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Abstract 

 

Prolyl oligopeptidase (POP) is a widely distributed serine peptidase which hydrolyzes small 

peptides on the carboxyl side of an internal proline residue. While its physiological role has 

been intensely studied, the regulatory mechanism of the gene expression is poorly understood. 

This time we assessed the POP mRNA expression in mouse embryos and tissues related to 

reproduction and development and found that POP mRNA was highly expressed in the ovarian 

granulosa cell, placental spongiotrophoblast, and blastocyst embryo. To elucidate the 

mechanism by which POP expression is regulated, we investigated DNA methylation and 

histone modification patterns of the two CpG islands (CGIs) found at the mouse POP locus. 

Whereas the CGI including the POP promoter (CGI-1) was completely hypomethylated in all 

the tissues examined, DNA methylation level of the CGI in the gene body (CGI-2) was lower in 

the granulosa cell, placenta, and blastocyst than in the liver. Some specific CpGs in CGI-2 were 

significantly demethylated in the three tissues. An in vitro reporter analysis indicated that CGI-2 

enhanced POP promoter activity and its effect was significantly reduced by DNA methylation. 

Moreover, histone H3 acetylation and H3K4 methylation levels of CGI-2 were higher in the 

granulosa cell than liver. The results suggest that the CGI-2 region is a cis-element for the POP 

gene expression. 

 

Key words: prolyl oligopeptidase, granulosa cell, blastocyst, DNA methylation, histone 

acetylation, histone H3K4 methylation 
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Abbreviations: BCIP, 5-bromo-4-chloro-3-indolyl phosphate; CGI, CpG island; ChIP, chromatin 

immunoprecipitation; CIAA, chloroform-isoamylalcohol; DIG, digoxigenin; DMEM, 

Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum ; hCG, human chorionic 

gonadotropin; ICR, imprinting control region; NBT, nitroblue tetrazolium; PBS, 

phosphate-buffered saline; POP, prolyl oligopeptidase; RT-PCR, reverse 

transcription-polymerase chain reaction; SD, standard deviation 
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1. Introduction 

 

Prolyl oligopeptidase (POP, E.C.3.4.21.26, also known as prolyl endopeptidase and post-proline 

cleaving enzyme; gene symbol Prep) is a widely distributed serine endopeptidase which 

selectively digests -Pro-X- bonds of peptides (Wilk, 1983). Since its discovery in the human 

uterus as an oxytocin-inactivating enzyme (Walter et al., 1971), much effort has been focused on 

understanding its physiological role as reviewed elsewhere (Garcia-Horsman et al., 2007; 

Myöhänen et al., 2009; Williams 2004). POP-deficient mice have been very recently reported 

and the results demonstrated that the mice had a defect in growth cone dynamics of neurons (Di 

Daniel et al., 2009) and exhibited a parent of origin effect on obesity due to an inability to 

process α-melanocyte stimulating hormone (Perroud et al., 2009; Warden et al., 2009). While 

these studies have improved our knowledge about its role, the regulatory mechanism of the gene 

expression remains to be elucidated. It is well known that POP is distributed differently among 

tissues and between various regions in the brain (Agirregoitia et al., 2003; Bellemere et al., 

2004; Goossens et al., 1996; Irazusta et al., 2002; Myöhänen et al., 2007, 2008a, 2008b, 2009; 

Schulz et al., 2005). In addition, the expression was disturbed in the brain of patients of 

neurodegenerative diseases and increased in some cancerous cells (Garcia-Horsman et al., 2007; 

Goossens et al., 1996; Williams, 2004). These suggest that the POP gene is highly regulated in 

each tissue and therefore it is of great importance to clarify the mechanism controlling the POP 

gene. 

Epigenetic control of chromatin structure is essential for eukaryotic gene activation and 

inactivation and this regulation is mainly performed by DNA methylation and histone 

modification. In mammals the cytosine of a CpG dinucleotide can be methylated and any gene 

whose promoter is highly methylated is silenced. Generally, a housekeeping gene has the 

GC-rich promoter which is hypomethylated and thereby the gene is actively transcribed (Caiafa 

 4



and Zampieri, 2005). Genes expressed in a tissue-specific manner do not always have GC-rich 

promoters and instead are often regulated by a CpG island (CGI) located far from the promoter 

(Illingworth and Bird, 2009). This indicates that in mammals, CpG methylation of promoters or 

other control regions plays an important role in the regulation of many genes. The other 

epigenetic status is the post-translational modification of core histone proteins such as 

acetylation, methylation, and phosphorylation, and the modification pattern defines the 

chromatin structure. For example, histone H3 and H4 acetylation and H3K4 methylation are 

associated with open chromatin leading to gene activation (Berger, 2002; Choi and Howe, 2009; 

Hublitz et al., 2009). Histone H3K9 and H3K27 methylation contribute to the formation of 

tightly packaged chromatin resulting in gene silencing (Hublitz et al., 2009; Martin and Zhang, 

2005). Thus, the histone modification pattern is crucial for controlling gene expression. The 

DNA methylation and histone modification are functionally linked with each other to regulate 

gene expression (Cedar and Bergman, 2009; Ng and Bird, 1999). 

The mouse POP gene, located on chromosome 10B2, is about 92 kb long containing 15 

exons, and the neighboring genes are positioned more than 130 kb away (Fig. 1). Although our 

previous results showed that a 200-bp 5’ flanking sequence is sufficient for in vitro activation of 

a reporter gene (Kimura et al., 1999), it is not known how the gene is epigenetically controlled 

or if there are other sequences to control its expression. In this study, we examined POP mRNA 

expression in mouse tissues related to reproduction and development and found that the ovarian 

granulosa cell, placental spongiotrophoblast, and blastocyst embryo expressed a high level of 

POP mRNA. To investigate the regulatory mechanism for the POP gene, we analyzed the CpG 

methylation and histone modification of two CGIs (CGI-1 and CGI-2) found at the POP gene 

locus. The results suggest that CGI-2 plays a role in the regulation of POP expression. 
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2. Materials and Methods 

 

2.1. Animals 

The mice (C57/BL6) were maintained at 25°C with a photoperiod of 14:10 h light: dark 

with free access to food and water. Embryonic day (E) was determined based on the day we 

checked the vaginal plug and the embryos’ characteristics. The experimental procedures used in 

this study were approved by the Institutional Animal Use and Care Committee at Hokkaido 

University. 

 

2.2. reverse transcription-polymerase chain reaction (RT-PCR) analysis 

Total RNA was purified from each tissue using Isogen (Nippon gene, Tokyo, Japan) 

according to the manufacturer’s instructions and the first-strand cDNA was synthesized using a 

Superscript III reverse transcriptase (Invitrogen, Carlsbad, USA). The primers for POP (Fig. 1), 

GAPDH (Kwon et al., 2006), β-actin (Fraczek et al., 2008), and aryl-hydrocarbon 

receptor-interacting protein (Aip) are shown in Table 1. Quantitative RT-PCR (qRT-PCR) was 

performed using the 7300 real-time PCR system and Power SYBR Green PCR Master Mix 

(Applied Biosystems, Foster City, USA) in a total volume of 10 µl per well. The amplification 

conditions were 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 sec and 60°C for 

30 sec. Dissociation curves were obtained to confirm the specificity of the amplified DNA. The 

data were separately normalized with GAPDH, β-actin, and Aip. 

