 

study [58]. This custom array covers all the known protein-coding genes as well as ESTs 

derived from PGC cDNA libraries, and was manufactured by Agilent Technologies. Total 

RNA was labeled with Cy3-CTP with a Quick Amp labeling kit (Agilent Technologies). 

Hybridization was performed according to the protocol suggested by the supplier. 

Hybridized slides were scanned using a microarray scanner (Agilent Technologies), and 

the signals were processed with the Feature Extraction software ver. 10.5.1.1 (Agilent 

Technologies). The processed signal data were normalized and analyzed by Gene Spring 

GX11.5 software (Agilent Technologies). The microarray experiments were conducted 

using biologically duplicated samples. 
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5.3. Modified nanoHELP: linker-mediated amplification and hybridization 

 The nanoHELP assay, a microarray-based DNA methylation analysis, was 

performed according to my previous reports [24, 26] with modifications. Briefly, genomic 

DNA (0.5–2 ng) was digested by HpaII or MspI in 100 µl of reaction mixture at 37°C 

overnight. This was followed by DNA purification with the MinElute Reaction Cleanup 

Kit (Qiagen), and the digested DNA was ligated to linker adapters, NHpaII12/NhpaII24 

and JHpaII12/JhpaII24 [26] overnight at 16°C. After removing the linker adapters, the 

ligated DNA was added to a total of 50 µl PCR reaction mixture containing 1.5 µl each of 

20 µM primer (NHpaII24, 5’-GCAACTGTGCTATCCGAGGGAAGC-3'; JHpaII24, 

5’-CGACGTCGACTATCCATGAAC AGC-3'), 10 µl of 5 M betaine (Sigma-Aldrich), 

200 µM of dNTPs, and 2.5 units of ExTaq DNA polymerase (TaKaRa Bio Inc., Otsu, 

Japan) in a buffer supplied by the manufacturer. The mixture was heated at 72°C for 10 

minutes and subjected to PCR amplification with the following parameters: 15 cycles at 

95°C for 30 seconds and 72°C for 3 minutes, with a final extension at 72°C for 10 minutes. 

After the first round of amplification, one-tenth of the volume of the reaction was added 

into a fresh PCR reaction mix containing the same primers and amplified for an additional 

10–15 cycles [59] with the same PCR parameters as described above. The PCR products 

were purified using the MinElute Kit (Qiagen). An additional column-washing step with 

750 µl of 35% guanidine hydrochloride (Nacalai Tesque Inc., Kyoto, Japan) solution was 

performed to remove the residual primer–adapters. The amplified DNA originally digested 



 45 

with HpaII was labeled with Cy5-labeled Random 9-mers (TriLink Biotechnologies, San 

Diego, CA), while MspI-digested DNA was labeled with Cy3-Random 9-mers (TriLink 

Biotechnologies). The labeled DNAs were mixed and hybridized with a custom microarray 

(Roche NimbleGen, Madison, WI) using a NimbleGen Array Hybridization Kit 

(http://www.nimblegen.com/products/lit/lit.html). After washing with the NimbleGen 

Array wash kit, the microarrays were scanned on an Agilent Technologies Scanner 

G2505C with a setting of 5 µm resolution. The HELP array experiments were carried out 

using biological replicates. The raw data were processed using NimbleScan 2.4 data 

extraction software (NimbleGen) to obtain the processed log2 (Cy5/Cy3) ratio data. 

ChIP-on-chip experiments using cumulus cells and GS cells were performed as 

described previously [49]. 
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5.4. Microarray design 

 The microarrays were designed to represent restriction fragments with 5’-CCGG 

restriction sites in a size range of 200 to 2000 bp (=CCGG segments) on mouse 

chromosome 7 and the X chromosome. Ten 50-mer oligonucleotide probes were designed 

from each CCGG segment sequence, avoiding repeat-masked regions and sequence 

ambiguities. Probe sequences were selected using a score-based selection algorithm, as 

described[24]. Detailed information for the coverage of genomic regions on each 

chromosome and annotations of the CCGG segments are described in Table 1. Information 

about the positions of probes, M-values obtained from different samples, and k-means 

cluster number are described gff files of the HELP array data are available at the web site 

