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略語一覧 

㸦ࢺࢵ࣋࢓ࣇࣝ࢔順㸧 

AFLP amplified fragment length polymorphism 

AGD anogenital distance 

BL body length 

BPA bisphenol-A 

DOHaD developmental origins of health and disease㸦DOHaD㸧 

FDR false discovery rate 

HELP Hpa II tiny fragment enrichment by ligation-mediated PCR 

KEGG kyoto encyclopedia of genes and genomes 

MBP methyl-CpG-binding protein 

MCAM methylated CpG island amplification and microarray 

MeDIP methylated DNA imunoprecipitation 

MF methylation frequency 

MIAMI microarray-based integrated analysis of methylation by isoschizomers 

MIRA methylated-CpG island recovery assay  

MSAP-PCR methylation-sensitive arbitrarily primed -PCR 



 

6 

 

MSD methylated site display 

MSRE-PCR methylation sensitive restriction enzyme-dependent-PCR 

NGS next generation sequencer  

PCA principal component analysis 

PDE4D4 phospodiesterse type4 variant4 

RLGS restriction landmark genomic scanning 

RRBS reduced representation bisulfite sequencing 

SNP single nucleotide polymorphism 

tDMRs tissue-specific differentially methylated regions 

WGBS whole genomebisulfite sequencing 
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要᪨ 

胎生期࡟環境汚染化学物質࡟曝露࡚ࡗࡼ࡟࡜ࡇࡿࡍ生ࡼࡿࡌう࡞微弱ࣀࢤࣆ࢚࡞

࣒変化ࢆ検出ࡋう࣒ࣀࢤࡿワࢻ࢖ DNA ࣝࢳ࣓ࠊࡣᮏ研究࡛ࠋい࡞ࡀ化解析法ࣝࢳ࣓

化 CpG ࡿࡍ提示ࢆࡳࡢ methylated site display㸦MSD㸧法ࢆ考案ࢆࢀࡇࠊࡋ amplified 

fragment length polymorphism㸦AFLP㸧࡜組ࡳ合わࣝࢳ࣓࡛࡜ࡇࡿࡏ化㢖ᗘࢆ高精ᗘ࣭

高感ᗘ࣒ࣀࢤࡘ࠿ワ࡟ࢻ࢖検出࡛ࡿࡁ解析法 MSD-AFLP 法ࢆ開発ࠋࡓࡋḟࡢࡇ࡟手

法࣒ࣀࢤࣆ࢚ࢆ変化ࡀ生ࡢ࡜ࡿࡌ報告ࡀあࡿ bisphenol-A曝露組織ࡢ解析࡟適用ࠋࡓࡋ

ࡣ実験条件࡛ࡢ௒回ࠊ結果ࡢࡑ CpG ࡋ明ุࡀ࡜ࡇ無い࡝ࢇ࡜࡯ࡣ影響ࡢ࡬化ࣝࢳ࣓

 ࠋࡓ
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第㸯章 序論 

࡜ࢫࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ 1.1 DNA  化ࣝࢳ࣓

ࡿあ࡛ࡘ一ࡢ修㣭ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ DNA 伝㐩࡟子孫や娘細胞ࡣ状態ࡢ化ࣝࢳ࣓

ࡿい࡚ࢀࡉ示ࡀ࡜ࡇࡿࢀࡉ 化ࣝࢳ࣓ࡢ脊椎動物ࠋ1 CpG  methyl-CpG-binding proteinࠊࡣ

㸦MBP㸧࡜結合ࠊࡋco-represseer やࢺࢫࣄン脱ࣝࢳࢭ࢔化酵素࡜ࡇࡿࡍࢺ࣮ࣝࢡࣜࢆ

ࡿࡍ抑制ࢆ遺伝子発現ࡾࡼ࡟࡜ࡇࡿࡍ誘ᑟࢆࢢンࣜࢹンࣜࣔࢳ࣐ࣟࢡ࡛ ࡗࡀࡓࡋࠋ2-5

発生ࢇࡀࡣ異常ࡢࡑࠊ࡚ 6 や胎生致死 7, 8  ࠋࡿい࡚ࢀࡽ知ࡀ࡜ࡇࡿ࡞࡟原因ࡢ

1.2 developmental origins of health and disease㸦DOHaD㸧 

疫学者ࡢࢫࣜࢠ࢖ David Barker ࡣ 1980 ᖺ代半࡟ࡤ英国国内࡛行ࡓࡗ疫学調査࠾࡟

い࡚ࠊ胎生期ࡢప栄養状態ࡵࡓࡢప体㔜࡛出生ࡓࡋ子供ࠊࡣᡂ人期࠾࡟い࡚冠動脈心

疾患 9, 10 やᮏ態性高血ᅽ症 㸰型糖ᒀ病ࠊ11 ᭷意ࡀࢡࢫ発症ࣜࡢ生活習慣病ࡓࡗい࡜12

ࡣప栄養状態ࡢ胎生期ࠕࡓࢀࡉ提示࡟࡜ࡶࢆ現象ࡢࡇࠋࡓࡋ࡟࠿ࡽ明ࢆ࡜ࡇࡿࡲ高࡟

ᡂ人期ࡿࡅ࠾࡟心血管㞀害や代謝機能㞀害ࢡࢫࣜࡢ因子࡛あ࡜ࠖࡿいう見解ࠊࡣ௒日

Barker ㄝ 13, 14 栄養状態や環ࡢ胎生期࣭新生児期ࠊ後ࡢࡑࠊࡣㄝࡢࡇࠋࡿࢀࡽ知࡚ࡋ࡜

境要因ࠊࡀ生活習慣病ࡢࡑࡎࡽ࡞ࡳࡢ他ࡢ疾患ࡢ感ཷ性ࢆ決ࡿࡵ㔜要࡜࣮ࢱࢡ࢓ࣇ࡞

概ࡿࢀࡤ࿧࡜developmental origins of health and disease㸦DOHaD㸧ࠖࠕいう࡜ࡿうࡾ࡞

念࡜࡬ᣑ張ࡓࢀࡉ 環境因ࡢ࡬胎児ࠊࡀい࡞いࡣ࡚ࢀࡉ解明ࡔᮍࡣ発生機序ࡢࡑࠋ15-17

子曝露࡞ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ࡀ変化ࢆ引ࡁ起ࡀࢀࡑࠊࡋࡇ生後࡛ࡲ残ࡀ࡜ࡇࡿ原因࡜

推測࡚ࢀࡉいࡿ 18, 19㸦Fig. 1.1㸧ࠋ 
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1.3 化学物質誘発性 DOHaD  ஦例ࡢ

1990 ᖺ代後半࡟行わ࣓࢝ࣜ࢔ࡓࢀ国内ࡢ疫学断面調査ࠊ࡚ࡗࡼ࡟胎生期ࡿࡅ࠾࡟

ࡉ示ࡀ相関ࡢ࡜注意Ḟ㝗多動性㞀害㸦ADHD㸧発症ࡢ出生後ࠊ࡜曝露ࡢ࡬煙ࡢࡇࡤࡓ

ࡿい࡚ࢀ 煙やࡢࡇࡤࡓࠊࡓࡲࠋ20 TCDD ࢹࡴ含ࢆ多環芳香族炭化水素ࡓࡋ࡜ࡵࡌࡣࢆ

༴険因子࡛࡞主ࡢ喘息ࠊ࡚ࡗࡼ࡟曝露ࡿࡅ࠾࡟幼児期࡜胎生期ࡢ排出微粒子ࣝࢮ࣮࢕

あࡀ࣮ࣆࢺ࢔ࡿ発症ࡋやࡍく࡜ࡿ࡞いう報告ࡶあࡿ 水銀曝ࣝࢳ࣓ࡢ胎生期࡟ࡽࡉࠋ21

露ࡣ幼少期ࡢ血ᅽୖࢆ昇ࠊࡏࡉ高血ᅽࡢ༴険因子ࢹࡀ࡜ࡇࡿ࡞࡟ン࣐࣮ࢥࡿࡅ࠾࡟ࢡ

ࡿい࡚ࢀࡉ結果示唆ࡢ研究ࢺ࣮࣍ 化学物質ࡢ胎生期࣭新生児期ࠊࡣ報告ࡢࡽࢀࡇࠋ22

曝露࡜いう環境要因ࡢࡑࡀ後ࡢ疾患ࢆ誘ᑟ࡜ࡓࡋいうⅬ࡛ࢺࣄࠊ集団ࡿࡅ࠾࡟化学物

質誘発性 DOHaD 化学物質誘発性ࡿࡅ࠾࡟集団ࢺࣄࠋࡿ඾型例࡛あࡢ DOHaD ࡍ関࡟

報告ࡿ 23-25 健ࠊ࡟ᡂ育後ࡀࡶ࡝ࡇࡓࡅうࢆ曝露࡟胎生期࡟実㝿ࠊࡀࡿ多数あࡶ࡟他ࡣ

康状態࡟影響ࡀ起࡝࠿ࡿࡇう࡜࠿いう決定的࡞証ᣐ࡞ࡀいࡵࡓࡢࡑࠋ米国ࠊ韓国ࣚࠊ

ࡿい࡚ࢀࡉ実施ࡀࢺ࣮࣍ࢥ各国࡛大規模ࡓࡋ࡜ࡵࡌࡣࢆࣃࢵ࣮ࣟ い࠾࡟国ࡀᡃࠋ26-28

ࠊ妊娠࣭生殖ࠊࡀ化学物質曝露ࡢ࡚ࡅ࠿࡟ᑠ児期ࡽ࠿胎生期ࠊ環境保健行ᨻୖࠊࡶ࡚

ඛኳ奇形ࠊ精神神経発㐩ࠊ免疫࣭ࠊ࣮ࢠࣝࣞ࢔代謝࣭内ศ泌系等ࡢ子ࡢࡶ࡝健康࡟大

母子࡟中心ࢆ環境省ࠊࡽ࠿懸念ࡢ࡜ࡿ୚え࡚いࢆ影響࡞ࡁ 10 万組ࢆ対象2027ࠊ࡟ ᖺ

調査㸧ࠖࣝࢳࢥ全国調査㸦࢚ࡿࡍ関࡟環境࡜健康ࡢࡶ࡝子ࠕ調査ࢺ࣮࣍ࢥࡁ前向ࡢ࡛ࡲ

ࡀ 2011 ᖺࡽ࠿行わ࡚ࢀいࠋࡿ 

1.4 実験動物ࡿࡅ࠾࡟環境汚染物質ࡢ胎生期曝露࣒ࣀࢤࣆ࢚ࡿࡼ࡟変化 

実験動物࡛ࠊࡣ化学物質࡞ࢡ࢕ࢸࢿ࢙ࢪࣆ࢚ࡿࡼ࡟変化ࡀ引ࡁ起ࠊࡀ࡜ࡇࡿࢀࡉࡇ

ࢳ࣓ࠋࡿい࡚ࢀࡉdiethylstilbestrol, vinclozolin, bisphenol-A㸦BPA㸧࡛報告ࠊ水銀ࣝࢳ࣓
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ࣝ水銀ࢆ胎生期࡟曝露ࠊࡣ࡛ࢫ࣐࢘ࡓࢀࡉᡂ熟後ࡢ㸷㐌齢࠾࡟い࡚ᾏ馬࡛ brain-