To investigate the expression of genes surrounding POP, RT-PCR analysis was performed 

with ExTaq DNA polymerase (Takara, Ohtsu, Japan) in a total volume of 5 µl. The primers for 

Atg5, Prdm1, Popdc3, Bves, Lin28b, and Hace1 are listed in Table 2. The PCR conditions were 

94°C for 3 min, and 30 cycles of 94°C for 15 sec, 60°C for 30 sec, and 72°C for 30 sec. The 

amplified products were evaluated by agarose gel electrophoresis and ethidium bromide staining. 
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The expression of the Atg5 and Hace1 genes was also assessed by qRT-PCR using the same 

primers as used above (Table 2). 

 

2.3. In situ hybridization 

Probes were obtained by RT-PCR with mouse placental total RNA using primer pairs for 

POP and Flt1 (Hitz et al., 2005). The position of the POP probe is depicted in Fig. 1 and the 

primer sequences are shown in Table 1. Sense and antisense cRNA probes were synthesized by 

in vitro transcription using digoxigenin (DIG)-UTP (Roche Molecular Biochemicals, Mannheim, 

Germany) and T3 or T7 RNA polymerase (Promega Corporation, Madison, USA). 

Placentas at E17.5 and ovaries from superovulated mice were slowly frozen in tissue-tek 

(Sakura Finetek USA, Inc., Torrance, USA) and kept at -80°C until use. The sections (10 µm) 

were cut on a cryostat and thaw-mounted onto MAS-coated slides. The sections were fixed with 

4% paraformaldehyde (Wako Pure Chemicals, Osaka, Japan) in phosphate-buffered saline 

(PBS) for 10 min and washed with PBS for 5 min three times. The sections were treated with 1 

µg/ml proteinase K (Roche Molecular Biochemicals) for 2-3 min at room temperature and 

refixed in the same fixative for 10 min. The slides were washed again with PBS and acetylated 

with 0.25% acetic anhydride in 0.1 M triethanolamine/HCl (Sigma, St. Louis, USA), pH 8.0 for 

10 min. After prehybridization for 2-3 h at room temperature in 50% formamide (Roche 

Molecular Biochemicals), 6×SSPE (0.15 M NaCl, 8.65 mM NaH2PO4, 1.25 mM EDTA, pH 7.4), 

5×Denhardt’s solution (Wako Pure Chemicals), and 500 µg/ml yeast transfer RNA (Roche 

Molecular Biochemicals), the sections were incubated at 60°C for 16-18 h in the same buffer 

containing 100-200 ng/ml DIG-labeled cRNA probes. The hybridized sections were washed 

three times in 0.2×SSC at 60°C for 20 min. The slides were incubated in 1% blocking reagent 

(Roche Molecular Biochemicals) in DIG buffer 1 (100 mM maleic acid, 150 mM NaCl, pH 7.5) 

for 2-3 h and then in 1:5,000 diluted anti-DIG antibody in DIG buffer 1 containing 1% blocking 
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reagent for 30 min. After being washed twice with DIG buffer 1 for 15 min and equilibrated 

with freshly prepared DIG buffer 3 (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl2, pH 9.5) 

for 5 min, the sections were incubated at room temperature with nitroblue tetrazolium 

/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) in DIG buffer 3 for 16-18 h. 

 

2.4. Primary granulosa cell culture 

To induce superovulation, female mice (4-5 weeks) were injected with 5IU of pregnant 

mare serum gonadotropin (PMSG; Sigma) followed 48 hr later by 5IU of human chorionic 

gonadotropin (hCG; Wako Pure Chemicals). The mice were sacrificed at 5 h after hCG injection 

and preantral follicles were punctured in Dulbecco’s modified Eagle’s medium (DMEM) /F12 

medium containing 10% fetal bovine serum (FBS) with a 26G needle. After being washed three 

times with the same medium, the cells were spread on fibronectin-coated dishes and cultured at 

37°C under 5% CO2 in air. 

 

2.5. In vitro fertilization 

In vitro fertilization was conducted as previously described (Nagy et al., 2002). 

Preimplantation embryos were obtained at 24, 48, and 96 h after fertilization each 

corresponding to 2-cell, 3-4 cell, and blastocyst stage embryos. Unfertilized eggs were collected 

after removing cumulus cells by brief exposure to HTF medium containing 0.3 mg/ml 

hyaluronidase (Wako Pure Chemicals). 

 

2.6. Northern blot analysis 

Total RNA was isolated as above. Twenty micrograms of the RNA were electrophoresed on 

a formaldehyde/agarose gel and transferred to a Hybond-N+ membrane (GE Healthcare, 

Piscataway, USA). The blot was hybridized for 16-18 h with a 32P-labeled 262-bp 

 8



HindIII-BamHI fragment of mouse POP cDNA (Fig. 1) at 42°C in 50% formamide, 

5×Denhardt’s solution, 5×SSPE, 1% SDS, and 100 µg/ml herring sperm DNA. The membrane 

was washed twice at room temperature in 2×SSC/0.05% SDS for 5 min, three times at 50°C in 

the same buffer for 30 min, and three times at 50°C in 0.1×SSC/0.1% SDS for 30 min, and 

exposed to Kodak Biomax film (Kodak, Rochester, USA). The signals were visualized by 

autoradiography. The probe for GAPDH was prepared by RT-PCR (Takano et al., 2004) and 

used as an internal control. 

 

2.7. Bisulfite sequencing analysis 

Genomic DNA was extracted from each tissue by incubation in digestion buffer (50 mM 

Tris-HCl, pH 7.5 20 mM EDTA, 100 mM NaCl, 0.5% SDS, 0.2 mg/ml proteinase K) for 16 h at 

50°C and extraction with phenol/chloroform-isoamylalcohol (CIAA). The DNAs (0.1-3 µg) 

were digested with 10 µg/ml RNase A and EcoRI at 37°C for 20 h and purified by phenol/CIAA 

extraction and ethanol precipitation. The digested DNAs were then denatured with 0.3 M NaOH 

at 37°C for 15 min and mixed with freshly prepared sodium bisulfite (pH 5.0) and hydroquinone 

at a final concentration of 4.0 M and 0.5 mM, respectively. The mixtures were incubated with a 

thermal cycler for 15 cycles of 95°C for 30 sec and 50°C for 15 min. After being purified with a 

Wizard DNA Clean-Up System (Promega), the DNA was treated with 0.3 M NaOH at 37°C for 

15 min and purified by ethanol precipitation. 

We searched for CGIs at the mouse POP locus using the CpG Island Searcher 

(http://cpgislands.usc.edu/) with the following parameters: minimum length 500 bp, GC content 

greater than 55%, and ratio CpG observed/expected greater than 0.65. As a result we found two 

CGIs, CGI-1 and CGI-2 (Fig. 1). CGI-1 is 1344 bp long, spanning the promoter and exon 1 

regions. CGI-2 is 614 bp, partially overlapping with exon 15. PCR was performed with ExTaq 

DNA polymerase (Takara) using the primers listed in Table 1. The reaction conditions for CGI-1 
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were 94°C for 3 min, 10 cycles of 94°C for 30 sec, 65°C (-1°C /cycle) for 30 sec, and 72°C for 

2 min, followed by 30 cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 2 min. For 

CGI-2 the conditions were 94°C for 3 min, then 40 cycles of 94°C for 30 sec, 58°C for 30 sec, 

and 72°C for 2 min. Nested PCR was performed for the blastocyst sample using the internal 

primers for CGI-1 and CGI-2. The profile of the second PCR for CGI-1 was 94°C for 3 min, 

and 40 cycles of 94°C for 30 sec, 57°C for 30 sec, and 72°C for 2 min. That of the first and 

second PCRs for CGI-2 was 94°C for 3 min, and 30 and 40 cycles of 94°C for 30 sec, 58°C for 

30 sec, and 72°C 1 min, respectively. The amplified products were subcloned into a pBluescript 

vector (Stratagene, La Jolla, USA) by the TA-cloning method, and 10 subclones for each tissue 

sample and 20 subclones for the blastocyst were sequenced. 