(http://www.brc.riken.go.jp/lab/mcd/mcd2/protocol/nanoHELP.html). 
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5.5. Data analysis 

 The steps in the HELP data analysis are shown schematically in Fig. 4. Briefly, 

hybridization signal noise is first removed from the processed data by cutting off the 

values in the range of random sequence probes. On the microarray, 10 oligonucleotide 

probes are normally assigned to each CCGG segment. The median signal intensity of the 

10 probes is calculated and used to define the segment’s signal intensity. Using the median 

signal values, the HpaII/MspI ratio is then calculated for each CCGG segment and 

converted to a log2 value to obtain the M-value. After normalization of the microarray ratio 

data, hypomethylated and hypermethylated segments are distinguished using an R script 

(http://www.r-project.org/) that determines the threshold values based on a binarization 

method [60]. The marginal width of the threshold is calculated using the Mahalanobis 

distance [61]. The log2 value at the threshold is set as 0 so that hypomethylated segments 

have a positive value (>0) and hypermethylated segments have a negative value (<0). For 

interarray normalization of the HpaII/MspI ratio, the threshold value of each array data set 

is scaled to 0.  
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5.6. Accession number 

Gene expression microarray data and the HELP array data are available at  

Gene Expression Omnibus (GEO) database  (http://www.ncbi.nlm.nih.gov/geo/) 

(Accession Number; GSE39895). 
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Tables and Figures  
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Table 1A.  Number of CG sites and CCGG sites in the mouse genome (mm8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reference genome assembly used is UCSC Genome Browser, mm8 ( Feb. 2006 ). 
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Table 1B.  Coverage of CCGG segments on each chromosome by HELP array. 
 
 
 
 
 
 
 
 
 
 
 
 
Reference genome assembly used is UCSC Genome Browser, mm8 ( Feb. 2006 ). 
 
 
 
 
Table 1C.  A breakdown of CCGG segments annotated to different genomic 
categories 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"Promoter" is defined as a region between -2kbp and +0.5kbp of transcription start site. 

* In this category, single CCGG segment overlaps with promoter and gene body. 

** The HELP array was originally designed based on mm6 genome assembly, and re-annotated 
with mm8 genomic informations. 

Reference genome assembly used is UCSC Genome Browser, mm8 ( Feb. 2006 ). 
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Table 1D.  Coverage of RefSeq genes by HELP array 
 
 
 
 
 
 
 
 
 
 
 
 
RefSeq Genes are processed non redundant symbol of refFlat file from California Santa Cruz 
Genome Browser. 

 
 
 
Table 1E.  Number of CCGG segments annotated as repeat sequences, RefSeq genes 
and CpG islands 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reference genome assembly used is UCSC Genome Browser, mm8 ( Feb. 2006 ). 

RefSeq Genes are processed non redundant symbol of refFlat file from California Santa Cruz 

Genome Browser. 
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Table 2. Primer sets used for Bisulfite Pyrosequencing  
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Table 4.  Gene expression in LoDs on the X chromosome 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene expression data were obtained from the Affy Exon tissue track[62]. Exon probe set intensities are 

represented as log ratios relative to median values across the dataset. Expression values of exon probe sets 

contained in each LoD is averaged and color-coded (high in red=3; low in green=-3). *Testis and Brain 

Expression have three categories. Exon probe set expression data in each category, i.e. core, extended, full, 

are retrieved from the following gene datasets described below. 

Core: RefSeq transcripts, full-length GenBank mRNAs. Extended: dbEst alignments, Ensembl annotations, 

syntenic mRNA from human, rat and mouse, microRNA annotations, MITOMAP annotations, Vega genes, 

Vega pseudogenes. Full: Geneid genes, Genscan genes, Genscan Subopt, Exoniphy, RNA genes, SGP genes, 

Twinscan genes.  
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Table 5. Primer sets used for quantitative RT-PCR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Universal probe library set, Mouse (catalogNo. 04 683 641 001) from Roche applied Science. 
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Figure 1. Early development and germ cell differentiation in mice. 
Developmental processes of mouse early embryos and germ cells are schematically shown. Fertilized eggs 

(F) undergo cleavage stage to give rise 2, 4, 8, 16 cell stage embryos and morula comprised of about 32 cells. 