derived neurotrophic factor㸦BDNF㸧遺伝子ࡢ DNA ࡢࡑࠊࡋ数％亢㐍ࡀ化ࣝࢳ࣓ mRNA

発現ࣞ࣋ࣝࡀ ࡿあࡀいう報告࡜ࡿࢀࡉ増強ࡀ୙安行動࡟ࡶ࡜࡜ࡿࡍపୗ࡝࡯20％ ࠋ29

diethylstilbestrol ࡢ子宮࡟ᡂ熟後ࠊࡣ࡛ࢫ雌࣐࢘ࡓࢀࡉ生後㸳日間曝露ࢆ lactoferrin 遺

伝子࣮ࢱ࣮ࣔࣟࣉࡢCpG ࡛対照群ࡢ 9 倍ࡢࡶప࣓ࣝࢳ化ࡀ起ࠊࡁ子宮ࡀࢇࡀ多発ࡓࡋ

ࡓࢀࡉ報告࡜  ࠋ30

Michael K. Skinner vinclozolinࠊࡣࡽ ࠊࡣ࡛ࢺࢵ仔ࣛࡓࢀࡲ生࡚ࡋ投୚࡟ࢺࢵ妊娠ࣛࢆ

精細胞ࡀࢫࢩ࣮ࢺ࣏࢔ࡢ増ຍࡋ精子数ࡀ減少ࡢࡇࠊࡋ影響ࠊࡀ直接 vinclozolin 投୚ࡢ

ࡓࡋ報告࡜ࡓࢀࡉ観察ࡶ࡟精巣ࡢࢫ࣐࢘ࡢい第㸲世代࡞い࡚ࢀࡉࢆ ࡣ報告࡛ࡢࡇࠋ31

ࢹ࡞ヲ細࠿ࡢ࡞化ࣝࢳప࣓࠿ࡢ࡞化ࣝࢳ高࣓ࠊࢀ行わࡀ解析࡞定性的ࡢ化変化ࣝࢳ࣓

ࡢ精子ࠊࡀい࡞い࡚ࢀࡉ࡞ࡀ提示ࢱ࣮ lysophospholipase㸦LPLase㸧遺伝子ࣝࢳ࣓ࡢ化

いう࡜ࡿࡍ遺伝ࡀ獲得形質ࠊࢀࡉ提示ࡀࢱ࣮ࢹࡍ示ࢆ࡜ࡇࡓࢀࡉ超え࡚伝搬ࢆ世代ࡀ

ᮏ論文 31 ࡧࡽ࡞い࡚精子数࠾࡟追試ࡿࡼ࡟曝露条件ࡢ様ྠࠊࡋ࠿ࡋࠋࡓࡵ集ࢆ注目ࡣ

後ࡢࡑࡀ࡜ࡇࡓࡗ࠿࡞ࡋ変動ࡀ化ࣝࢳ࣓࡟ Inawaka ࡓࢀࡉ報告࡚ࡗࡼ࡟ࡽ  ࠋ32

BPA ࡣ࡛ࢺࢵࣛࡓࢀࡉ曝露࡟胎生期ࢆ phosphodiesterase type 4 variant 4 遺伝子ࡢ

DNA ప࣓ࣝࢳ化ࡀ生ࠊࡌ前立⭢ࡢࢇࡀ発症率ࡀ᭷意࡟増ຍ࡜ࡓࡋいう報告ࢀࡉ࡞ࡀ

ࡓ agouti yellowࠋ33 ࡣࢫ࣐࢘ agouti 遺伝子࡟挿入ࡓࢀࡉ intracisternal A particle ࣛࢺࡢ

ンࢰ࣏ࢫン配列ࡾࡼ࡟毛色ࡀᕥ右ࠊࡀࡿࢀࡉ胎生期 BPA 曝露ࡢࡇࡾࡼ࡟配列ࡀ 10%

程ప࣓ࣝࢳ化࡛࡜ࡇࡿࢀࡉ体毛色ࡀ黄色࡟変化ࡀ࡜ࡇࡿࡍ示ࡓࢀࡉ ࢫ࣐࢘ࠊࡓࡲࠋ34

妊娠初期ࡽ࠿ప用㔞ࡢ BPA㸦20 µg/kg 母体㔜㸧ࢆ曝露ࠊࡋ妊娠 12.5 日目あࡿいࡣ 14.5

日目ࡢ胎仔終脳ࡢ DNA ࢆ化ࣝࢳ࣓ restriction landmark genomic scanning㸦RLGS㸧法࡛
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調ࠊࢁࡇ࡜ࡓ࡭BPA ࡚ࡋ࡜遺伝子ࡓࡋࡇ起ࢆ化ࣝࢳప࣓ࡾࡼ࡟ Vsp25 ࡓࢀࡉ検出ࡀ

 ࠋ35

含ࡶ報告ࡓ用いࢆ細胞ࡢࢺࣄࠊࡾ࠾࡚ࢀࡉ報告ࡀࢱ࣮ࢹ動物実験ࡢ多く࡟うࡼࡢࡇ

࡚ࡋ࡜化学物質ࡿい࡚ࢀࡉ報告ࡀ࡜ࡇࡍࡇ起ࡁ引ࢆ変化࣒ࣀࢤࣆ࢚࡟実験的࡜ࡿࡵ

ࡶ࡛ࡅࡔࡢࡶ࡞主要ࡣ 15 種類以ୖࡢࡑ報告数ࡶ 150 以ୖあࡿ 36 Inawakaࠊࡢࡢࡶ ࡽ

ࡢ vinclozolin 再現実験結果ࡢ 32 確ࡀい࡚再現性࠾࡟研究室ࡢ他ࠊ࡟うࡼࡿࢀࡉ代表࡟

認࡛࡞ࡁい஦例ࡀ多いࡀࡢ現状࡛あࠋࡿ 

1.5 学఩論文研究ࡢ目的 

DNA ࡿ安定࡛あ࡟化学的࡚࡭比࡟化ࣝࢳࢭ࢔化やࣝࢳ࣓ࡢンࢺࢫࣄࠊࡣ化ࣝࢳ࣓

ࢆいう利Ⅼ࡜ࡿࡁ࡛ࡀ࡜ࡇࡿࡍ適用ࡶ疫学試料࡛࡞必要ࡀ長期保管や輸送ࠊࡽ࠿࡜ࡇ

᭷ࠋࡿࡍ網羅的 DNA restriction landmark genomic scanningࠊい࡚࠾࡟化解析ࣝࢳ࣓

㸦RLGS㸧37-42 や Hpa II tiny fragment enrichment by ligation-mediated PCR㸦HELP㸧法 43, 

methylated DNA imunoprecipitation㸦Medip㸧法ࠊ44 45-48 あࡿいࡣ whole genome bisulfite 

sequence㸦WGBS㸧法 49 ࡢ化ࣝࢳ࣓ࡶ手法ࡢࢀࡎいࠊࡋ࠿ࡋࠋࡓࡁ࡚ࢀࡉ使用ࡀ࡝࡞

᭷無ุࡢ断ࡣ࡟᭷効ࢧࠊࡀࡔンࣝࣉ間࡛微弱࡟変動ࡿࡍ特定ࡢ CpG ࢆ化㢖ᗘࣝࢳ࣓

定㔞ࠊࡣ࡟ࡿࡍ精ᗘや感ᗘ面࠾࡟い࡚改良ࡀ必要࡛あࠊࡓࡲࠋࡓࡗ毒性学研究ࢆ含ࡴ

様々࡞ศ㔝ࡢ研究࠾࡟い࡚ࠊ通常行わ࡚ࢀいࣝࢳ࣓ࡿ化解析࡛ࠊࡣ多様࡟ศ化ࡓࡋ細

胞集団ࡾࡼ࡟構ᡂࡾ࠾࡚ࢀࡉ器官ࡧࡼ࠾組織ࢆ対象ࠊ࣊ࡾ࠾࡚ࡋ࡜ ࡦࢆ細胞集団ࣟࢸ

࣮ࣃ数࡚ࡋ࡜割合ࠊ࡚ࡗࡀࡓࡋࠊ一方ࠋࡿ化解析࡛あࣝࢳ࣓ࡿࡍ࡜試料ࡢࡾࡲ࡜ࡲ࡜

ࡢい細胞種࡞ࢀࡲ含࠿ࡋࢺンࢭ DNA ࢳ࣓ࡢ試料ࡓࡋ解析࡟場合ࡓࡋ変化ࡀ化ࣝࢳ࣓

ࣝ化変化ࡣ࡚ࡋ࡜微細࡛ࠊࡶ当ヱ細胞種ࡢ遺伝子発現ࡢࡇࠊࡣ࡟数値ࡶࡾࡼ大࡞ࡁ変
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化ࡀ生࡚ࡌいࡿ場合ࡶあࡾ得ࡿ ᑠࠊࡾࡓ当࡟ࡿࡍ解析ࢆ変化࣒ࣀࢤࣆ࢚ࠊ࡟ゆえࠋ29

う多ࡼࡿࡁ適用࡛࡟疫学等࣒ࣀࢤࠊࡾあࡀ精ᗘ面࡛信㢗性ࡘ࠿ࠊࡁ検出࡛ࢆ変動࡞ࡉ

検体ྠࢆ時処理࡛ࡿࡁ比較的廉価࣒ࣀࢤ࡞ワ࡞ࢻ࢖手法ࡀ必要࡚ࢀࡉ࡜いࠋࡿ 

ࡼࡿࡁ検出࡛ࢆ変化࣒ࣀࢤࣆ࢚࡞微弱ࠊࡣい࡚࠾࡟研究課㢟ࡢ学఩論文ࡢ私࡛ࡇࡑ

う࡞精ᗘ࡜感ᗘࢆ᭷ࡓࡋ CpG ᮏࠊࡋ開発࡟ࡓ新ࢆ法ࢢンࣜ࢖࢓ࣇࣟࣉ化㢖ᗘࣝࢳ࣓

手法ࢆ環境化学物質曝露࣒ࣀࢤࣆ࢚ࡿࡼ࡟変化解析࡟応用ࢆ࡜ࡇࡿࡍ目的ࠋࡓࡋ࡜化

学物質ࠊࡣ࡚ࡋ࡜胎生期曝露࡛ DNA ࡿい࡚ࢀ疑わࡀ࡜ࡇࡍࡇ起ࢆ変化ࡢ化ࣝࢳ࣓

BPA   ࠋࡓࡋ࡜検討対象ࢆ
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1.6 第㸯章ࡢᅗ表 

 

Fig. 1.1.化学物質誘発性 DOHaD   ࣝࢹࣔ

胎児ࡢ࡬環境因子㸦化学物質㸧曝露࣒ࣀࢤࣆ࢚ࡀ変化ࢆ引ࡁ起ࡀࢀࡑࠊࡋࡇ生後ࡲ

࡛残ࡾࡼ࡟࡜ࡇࡿ直接ࡣࡓࡲ間接的࡟病気ࢆ発症ࠋࡿࡏࡉ 
 

  

変化࣒ࣀࢤࣆ࢚
後ኳ的表現型

環境因子
㸦化学物質㸧



 

14 

 

第㸰章 methylated site display-AFLP㸦MSD-AFLP㸧法ࡢ開発 

2.1 研究背景࡜目的 

࡟ࢻ࢖ワ࣒ࣀࢤ DNA ࠋ㸦Table 2.1㸧ࡿࡍ数多くᏑᅾࡣ手法ࡿࡍ検索ࢆ化状態ࣝࢳ࣓

化感ཷ性ࣝࢳ࣓ࠋࡿ࡭ࡢ࡟以ୗࢆ短所࡜長所ࡢࡑࠊい࡚ࡘ࡟ࡢࡶ࡞主ࡢ方法ࡢࡽࢀࡇ

制限酵素断片ࢆᨺ射性࡚ࣛ࣋ࣝࡋ㸰ḟ元ࣝࢤ展開ࡿࡍ restriction landmark genomic 

scanning㸦RLGS㸧37-42 やࠊGC ࢀࡉン࢖ࢨࢹ࡟ࡵࡓࡿࡍ増幅࡟優ඛ的ࢆ領域࡞ࢳࢵࣜ

ࡿ用いࢆ࣮࣐࢖ࣛࣉࡢ任意ࡓ methylation-sensitive arbitrarily primed -PCR 㸦MSAP-PCR㸧

法 50, 51 ࡾྲྀࢆᨺ射性物質ࡣ手法ࡢࡽࢀࡇࠊࡋ࠿ࡋࠋࡿᢏ術࡛あࡢ創生期ࡢศ㔝ࡢࡇࡣ

扱う࡜いうࠊ࡜ࡇ遺伝子ᗙ఩ྠ定࡟࡛ࡲ労力ࡿ࠿࠿ࡀⅬࠊ定㔞性ࡀ୙十ศ࡛あࡿⅬ࠿

 ࠋい࡞少ࡣ使用例ࡢ近ᖺࡽ

一方ࠊDNA ࡢ㸴塩ᇶ認識酵素ࠊ࡚ࡋ依ᣐ࡟発展ࡢ解析ᢏ術࢖ࣞ࢔ࣟࢡ࢖࣐ Sma I ࡜

Xba I ࡚ࡋ利用ࢆ CpG ࣝࢳ࣓ࡿࡅ࠾࡟ࢻンࣛ࢖࢔ CpG 領域࢖ࣞ࢔ࢆ解析ࡿࡍ

methylated CpG island amplification-microarray㸦MCAM㸧52, 53 や࣓ࣝࢳ化感ཷ性ࡢ異࡞

ࡿ isoschizomers ࡋ௓ࢆンࣙࢩ࣮ࢤ࢖࣮ࣛࢱࣉࢲ࢔ࢀࡒࢀࡑࠊࡋ対࡟消化産物対ࡿࡼ࡟

ࡢ㸰回ࡓ PCR 増幅ࢆ行い比較ࡿࡍ microarray-based integrated analysis of methylation by 

isoschizomers㸦MAIAM㸧54ࠊHpa II や Msp I 消化断片࡟対ࣙࢩ࣮ࢤ࢖࣮ࣛࢱࣉࢲ࢔ࡋ

ンࢆ௓ࡓࡋ PCR 増幅ࢆ行う Hpa II tiny fragment enrichment by ligation-mediated PCR 

㸦HELP㸧法 43, 44 制限酵ࡀ検出箇所ࡣ手法ࡢࡽࢀࡇࠊࡋ࠿ࡋࠋࡓࡁ࡚ࢀࡉ開発ࡀ࡝࡞

素認識配列࡟限定ࡀࡢࡿࢀࡉ特徴࡛あࠋࡿ 

一方ࠊ配列࡟依Ꮡ࡞ࡋい手法ࣝࢳ࣓ࠊ࡚ࡋ࡜化 DNA ン抗体やࢩࢺࢩ化ࣝࢳ抗࣓ࢆ

化ࣝࢳ࣓ DNA 結合蛋ⓑ質㸦MBP㸧࡜結合࡚ࡏࡉ回཰࢖ࣞ࢔ࠊࡋ解析ࡿࡍ Medip-chip45-
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48 や methylated-CpG island recovery assay㸦MIRA㸧55 法࡛ྠࡋ࠿ࡋࠋࡓࡁ࡚ࢀࡉ使用ࡀ