 

2.8. Reporter constructs 

A 914-bp EcoRI-BamHI fragment of the 5’-flanking sequence of the mouse POP gene (Fig. 

1) was inserted upstream of the luciferase gene of pGL3-Basic (Promega). After its MluI site 

was destroyed, the CGI-2 sequence was inserted downstream of the luciferase gene. The CGI-2 

sequence was amplified by PCR with mouse genomic DNA and KOD-plus DNA polymerase 

(Toyobo, Osaka, Japan) using 5’-ATACGCGTAGTGGTGGCCTAAATGATGG-3’ and 

5’-ACCAACCCAAAACATCAAGG-3’. The underlined region indicates the MluI site. The 

sequence and the direction of the inserted DNA fragments were confirmed by DNA sequencing 

method. 

For generating the constructs with hypermethylated CGI-2, 50 µg of the plasmid was 

digested with MluI and SalI to cut out the CGI-2 region. The vector and CGI-2 fragments were 

purified separately and collected in 40 µl TE. The CGI-2 fragment was then subjected to CpG 

methylation by SssI (New England Biolab, Ipswich, USA). For 100% methylation, 2.5 µl of the 

DNA was treated with 10U of SssI at 37°C for 4 h and for 50% methylation 1U of SssI was used 
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at 37°C for 30 min. The DNA methylation state was confirmed by HhaI digestion and bisulfite 

sequencing. The methylated or unmethylated CGI-2 fragments were then ligated with a kit 

(Takara) at 16°C for 16 h to their original vectors. After digestion with SalI at 37°C for 2-3 h, 

the appropriate length of DNA fragment was purified by Geanclean kit (Qbiogene, Vista, USA). 

The quantity of each construct was evaluated by agarose gel electrophoresis. 

 

2.9. Cell culture, reporter gene transfection, and luciferase activity assay 

The cell lines, Hepa1-6 (RCB1638) and NIH3T3-3-4 (RCB1862), were obtained from 

RIKEN Cell Bank (Tsukuba, Japan) and cultured in DMEM containing 10% FBS, 100 U/ml 

penicillin, 100 µg/ml streptomycin, and 292 µg/ml L-glutamine (Invitrogen). Transfection was 

performed in 24-well plates using Lipofectamine 2000 (Invitrogen) according to directions. 

Luciferase activity was measured 48 h after transfection with a Dual-Luciferase Reporter Assay 

System (Promega) using Lumat LB9507 (Berthold, Bad Wildbad, Germany). The pRL-CMV 

vector (Promega) was used to normalize the transfection efficiency of each assay. 

 

2.10. Chromatin immunoprecipitation (ChIP) assay 

The ovarian granulosa cells obtained from four or five mice were cultured in a 10-cm2 dish 

for 4-5 days. After a wash with PBS, the cells were fixed by adding 1% formaldehyde in 

Opti-MEM (Invitrogen) for 10 min at room temperature with gentle agitation. For preparing the 

adult liver sample, 50 mg tissue was homogenized and crosslinked in Opti-MEM containing 1% 

formaldehyde. Glycine solution was added into the medium at a final concentration of 0.125M 

and incubated for 5 min to stop the crosslink reaction. After being washed twice with ice-cold 

PBS, the cells were harvested in 1 ml ice-cold PBS containing 1×proteinase inhibitor cocktail 

(Roche Molecular Biochemicals) and centrifuged at 700×g at 4°C for 5 min. The cells were 

lysed in SDS Lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) containing 
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1×proteinase inhibitor cocktail and incubated on ice for 10 min. The crosslinked chromatins 

from the granulosa cell and liver were sonicated using a Tomy Ultrasonic Disrupter UD-201 

(Tomy, Tokyo, Japan) with 20% output for 15 sec 8 times. This generated DNA fragments of 

200-1000 bp as was checked by agarose gel electrophoresis for each experiment. The chromatin 

was then centrifuged at 15,000 rpm at 4°C for 10 min and the supernatant was mixed with 9 

volumes of ChIP Dilution buffer (0.01% SDS, 1.1 % Triton X-100, 1.2 mM EDTA, 16.7 mM 

Tris-HCl, 167 mM NaCl, pH 8.1) containing 1×proteinase inhibitor cocktail. In order to remove 

non-specific bindings, 120 µl protein G sepharose (GE healthcare) was added and incubated at 

4°C for 1 h with rotation. After centrifugation at 2,000×g at 4°C for 1 min, the supernatant was 

collected in new tubes and 0.3 % of it was removed as an input fraction. The pre-cleared 

chromatin was separated into three portions and each incubated at 4°C for overnight with 

monoclonal antibodies specific for anti-dimethylated lysine 4 of histone H3 or anti-acetylated 

lysines 9 and 27 of histone H3 or 30 µg of normal mouse IgG. The antibodies for modified 

histones were kindly gifted by Dr. Hiroshi Kimura at Osaka University (Kimura et al., 2008). 

The immunocomplexes were incubated with 60 µl protein G sepharose for 1 h at 4°C with 

rotation followed by centrifugation at 4,000×g for 1 min at 4°C. The sepharose beads were then 

washed for 5 min each with Low Salt Wash buffer (150 mM NaCl, 0.1 % SDS, 1 % Triton 

X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1), High Salt Wash buffer (500 mM NaCl, 0.1 % 

SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1), LiCl Wash buffer (0.25 M 

LiCl, 1 % NP40, 1 % sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1), and finally 

twice with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The chromatin was eluted twice 

with freshly prepared Elution buffer (1 % SDS, 0.1 M NaHCO3) and subjected to reverse 

crosslinking with 0.2 M NaCl at 65°C for 4 h. The DNA was purified by phenol/CIAA 

extraction and ethanol precipitation and dissolved in TE buffer. The real-time PCR was 

performed as described above by using primer pairs listed in Table 1. The positions of the 
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primers for the two CGIs are shown in Fig. 1 (gray arrows). Histone modification levels were 

calculated as a ratio of the signal intensity of the immunoprecipitated fraction to that of the 

input fraction. Each ratio was normalized to the comparable signal detected at the ubiquitously 

expressed Aip promoter (defined as 1.0). The experiments were performed using three 

independent sets of the granulosa cell and adult liver. 

 

2.11. Statistical analysis 

Results were expressed as the average ± SD of multiple (n≥3) independent experiments. 

Student’s t test was performed using Microsoft Excel statistical analysis functions (Microsoft 

Corp., Redmond, WA). Chi-square tests were used to compare the methylation rate of each CpG 

in the blastocyst, granulosa cell, and placenta with that in the liver and determine differentially 

methylated CpGs in the bisulfite sequencing analysis. Differences were considered statistically 

significant at P < 0.05. 