Blastocyst consist of trophectoderm and inner cell mass is formed at embryonic (E) day 3.5. From inner cell 

mass, pluripotent embryonic stem (ES) cells can be derived. After implantation to uterus, blastocyst becomes 

egg cylinder stage embryos, and gastrulation begins at around E7.5. Primordial germ cells (PGCs) emerge at 

the base of allantois as a population of about 45 cells at E7.25. PGCs migrate through mesentery to reach 

genital ridges (=gonads) at E10.5 and entry into gonads is completed at E11.5.	
 Embryonic Germ (EG) cells 

are pluripotent stem cells with characteristic highly similar to ES cells. EG cells can be derived from 

E8.5-E12.5 PGCs. PGCs undergo gametogenesis process within gonads to produce oocytes and sperm 

eventually. Germline Stem (GS) cells are self renewing stem cells with distinct characterstics from ES or EG 

cells. GS cells can be derived from spermatogonia of new born testis. When transplanted to testis, GS cells 

can be differentiated into functional sperm.	
 During developmental processes described above, DNA 

methylation levels of cells in this cell lineage are dynamically changing. Upon fertilization, DNA 

demethylation initiates, although kinetics of demethylation appears to be different between paternal (blue 

line) and maternal (red line) genome. Global level of DNA methylation becomes very low at E2.5-E3.5. At 

late blastocyst stage, de novo DNA methylation is supposed to occur: DNA methylation levels of epiblast 

(blue portion of egg cylinder) and embryonic ectoderm (light blue part of E7.5 embryo) show higher 

methylation level compared with blastocyst or extra-embryonic part of these embryos. PGCs are known to be 

derived from embryonic ectoderm, and undergo global DNA demethylation, but precise kinetics of DNA 

demethylation has not been determined. During PGC development, epigenetic reprogramming revealed by X 

chromosome reactivation (blue gradient) or erasure of genomic imprinting (green) is known to take place. 
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Figure 2. Techniques for DNA methylation analysis 
Analytical technique for specific CpG site: (a) Digestion with methylation-sensitive enzyme followed by 

PCR. Genomic DNA is digested by either methylation-sensitive HpaII or insensitive isoschizomer MspI. 

After digestion, DNA is PCR amplified using primers that flank the recognition site for the enzymes. If the 

CpG is methylated, PCR product can be obtained from HpaII-digested sample, whereas no amplification will 

be obtained from the MspI sample. 

(b) Bisulfite sequence analysis. By treating genomic DNA with bisulfite reagent, unmethylated cytosine will 

be converted to U, whreas methylated C remains as C. DNA is PCR amplified using primers that flank the 

test CpG sequence, cloned into vector, and sequences of the amplified products are determined. 

Genome-wide approaches: (c) Restriction landmark genomic scanning (RLGS). Genomic DNA is first 

digested by NotI, a rare cutter with methylation sensitivity, and the ends of the fragments are radiolabeled 

with 32P. The DNA is digested with 6 base cutter such as EcoRV and separated on an agarose gel. The 

agarose strip of 1st-dimension gel is subjected to restriction digestion with another enzyme such as HinfI, and 

then to second-dimension agarose gel electrophoresis. After autoradiography of the 2D gel, presence or 

absence of spots are examined to seek for differentially methylated spots. (d) Differential methylation 

hybridization. Genomic DNA is digested first by methylation insensitive enzyme such as MseI and the 

fragments are tagged by linker adapter. Then the linker-ligated DNAs are digested by methylation-sensitive 

enzyme, and amplified by linker sequence as a primer so that only hypermethylated sequences will be 

amplified. The amplified products will be hybridized with CpG island microarray to detect methylated CGIs. 

(e) Methyl-DIP analysis. Genomic DNA is fragmented by sonication, and the DNA fragments are subjected 

to immunoprecipitation with anti-5' methyl-cytosine antibody. The precipitated, methylated DNA is 

hybridized with promoter microarray to detect methylated promoters. 
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Figure 3. DNA methylation and gene expression regulation. 