回཰ࣝࢳ࣓ࡿࢀࡉ化 DNA ࡢ個々ࡣࡽ࠿ CpG 部఩ࡘ࡟い࡚ࡢ定㔞的情報ࢆ得࡜ࡇࡿ

ࡢ個々ࡿあ࡟領域内ࠊࡓࡲࠋい࡞出来ࡣ CpG 評価ࡢ手法ู࡛࡟ࡽࡉࡣ化㢖ᗘࣝࢳ࣓

 ࠋࡿあࡀḞⅬࡿࡎ生ࡶ擬陽性ࡿࡼ࡟ศ子吸着࡞ຍえ࡚非特異的ࠋࡿ必要࡛あࡀ

近ᖺ開発ࢀࡉ比較的報告ࡢ多い Illumina Infinium ࡢ特定ࡣ CpG いう࡜ࡿࡍ検出ࢆ

single CpG ࢺࢩࡿࡼ࡟㸧処理ࢺ࢖࢓ࣇࣝࢧ࢖ࣂ㔜亜硫酸㸦ࠊࡋ目指ࢆ解像ᗘࡢࣝ࣋ࣞ

ࡿ解析法࡛あ࢖ࣞ࢔ࡿࡍ利用ࢆ㸯塩ᇶ伸張཯応ࡢ変換後ࣝࢩࣛ࢘-ンࢩ ࡋ࠿ࡋࠋ57 ,56

組織由来ࢺࣄࡣ現状࡛࡟第一ࠋࡿあࡀ問㢟ࡢࡘ㸱ࡢḟࡣ࣒࣮࢛ࣇࢺࢵࣛࣉࡢࡇࡽࡀ࡞

ࡢい཯応ࡋ激࡟化学的ࠊࡀ処理自体ࢺ࢖࢓ࣇࣝࢧ࢖ࣂ࡟第஧ࠋࡿい࡚ࡋ特化࡟試料ࡢ

ࡵࡓ DNA 鎖ศ断ࢆ引ࡁ起ࡍࡇ作用ࡶあࠋࡿຍえ࡚ࠊᮍ変換ࡲࡲࡢ残ࡿ非࣓ࣝࢳ化ࢩ

ࡿあࡶ報告ࡢ࡜㸯-㸳%程ᗘࡀンࢩࢺ ࡢ処理後ࢺ࢖࢓ࣇࣝࢧ࢖ࣂࠊ࡟ࡽࡉࠋ58 PCR ࠊࡣ

変換塩ᇶࡢ᭷無ࡿࡼ࡟配列ࡢ㐪いࡽ࠿標的鋳型間࡛増幅効率ࡀ異ࡲࡋ࡚ࡗ࡞う࡜ࡇ

ࡿい࡚ࢀࡉ報告ࡀ ࣟࢡࡿࡇ試料内࡛起ࠊࡣ手法࡛ࡿ用いࢆ࢖ࣞ࢔ࡽࢀࡇࠊ࡟第୕ࠋ59

ࡿ困㞴࡛あࡀ確保ࡢく精ᗘࡍやࡅཷࢆ影響ࡢンࣙࢩ࣮ࢮ࢖ࢲࣜࣈ࢖ࣁࢫ  ࠋ60

ḟ世代࢚ࢡ࣮ࢩンࢆ࣮ࢧ用いࡓ網羅性ࡢ極࡚ࡵ高い whole genome bisulfite sequence 

㸦WGBS㸧法 49 調査ࡢ多検体ࠊࡵࡓ࡞必要ࡀ経費࡞高㢠ࠊࡀࡿあࡘࡘࢀࡉ近ᖺ実施ࡶ

ࢩḟ世代ࡾࡼ࡟制限酵素処理ࠊࡵࡓࡢࡑࠋࡿ困㞴࡛あࡀ利用ࡣ疫学的研究࡛ࡿࡍ要ࢆ

配列ࡿྲྀࡳㄞ࡛࣮ࢧン࢚ࢡ࣮ tag 数ࢆ減࡛࡜ࡇࡍࡽ経費ࢆ削減ࡿࡍ reduced 

representation bisulfite sequencing㸦RRBS㸧法 61, 62 ࣇࣝࢧ࢖ࣂࠊࡋ࠿ࡋࠋࡓࢀࡉ開発ࡀ

塩ᇶ࡚ࢀࡉ変換࡬ࣝࢩࣛ࢘ࡀンࢩࢺࢩ化ࣝࢳ非࣓ࠊࡣ網羅解析࡛ࡿ用いࢆ処理ࢺ࢖࢓

配列ࡢ多様性ࡀ減少ྲྀࠊࡵࡓࡿࡍ得ࡓࡋ配列ࢆࢱ࣮ࢹ reference genome 配列ୖࢵ࣐࡟
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困㞴࡛ࡀ確保ࡢく精ᗘࡍやࡌ生ࢆࢢンࣆࢵ࣐ࢫ࣑ࡢ࡬཯復配列領域࡟㝿ࡿࡍࢢンࣆ

あࡿ MiSeq 2000㸦Illumina㸧࡛食中毒原因病原性大⭠菌ࠊ実㝿ࠋ63 O104:H4 strain 280

ࡀ率ࢢンࣆࢵ࣐ࡢ時ࡓࡗ行ࢆࢢンࢩン࢚ࢡ࣮ࢩ࣒ࣀࢤࡢ 95%࡛あ࡟ࡢࡓࡗ対ࡋ ࠊ64ୖ

఩機種࡛あࡿ HiSeq 2000 ࡢࢫ࣐࡛࢘ WGBS 解析ࢆ行ࡓࡗ㝿ࣆࢵ࣐ࡢンࢢ率ࡣ 66%࡛

あࡓࡗ WGBSࠊ࡚ࡗࡀࡓࡋࠋ49 解析࠾࡟い࡚冗長ᗘ㸦ྠ一配列ࢆㄞࡴ回数㸧ࢆ確保ࡍ

ࡣ࡟ࡵࡓࡿࡍ担保ࢆ精ᗘࡾࡼ࡟࡜ࡇࡿ SNP 解析ࡼࡢ࡝࡞う࡞塩ᇶ変換ࢆ行わ࡞い場

合ࡶࡾࡼ遙࡟࠿多くࢻ࣮ࣜࡢ数ࡀ必要࡛ࠊ解析経費ࢥ࡟ࡧࡽ࡞ン࣮ࢱ࣮ࣗࣆ解析ࡢ負

荷ࡶ高いࠋ 

ࡽ࠿観Ⅼࡿࡍ削減࡟ࡽࡉࢆ経費ࠊ࡛ࡇࡑ Medip 法や MIRA 法ࢆḟ世代࢚ࢡ࣮ࢩンࢧ

࣮利用࡜組ࡳ合わࡓࡏ Medip-seq 法 65 及ࡧ Methyl cap-seq 法 ࡚ࡋࡑࠊ66 HELP 法࡜組

ࡓࡏ合わࡳ HELP-tagging 法 67, 68 ン࢚ࢡ࣮ࢩḟ世代ࠊࡋ࠿ࡋࠋࡿい࡚ࢀࡉ利用ࡶ࡝࡞

ࡢ多くࡣ࡟ࡵࡓࡿࡍ経費࡛解析ࡓࢀࡽ限ࠊ依然高㢠࡛ࡣ解析経費ࠊ場合ࡿ用いࢆ࣮ࢧ

冗長ᗘࢆ確保࡛ࠊࡎࡁ定㔞性ࢆ犠牲࡚ࡋ࡟解析࡚ࡋいࡀࡢࡿ現状࡛あࡿ  ࠋ69

序章࡛述ࡼࡓ࡭うࠊ࡟比較的廉価࡟多検体ࢆ解析ࠊࡁ࡛ࡀ࡜ࡇࡿࡍ僅ࣝࢳ࣓࡞࠿化

変動ࢆ高精ᗘ࣭高感ᗘ࡛検出࡛ࡿࡁ手法ࡢ開発ࡀ必要࡚ࢀࡉ࡜いࢫࠊ࡟࡛ࡲࢀࡇࠋࡿ

ࡢ単一ࡀపいࡣࢺࢵࣉ࣮ࣝ CpG 部఩ࣝࢳ࣓ࡢ化ࢆ高感ᗘࡘ࠿高精ᗘ࡟検出ࡿࡍ手法

ࡿ用いࢆ化感ཷ性制限酵素ࣝࢳ࣓ࠊ࡚ࡋ࡜ methylation sensitive restriction enzyme-

dependent-PCR 㸦MSRE-PCR㸧法ࡀあࡿ ࡕわ࡞ࡍࠋ70 CpG 部఩ࣝࢳ࣓ࡢ化部఩ࢆ高感

ᗘࡘ࠿高精ᗘ࡟検出࡟ࡵࡓࡿࡍ制限酵素ࢆ用いࡀࡢࡿ適ษ࡛あ࡜ࡿ考え࠿ࡋࠋࡓࢀࡽ

問ࡢࡘ㸰ࡢ以ୗࠊࡣ࡟網羅解析法ࡿ用いࢆ化感ཷ性制限酵素ࣝࢳ࣓ࡢ既Ꮡࠊࡽࡀ࡞ࡋ

㢟Ⅼࡀあࠋࡓࡗ㸯㸧࣓ࣝࢳ化 CpG 㔞ࡢ試料間変動ࢆ非࣓ࣝࢳ化 CpG 㔞ࡢ変動ࡽ࠿推
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定ࡿࡍ手法ࢆ᥇用࡚ࡋいࡀ࡜ࡇࡿ多いࠊࡽ࠿࡜ࡇ高࣓ࣝࢳ化状態࡟あࣝࢳ࣓ࡿ化 CpG

ࡿࢀࡉ㸰㸧検出ࠋい࡞ࡵ否ࡀ可能性ࡿࡍ見逃ࢆ変動࡞微細ࡢ DNA 断片中ࠊࡣ࡟制限

酵素認識配列中࡟複数ࡢ CpG 部఩ࢆ含ࡴ場合ࡀあࠊࡵࡓࡿ単一 CpG 解像ᗘࡢࣝ࣋ࣞ

ࡢ࡝ࡀ化変化ࣝࢳ࣓ࡓࡋ検出ࠊࡵࡓࡢࡑࠋい࡞ࡣ手法࡛ࡿࡍ᭷ࢆ CpG 部఩ࣝࢳ࣓ࡢ

化変化ࢆ཯映࡛ࡢࡶࡓࡋあุࡢ࠿ࡿ断࡞ࡁ࡛ࡀいࠋ 

高精ᗘ࣭高感࡜高い処理能力ࠊ用いࢆ化感ཷ性制限酵素ࣝࢳ࣓ࠊࡣᮏ研究࡛࡛ࡇࡑ

ᗘࢆ両立ࣝࢳ࣓ࠊࡏࡉ化部఩ࢆࡳࡢ直接提示ࡿࡍ独自ࡢ新手法 methylated site display

㸦MSD㸧法ࢆ開発ࡢࡇࠋࡓࡋ MSD 法ࠊ࡟amplified fragment length polymorphism㸦AFLP㸧

71 測定ᢏ術体ࡿࡍ得ྲྀࢆࣝ࢖࢓ࣇࣟࣉ࡞ࢻ࢖ワ࣒ࣀࢤࡢ化部఩ࣝࢳ࣓ࠊࡏ合わࡳ組ࢆ

系㸦MSD-AFLP 法㸧ࢆ設計ࠋࡓࡋ 
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2.2 方法 

2.2.1 試薬 

以ୗࡢ各試薬ࢆ括弧内࡟記載ࡿࡍ各社ࡾࡼ購入ࡋ使用ࠋࡓࡋCpG methyltransferase

㸦M.Sss I㸧ࠊT4 DNA ligase 及ࡧ制限酵素 Hpa II, Msp I, Sbf I, Stu I㸦New England Biolabs, 

MA, USA㸧ࠋEpiTect Bisulfite Kits ࡧࡼ࠾ AllPrep DNA/RNA Mini Kit㸦Qiagen, Hilden, 

Germany㸧ࠋ各種࢜ࣜࢻࢳ࢜ࣞࢡࢾࢦ㸦Operon, Alameda, CA, USA㸧ࢪࣅ࢔ࠋン結合磁

気ࢬ࣮ࣅ㸦Dynabeads® M-280 Streptavidin㸧㸦Dynal, Oslo, Norway㸧ࠋTitanium® Taq DNA 

Polymerase 及ࡧ Loading Buffer㸦6×㸧㸦Takara Bio, Otsu, Japan㸧ࠋGenElute™ Agarose 

Spin Columns㸦Sigma-Aldrich, St. Louis, MO, USA㸧ࠋLigation Convenience kit㸦Nippon 

Gene, Tokyo, Japan㸧ࠋpGEM®-T Easy Vector㸦Promega, Madison, WI, USA㸧ࠋCompetent 

High DH5αࡧࡼ࠾ InsertCheck -Ready-㸦Toyobo, Osaka, Japan㸧ࠋLightCycler® 480 SYBR 

Green I Master㸦Roche Molecular Biochemicals, Mannhein, Germany㸧ࠋPOP-7™ Polymer, 

GeneScan™ 500 LIZ® Size Standard ࡧࡼ࠾ BigDye® Terminator v3.1 Cycle sequencing kit