 

 

3. Results 

 

3.1. Murine POP mRNA was highly expressed in the ovary, placenta, and blastocyst. 

We investigated the POP mRNA expression in mouse tissues related to reproduction and 

development (ovary, placenta, testis, and uterus) by qRT-PCR analysis (Fig. 2A). The liver was 

also assessed as a control of non-reproductive origin because it is a relatively homogeneous 

tissue and easily available in large amounts. We used three genes as internal controls to 

accurately estimate the POP mRNA level. GAPDH and β-actin are two of the most commonly 

used controls and Aip is a recently reported gene whose expression is stable under many 

conditions in many tissues (Frericks and Esser, 2008). The results showed different patterns of 
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POP mRNA expression depending on the normalizing control (Supplementary Fig. 1), 

presumably because the control genes are expressed at different levels in these tissues. To avoid 

bias, we calculated the average of the values obtained for the three controls (Fig. 2A). The ovary 

and placenta expressed a significantly higher level of POP mRNA than the liver while the testis 

and uterus did not. This strongly suggests that the ovary and placenta express the highest level 

of POP mRNA in the five tissues assessed. To determine the cell type expressing POP mRNA 

in the ovary and placenta we performed the in situ hybridization. Consistent with our previous 

study showing the porcine POP localization (Kimura et al., 1998), we detected the mouse POP 

mRNA exclusively in the granulosa cell (Fig. 2B). In the E17.5 placenta, a strong signal was 

observed only in the spongiotrophoblast layer (Fig. 2C). The identification of the 

spongiotrophoblast layer was performed by hybridization with its marker gene Flt1 using the 

neighboring section (Hitz et al., 2005). No signal was observed in the sections hybridized with 

sense probes. Because the granulosa cell can be easily isolated, we assessed the POP mRNA 

level in the cell and found that it was about 18 times as high as the hepatic level when 

normalized to GAPDH (Fig. 2D). Using β-actin as a normalizing control, the POP mRNA level 

in the granulosa cell was about 9-fold higher than that in the liver (Supplementary Fig. 2A). 

We next examined the POP mRNA expression at different developmental stages of mouse 

embryos and placentas by qRT-PCR analysis (Fig. 3A). In embryos, signal was first detected in 

unfertilized eggs indicating the presence of POP mRNA as a maternal RNA in the oocyte. The 

POP mRNA was not detected in 2-cell stage embryos but appeared in 3-4 cell stage embryos 

and its level reached a peak at the blastocyst stage. The blastocyst embryo showed the highest 

level of POP mRNA expression in the entire mouse development, 40 times as high as that in the 

liver when normalized to GAPDH. The POP mRNA expression then decreased at E6.5, rose 

again at E7.5 and E8.5, and decreased at E10.5. We used β-actin as another internal control and 

obtained similar results (Supplementary Fig. 2B). Northern blot analysis was conducted with 
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E9.5-E18.5 embryos and the POP signal was detected at all stages assessed (Fig. 3B). By 

normalizing the POP signal intensity with GAPDH mRNA signals, the embryonic POP mRNA 

was found to be expressed at an approximately constant level from E9.5 through E18.5 (Fig. 

3B). The placental POP signal was also constant at E10.5-E18.5 (Fig. 3C). 

 

3.2. DNA methylation in the blastocyst, ovary, placenta, and liver. 

As shown in Figs. 2 and 3, POP mRNA is expressed at different levels in various tissues. 

This suggests that POP mRNA expression is controlled differently in each tissue. To assess one 

mechanism controlling the transcription, we investigated the DNA methylation status at the 

mouse POP locus. As we found two CGIs, namely CGI-1 and CGI-2, at the locus (Fig. 1), we 

examined the methylation in both these regions. 

We applied bisulfite sequencing to genomic DNA samples from the blastocyst, ovarian 

granulosa cell, E18.5 placenta, and adult liver. Twenty subclones from each sample were 

sequenced and we checked which cytosine was converted to thymine. The percentage of 

non-CpG cytosines converted to a thymine was more than 99% in every data set indicating that 

the bisulfite reaction was successful (data not shown). In the CGI-1 region, almost all the CpG 

cytosines were found to be demethylated in all the tissues examined and their methylation rates 

were lower than 1% (Supplementary Fig. 3). We did not observe any difference in methylation 

of the CGI-1 region among these tissues. In contrast, the CGI-2 region contained many more 

methylated cytosines and methylation patterns differed between the four tissues (Fig. 4A). The 

overall percentage of methylated CpGs was 84.2% in the blastocyst, 86.4% in the granulosa cell, 

80.3% in the placenta, and 96.5% in the liver. To determine which CpGs could be considered to 

be differentially methylated, we used chi-square analysis. We tested whether the methylation 

rate of each CpG in the blastocyst, granulosa cell, and placenta is significantly different from 

that in the liver. As a result, we identified, as differentially methylated CpGs, CpG#1, 2, 5, and 
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21 in the blastocyst, CpG#21, 32, and 33 in the granulosa cell, and CpG#1, 21, 26, 29, and 30 in 

the placenta (Figs. 4A and B). Interestingly, the percentage of methylated CpGs differed quite 

markedly according to sequenced subclones. In the blastocyst, no methylated cytosines were 

detected in two subclones whereas in most of the other subclones more than 90% of CpGs were 

methylated (Fig. 4A). In the granulosa cell and placenta, the methylation rate of each subclone 

varied from 39% to 97% and from 52% to 97% respectively. By contrast, in adult liver, more 

than 90% of CpGs were methylated in all the subclones. 

 

3.3. Effect of CGI-2 methylation on the POP promoter activity. 

We tested whether DNA methylation in the CGI-2 sequence affects the POP promoter 

activity by conducting an in vitro reporter analysis. We used a 914-bp EcoRI-BamHI fragment 

(Fig. 1) as a potential promoter because it could activate a reporter gene in vitro (Kimura et al., 

1999). The results showed that POP mRNA levels were 40- and 18-fold higher in the blastocyst 

and granulosa cell than liver respectively (Figs. 2D and 3A), while the DNA methylation level 

in the CGI-2 region differed by at most 60-65% between these tissues (Fig. 4, CpG#1 in the 

blastocyst and liver, CpG# 33 in the granulosa cell and liver, CpG#29 in the placenta and liver). 

It is worth examining whether the 60-65% difference in the DNA methylation rate of some 

CpGs in the CGI-2 region could cause the 40- or 18-fold difference in POP mRNA expression. 

Because it is technically difficult to generate a construct in which a specific CpG is methylated, 

we methylated the entire CGI-2 sequence in vitro. We prepared linear constructs as indicated in 

Figs. 5A and B and assessed their luciferase activities in the two mouse cell lines. The quantity 

and quality of the constructs were evaluated by agarose gel electrophoresis (Fig. 5C). The state 

of the constructs was checked with the methylation-sensitive HhaI restriction enzyme and by 

bisulfite sequencing (Figs. 5D and E). CGI-2 was found to enhance POP promoter activity (Fig. 

5A) and its effect was significantly reduced by methylation in both cell lines (Fig. 5B). However, 
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we did not observe any difference in luciferase activity between the constructs containing CGI-2 

methylated at 50% and 100%. As described by others (Tomikawa et al., 2006), the luciferase 

activity decreased on cutting out the CGI-2 fragment and religating it to the original vector 

although the mechanisms are not clear (compare the luciferase activity of mPOP-CG2-Linear in 

Fig. 5A with that of mPOP-CG2-0%me in Fig. 5B). These results indicate that the DNA 

methylation of the CGI-2 region could significantly reduce the POP promoter activity but the 

effect was not comparable to the difference in POP mRNA levels. 