A.  It is thought that most parts of the mammalian genome are hypermethylated. However, there 

are regions that contain a high frequency of CpG sequences within mammalian genome and these 

clusters of CpGs are designated as CpG islands (CGIs) shown as light green boxes. (a) CGIs are 
mostly methyl-free (open circle), and gene expression can be achieved. (b) A small fraction of 

CGIs may be methylated (solid circle), and, normally, genes with methylated CGIs are not 

transcribed (X). (c) Mammalian genome is replete with transposon-derived repetitive sequences, 
and these sequences are normally hypermethylated and not transcribed. 

B.	
 Differential DNA methylation of nongenic sequences can be detected in intergenic regions. 

This differential methylation may be cell differentiation-dependent, and correlates with expression 
of genes distantly located.  

C. While CGIs are almost always unmethylated, differential methylation in regions close to CGIs 

have been reported. These “CGI shores” show differential methylation in tissue- or cancer-specific 
manners [28]. 

D. Promoters of actively transcribed genes are normally DNA hypomethylated (left). However, it is 

unexpectedly found that bodies of active genes tend to be hypermethylated compared with those of 
inactive genes (right) [2]. 
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Figure 4. Flow of data analysis in the modified nanoHELP method 

The steps of the data analysis are shown schematically. After removing the background signal 

noises, the median signal intensity of the 10 probes assigned for each CCGG segment is calculated 

and used to define the segment’s signal intensity. After normalizations of the microarray data, 
hypomethylated and hypermethylated segments are distinguished using an R script that determines 

the threshold values based on a binarization method [60]. The marginal width of the threshold is 

calculated using the Mahalanobis distance [61]. The log2 value at the threshold is set as 0 so that 
hypomethylated segments have a positive value (>0) and hypermethylated segments have a 

negative value (<0). 
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Figure 5. Validations of the modified nanoHELP method 

A, B. Reproducibility of the nanoHELP experiments. Technical replicates (A). Brain DNA sample 

(2 ng) from the same mouse was processed separately and used for the two independent microarray 

experiments. A scattergram of the log2 (HpaII/MspI) is shown. Biological replicates (B). 
Two-nanogram samples of brain DNA from two different C57BL/6 mice were used separately for 

the two independent assays. 

C, D. The modified nanoHELP method with a limited amount of sample. One microgram of EG 
cell genomic DNA was restriction digested and ligated to the adapters, and 10 nanogram of the EG 

DNA was processed similarly. Either a 200 ng or 2 ng equivalent of the adapter-tagged DNAs was 

used for the nanoHELP experiments. In addition, 0.5 ng of the EG DNA was restriction digested, 
ligated to the adapter, and amplified for the nanoHELP experiment. Scatter plots of the log2 

(HpaII/MspI) are depicted in Fig. 5C (200 ng vs 2 ng) and Fig. 5D (0.5 ng vs 2 ng). The results 

show the profiles obtained from three different DNA amounts to be highly concordant. 
E. Bisulfite pyrosequencing analysis. Six CpG sites were selected and the methylation status of 

these sites in seven different cells and organs were determined by bisulfite pyrosequencing. The 

y-axis represents the methylation percentage obtained by pyrosequencing, and the x-axis represents 
the M-values. Primers used for the bisulfite pyrosequencing analysis are listed in Table 2. 
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Figure 6. Data presentation using the UCSC genome browser 

The modified nanoHELP data were exported to the UCSC genome browser to allow presentation 

of methylation pattern of the 467 kb region (chrX: 34,113,583–34,580,651) corresponding to Rhox 

gene clusters. (mm8) 
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Figure 7. Profiling of gene expression and DNA methylation in germ cells and stem 
cells.  
(A) PCA of the expression profiles of germ cells, stem cells and adult organs. ES_m (male ES 
cells), ES_f (female ES cells), EG_m (male EG cells), EG_f (female EG cells), 10.5m (PGCs from 

male E10.5 embryos), 10.5f (female E10.5 PGCs), 13.5m (male E13.5 PGCs), 13.5f (female E13.5 

PGCs), 17.5m (male E17.5 PGCs), 17.5f(female E17.5 PGCs), P0.5m (spermatogonia from P0.5 
neonates), P0.5f (oocytes from P0.5 neonates) and GS cells. Testis, thymus and brain were isolated 

from male adult mice.  