㸦Life Technologies, Carlsbad, CA, USA㸧ࠋ 

2.2.2 動物 

日ᮏ࢔ࣞࢡ㸦CLEA Japan Inc., Tokyo, Japan㸧ࡾࡼ購入ࡓࡋ 13 㐌齢ࡢ雄 C57BL/6J ࣐

RNAࠊࡋ剖出࡚࡟氷ୖࢆᾏ馬ࠊ腎臓ࠊ肝臓ࠊࡋ屠殺ࡾࡼ࡟頸椎脱臼࡟搬入㸯日後ࢆࢫ࢘

࡟ࡧࡽ࡞ DNA 解析用࡟凍結保Ꮡࠊ࠾࡞ࠋࡓࡋ動物ࡾྲྀࡢ扱い及ࡧ動物実験ࠊࡣ東京

大学動物実験実施規則࡟準ᣐࡋ実験動物委員会ࡢᢎ認ࢆ得࡚行ࠋࡓࡗ 
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࣒ࣀࢤ 2.2.3 DNA 化ࣝࢳ全࣓ࡧࡼ࠾調製ࡢ DNA  作ᡂࡢ

࣒ࣀࢤ DNA ࡢ雄ࠊࡣ C57BL/6J 組織㸦肝ࡢ㸱種類ࡓࡋ剖出ࡽ࠿ࢀࡒࢀࡑ㸱匹ࢫ࣐࢘

臓ࠊ腎臓ࠊᾏ馬㸧ࡾࡼ AllPrep DNA/RNA Mini Kit  ࠋࡓࡋ精製࡚࡟

ࡓࡲ MSD-AFLP 法ࡢ再現性ࡢ確認用࡟ࡧࡽ࡞ ALFP 化ࣝࢳ࣓ࡽ࠿ࢺ࣮ࣕࢳࢡ࣮ࣆ

㢖ᗘ㸦methylation frequency: MF㸧値ࢆ算出ࡿࡍ㝿࡟使用ࡿࡍ目的࡛ࡢ࡚࡭ࡍ CpG ࡀ

ࡓࢀࡉ化ࣝࢳ࣓ DNA㸦全࣓ࣝࢳ化 DNA㸧ࢆ以ୗࡢ処理࡛調製ࠋࡓࡋ雄ࡢ C57BL/6J ࣐

࣒ࣀࢤ腎臓ࡢࢫ࢘ DNA 2 µg ࢆ CpG methyltransferase㸦M.Sss I㸧࡛ 37°C 㸯時間࢖ン࢟

続い࡚ࡁ引ࠊンࣙࢩ࣮࣋ࣗ 65°C 20 ศ間࢖ン࣮࢟ࣗ࣋ࣙࢩンࡓࡋ後࡟ AllPrep 

DNA/RNA Mini Kit ࡛精製ࢆࢀࡇࠊ全࣓ࣝࢳ化 DNA  ࠋࡓࡋ࡜

2.2.4 MSD-AFLP 鋳型࣮ࣛࣜࣛࣈ࢖作製 

MSD-AFLP 法ࢆࢺ࣮ࣕࢳ࣮ࣟࣇࡢ Fig. 2.1 MSDࠋࡓࡋ示࡟ CpGࠊࡣ 一塩ྠࡴ含ࢆ

ᇶ配列ࢆ認識ࡿࡍ制限酵素㸦isoschizomer㸧࡛ 対࡛利ࢆ㸰種類ࡿ࡞異ࡢ化感ཷ性ࣝࢳ࣓

用ࣝࢳ࣓ࠊࡋ化部఩ࢆࡳࡢ提示ࡿࡍ手法࡛あࡢࡑࠋࡿ原理ࡣḟ࡛ࡾ࠾࡜ࡢあࡎࡲࠋࡿ

ࡿࡼ࡟࣮ࢱࣉࢲ࢔࡟DNA断端ࡓࡋ生ᡂ࡚ࡋษ断ࡾࡼ࡟化非感ཷ性制限酵素ࣝࢳ࣓ tag

付ࢆࡅ行いࠊḟ࡟ isoschizomer 関係࡟あࣝࢳ࣓ࡿ化感ཷ性制限酵素࡛消化ࢀࡇࠋࡿࡍ

ࠊ࣓ࡵࡓࡿࢀࡉ㝖去ࡀࡳࡢ࣮ࢱࣉࢲ࢔ࡓࡋ連結࡟化断端ࣝࢳ非࣓ࡾࡼ࡟ 化ࣝࢳ CpG ࢆ

ᮎ端ࡘࡶ࡟断片ࡀࡳࡢ温Ꮡࠋࡿࢀࡉᮏ論文࡛᥇用ࡓࡋ isoschizomer 対ࡣ Hpa II ࡜ Msp 

I ࣒ࣀࢤࠋࡿあ࡛ࡾ通ࡢ以ୗࠊࡣ࡚ࡋ関࡟ヲ細ࡢ手順ࠋࡿ㸰制限酵素࡛あࡢ DNA ࡲࢆ

ࡢ後段ࡣᮏ論文࡛ࠊࡀࡿࡍ化非感ཷ性制限酵素࡛消化ࣝࢳ࣓ࡢ任意ࡎ 2.3.1 ࡍヲ述࡟

制限酵素࡟うࡼࡿ Sbf I ࣒ࣀࢤࠋࡓࡋ᥇用ࢆ DNA ࢆ Sbf I 消化後ࠊT4 DNA ligase 用ࢆ
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い࡚ࢳ࢜ࣅン修㣭化 Sbf I 化非感ࣝࢳ࣓࡟ḟࠋࡓࡋ連結࡜A㸧࣮ࢱࣉࢲ࢔㸦࣮ࢱࣉࢲ࢔

ཷ性制限酵素ࡢ Msp I ࡛消化ࡢࡇࠋࡓࡋ産物ࢪࣅ࢔ࢆン付ࡁ磁気ࢬ࣮ࣅ㸦Dynabeads® 

M-280 Streptavidin㸧࡛ 捕捉ࠊࡋ洗浄࢓ࣇࢵࣂ 㸦࣮5 mM Tris HCl, 0.5 mM EDTA, 1 M NaCl, 

pH7.5㸧࡜ 0.1× TE㸦1 mM Tris HCl, 0.1 mM EDTA, pH8.0㸧࡛ 洗浄ࡢࡑࠋࡓࡋ後ࠊT4 DNA 

ligase Msp Iࠊ用いࢆ ࡟洗浄後ࡧ再ࢆ産物ࡢࡇࠊࡋ連結ࢆB㸧࣮ࢱࣉࢲ࢔㸦࣮ࢱࣉࢲ࢔

ࡢ化感ཷ性制限酵素ࣝࢳ࣓࡛ୖࢬ࣮ࣅ Hpa II ࡛消化ࠋࡓࡋHpa II 消化ࡓࢀࡉ DNA ࢆ

࡛ୖࢬ࣮ࣅࠊ洗浄後࡟ࡽࡉ pre-PCR-ࢆ࣮࣐࢖ࣛࣉ用い࡚ PCR ཯応液ࡢࡇࠋࡓࡗ行ࢆ

選択的ࢆ PCR ࢖ࣛࣉ࡜࣮ࢱࣉࢲ࢔ࡓࡋ使用࡟記行程ୖࠋࡓࡋ࡜࣮ࣜࣛࣈ࢖鋳型ࣛࡢ

࣐࣮配列ࡣ Table 2.2  ࠋࡓࡋ示࡟

2.2.5 選択的 PCR  電気泳動࡜

MSD-AFLP 選択的ࡢ PCR ࡿい࡚ࢀࡉ報告࡟ඛࠊࡣ AFLP 法 71 選択的ࠋࡓࡗ従࡟ PCR

用࣮ࢱࣉࢲ࢔ࡢࢀࡒࢀࡑࠊ࡚ࡋ࡜࣮࣐࢖ࣛࣉ配列࡟ຍえ࡚更࡟㸱’側㸰塩ᇶࢆ延長ࡋ

ࡓ 16 種類ࡢ Msp I-NN ࡜࣮࣐࢖ࣛࣉ 16 種類ࡢ Sbf I-NN ࠊ࠾࡞ࠋࡓࡋ用意ࢆ࣮࣐࢖ࣛࣉ

Msp I-NN ࡣ㸳’端ࡢ࣮࣐࢖ࣛࣉ 6-carboxy fluorescein㸦FAM㸧࡛蛍ග標識10ࠋࡓࡋ pmol

ࡢ Msp I-NN pmol 10ࠊ࣮࣐࢖ࣛࣉ ࡢ Sbf I-NN 各塩ᇶࠊ࣮࣐࢖ࣛࣉ 40 nmol ࡢ dNTPs, 

Titanium Taq DNA polymerase buffer, Titanium Taq DNA polymerase µL 10ࠊ用いࢆ ཯ࡢ

応液㔞࡛ 95.0°C 㸯ศ཯応後95.0°ࠊC 20 66.0°C 30ࠊ⛊ 72.0°C 2ࠊ⛊ ศ࡛ 28 ࣝࢡ࢖ࢧ

ࡢ PCR ࡣ࣮࣐࢖ࣛࣉࡓࡋ使用ࠋࡓࡗ行ࢆ Table 2.3  ࠋࡓࡋ示࡟

蛍ග標識ࡓࢀࡉ PCR 産物ࢆ Applied Biosystems 3730xl DNA Analyzer㸦Life 

Technologies㸧࡛電気泳動ࠋࡓࡋศ㞳用࣏࣐࣮ࣜࡣ࡟ POP7 ࡣ泳動条件ࠊ用いࢆ 2.0 kV 
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࡜電気注入ࡢ⛊10 10 kV࡛ 50ศ間ࡢ泳動ࠋ࢚ࡓࡋ࡜ ࠊࡣࢱ࣮ࢹ࣒ࣛࢢ࢙ࣟࣇࣟࢺࢡࣞ