 

3.4. Histone H3 acetylation and H3K4 methylation patterns in the ovary and liver. 

To further understand the role of CGIs in the POP regulation, we investigated histone 

modification patterns in the granulosa cell and liver. We assessed histone H3 acetylation and 

H3K4 methylation by ChIP assay because the two epigenetic marks are consistently associated 

with gene activation (Peterson and Laniel, 2004). We prepared five primer sets at the POP locus 

(Fig. 6A) and the modification levels were calculated as the ratio of DNA in the antibody-bound 

chromatin to that in the input fraction. To normalize the data from each ChIP, we used the 

promoter of the Aip gene which was expressed at similar levels in the granulosa cell and liver by 

our qRT-PCR analysis (data not shown). The GAPDH promoter showed only background levels 

of modifications, possibly because it is devoid of nucleosomes. The promoter (CGI-1) was 

highly acetylated and methylated in both the granulosa cell and liver and their modification 

levels were comparable to those of the Aip and β-actin promoters (Figs. 6B and C). We did not 

observe any significant differences in the modification levels between the two tissues. In 

contrast, CGI-2 was highly modified in the granulosa cell but not in the liver (Figs. 6B and C). 

The histone H3 acetylation and H3K4 methylation levels of CGI-2 in the granulosa cell were 

6.1- and 3.7-fold higher than those in the liver respectively. Analysis of the data by Student’s t 

test indicated that the histone H3 acetylation level in the granulosa cell is significantly higher 
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than that in the liver. The immunoprecipitation with normal mouse IgG resulted in background 

levels of modifications in all the regions (data not shown). These results suggest that CGI-2 

plays a role in the high POP expression in the ovarian granulosa cell. 

 

3.5. Expression patterns of the neighboring genes. 

We finally considered the possibility that CGI-2 might be a regulator for the neighboring 

genes. Therefore, we investigated the expression of genes surrounding POP. The Ensembl 

database (http://www.ensembl.org/index.html) indicated the presence of six protein coding 

genes (Atg5, Prdm1, Popdc3, Bves, Lin28b, Hace1) other than POP (Prep) within a 2Mb region 

at mouse chromosome 10B2 (Fig. 7A). We first conducted 30 cycles of RT-PCR to see if these 

genes are expressed in the liver, ovary, and placenta. As a result, we detected no significant 

bands for the Bves and Lin28b genes and the signals for the Prdm and Popdc3 genes were 

observed only in the placenta (Fig. 7B). Although the Lin28b gene was reported to be expressed 

almost exclusively in the placenta (Guo et al, 2006), we could not detect the signal. This might 

be because the expression level was below the detection limit in our analysis. In any event, the 

expression patterns of the four genes are not consistent with the epigenetic status of CGI-2. On 

the other hand, we detected the expression of the Atg5 gene in all three tissues and the Hace1 

gene in the ovary and placenta (Fig. 7B). The expression pattern of the Hace1 gene is in 

agreement with a previous report (Anglesio et al., 2004). 

We then performed qRT-PCR analysis to determine expression levels of the Atg5 and Hace1 

genes (Fig. 7C). As in Fig. 2A, the expression level of each gene was separately normalized to 

GAPDH, β-actin, and Aip genes and the average of the three values was calculated. Data 

normalized to each control is presented in Supplementary Fig. 4. The Atg5 mRNA was 

expressed at a higher level in the liver and placenta than in the ovary and granulosa cell (Fig. 

7C), suggesting that CGI-2 does not control the Atg5 gene expression. In contrast, the Hace1 
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gene was expressed at significantly higher levels in the ovary, placenta, and the granulosa cell 

than in the liver (Fig. 7C). Although Hace1 is unlikely to be a granulosa cell-specific gene 

because the mRNA level was higher in the whole ovary than in the granulosa cell, the pattern is 

consistent with the epigenetic status of CGI-2. This suggests that CGI-2 might regulate the 

expression of the Hace1 gene which is located approximately 600 kb downstream. Taken 

together, the expression pattern of the five genes surrounding POP was not consistent with the 

epigenetic status of CGI-2, but we can not rule out the possibility that the CGI-2 region may be 

a regulator for the Hace1 gene. 

 

 

4. Discussion 

 

4.1. POP expression in the mouse embryonic development. 

In this study, we reported POP expression during the entire mouse embryonic development 

(Fig. 3). There are some studies reporting POP expression in late gestation and early postnatal 

development. In the rat brain, the POP activity and its mRNA expression remained high from 

E21 to 2 weeks after birth and gradually decreased thereafter (Agirregoitia et al., 2003; Fuse et 

al., 1990; Kato et al., 1980; Yamanaka et al., 1999). In the microsomal fraction of rat liver, the 

POP activity reached the peak at 2 weeks of age and then declined (Matsubara et al., 1998). The 

POP mRNA decreased during maturation of the mouse testis (Kimura et al., 2002). All of these 

data indicated that POP expression is high early in the development of the tissues. Our current 

data extended this observation and demonstrated that the embryonic POP expression 

dynamically changed throughout gestation. Interestingly, a similar fluctuation of the POP 

activity was recently reported during cerebellar granule cell differentiation in which the activity 

increased every 7 days (Moreno-Baylach et al. 2008). Although it could be due to intracellular 

 19



migration of the POP protein, the activity might also be regulated at the transcriptional level. 

Taken together, the results strongly suggest that POP expression is tightly controlled during 

embryonic development. 

The POP mRNA was present at a high level in the unfertilized egg, blastocyst and, 

E7.5-E8.5 embryos (Fig. 3A), suggesting its importance at these stages. The unfertilized egg 

generally accumulates maternal RNA which is necessary for fertilization and early development. 

Because zygotic transcription begins at the two-cell stage in mice (O’Farrell et al., 2004) and 

until then the POP maternal mRNA was used up (Fig. 3A), POP is presumed to function in 

fertilization and/or the first cleavage of the fertilized egg. Indeed, a specific POP inhibitor 

suppressed fertilization and the first cleavage in the ascidian (Yokosawa et al., 1983, 1989). The 

blastocyst stage is when cells differentiate into trophectoderm and inner cell mass lineages 

(Rossant and Cross, 2001) and POP might have a role in the differentiation. The high POP 

expression at E7.5-E8.5 might be involved in drastic morphological changes around these stages. 

These suggest that POP plays some roles in cell division and tissue differentiation, as supported 

by studies with a POP-specific inhibitor. In the flesh fly and mouse, the inhibitor significantly 

prevented imaginal disc differentiation and fibroblast cell proliferation (Ishino et al., 1998; 

Ohtsuki et al., 1994). The administration of the inhibitor suppressed rat liver regeneration 

(Yamakawa et al., 1994). POP is likely to be involved in a series of differentiation events during 

embryogenesis. 

 

4.2. Regulation of the mouse POP gene expression. 

The mechanism controlling POP gene expression has been poorly understood. The only 

published experiment about POP gene regulation is an in vitro reporter analysis which identified 

a 200-bp region as a potential minimum promoter (Kimura et al., 1999). The current study 

investigated the DNA methylation and histone modification of CGIs to elucidate the epigenetic 
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control of POP gene expression. Our data clearly demonstrated that the mouse POP promoter 

(CGI-1) was completely hypomethylated in all the tissues examined (Supplementary Fig. 3). 