(B) PCA analysis of DNA methylation profiles of germ cells, stem cells and adult organs.  
(C) Hierarchical clustering of gene expression profiles.  

(D) Hierarchical clustering of DNA methylation profiles.
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Figure 8. DNA methylation dynamics during germ cell development.  
(A) k-means clustering of DNA methylation profiles of germ cells, stem cells and adult organs. 
DNA methylation levels of the CCGG segments are represented as a heat map(unmethylated 
segments in dark blue, M-value = 6.00; highly methylated segments in dark red, M-value = –6.00).  
(B) Changes in global DNA methylation levels during PGC development. The M-value was 
calculated for each sample and is shown as a box plot. The bottom and top of the boxes are the 25th 
and 75th percentile, respectively. 
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Figure 9. Discovery of large, contiguous genomic regions with low DNA methylation 
modifications in male germ cells. 
The methylation profiles of genomic DNA along the mouse X chromosome. Samples used for the 
analysis are indicated in each figure. The M-value of each CCGG segment obtained from the 
analysis of each sample DNA is plotted on the mouse X chromosome (grey dots). The y-axis 
represents the M-value; log2(HpaII/MspI). The black line was drawn using DNAcopy, a circular 
binary segmentation program obtained from http://www.bioconductor.org/packages/ 2.3/ 
bioc/html/DNAcopy.html.35 Red dots represent CCGG segments belonging to Cluster 4. 
Double-headed arrows indicate the position of the Xmr gene cluster. 
(A) Mainly male tissue, ES and male germ cells. (Brain, Thymus, ES, E17.5 PGC, P0.5 
spermatogonia, GS cells, Testis) 
(B) ES cells and EG cells of female and male. 
(C) Male PGC of E10.5, E13.5, E17.5 and P0.5 spermatogonia. 
(D) Female PGC of E10.5, E13.5, E17.5 and P0.5oocyte. 
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Figure 10. Demonstration of LoDs on the mouse X chromosome.  
(A) Differences in methylation levels between brain and testis genomic DNA along the mouse X 
chromosome. Fold changes in the methylation level, i.e. brain M-value versus testis M-value, were 
calculated for each CCGG segment, and plotted using the log2 scale along the X chromosome. The 
blue lines indicate genomic regions showing more than a 2-fold difference between the brain 
M-value and testis M-value. Light blue represents hypomethylated regions in the testis relative to 
the brain. Green dots at the bottom represent the positions of CGIs. (B) The positions of 
segmentally duplicated regions along the mouse X chromosome. Segmentally duplicated regions 
>1000 bases with >98% similarity are counted, and the frequencies of duplications (y-axis) are 
shown. (The data were from UCSC Genome Browser.) Grey bars represent duplications occurring 
on the X and other chromosomes, and yellow bars represent the frequencies of duplications 
mapped only on the X chromosome. (C) Methylation analysis of LoDs 10 and 12 by Southern blot 
hybridization. Genomic DNAs of the male thymus, male brain and testis were digested by either 
methylation-sensitive HpaII (H) or methylation-insensitive isoschizomer, MspI (M). The Southern 
blot was hybridized with a probe targeted to LoDs 10 and 12. A primer pair (FW: 
50-GCTGGGTCCAGCTTCCCTGG-30 , RV: 50-TGGCACCCCTCCTGCCTGAT-30) was used 
to amplify a 807-bp sequence using testis cDNA for generation of the probe. The 807-bp probe 
contains locally repeated sequences and corresponds to both LoDs 10 and 12 located upstream of 