GeneMapper® ID Software v3.7㸦Life Technologies㸧࡜ HiAL version 5.172 ࡛解析ࠋࡓࡋ 

2.2.6 DNA  配列決定ࡢࢺン࣓ࢢࣛࣇ

µL 1ࠋࡓࡗ手順࡛行ࡢ以ୗࡣ配列確認ࡢࢺン࣓ࢢࣛࣇ ࡢ MSD-AFLP 解析産物3.1ࠊ 

µL µL 0.3ࠊࢻ࣑࢔࣒ࣝ࣍ࡢ ࡢ GeneScan 500 LIZ Size Standardࡧࡼ࠾ࠊ 1 µL ࡢ Loading 

Buffer㸦6×㸧ࢆ混合後95.0°ࠊC 処理㸰ศ間ࢆ行いࠊ変性ࢤ 㸦ࣝ7.0 M ᒀ素ࢆ含ࡴ 4%, 6%, 

あࡿいࡣ ࢆࣝࢤࡢ泳動終了後ࠋࡓࡗ行ࢆ㸧ୖ࡛電気泳動ࣝࢤࢻ࣑࢔ࣝࣜࢡ࢔10%࣏ࣜ

Typhoon 9210 蛍ගࣕࢪ࣮࣓࢖㸦Amersham Biosciences, Piscataway, NJ, USA㸧࢟ࢫ࡚࡟

ࣕンࠊࡋ目的ࡿࡍ࡜蛍ගࢆࣝࢼࢢࢩ含ࣝࢤࡴ領域ࢆ特定࡚ࡋษࡾ出ࠋࡓࡋ回཰ࢤࡓࡋ

ࣝ片ࢆ 50 µL TE buffer ࡚ࡋᾐ漬࡟ DNA 断片ࢆ溶出ࠊࡋ溶出液 1 µL 鋳型ࢆ DNA 溶液

࡚ࡋ࡜ Msp I-universal ࡜࣮࣐࢖ࣛࣉ Sbf I-universal ࡛࣮࣐࢖ࣛࣉ PCR ࡽ得ࠋࡓࡗ行ࢆ

ࡣ塩ᇶ配列ࡢ増幅産物ࡓࢀ Msp I-universal  ࠋࡓࡋ用い࡚決定ࢆ࣮࣐࢖ࣛࣉ

2.2.7 MSRE-PCR 

化感ཷ性制限酵素依Ꮡ性ࣝࢳ࣓ PCR㸦methylation-sensitive restriction enzyme-

dependent-PCR㸸MSRE-PCR㸧ࡣ以ୗࡢ手順࡛実施ࠋࡓࡋ精製100ࡓࡋ ng࣒ࣀࢤDNAࢆ

Hpa IIࡣࡓࡲࠊStu I࡛消化ࡢࡽࢀࡇࠋࡓࡋ消化産物ࢆ各々qPCR解析ࠊࡋ㸦Hpa II消化

DNA࣮ࣆࢥࡢ数/Stu I消化DNA࣮ࣆࢥࡢ数㸧ࡢⓒศ率ࢆMF値ࠊ࠾࡞ࠋࡓࡋ࡜Stu Iࠊࡣ

解析標的ࡢPCR増幅領域内࡟認識部఩ࢆ᭷࡞ࡉい࣒ࣀࢤࠊࡽ࠿࡜ࡇ中ࡢ解析標的部఩

ࠋࡍ示࡟Table 2.3ࢆ一覧ࡢ࣮࣐࢖ࣛࣉࡓࡋ使用ࠋࡓ用い࡟ࡵࡓࡿࡍ算出ࢆ数࣮ࣆࢥ総ࡢ

全࡚ࠊࡣ࣮࣐࢖ࣛࣉࡢPrimer 3 plus㸦http://primer3plus.com/㸧ࢆ用い࡚設計ࠊࡋqPCR࡟
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ࡣ LightCycler® 480 SYBR Green I Master ࡜ LightCycler® 480 㸦 Roche Molecular 

Biochemicals㸧ࢆ使用ࠋࡓࡋ 

2.2.8 bisulfite genommic sequencing㸦BSGS㸧 

ࢧ࢖ࣂࠋࡓࡗ用い࡚行ࢆEpiTect Bisulfite Kitsࠊࡣ精製ࡧࡼ࠾変換ࢺ࢖࢓ࣇࣝࢧ࢖ࣂ

ࠋࡓࡋPCR཯応࡛増幅ࡓ用いࢆTitanium Taq DNA polymeraseࡣDNAࡢ཯応後ࢺ࢖࢓ࣇࣝ

使用࣮࣐࢖ࣛࣉࡓࡋ配列ࡣTable 2.4࡟示ࠋࡓࡋ増幅産物ࢆSigma GenElute࡛精製ࡓࡋ

後ࠊLigation Convenience kitࢆ用い࡚pGEM®-T Easy Vectorࣙࢩ࣮ࢤ࢖ࣛ࡟ンࠊࡋDH5α

陽ࠊ行いࢆPCR࣮ࢽࣟࢥ用い࡚ࢆ-後InsertCheck -Readyࡢࡑࠋࡓࡋ࣒࣮࢛ࣇࢫンࣛࢺ࡟

性࣮ࣟࢡンྠࢆ定ࠋࡓࡋPCR産物ࢆ鋳型࡚ࡋ࡜BigDye® Terminator v3.1 Cycle 

sequencing kit࡜M13 Reverseࢆ࣮࣐࢖ࣛࣉ用い࢚ࢡ࣮ࢩࡓンࢫ཯応ࢆ行いࠊApplied 

Biosystems 3730xl DNA Analyzer㸦Life Technologies㸧࡛塩ᇶ配列ࢆ決定ࠋࡓࡋ使用ࡓࡋ

ࣉ ࣛ ࢖ ࣐ ࣮ ࡣ Table 2.4 ࡟ 示 ࡋ ࡓ ࠋ 解 析 ࡣ ࠊ QUMA ࢯ ࣇ ࢺ ࢘ ࢙ ࢔

㸦http://quma.cdb.riken.jp/top/quma_main_j.html㸧ࢆ用い࡚行ࠋࡓࡗ 

2.2.9 AFLP 断片候補ࡢ検索࣒ࢸࢫࢩ 

MSD-AFLP 法ࡾࡼ࡟得ࣝࢳ࣓ࡿࢀࡽ化 CpG ࡿண測あࢆ఩置ࡢ塩ᇶ配列ୖ࣒ࣀࢤࡢ

い ࡣ 確 認 ࡍ ࡿ 目 的 ࡛ ࠊ genome DNA fragment database 㸦 GFDB 㸧 ࢩ ࢫ ࢸ ࣒

㸦http://122.219.139.50/㸧ࢆ開発ࡢࡇ࠾࡞ࠋࡓࡋ開発ࡣ独立行ᨻ法人ᨺ射線医学総合研

究所ࡢ齋藤俊行博士࡟ࡧࡽ࡞株式会社࣓࡚࡭ࡍࡾࡼ࡟ࢬ࢖実施ࠋࡓࢀࡉ 

GFDB ࠊい࡚ࡘ࡟ࢫ࣐࢘ࡧࡼ࠾ࢺࣄ࡞良好ࡀ整備ࡢ塩ᇶ配列情報࣒ࣀࢤࠊࡣ࣒ࢸࢫࢩ

ᇶ࡙く࡟配列࣒ࣀࢤࢫンࣞ࢓ࣇࣜ AFLP 仮想ࢱ࣮ࢹ生ᡂࡧࡼ࠾࣒ࢸࢫࢩ AFLP 実࣮ࢹ



 

23 

 

両構ᡂࠊࡣ࣒ࢸࢫࢩᮏ࡚ࡋࡑࠋࡿࢀࡉ構ᡂࡾࡼ࡟࣒ࢸࢫࢩࢢンࣆࢵ఩置࣐࣒ࣀࢤࡢࢱ

画ࢨ࢘ࣛࣈࠊࡋ格納࡟ࣂ࣮ࢧࣈ࢙࡚࢘ࡋ化ࢫ࣮࣋ࢱ࣮ࢹࢆ情報ࡿࢀࡽ得ࡽ࠿࣒ࢸࢫࢩ

面࢖ࣝ࢝࢕ࣇࣛࢢࡢンࡽ࠿ࢫ࢖࢙ࣇࢱ検索࡛ୖ࣒ࢸࢫࢩࡢࡇࠋࡿࡍ制限酵素ࡢ組ࡳ合

わ࡜ࡏ認識配列直近ࡢ内部配列࡛あࡿ選択塩ᇶࢆ指定࣒ࣀࢤࠊࡾࡼ࡟࡜ࡇࡿࡍ DNA

ษ断࡜選択的 PCR ࡿࡍ生ᡂࠊࡋンࣙࢩ࣮࣑ࣞࣗࢩࢆ DNA 断片数ࢆ鎖長࡟࡜ࡈ検索表

示࡛ࡿࡁ㸦Fig. 2.2a-2.2c㸧ࡢࢀࡒࢀࡑ࡟ࡽࡉࠋ DNA 断片ࡀ由来࣒ࣀࢤࡓࡋ領域ࡢ఩置

情報࡟ࢀࡑࠊ࡜ຍえ࡚断片内部ࡢ配列࡜内部࡟Ꮡᅾࡿࡍ他ࡢ制限酵素部఩ࡢ఩置ࡶ提

供࡛ࡿࡁ㸦Fig. 2.2d㸧ࡢࡽࢀࡇ࡚ࡋࡑࠋ情報࡟ୖ࢔࣮ࣗࣅ࣒ࣀࢤࡣ諸々࣒ࣀࢤࡢ情報

ࡓࢀࡽ得ࠊᮏ研究࡛ࠋ㸦Fig. 2.2e㸧ࡿࢀࡉ示࡟共࡜ AFLP ࢱ࣮ࢹ配列࡟ࡧࡽ࡞ࢱ࣮ࢹ

ࡢࡇࢆ解析ࡢ GFDB  ࠋࡓࡗ行࡛࣒ࢸࢫࢩ

2.2.10 統計解析 

統計解析ࠊࡣ࡟統計解析࢔࢙࢘ࢺࣇࢯ R㸦http://cran.r-project.org/㸧ࢆ使用ࠋࡓࡋ各

組織間ࡢ MF 値ࡢ差ࡢ᭷意性ࡢ検定ࠊࡣ一元配置ศ散ศ析㸦ANOVA㸧後ࠊ多㔜比較

検定࡚ࡋ࡜ Tukey 法ࢆ用い࡚行ࠊ࡟ࡽࡉࠋࡓࡗfalse discovery rate㸦FDR㸧ࡢ計算ࡣ

Benjamini & Hochberg㸦BH 法㸧73 ᭷意水準࡚ࡋࡑࠋࡓ用いࢆ p≦0.05, q≦0.05 ࠊࡁ࡜ࡢ

統計的࡞᭷意差ࡀあࣝࢳ࣓ࠊࡓࡲࠋࡓࡋ࡜ࡿ化࣮ࢱࣃンࡢ階層型ࣜࢱࢫࣛࢡンࢢ解析

ࡣ CpG 標準化࡟࡜ࡈ Z 変換後࡟行いࢱࢫࣛࢡࠊ間ࡢ距㞳ࢻࢵࣜࢡ࣮ࣘࡣ距㞳࡛求ࠊࡵ

ᖹ均連結法࡛階層化ࠋࡓࡋ近似関数ࡢ検討ࡣ࡟ GraphPad Prism㸦GraphPad Software, La 

Jolla, CA, USA㸧ࢆ使用ࠋࡓࡋ 
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2.3 結果 

2.3.1 適ษ࡞第一ḟ制限酵素ࡢ検討 

MSD-AFLP法࠾࡟い࡚ࠊࡣMSD-AFLP鋳型ࣛ࡜ࡈࢺࢵࢭ࣮࣐࢖ࣛࣉࡽ࠿࣮ࣜࣛࣈ࢖

࡞ࡋ電気泳動࡛展開ࢆࢀࡇࠊࡋ作ᡂࢆ亜集団ࡢ256ࡿࢀࡉ増幅࡚ࡗࡼ࡟選択的PCR࡟

ࡿ࡞࡜最少ࡀࡾ࡞㔜ࡢ鎖長࡛ࡋう࡝DNA断片ࡢ亜集団内ࡣ࡟検出時ࠋ行うࢆ検出ࡽࡀ

࡟࣒ࢲンࣛࡀ塩ᇶ組ᡂࡢ断片両端ࡿࡍ機能ࡀ࣮࣐࢖ࣛࣉ選択的PCRࠋいࡋࡲ望ࡀ࡜ࡇ

ศ布࡜ࡿࡍ仮定ࠊࡤࢀࡍ鋳型ࣛࡣ࣮ࣜࣛࣈ࢖㸯塩ᇶ長あ256ࡾࡓ断片以内࡛構ᡂࢀࡉ

電気泳動࡟ࡽࡉࠋࡿ理想的࡛あ࡛ୖࡿࡍ電気泳動ศ画࡚ࡋ࡜㸯断片ࡓࡋ独立ࡀ࡜ࡇࡿ

測定࡛࣮ࣜࣛࣆࣕ࢟ࡣ型DNA࢚ࢡ࣮ࢩンࢆ࣮ࢧ使用ࠊ࡛ࡢࡿࡍ測定可能ศ子ࡣ㸲塩ᇶ

断片以内࡛構ᡂ 1,000ࡀ各亜集団ࠊࡾ࡞࡜DNA断片ࡢ࡛ࡲ塩ᇶ 1,000ࡑࡼ࠾最長ࡽ࠿

࡜断片以内 1,000ࡀ各々ࡣ測定対象ࡢMSD-AFLP法ࠊࡾࡲࡘࠋࡿ好都合࡛あ࡜ࡿࢀࡉ

断ࡿࢀࡉ化࣮ࣜࣛࣈ࢖鋳型ࣛࠊࡣࢀࡑࠋいࡋࡲ望ࡀࡢࡿࢀࡉ亜集団࡛構ᡂࡢ256ࡿ࡞

片ࡢ総数256,000ࡀ 以ୗࡼࡿ࡞࡜う࡞条件ࡰ࡯࡜言い換えࠋࡿࡁ࡛ࡀ࡜ࡇࡿ 

࡛ࡏ合わࡳ組ࡢ制限酵素࡞様々ࠊく࡭ࡍ検討ࢆ制限酵素ࡿࡍ合致࡟条件ࡢࡇ࡛ࡇࡑ

生ᡂ࣒ࣀࢤࢫ࣐࢘ࡿࡍDNA断片ࡢ鎖長ศ布ࢆ計算ࠊࡋ望ࡋࡲい制限酵素ࡢ組ࡳ合わࡏ

ࠊ࣐ࡎࡲࠋࡓࡋ検索ࢆ 㸦golden path mm9 NCBI build37㸸ࢱ࣮ࢹDNA塩ᇶ配列࣒ࣀࢤࢫ࢘

Jul.2007 assembly of the mouse genome㸧ୖ࡟各制限酵素認識配列ࢆ特定࡚ࡋ఩置情報ࢆ

ࡿ増えࡀ認識塩ᇶ数ࡽࡀ࡞当然ࠊࡢࡢࡶࡿ多様࡛あࡣ認識配列部఩数ࠋࡓࡋ化ࢺࢫࣜ

 ࠋ㸦Table 2.5㸧ࡓࢀࡽࡵ認ࡀ傾向ࡿࡍ減少ࡣ部఩数ࡿࡍ従いヱ当࡟

MSD-AFLP法࡛ࠊࡣ最初࡟使用ࡿࡍ任意ࡢ第一ḟ制限酵素㸦࣓ࣝࢳ化非感ཷ性制限

酵素㸧断端࡜直近ࡢHpa II/Msp I断端࡛挟ࡿࢀࡲDNA断片ࡀ検出対象ࠋࡿ࡞࡜Hpa 
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II/Msp Iࡣ㸲塩ᇶ認識制限酵素࡛あ࣒ࣀࢤࡵࡓࡿDNA中ࡣ࡟極࡚ࡵ多数ࡢษ断部఩ࡀ