This is consistent with other reports that the state of the promoter is directly linked to gene 

expression. The promoters of hprt, MAGE, Maspin, SF1, and protocadherin-α  are all 

methylated at silent loci but unmethylated when the genes are actively expressed (Chim et al., 

2005; De Smet et al., 1999; Hoivik et al., 2008; Hornstra and Yang, 1994; Kawaguchi et al., 

2008). The data also showed that the promoter was enriched in histone H3 acetylation and 

H3K4 methylation in both the granulosa cell and liver (Fig. 6), which is in agreement with 

previous studies. Active promoters of Osteocalcin, Adiponectin, Collagenase, and Insulin are 

associated with histone H3 acetylation and/or H3K4 methylation (Francis et al., 2005; Martens 

et al., 2003; Musri et al., 2006; Shen et al., 2002). These results clearly indicate that the 

epigenetic state at the promoter is essential for gene activation. In the case of the POP gene, 

DNA demethylation and histone acetylation and H3K4 methylation of the promoter probably 

play a central role in its activation. The mechanisms by which a gene with a hypomethylated 

promoter is activated are not fully understood. A transcription factor Sp1 may be involved in the 

gene activation by a mechanism similar to that observed for the Aprt gene because the POP 

promoter contains several Sp1-binding sites (Brandeis et al., 1994; Macleod et al., 1994). 

We found that DNA methylation of the CGI-2 region differed among the blastocyst, ovarian 

granulosa cell, placenta, and liver (Fig. 4). Many sequences distal from promoters have been 

shown to be methylated at different levels in different tissues and be implicated in gene 

regulation. One of the most studied loci is the imprinting control region (ICR) of Igf2 and H19 

in which the differentially methylated ICR regulates allele-specific gene expression (Edwards 

and Ferguson-Smith, 2007). Several genes expressed in male germ cells have been suggested to 

be controlled by tissue-dependent and differentially methylated regions other than promoters 

(Suzuki et al., 2007). These results supported the idea that the differentially methylated CGI-2 
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region is involved in the regulation of POP mRNA expression. Considering that POP is 

expressed in most tissues at various levels, CGI-2 might control its mRNA level rather than 

activation and silencing of the gene. We tested this hypothesis and assessed whether the DNA 

methylation of CGI-2 could cause the 40- or 18-fold difference in the POP mRNA level 

between the blastocyst, granulosa cell, and liver. However, the reporter analysis indicated that 

the POP promoter activity was reduced by 30-40% only when the CGI-2 methylation rate was 

increased from 0% to 50% or 0% to 100%, and methylation rates of 50% and 100% did not 

make any difference (Fig. 5B). Because only a few subclones from blastocysts were completely 

hypomethylated in the bisulfite sequencing analysis, POP mRNA expression might be affected 

by CGI-2 methylation in only a few cells of the blastocyst (Fig. 4). Obviously this could not 

cause the 40-fold difference in POP mRNA expression, suggesting CGI-2 methylation to have 

only a minor effect on the gene regulation. The reason why CGI-2 was completely 

hypomethylated in some cells of the blastocyst is not known. It might reflect the different cell 

types included in the blastocyst or be due to variation within a single cell type. Alternatively, it 

might be sex differences as reported in the promoter of estrogen and progesterone receptor 

genes (McCarthy et al., 2009). 

It is also possible that methylation of specific CpGs in CGI-2 may have an effect on POP 

expression. There are some examples in which methylation rates of a few CpGs in a CGI are 

correlated with gene expression (Li et al., 2008; Tomikawa et al., 2004). A very recent report 

provided evidence that methylation of a single CpG dinucleotide in a CGI is functionally linked 

to the PMP24 gene expression (Zhang et al., 2010). These suggest that the differentially 

methylated CpGs in CGI-2 are possibly involved in the regulation of the POP gene. In our 

reporter analysis, CGI-2 methylation at 50% and 100% resulted in similar luciferase activities 

(Fig. 5B), potentially because methylation rates of the differentially methylated CpGs ,except 

for CpG#1 and 5, were similar between the constructs (Fig. 5E). In this scenario, transcription 
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factors binding to the CpGs would play an important role in the gene regulation. By a database 

search, USF, c-Myc, and GATA proteins were identified as potential transcription factors 

binding to the differentially methylated CpGs. Their binding affinity might be changed by 

methylation. 

Even if specific CpGs are essential for POP expression, the dynamic change during 

embryonic development (Fig. 3A) is unlikely to be controlled by DNA methylation only. 

Generally, DNA methylation pattern is erased until 4-cell stage and re-established in the 

blastocyst embryo and the status is stable after that (Shi and Wu, 2009). Therefore, the 

fluctuation of POP expression after implantation is presumably regulated by other factors. This 

implies that histone modifications are involved in the regulation of the POP gene. We then 

investigated histone H3 acetylation and H3K4 methylation and found that CGI-2 was highly 

modified in the ovarian granulosa cell but not in the liver (Fig. 6). The two epigenetic marks 

have been shown to be linked to the activities of many cis-elements. A 3’ enhancer for Snail 

gene was associated with histone H3 acetylation and H3K4 methylation and thereby could 

activate its transcription in melanoma cells (Palmer et al., 2007). A transcription factor FoxA1 

requires histone H3K4 methylation for binding to distal enhancers (Lupien et al., 2008). 

Formation of the histone hyperacetylated domain at the locus control region is crucial for 

activation of the β-globin and human growth hormone gene cluster (Bulger, 2005; Kimura et al., 

2007). These studies show that a regulatory region critical for gene activation is consistently 

associated with histone acetylation and H3K4 methylation in the tissue or cell expressing the 

gene. Our ChIP analysis revealed an enrichment of histone H3 acetylation and H3K4 

methylation in the CGI-2 region exclusively in the granulosa cell (Fig. 6). Considering that 

CGI-2 has an enhancer activity in the in vitro reporter gene assay (Fig. 5A), the results suggest 

that CGI-2 is a novel regulator responsible for the high POP expression in the granulosa cell. 

Our results suggested some correlation between the epigenetic status of CGI-2 and the POP 
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mRNA level. However, it is not clear from our data how important the CGI-2 sequence is for 

POP expression. The difference of epigenetic status in the CGI-2 region was small compared 

with that of POP mRNA levels in various tissues and CGI-2 may even be a regulator for the 

Hace1 gene. The presence of other regulatory sequences is possible and further study will be 

required to clarify this issue. 

 

 

5. Conclusions 

 

Murine POP mRNA was highly expressed in the ovarian granulosa cell, placental 

spongiotrophoblast, and blastocyst embryo. Epigenetic patterns at the promoter were similar 

among the tissues expressing POP at different levels, suggesting the DNA methylation and 

histone modification at the promoter are important for the POP gene activation. Some CpGs in 

CGI-2 was demethylated in the tissues expressing a high level of POP mRNA and the histone 

H3 acetylation and H3K4 methylation levels in CGI-2 were higher in the granulosa cell than in 

the liver. Because the CGI-2 sequence increased the POP promoter activity in vitro and its effect 

was reduced by DNA methylation, it might work as an enhancer for POP expression. Although 

it is possible that CGI-2 may regulate another gene, our data suggest that CGI-2 plays a role in 

the regulation of POP expression. Further study will be required to elucidate the in vivo activity 

of CGI-2 and to find other regulatory elements. 
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Figure Legends 

 

Fig. 1. Structure of the mouse POP gene and positions of probes and primers used in this study. 

Genomic organization of the mouse POP (Prep) gene is illustrated with its neighboring genes. 