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Mageb1/b2 genes. (D) Methylation analysis of LoDs 10 and 12 in purified germ cells. Germ cells 
expressing the Mvh-Venus reporter were purified from adult testis by FACS. DNAs from purified 
germ cells and whole testis were digested with MspI plus BamHI (M+B), HpaII plus BamHI (H+B) 
or BamHI only B. A Southern blot was made using these DNAs and hybridized with the same 
probe as used in Fig. 10C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Inverse relationship between DNA methylation and expression of genes 
within the LoDs.  
(A) A plot of the expression levels of genes contained in LoDs, and regions outside LoDs on the 
mouse X chromosome. Gene expression data were obtained from the Affymetrix Exon array data 
set [62]. The expression values of exons contained in LoDs were averaged and plotted, and the data 
points from regions outside LoDs were similarly averaged. For statistical analysis of the data from 
regions outside LoDs, the same number of data points as those used to analyze within LoDs were 
randomly selected and used. (B)Mean methylation levels of genomic DNA within LoDs. The mean 
M-values from the CCGG segments contained in LoDs or in regions outside LoDs are shown. 
Statistical significance was tested by Wilcoxon t-test, and P-values are shown within the figures. 
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Figure 12. Genomic structures of LoDs: Xmr and Mageb.  
(A) Genomic structure of LoD4 (Xmr). The top section represents a similarity dot plot [63]of LoD 4 and 
flanking regions (chrX: 21,000,000–32,940,000; UCSC mm8). Similarities of the sequences are 
color-coded as shown by the color bar on the right (high similarity in dark red, 100% similarity; low 
similarity in blue, 70% similarity). The horizontal lines represent direct repeats, and the vertical lines 
indicate IRs. The middle section depicts the locations of genes contained in LoD 4 (colored rectangle). 
Exon array expression data for the brain and testis [62] are shown at the bottom (high gene expression 
in red and low expression in green).The positions of sequences with homology to the Xmr cDNA probe 
are also shown by grey vertical bars (Southern probe). (B) Southern blot probed with the Xmr cDNA. 
Genomic DNAs from three organs were digested with either MspI or HpaII. Xmr cDNA probe (708 bp) 
was amplified from testis cDNA using primers, Xmr FW: 5’-AAGGGTGCAGTTGTGAAGGT-3’   
Xmr Rv: 5’-TGTTGGTCTCCATGTTCATCA-3’. The hybridization signals in the unresolved part of 
the testis DNA blot are likely to reflect non-specific cross-hybridization. Southern blot analysis data 
using DNA doubly digested by BamHI plus either HpaII or MspI confirmed this notion (data not 
shown). (C) Genomic structure of LoDs 10, 11 and 12 (Mageb1/b2). Top: similarity dot plot. The 
vertical lines and colored arrows indicate positions of IRs. The coloring of the similarities is the same as 
found in Fig. 12A. Homologous repeats are represented by the same color. A magnified view of the IRs 
contained in LoDs 10 and 12 is presented on the left. Gene expression data for the brain and testis are 
shown at the bottom. The positions of sequences with homology to a probe used for Southern blot 
analysis (Fig. 10C and 10D) are shown by grey bars (Southern probe). (D) A DNA methylation 
heatmap of LoDs 10 and 12. DNA methylation levels of the CCGG segments are represented as a 
heatmap (unmethylated segments in dark blue, M-value= 6.00; highly methylated segments in dark red, 
M-value = –6.00). 