Ꮡᅾࡿࡍ㸦࣐࢘ࣞ࢓ࣇࣞࢫン࣒ࣀࢤࢫDNA中3,188,296ࡣ࡟ ヶ所見い出ࡿࢀࡉ㸧ࠊ࡛ࡢ

第一ḟ制限酵素ࡢ選択ࡀ実質的࡞MSD-AFLP検出断片数ࢆ規定ࡇࡑࠋࡿ࡞࡟࡜ࡇࡿࡍ

ࢆ概念設計ࠖ参照㸧ࠕ認識配列数㸦考察2.4.1ࡢい最大測定数 256,000 以ୗࡋࡲ望ࠊ࡛

᭷ࣝࢳ࣓ࡿࡍ化非感ཷ性制限酵素࡜Hpa II/Msp Iࡢ࡜組ࡳ合わࡾࡼ࡟ࡏ生ࡿࡌDNA断

片ࡢ鎖長ศ布ࢆ調ࡢࡑࠋࡓ࡭結果Sbf IࠊPac IࠊSwa Iࡢ㸱種類ࡢ制限酵素㸦いࡶࢀࡎ㸶

塩ᇶ認識配列㸧ୖࡀ述ࡢ条件࡟合致ࡓࡗุࡀ࡜ࡇࡿࡍ㸦Fig. 2.3㸧ࠊ࡟ࡽࡉࠋGFDBࢩ

選択塩ᇶࢆ鎖長ศ布ࡢHpa II-Sbf I断片集団ࡿࡍ生ᡂࡽ࠿࣒ࣀࢤࢫ用い࡚࣐࢘ࢆ࣒ࢸࢫ

断片㸦測 40,386ࠊ࡟࡜ࡶࢆ鎖長ศ布ࡢࡇࠋ㸦Fig. 2.4㸧ࡓࡵ࡜ࡲ࡟㸰ḟ元表記࡭調࡟࡜ࡈ

定範ᅖ࡟入ࡿDNA断片85.4ࡢ%㸧ࡀ独立ࡓࡋ㸯断片࡚ࡋ࡜電気泳動ศ画࡛ࡀ࡜ࡇࡿࡁ

ุ明ࠊ࡟ࡽࡉࠋࡓࡋ㸰断片ྠࡀ一鎖長ࡿ࡞࡜場合ࡶ含ࠊ࡜ࡿࡵ全DNA断片ࡢ実97.6%࡟

測定ࠊࡵࡓࡿ得ࡋ生ᡂ࡚ࡋ࡜一鎖長ྠࡀ㸱断片以ୖࡣ%2.4ࡿ残ࠋࡓࡗ測定可能࡛あࡀ

結果解釈ࡢ㞴ࡀࡉࡋ大ࡁく࡜ࡿ࡞考えࠊࡓࡲࠋࡓࢀࡽMSD-AFLP法࡛解析可能ࡿ࡞࡜

CpGࢆ集計55,181࡜ࡿࡍ部఩࡛あࠊ࣐ࡣࢀࡇࠋࡓࡗ CpG部఩ 21,342,779ࡢ中࣒ࣀࢤࢫ࢘

 ࠋࡓࡗุࡀ࡜ࡇࡿࡍ相当࡟約1.7%ࡢCCGG配列㸦Hpa II/Msp I認識配列㸧ࠊ約0.3%ࡢ

2.3.2 MSD-AFLP  再現性ࡢ

考案ࡓࡋ MSD-AFLP 法ࢆ実㝿࡟使用ྠࠊ࡚ࡋ一個体ࢫ࣐࢘ࡢ腎臓由来࣒ࣀࢤࡢ

DNA 試料ࠊࡽ࠿独立࡚ࡋ鋳型ࣛࢆ࣮ࣜࣛࣈ࢖㸰ᗘ作ᡂࠊࡋMSD-AFLP 解析ࡢ再現性

選択的ࠋ㸦Fig. 2.5㸧ࡓࡋ確認ࢆ PCR ࡢ任意ࡣࢺࢵࢭ࣮࣐࢖ࣛࣉࡢ 16 種類選ࠋࡔࢇ㸰

全ࠊࡣ強ᗘ比ࣝࢼࢢࢩࢡ࣮ࣆࡢ実験ࡓࡋ独立ࡢࡘ 2003 1.1ࠊ中ࢡ࣮ࣆ 倍以内ࡀ 1,552
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㸦75.5%㸧1.2ࠊ 倍以内ࡀ 1,881㸦93.9%㸧1.3ࠊ 倍以内ࡀ 1,972㸦98.5%㸧ࠊR2=0.992 ࡛

あࠊࡾ再現性ࡢ高ࢆࡉ示唆࡚ࡋい࡜ࡿ考えࠋࡓࢀࡽ 

2.3.3 組織間࡛࣓ࣝࢳ化㢖ᗘࡢ異ࡿ࡞部఩ࡢ検出࡜ AFLP 断片候補検索ࡼ࡟࣒ࢸࢫࢩ

 定率ྠࡿ

MSD-AFLP 法ࢆ用い࣐࢘ࢫ㸱個体ࡢࡽ࠿各㸱種類ࡢ組織ࠊ計㸷試料ࡢ DNA ࣝࢳ࣓

化ࢆ比較ࠋࡓࡋᮏ来可能࡞ 256 通ࡢࡾ選択的 PCR ࡢ任意ࡽ࠿ 16 通ࢆࡾ選࡛ࢇ実施ࡋ

2,449ࠊ結果ࡓ ࡢ AFLP 組織間࡛࣓࡟中ࡢࡑࠊࡋ高い再現性࡛検出࡚ࡵ極ࢆࣝࢼࢢࢩ

ン࣮ࢱࣃ化ࣝࢳ࣓ࡢ各組織ࠋࡓࡋᡂຌ࡟࡜ࡇࡿࡍ複数ྠ定ࢆ部఩ࡿ࡞異ࡀ化㢖ᗘࣝࢳ

ࠋ㸦Fig. 2.6㸧ࡓࡗ࠿わࡀ࡜ࡇࡿい࡚ࡋ一致ࡰ࡯ࡶ࡚ࡗ࡞異ࡀ個体ࠊࡣ化ࣞ࣋ࣝࣝࢳ࣓࡜

ࡓࡗ程ᗘ࡛あྠࡀ化㢖ᗘࣝࢳ組織間࡛࣓ࡢ㸱種類ࠊ࡟ࡽࡉ AFLP あࡀ差ࠊ㸱ࣝࢼࢢࢩ

ࡓࡗ AFLP 計ࡢ㸶ࣝࢼࢢࢩ 11 ࡿࡍ提示ࡀࢀࡒࢀࡑࠊࡧ選ࢆ CpG 部఩ࡢ染色体఩置ࢆ

GFDB ࡛検索ࠊ࡟ࡶ࡜࡜ࡿࡍ当ヱ DNA 断片ࡢ塩ᇶ配列ࢆ決定ࡢࡑࠋࡓࡋ結果 11 ࡢ

DNA 断片ࡢうࡕ㸶断片㸦72.7%㸧ࠊࡣAFLP ࡢࡾ残ࠊࡋ一致࡜ンண想ࣙࢩ࣮࣑ࣞࣗࢩ

㸱断片ࣙࢩ࣮࣑ࣞࣗࢩࡶンࡽ࠿ண想ࡓࡋ㸰ࡢࡘ候補ࡢうࡢࡕ㸯࡜ࡘ一致ࠋࡓࡋ㸦Table 

2.6㸧ࠋ 

2.3.4 MSRE-PCR 法ࡢ࡜相関 

当ヱ部఩ࡢMF値ࢆMSRE-PCR法࡛ࡶ測定ࠊࡋMSD-AFLP法ࡢ࡜整合性ࢆ検討ࡓࡋ

㸦Fig. 2.7㸧ࠋ組織間ࣝࢳ࣓ࡢ化㢖ᗘ比11ࠊࡣ部఩全࡚࠾࡟い࡚MSD-AFLP法࡛得ࡓ蛍

ග強ᗘ比࡜極࡚ࡵ近くࠊ新手法࡜MSRE-PCR法࡛࡜整合性ࡢあࣝࢳ࣓ࡿ化測定ࢱ࣮ࢹ

MSD-AFLP࡜化㢖ᗘࣝࢳ相対的࣓ࡢMSRE-PCR法ࠊ࡟ࡽࡉࠋࡓࡗุࡀ࡜ࡇࡿࢀࡽ得ࢆ
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法ࡢ相対的蛍ග強ᗘࡢ相関ࢆ定㔞的࡟評価ࠊࢁࡇ࡜ࡓࡋ両者ࡣ࡟強い相関㸦R2=0.979㸧

 ࠋࡓࢀࡽࡵ認ࡀ

2.3.5 MSD-AFLP ࡢࡽ࠿ࢺ࣮ࣕࢳ MF 値算出 

MSD-AFLP法࡛ྲྀ得ࡢࡽ࠿ࢺ࣮ࣕࢳࢡ࣮ࣆࡿࢀࡉMF値算出ࢆ以ୗࡢ方法࡛行ࠋࡓࡗ

ࡓ用いࢆ各組織DNA࡜化DNAࣝࢳ全࣓ࡓࡋ施ࢆ化処理ࣝࢳCpG࣓࡟人Ⅽ的ࠊࡎࡲ

MSD-AFLP法ࡿࡼ࡟蛍ග強ᗘ比ࡢⓒศ率2.3.3࡛ྠࢆ定11ࡓࡋ個ࡢ部఩ࡘ࡟い࡚求ࡵ

 ࠋ㸦Fig. 2.8㸧ࡓࡵ求ࢆ近似式ࡢ࡜化㢖ᗘࣝࢳ࣓ࡢMSRE-PCR࡜ࢀࡇࠋࡓ

全࣓ࣝࢳ化DNAࣝࢼࢢࢩࡿࡅ࠾࡟㣬和ࡢ影響ࢆ㝖外ࡢࣝࣄࠊࡵࡓࡿࡍ方程式࡛近似

 ࠋ㸦R2=0.906㸧ࡓࡗ࠿ศࡀ࡜ࡇࡿࢀࡉ式㸯࡛近似ࡢୗ記ࠊࢁࡇ࡜ࡓࡗ行ࢆ

MF値�%� = 	� 	


	�	
�
.���×�.��
������㸦式㸯㸧 

ࢳ値/全࣓ࣝࢼࢢࢩࡢ強ᗘⓒศ率㸦percent signal retio:PSR㸧＝㸦試料ࣝࢼࢢࢩࠊࡋࡔࡓ

ࣝ化試料ࣝࢼࢢࢩࡢ値㸧ェ100ࠋࡿࡍ࡜ 

 ୖ記ࡢ式ࢆ用い࡚MSD-AFLP法࡛ྲྀ得ࡽ࠿ࢡ࣮ࣆࡢ࡚࡭ࡍࡿࢀࡉMF値算定ࢆ行ࡗ

 ࠋࡓ

2.3.7 BSGS  比較ࡢ࡜ࢱ࣮ࢹ

2.3.3 ࡛ྠ定ࡓࡋ CpG 㸦isolation ID 44ࡘ㸰ࡕうࡢ ࡜ 59㸧࡟関ࠊ࡚ࡋBSGS 法࡛㸱種

類ࡢ組織ࡢ DNA ࡢ CpG ࡓࡋ検出ࠋ㸦Fig. 2.9㸧ࡓࡋ解析ࢆ化状態ࣝࢳ࣓ Hpa II 部఩ࡢ

MF 値ࠊࡣᢏ術ᇶ盤ࢆ異ࡿࡍ࡟ BSGS 法࡜ MSRE-PCR 法࡚ࡋࡑ MSD-AFLP 法ࡢ㸱手

法間࡛ࡰ࡯一致ࠊࡾ࠾࡚ࡋ測定結果ࢆ相互࡟補強ࡿࡍ関係࡛あࠋࡓࡗ 
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2.3.8 組織間ࣝࢳ࣓ࡢ化࣮ࢱࣃン検出 