Exons are represented by vertical lines and rectangles with the exon number. White boxes in 

exons 1 and 15 indicate 5’ and 3’ untranslated regions respectively while the black regions are 

protein coding sequences. The Prdm1 and Popdc3 genes are present 608 kb upstream and 130 

kb downstream to the POP gene. Two CGIs (CGI-1 and CGI-2) are indicated with bold lines. 

Enlarged figures around exons 1 and 15 including each CGI are drawn at the top. Three 

transcriptional initiation sites were previously identified as shown by bent arrows. Positions of a 

914-bp EcoRI-BamHI fragment and a 690-bp CGI-2 region used for the reporter gene assay are 

indicated by gray bars. Arrows are the positions of the primers used for bisulfite sequencing 

(black) and ChIP analyses (gray). At the bottom, cDNA structure of POP is shown. A 

protein-coding region is represented by open boxes, and noncoding regions are represented by 

horizontal lines. Positions of the probes for in situ hybridization and Northern blot analyses are 

indicated with gray and black bars respectively. Arrows indicates the position of the primers for 

qRT-PCR analysis. 

 

Fig. 2. The mouse POP mRNA was highly expressed in the ovarian granulosa cell and placental 

spongiotrophoblast layer. (A) qRT-PCR analysis of POP in the liver, ovary, placenta, testis, and 

uterus. Total RNA was prepared from the five tissues and one microgram of the RNA was used 

for reverse transcription. POP mRNA expression was analyzed by real time PCR using the ABI 

Prism 7300 real-time PCR system. POP mRNA levels were separately normalized to GAPDH, 

β-actin, and Aip and the average of them is shown as a graph. Relative expression is shown as 
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-fold difference calculated relative to the expression in the liver, which was arbitrarily set at 1.0. 

The data are presented as mean ± SD from four independent experiments with two tissues. n = 

4; **, P < 0.01 compared with liver. (B) In situ hybridization analysis of POP in the mouse 

ovary. Frozen sections (10 µm) were prepared from the superovulated ovary. Neighboring 

sections were hybridized with DIG-labeled sense (SS) and antisense (AS) cRNA probes for 

POP. The signal was detected by using NBT/BCIP substrates. Follicles indicated in a box in the 

upper panel are shown below at higher magnification. POP was specifically expressed in the 

ovarian granulosa cell. The bar represents 300 µm (upper panels) or 100 µm (lower panels). (C) 

In situ hybridization analysis of POP in the mouse placenta. Frozen sections (10 µm) were 

prepared from the E17.5 placenta and the POP signal was detected as in (B). To identify the 

placental structure the probe for a spongiotrophoblast marker gene Flt1 was also used. POP was 

strongly expressed in the placental spongiotrophoblast layer. Md, maternal decidua, Sp, 

spongiotrophoblast, La, labyrinth. The bar represents 1 mm. (D) Comparison of POP mRNA in 

the ovarian granulosa cell and liver. Total RNA was prepared from granulosa cells which were 

obtained with 3 superovulated mice. Three micrograms of the RNA was used for qRT-PCR 

analysis as in (A). POP mRNA levels were normalized to GAPDH and are represented as in (A). 

The data are presented as mean ± SD from four independent experiments with two sets of 

granulosa cells and two adult livers. n = 4; **, P < 0.01 compared with liver. 

 

Fig. 3. POP mRNA expression patterns in the mouse embryo and placenta. (A) qRT-PCR 

analysis of POP in the embryos before E10.5. The embryos at E6.5-E10.5 were collected from 

pregnant mice and those before implantation were obtained by in vitro fertilization. Unfertilized 

eggs were collected by treating superovulated cumulus-oocyte complexes with hyaluronidase. 

The E18.5 placenta and adult liver were also assessed for comparison. Total RNA was isolated 

from each sample and POP mRNA expression was analyzed by qRT-PCR as in Fig. 2A. POP 
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mRNA levels were normalized to GAPDH and relative expression is shown as -fold difference 

calculated relative to the expression in the liver, which was arbitrarily set at 1.0. The data are 

presented as mean ± SD from at least three independent experiments with 44 unfertilized eggs, 

2-24 embryos, or a placenta. n = 3 or 6; *, P < 0.05 and **, P < 0.01 compared with liver. (B, C) 

Northern blot analysis of POP in mouse embryos (B) and placentas (C). Total RNA was 

prepared from the embryo at stages E9.5 through E18.5 and the placenta at E10.5-E18.5. 

Twenty micrograms of the RNA was electrophoresed and blotted to a nylon membrane. The blot 

was hybridized with a 32P-labeled mouse POP cDNA probe and the signals were detected by 

autoradiography. A probe for mouse GAPDH was used as an internal control. The intensity of 

each band was measured using the ImageJ program and POP mRNA levels relative to GAPDH 

levels are represented as a graph at the top. Relative expression is shown as -fold difference 

calculated relative to the expression in the E10.5 embryo (B) and E10.5 placenta (C), which was 

arbitrarily set at 1.0. 

 

Fig. 4. DNA methylation patterns of the CGI-2 region in the blastocyst, granulosa cell, placenta, 

and liver. (A) Structure of the mouse POP gene and positions of CGI-1 and CGI-2 regions are 

drawn at the top. The mouse POP gene is about 92 kb long containing 15 exons and the first 

two and last two exons are depicted by open boxes with the exon number. A detailed map of the 

CGI-2 region and DNA methylation patterns in each tissue are shown below the gene structure. 

CGI-2 includes 33 CpG dinucleotides all of which were analyzed. The positions of the 33 CpG 

dinucleotides are shown with vertical lines. The state of individual CGIs was determined by 

bisulfite sequencing. Genomic DNA was purified from 14 blastocyst embryos, two 35-mm2 

dishes of granulosa cells, two E18.5 placentas, and two adult livers. The DNA was treated with 

sodium bisulfite and the CGI-2 region was amplified by PCR. For blastocyst samples, the 

second round of PCR was conducted with nested primers. Ten subclones of the amplified 
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product for each granulosa cell, E18.5 placenta, and adult liver, and twenty for the blastocyst 

were analyzed by DNA sequencing. Open and filled circles represent unmethylated and 

methylated cytocines, respectively. The overall methylation rate for each tissue is indicated at 

the left. Differentially methylated CpGs that were determined by chi-square analysis are marked 

with asterisks (P < 0.05). (B) The methylation rate of differentially methylated CpGs is shown 

as a graph. Each bar represents the percentage of a methylated CpG in the blastocyst (white), 

granulosa cell (light gray), E18.5 placenta (dark gray), and liver (black). *, P < 0.05 compared 

with liver. 