 71 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Subregions of LoD 4 (Xmr) 
The LoD 4 region is divided into four subregions based on the genomic sequence context and 
patterns of duplications. The Xmr gene family is distributed within subregions I, II, and IV. 
Subregion I contains tandemly duplicated Xmr genes, and subregions II and IV have both tandem 
repeats and inverted repeats. The directions of the repeated units are color-coded (red, + strand; 
blue, – strand). Subregion III harbors the Gmcl1l gene family and sequences of the subregion are 
distinct from those of subregions I, II and IV. Subregion III is highly homologous to LoD 1, which 
also contains Gmcl1l genes. The positions of sequences with homology to Xmr cDNA are shown 
by gray vertical bars. Positions of sequence gaps are indicated by black rectangles. Exon array 
expression data for various tissues [62] are shown at the bottom (high gene expression in red and 
low expression in green). 
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Figure 14. A Magnified view of the Xmr loci 
A part of the Xmr region (chrX: 24,630,478–25,900,440 (mm8)) is captured and shown with 
genomic annotations. All the CCGG segments in this region are hypomethylated in germ cells, 
regardless of their positions within the Xmr genes. Methylation level (M-value) is represented as 
color (high in yellow, M-value= -2.5; low in blue, M-value= 2.5). Exon array expression data for 
various tissues are shown at the bottom (high gene expression in red and low expression in green). 
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Figure 15. A Magnified view of Mageb locus 
A part of the Mageb region (chrX: 87,555,000–87,609,000 (mm8)) is captured and shown with 
genomic annotations. Methylation level (M-value) is represented as color (high in yellow,  
M value=-2.5; low in blue, M-value= 2.5). Exon array expression data for various tissues [62] are 
shown at the bottom (high gene expression in red and low expression in green). 
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Figure 16. Large stretches of H3K9dimethyl modifications overlapping LoDs.  
(A) ChIP-on-chip data for theH3K9me2modification along the X chromosome in GS cells. The 
green dots represent individual probe data. The positions of LoDs are shownin light blue. (B)DNA 
methylation profile of GS cells within the X chromosome. The blue line denotes the average 
M-values. The positions of LoDs are shown in light blue. (C) ChIP-on-chip data for 
H3K9me2modification along the X chromosome in cumulus cells. (D) The DNA methylation 
profile of cumulus cells within the X chromosome.(E) A magnified view of the LoD12region. Top, 
theH3K9me2modification in GS cells (blue) and in cumulus cells (pink). Middle, DNA 
methylation data for E10.5 male PGCs, E13.5 male PGCs, E17.5 male PGCs, P0.5 spermatogonia, 
GS cells, testis, brain, thymus and cumulus cells. Bottom, positions of LoD and Mageb1/b2 genes. 
(F) Quantitative RT-PCR expression analysis of genes in LoD regions. The Ssx9 (Ssx), Fthl17 
(Fthl), Xmr, Mageb1, Ott and Magea8 genes are located within LoDs on the X chromosome. 
Beta-actin (ACTB) and Gapdh (GAPD) genes were also examined. The expression level in the 
testis is set at 1.0, and the expression levels in other cells and tissues (brain, cumulus cells, GS cells 
and liver) relative to that in the testis are shown. Primers used for this RT-PCR analysis are listed 
in Table 5. 
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Figure 17. Significant enrichment of H3K9me2 in LoDs 
The mean IP/input (log2) value was calculated using signals of the probes mapped in each LoD and 
is shown with the standard deviation (light blue). In each case, the same number of probes was 
chosen randomly from the entire X chromosome, and the mean value was obtained from these 
probes (black). Statistical significance was tested by Wilcoxon t-test. Asterisk indicates significant 
enrichment of H3K9me2 (p<0.01). 
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Figure 18. A model for gene silencing and derepression in LOCKs/ LoDs 

 Genes contained in the LOCKs tend to be repressed in differentiated somatic cells. Because 

LOCKs coincide with lamin B-associated domains, a gene-silencing mechanism based on 
three-dimensional subnuclear organization has been proposed [48]. In this model, large portion of 

genome in the somatic cells possess H3K9me2 LOCKs marks, and via LOCKs chromosome can be 

closely positioned to nuclear periphery, where gene silencing takes place. I found most LoDs are 
enriched with H3K9me2 and in fact overlap with some LOCKs, and hypermethylated in somatic 

cells like liver, thymus and cumulus cells. Therefore, LOCKs in the somatic cells likely to possess 

both H3K9me2 marks and hypermethylated DNA, and such unique epigenetic features are required 
for positioning of LOCKs chromatin at nuclear periphery to achieve gene silencing. In contrast, in 

germ cells or in some cancer cells, LoD/LOCKs regions are hypomethylated and derepression of 

gene expression is observed. If chromosomal positioning at nuclear periphery is necessary for gene 
silencing, LoD/LOCKs regions should be distant from the nuclear lamina, leading to expression of 

genes contained within the corresponding regions. 
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