組織間࡛比較ࡓࡋ 2,449CpG ࢆ࣒ࣛࢢࢺࢫࣄࡢ Fig. 2.10 ᖹ均ࠋࡍ示࡟ MF 値ࢀࡑࡣ

ᾏ馬ࠊࢀࡒ 腎臓ࠊ0.5% ± 54.1 肝臓ࠊ0.5% ± 48.2 51.5 ± 0.5%࡛あࠋࡓࡗ階層型ࢫࣛࢡ

結ࡢࡑࠋࡓࡋᖹ均連結法࡛階層化ࠊࡵ距㞳࡛求ࢻࢵࣜࢡ࣮ࣘࠊࡣ距㞳ࡢ解析ࢢンࣜࢱ

果組織ࢆࢱࢫࣛࢡ࡟࡜ࡈ形ᡂࠊࡾุࡀ࡜ࡇࡿࡍ各組織独自ࣝࢳ࣓ࡢ化࣮ࢱࣃンࡀ確認

 ࠋ㸦Fig. 2.10㸧ࡓい࡚ࡋ類似࡟࡜ࡈ組織ࡣࣝࢺࢡ固᭷࣋ࡶ主ᡂศศ析࡛ࠊࡓࡲࠋࡓࡁ࡛

2.3.9 MSD-AFLP 法ࡢ検出感ᗘ 

各 CpG ࡢ MF 値ࡢ組織間ࡢ᭷意差検討ࢆ行ࡓࡗ結果ࠊ解析ࡓࡋ 2,449CpG ࡕうࡢ

805 ࡢ CpG ࡛組織間࡟᭷意࡞差ࡀ認࡟ࡽࡉࠋࡓࢀࡽࡵ検出感ᗘ࡜検出能力ࢆ検討ࡿࡍ

Tukeyࠊࡵࡓ 検定ࡾࡼ࡟᭷意性ࡀ認ࡓࢀࡽࡵ㸰組織間࡛ MF 値ࡢ差㸦difference of MF, 

DMF㸧࡜ MF 値ࡢ比㸦ratio of MF, RMF㸧࡟関ࠊ࡚ࡋDMF ࡜絶対値ࡢ log2RMF 絶対ࡢ

値ࢆ算出ࡓࡋ㸦Fig. 2.11㸧ࡢࡑࠋ結果ࠊMF 値ࡢ比ࡀ 1.1 倍以内ࡘ࠿ MF 値ࡢ差ࡀ㸳%

以ୗࢆ示ࡍ 24 個ࡢ᭷意࡞㐪いࢆ検出࡛ࡢࡇࠋࡓࡁうࡢࡕ㸯ࢆࡘ MSRE-PCR 法࡛確認

ࡣ微細変化ࡓࢀࡉᮏ手法࡛検出ࠊࢁࡇ࡜ࡓࡗ行ࢆ MSRE-PCR 法結果࡜相関࡚ࡋいࡓ

㸦ࡣࢱ࣮ࢹ示࡞ࡉい㸧ࠊࡓࡲࠋDMF=0.29%࡜いう微細変化ࡶ検出࡛ࡓࡗุࡀ࡜ࡇࡿࡁ

㸦Table 2.7㸧ࠋ 
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2.4 考察 

私ࡢ学఩論文研究࡛ࡣ MSD 法࡜いう࣓ࣝࢳ化 CpG ࡘࡶࢆ DNA ࣜࣛࣈ࢖ࣛࢆࡳࡢ

࣮内࡟温Ꮡࡿࡏࡉ試料調製法ࢆ新規࡟考案ࡋ㸦Fig. 2.1㸧࡟ࡽࡉࠊ AFLP 法ࡢ࡜組合ࡏ

࡛高精ᗘࡘ࠿高感ᗘࡢ DNA  ࠋࡓࡋ開発ࢆ化網羅的解析法㸦MSD-AFLP㸧ࣝࢳ࣓

 設計ࡢ化部఩提示㸦MSD:methylated site display㸧手法ࣝࢳ࣓ 2.4.1

現ᅾ最ࡶ高感ᗘࡘ࠿高精ᗘࣝࢳ࣓࡞化解析手法ࣝࢳ࣓ࡣ化感ཷ性制限酵素依Ꮡ性

PCR㸦MSRE-PCR㸧࡛あࡿ ࡽࡀ࡞ࡋ࠿ࡋࠋ70 MSRE-PCR 法ࡣ㸯測定あࡾࡓ㸯࢝所ࡢ

CpG 部఩࠿ࡋ解析࡛ࠊࡎࡁ大࡞ࡁ処理能力ࡀ求࣒ࣀࢤࡿࢀࡽࡵワࣝࢳ࣓ࢻ࢖化解析࡟

MSRE-PCRࠊࡣᮏ研究࡛ࠋࡿ困㞴࡛あࡣ࡜ࡇࡿ用いࡣ ࡞ࠊࡋ᭷ࢆ精ᗘ࡜感ᗘࡢ等ྠ࡜

衛生ࠊ࡛࡜ࡇࡿࡍ開発ࢆ化解析手法ࣝࢳ࣓ࡘ持ࡏ併ࢆࢺࢵࣉ࣮ࣝࢫ大規模解析ࡘ࠿࠾

学࣭環境毒性学研究ࡢ࡬寄୚ࢆ目指ࠋࡓࡋල体的ࡣ࡟新手法ࡢ備えࡁ࡭ࡿ要件ࢆ以ୗ

化࡛ࠖࣝࢳ非࣓ࠕࡣศ子状態ࡁ࡭ࡍ㸯㸧検出ࠋࡓࡵ㐍ࢆ開発࡚ࡵ定ࡾ࠾࡜ࡢ ࣓ࠕく࡞ࡣ

化࡛ࠖࣝࢳ あࠋ࡜ࡇࡿ㸰㸧࣒ࣛࢢࣀࢼ規模ࡢ微㔞検体ࡶ࡛ࡽ࠿測定可能࡛あ࡜ࡇࡿ㸦高

感ᗘ㸧ࠋ㸱㸧10 ࠋ㸦高精ᗘ㸧࡜ࡇࡿࡁ捕捉࡛࡟確実ࡶࢆ化変化ࣝࢳ࣓ࡢ程ᗘࢺンࢭ࣮ࣃ

㸲㸧཯復実験間ࡣࡁࡘࡽࡤࡢ MSRE-PCR ࠋ㸦高再現性㸧࡜ࡇࡿ以ୗ࡛あࢀࡑ࠿等ྠ࡜

㸳㸧࣒ࣀࢤ DNA ࡢୖ CpG 集団࡛࡞ࡣく独立ࡓࡋ CpG 部఩ࣝࢳ࣓ࡢ࡜ࡈ化情報ྲྀࢆ

得࡛࡜ࡇࡿࡁ㸦高解像ᗘ㸧ࠋ 

非࣓ࣝࢳ化࡛࡞ࡣく࣓ࣝࢳ化ࢆ捉えࠊྠ࡟ࡵࡓࡿ 化感ཷ性ࣝࢳ࣓ࡋ᭷ࢆ認識配列ࡌ

ࡿࡍ࡟異ࢆ isoschizomers 制限酵素ࡿあ࡟関係ࡢ Hpa II㸦感ཷ性㸧࡜ Msp I㸦非感ཷ性㸧

ࡎࡲࠋࡓࡋ考案ࢆ࡜ࡇࡿࡍ活用࡚ࡏ合わࡳ組ࢆ Msp I ࣒ࣀࢤࡿࡼ࡟ DNA 完全消化後ࠊ
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断端ࡢ認識配列ࢆ再生ࢆ࣮ࢱࣉࢲ࢔ࡿࡍ連結ࠊࡋ続い࡚ Hpa II ࡛消化ࡢࡑࠋࡿࡍ結

果ࣝࢳ࣓ࠊ化࡚ࢀࡉい࡞い CpG 含᭷断端࡟連結ࡣ࣮ࢱࣉࢲ࢔ࡓࢀࡉ再ษ断࡚ࢀࡉ㝖

化ࣝࢳ࣓ࠊࡀうࡲࡋ࡚ࢀ࠿ CpG 含᭷断端࣮ࢱࣉࢲ࢔ࡣ連結状態ࡲࡲࡢ残࡞࡟࡜ࡇࡿ

連結࣮ࢱࣉࢲ࢔ࡢࡇࠋࡿ DNA 断片ࢆ検出ࣝࢳ࣓ࠊࡤࢀࡍ化㔞ࢆ測定࡛ࠋࡿࡁ 

Fig. 2.1 認識ࠊࡎࡲࠋࡓࡋ考案ࢆ手順ࡓࡋල体化ࡁᇶ࡙࡟考えࡢࡇࠊ࡟うࡼࡓࡋ示࡟

配列࡟CpG配列ࢆ含ࣝࢳ࣓ࡎࡲ化ࡢ影響࡞ࡅཷࢆい任意ࡢ制限酵素࡛࣒ࣀࢤDNAࢆ

完全消化ࠊࡋ断端ࢳ࢜ࣅ࡟ン修㣭࣮ࢱࣉࢲ࢔A 制限酵素࡟ḟࠋࡿࡍ連結ࢆ Msp I ࡼ࡟

ン化ࢳ࢜ࣅ࡚ࡋ࡜複合体ࡢ࡜ン連結担体ࢪࣅ࢔ࢺࣉࣞࢺࢫ࡛ୖࡓࡗ࡞行ࢆ消化ࡿ

DNA 断片ࢆ回཰ࠋࡿࡍ回཰ࡓࢀࡉ DNA 断片ࡣ࡟ Msp I 消化断端ࡀ露出ࡑࠊࡾ࠾࡚ࡋ

B࣮ࢱࣉࢲ࢔࡟ࡇ ࡚ࡋ連結ࢆ Hpa II/Msp I 認識配列࡛あࡿ CCGG   構造࣒࣮ࣟࢻンࣜࣃ

段階࡛ࡢࡇࠋࡿࡏࡉ復元ࢆ DNA 断片中ࡣ࡟ Hpa II/Msp I 認識配列ࡀ一ࡅࡔࡘᏑᅾࡍ

CCGGࠋࡿ࡞࡟࡜ࡇࡿ 配列中ࡢ CpG ࡢḟ段ࡤࢀࡅ࡞ࡀᇶࣝࢳ࣓࡟ Hpa II 消化࡛ษ断

B࣮ࢱࣉࢲ࢔࡚ࢀࡉ 続くࡁ引ࠊいࡲࡋ࡚ࢀ外ࡀ PCR ࡛増幅࡞ࢀࡉいࠋ他方࣓ࣝࢳᇶࡢ

あࡿ断端࡟連結࣮ࢱࣉࢲ࢔ࡓࡋB ࡣ Hpa II ࡢࡇࠊࡎࢀࡉษ断ࡣ࡛ DNA 断片ࡣ後段ࡢ

PCR ࡛増幅࡚ࢀࡉ検出ࠋࡿ࡞࡟࡜ࡇࡿࢀࡉPCR ࡢ࡚࡭ࡍࠊい࡚࠾࡟検出過程ࡿࡼ࡟

DNA 断片࣮ࢱࣉࢲ࢔ࡣA B࣮ࢱࣉࢲ࢔࡜ ࡟いう共通配列࡜ PCR ࣮ࢽ࢔ࡀ࣮࣐࢖ࣛࣉ

ࣜン࣑࢖ࣛࣉࡌྠࠊࡵࡓࡿࡍࢢンࢢ効率࡛ PCR ࡚ࡋうࡇࠋࡿࢀࡉ開始ࡀ伸長合ᡂࡢ

調製ࢫࢡࢵࣞࣉࢳ࣐ࣝࡿࢀࡉ PCR 増幅産物ࠊࡣHpa II ษ断後࡟残Ꮡࡿࡍ᭷効鋳型㔞

ࡢ唯一ࡣ࡟鋳型ศ子中ࡢ個々ࠋࡿࡍ཯映ࢆ Hpa II/Msp I 認識配列ࡀ保証ࠊࡾ࠾࡚ࢀࡉ

残Ꮡ᭷効鋳型検出㔞ࡣ各認識配列中 CpG ࡿあ࡛ࡢࡶࡿࡍ཯映ࢆ化㔞ࣝࢳ࣓࡟ṇࡢ

㸦methylated site display: MSD  ࠋ࿨ྡ㸧࡜



 