 

Fig. 5. CpG methylation in the CGI-2 region significantly reduced the transcriptional activity of 

the POP promoter. (A, B) Reporter constructs and luciferase activities. The left panel shows a 

schematic drawing of the reporter gene constructs generated in this study. CGI-2 is indicated as 

‘CG2’. Gaps between the luciferase gene and CGI-2 region in (B) indicate that the CGI-2 

fragment was cut out, methylated in vitro (0, 50, or 100%), and religated to the construct. The 

constructs were transfected into Hepa1-6 or NIH3T3-3-4 cells by lipofection. The measured 

luciferase activity is shown in graphs. The data are presented as mean ± SD from three 

independent experiments. n = 3; *, P < 0.05 compared with the mPOP-CG2-0%me construct in 

Hepa1-6 cells. n = 3; **, P < 0.01 compared with mPOP-CG2-0%me construct in NIH3T3-3-4 

cells. (C) The amount of DNA and purity of each construct were evaluated by agarose gel 

electrophoresis and ethidium bromide staining. The picture shows that each linear construct was 

used at a similar amount for the assay. (D) HhaI-digestion patterns of methylated CGI-2. The 

690bp CGI-2 fragment which included 0%, 50%, or 100% methylated CpG dinucleotides was 

digested with the methylation-sensitive HhaI restriction enzyme. The CGI-2 fragment contains 

two HhaI sites as shown in the schematic drawing at the bottom. Short vertical lines indicate the 

positions of CpGs. (E) Bisulfite sequencing of the two in vitro methylated constructs. 100-300 
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ng of each construct was used for bisulfite sequencing, and 4 subclones were sequenced. The 

positions of CpGs in the CGI-2 sequence are illustrated at the top. Open and filled circles 

represent unmethylated and methylated cytocines respectively. The differentially methylated 

CpGs are marked with asterisks. The methylation rates were 58.3% for mPOP-CG2-50%me and 

95.5% for mPOP-CG2-100%me. 

 

Fig. 6. Histone modification patterns at the mouse POP gene locus in the granulosa cell and 

adult liver. (A) A genomic structure of the mouse POP gene locus is illustrated. Exons are 

indicated by vertical lines or open boxes with the exon number. Two CGIs are represented by 

filled boxes. Positions of five primer pairs for ChIP were indicated by arrows. (B) Histone H3 

acetylation pattern at the mouse POP locus. ChIP was conducted with chromatin isolated from 

the granulosa cell and liver. The sheared chromatin was immunoprecipitaed with a monoclonal 

antibody against acetylated histone H3K9K27 (H3K9K27ac). DNA purified from the 

precipitated (bound) fraction was subjected to real time PCR amplification using the primers 

shown in A. The amplification efficiency was normalized by calculating the ratio of the signal in 

the bound chromatin to that in the input fraction. The value was further normalized by the 

bound to input ratio of the constitutively active Aip gene promoter designated as 1.0. ChIP was 

performed three times with three sets of the granulosa cell and liver and we conducted duplicate 

PCR for each sample. The graph was shown as the average ± SD. The black bar represents the 

acetylation levels in the granulosa cell and the white bar in the liver. Student’s t test indicates 

that the acetylation level of CGI-2 in the granulosa cell is significantly higher than that in the 

liver (n = 6; *, P < 0.05). (C) Histone H3K4 dimethylation pattern at the mouse POP locus. 

ChIP was conducted as in (B) using a monoclonal antibody against dimethylated histone H3K4 

(H3K4me2). The methylation level was calculated and normalized as in (B). 
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Fig. 7. Expression patterns of six genes surrounding the POP gene. (A) A 2Mb region at mouse 

chromosome 10B2 including POP (Prep) is illustrated. There are seven protein coding genes in 

the region, each of which is depicted as a rectangle with the gene symbol. The direction of 

transcription of each gene is indicated by the arrow. (B) RT-PCR of the genes located on mouse 

chromosome 10B2 in the liver, ovary, and E18.5 placenta. Isolation of total RNA and reverse 

transcription were performed with (+) or without reverse transcriptase (-) as in Fig. 2A. 30 

cycles of PCR was conducted and the signal was visualized by ethidium bromide staining after 

agarose gel electrophoresis. The results from two independently prepared cDNA for each tissue 

are shown. (C) qRT-PCR analysis of the Atg5 and Hace1 genes in the liver, ovary, placenta, and 

granulosa cell. Real-time PCR was conducted and the mRNA levels were calculated as in Fig. 

2A. Relative expression is shown as -fold difference calculated relative to the expression in the 

liver, which was arbitrarily set at 1.0. The data are presented as mean ± SD from four 

independent experiments with two tissues. n = 4; *, P < 0.05 compared with liver. **, P < 0.01 

compared with liver. 
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Supplementary Fig. 1. qRT-PCR analysis of POP in the liver, ovary, placenta, testis, and uterus. 

Total RNA was prepared from the five tissues and one microgram of the RNA was used for 

reverse transcription. POP mRNA expression was analyzed by real time PCR using the ABI 

Prism 7300 real-time PCR system. POP mRNA levels were separately normalized to GAPDH 

(black bars), β-actin (gray bars), and Aip (white bars) and relative expression is shown as -fold 

difference calculated relative to the expression in the liver, which was arbitrarily set at 1.0. The 

data are presented as mean ± SE from four independent experiments with two tissues. n = 4; *, 

P < 0.05 and **, P < 0.01 compared with liver. 

 

Supplementary Fig. 2. (A) Comparison of POP mRNA in the ovarian granulosa cell and liver. 

Total RNA was prepared from granulosa cells which were obtained with 3 superovulated mice. 

Three micrograms of the RNA was used for qRT-PCR analysis. POP mRNA levels were 

normalized to β-actin and relative expression is shown as -fold difference calculated relative to 

the expression in the liver, which was arbitrarily set at 1.0. (B) POP mRNA expression patterns 

in the mouse embryo and placenta. Total RNA was isolated from the embryos at the indicated 

stages, E18.5 placenta, and liver and POP mRNA expression was analyzed by qRT-PCR as in 

Fig. 3A. POP mRNA levels were normalized to β-actin and relative expression is shown as 

-fold difference calculated relative to the expression in the liver, which was arbitrarily set at 1.0. 

 

Supplementary Fig. 3. DNA methylation patterns of the CGI-1 region in the blastocyst, 

granulosa cell, placenta, and liver. Structure of the mouse POP gene and positions of CGI-1 and 

CGI-2 regions are drawn at the top. The mouse POP gene is about 92 kb long containing 15 

exons and the first two and last two exons are depicted by open boxes with the exon number. 

There are two CGIs at the locus. CGI-1 is 1344 bp long and includes exon 1 and CGI-2 is 614 



bp overlapping with exon 15 as indicated by filled boxes. A detailed map of the CGI-1 region 

and DNA methylation patterns in each tissue are shown below the gene structure. CGI-1 

includes 114 CpG dinucleotides of which 97 were analyzed here. The positions of the 97 CpG 

dinucleotides are shown with vertical lines. The bent arrow indicates the translational initiation 

site. The state of individual CGIs was determined by bisulfite sequencing. Genomic DNA was 

purified from 14 blastocyst embryos and two 35-mm2 dishes of granulosa cells, two E18.5 

placentas and adult livers. The DNA was treated with sodium bisulfite and the CGI-1 region was 

amplified by PCR. For blastocyst samples, the second round of PCR was conducted with nested 

primers and thereby 65 CpG dinucleotides were analyzed. Ten subclones of the amplified 

product for each granulosa cell, E18.5 placenta, and adult liver, and twenty for the blastocyst 

were analyzed by DNA sequencing. Open and filled circles represent unmethylated and 

methylated cytocines, respectively. The overall methylation rate for each tissue is indicated at 

the left. 

 

Supplementary Fig. 4. qRT-PCR analysis of the Atg5 (A) and Hace1 (B) genes in the liver, 

ovary, placenta, and granulosa cell. Total RNA was prepared from the five tissues or two wells 

of granulosa cells in a 24-well plate. One microgram of the RNA was used for reverse 

transcription and real time PCR was performed as in Supplementary Fig. 1. The mRNA level 

was normalized and relative expression is shown as in Supplementary Fig. 1. The data are 

presented as mean ± SD from four independent experiments. n = 4; *, P < 0.05 and **, P < 0.01 

compared with liver. 
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