31 

 

MSD ศ子集団ࡣ多様࡞鎖長ࡢ DNA 断片集団࡛あࡢࡇ࡚ࡗࡀࡓࡋࠋࡿ集団ࢆ鋳型ࣛ

࢖ ࣈ ࣛࣜ ࡜࣮ ࡍ ࣐ࡿ ࣝ ࣉࢳ ࢵࣞ ࢡ 増ࢫ 幅 産物 ࡣ amplified fragment length 

polymorphisms㸦AFLP㸧集団࡚ࡋ࡜扱うࠋࡿࡁ࡛ࡀ࡜ࡇ蛍ග標識ࡿࡼ࡟࣮࣐࢖ࣛࣉ PCR

増幅࡛ DNA 断片集団࡟適ษ࡞蛍ගࢆᑟ入࣮ࣜࣛࣆࣕ࢟ࠊࡤࢀࡍ型蛍ග DNA ࢡ࣮ࢩ

࢚ンࢆ࣮ࢧ測定装置࡚ࡋ࡜効率ࡼく弁ู検出ࡀ可能࡛あࠊୖࡓࡲࠋࡿ 記 MSD-AFLP 鋳

型࣮ࣛࣜࣛࣆࣕ࢟ࢆ࣮ࣜࣛࣈ࢖型 DNA ࡟複雑ᗘࡿࡍ適࡟ศ画能力ࡢ࣮ࢧン࢚ࢡ࣮ࢩ

調整࡭ࡍくࠊ増幅過程࡟選択的 PCR 法ࢆ適用࡚ࡋ複雑ᗘࢆ減ࡓࡌ亜集団ࢆ調製ࠊࡋ

電気泳動࡛展開ࡿࡍ方針ࢆ᥇ࠋࡓࡋ࡟࡜ࡇࡿ実㝿࣮࣐࢖ࣛࣉ࣮ࢱࣉࢲ࢔ࡣ࡟配列࡟続

く DNA 断片ࡢ両端㸰塩ᇶ࣑࢖ࣛࣉࢆࡘࡎンࢢ時ࡢ選択塩ᇶ࡚ࡋ࡜活用ࠊ࡛࡜ࡇࡿࡍ

4 ࡢ 4 乗㸦256㸧通ࡢࡾ亜集団ࢆ調製ࠊࡋ亜集団ྲྀࢆ࣒ࣛࢢ࢙ࣟࣇࣟࢺࢡ࢚ࣞ࡟࡜ࡈ得

型࣮ࣜࣛࣆࣕ࢟ࠋࡓࡋ DNA ࢆ実用的測定範ᅖࡢ࣮ࢧン࢚ࢡ࣮ࢩ 1,000 塩ᇶ長࡜࡛ࡲ

約ࡾࡓ最大࡛電気泳動㸯࣮ࣞンあࠊ࡜ࡿࡍ 1,000 断片ࢆ測定可能࡛あࠊࡾ総計࡛

1000×256＝256,000 断片ࡀᮏ法 MSD-AFLP 法ࡢ現時Ⅼࡿࡅ࠾࡟最大測定能力ࠋࡿ࡞࡜

ࠊࡵࡓࡿࡍ補完ࢆⅬࡢࡇࠊࡾᢏ術的評価数࡛あࡢ理想的条件࡛ࡿࡅ࠾࡟概念設計ࡣࢀࡇ

第一ḟ制限酵素ࡢ選ูࢆヲ細࡟検討ࠊᮏ論文࡛ࡣ Sbf I 第一ḟࡢ他ࡢࡑࠋࡓࡋ使用ࢆ

制限酵素候補ࡶࢀ࡝ࡣ過๫数ࡢ DNA 断片ࢆ生ᡂࡲࡋ࡚ࡋうࡵࡓ MSD-AFLP 法ࡣ࡟

୙適ษ࡛あࡽࡀ࡞ࡋ࠿ࡋࠋࡓࡗ AFLP 法以外ࡢ検出法㸦ḟ世代型ࢺࢵࣉ࣮ࣝࢫ࢖ࣁ

DNA ࡢ多くࡾࡼࠊࡤࢀࡍ᥇用ࢆ援用等㸧ࡢ࣮ࢧン࢚ࢡ࣮ࢩ MSD 断片ࢆ解析࡜ࡇࡿࡍ

 ࠋࡿ可能࡛あࡶ
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2.4.2 MSD-AFLP 法ࡢ評価࡟ࡧࡽ࡞他ࡢ網羅解析法ࡢ࡜比較 

DNA 組織特異的遺伝子発現調ࠊࡋ関୚࡟転写ࣞ࣋ࣝࡢ遺伝子ࡣ化ࣞ࣋ࣝࣝࢳ࣓ࡢ

節࡟ࡵࡓࡢ組織特᭷ࡢ遺伝子ࣝࢳ࣓ࡢ化࣮ࢱࣃン tissue-specific differentially 

methylated region㸦tDMR㸧ࡀあࡀ࡜ࡇࡿ知࡚ࢀࡽいࡿ ࡓࡋ考案ࠊࡣᮏ研究࡛ࠋ75 ,74 MSD-

AFLP 法ࡢ精ᗘ確認ࡢ目的࡟ࡧࡽ࡞ࠊ AFLP ࡽ࠿ࢱ࣮ࢹࢺ࣮ࣕࢳ MF 値ࢆ直接換算ࡍ

ࡢࡑࠋࡓࡋ解析ࢆ肝臓㸧ࠊ腎臓ࠊ組織㸦ᾏ馬ࡢ㸱種類ࠊ࡟ࡵࡓࡢ補ṇ方法確立ࡢ㝿ࡿ

結果ࠊMSD-AFLP 法ࡣ真ࡢ MF 値ࢆ測定࡛ࡿࡁ現ᅾ最ࡶ᭷効࡞ MSRE-PCR 法࡛測定

MSRE-PCRࠊ࡟ࡽࡉࠋ㸦Fig. 2.7㸧ࡓࡗุࡀ࡜ࡇ近い࡚ࡵ極࡟変化率ࡢ組織間ࡢ時ࡓࡋ

ࡀᖹ均変動係数ࡢ 6.2%࡛あ࡟ࡢࡿ対ࠊࡋMSD-AFLP ࡣᖹ均変動係数ࡢ 4.8%࡛あࠊࡾ

ࡣ程ᗘࡢࡁࡘࡽࡤࡢ測定ࡢࡑ MSRE-PCR 法ྠࡰ࡯࡜等࡟ᑠࡉいࡓࡗ࠿ุࡀ࡜ࡇ㸦Fig. 

2.8㸧ࢺ࢖࢓ࣇࣝࢧ࢖ࣂࠊࡓࡲࠋ法࡛ࠊࡶ測定結果࡜相関࡚ࡋいࡀ࡜ࡇࡿ確認࡛ࡓࡁ

(Fig2.9)ࠊࡽ࠿࡜ࡇࡢࡽࢀࡇࠋᮏ手法ࡣ多検体比較ࡀ容易࡞ࡣ࡛ࡅࡔࡿࡁ࡛࡟くࠊ少࡞

くࡶ࡜現ᅾ最ࡶ高感ᗘࡘ࠿定㔞的ࡿࢀࡉ࡜MSRE-PCRྠ࡜等ࡢ感ᗘ࡜定㔞性ࢆ᭷ࠊࡋ

ࡢ数万࡟一ᗘࡘ࠿࠾࡞ CpG 方法ࡿい࡚ࢀいうⅬ࡛優࡜ࡿࡍ᭷ࢆ処理能力ࡿࡍ定㔞ࢆ

࡛あ࡟ࡽࡉࠋࡓࡗุࡀ࡜ࡇࡿ動物実験࡜いう個体差ࡀᏑᅾࠊࡋ個体差࡟埋没ࡲࡋ࡚ࡋ

ࠊ࣓ࡎࡽ関わࡶ࡟ࡿい条件࡛あ࡞ࡁ否定࡛ࡀ可能性ࡿࡍᏑᅾࡀ微細変化ࡓࡗ 化相ࣝࢳ

対㔞ࡢ差ࡀ 1.1 倍以ୗࡢ変化࡛ࣝࢳ࣓ࡘ࠿化㢖ᗘࡢ絶対値差ࡀ㸳％以ୗࡢ微細変化ࡢ

検出࡟ᡂຌࡾ࠾࡚ࡋ㸦Fig2. 11)ࠊ微細࡞変化ࢆ検出࡛࡜ࡿࡁいうⅬ࡛優࡚ࢀい࡜ࡇࡿ

 ࠋࡓࡗุࡶ

一般的࡟網羅的 DNA RLGSࠊい࡚࠾࡟化解析ࣝࢳ࣓ 法 37, 38 や HELP 法 ࡿあࠊ44 ,43

いࡣ MIRA-array 法 65や WGBS 法 49 ࡶ手法ࡢࢀࡎいࠊࡋ࠿ࡋࠋࡿい࡚ࢀࡉ使用ࡀ࡝࡞
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試料間࡛微弱࡟変動ࡿࡍ特定ࡢ CpG 精ᗘ面や感ᗘ面ࠊࡣ࡟ࡿࡍ定㔞ࢆ化㢖ᗘࣝࢳ࣓

 ࠋࡿ解析法࡛あࡿあࡀ余地ࡢい࡚改良࠾࡟

ࡀ࣒࣮࢛ࣇࢺࢵࣛࣉࡿい࡚ࢀࡉ汎用࡟試料ࡢࢺࣄࡽ࠿観Ⅼࡢ費用対効果ࠊ現ᅾࡓࡲ

ࡢ社ࢼ࣑ࣝ࢖ Infinium HumanMethylation450 Beadchip ࡛あࡿ ࢺࣄࡣ解析法ࡢࡇࠋ57 ,56

ࡾ困㞴࡛あࡀ応用ࡢ࡬生物種ࡢ他ࡵࡓࡿい࡚ࡋ࡜対象ࢆࡳࡢ࣒ࣀࢤ ࡶ࠿ࡋࠊ76 CpG ࢔

約ࡓࡋ特化࡟ࢻンࣛ࢖ 450,000CpG ࡿあ࡛ࡢࡶࡓࡗ࠿࠿ࡢࢫ࢔࢖ࣂࡓࡋ࡟対象ࢆ ࠋ77

生࡚ࡗࡼ࡟㐪いࡢศ化ࣞ࣋ࣝࠊࡽ࠿研究ࡓ用い࣮ࢧン࢚ࢡ࣮ࢩḟ世代ࠊࡽࡀ࡞ࡋ࠿ࡋ

࡝ࢇ࡜࡯ࡢ塩ᇶ㸦differentially methylated bases㸦DMBs㸧㸧ࡿ࡞異ࡢ化㢖ᗘࣝࢳ࣓ࡿࡌ

ࡾ࠾࡚ࢀࡉ報告ࡀ࡜ࡇࡿい࡚ࡋᏑᅾ࡟ンや遺伝子間ࣟࢺン࢖ࠊࡣ CpGࠊ78 ࢻンࣛ࢖࢔

ࡶ࡚ࡋ関࡟精ᗘࡢࡑࠊࡓࡲࠋࡿい࡚ࢀࡽࡵ求ࡶい解析法࡞ࡋ特化࡟ Infinium 

HumanMethylation450 Beadchip い࡚࠾࡟ MF 値ࡢ差࡚ࡋ࡜ 20%以ୗࡢ㐪いࢆ定㔞的࡟

検出ࡣ࡜ࡇࡿࡍ困㞴࡛あࡿ  ࠋ57 ,56

ࡀࡢࡿい࡚ࢀࡉ使用ࡶ目的࡛現ᅾ࡛ࡿࡅ避ࢆࢫ࢔࢖ࣂ応用やࡢ࡬以外ࢺࣄ MIRA-

seq 法࡛あࡿ ࢳ࣓࡞ࣝࣂ࣮ࣟࢢ解析や࡞定性的ࡢ大㔞試料ࠊࡣ手法ࡢࡇࡋ࠿ࡋࠋ79-81

ࣝ化変化ࢆ捉えࡣ࡟ࡢࡿ᭷効࡛あࡀࡿ MSD-AFLPࠊ81 ,79 法࡛捉えࡼࡓࢀࡽう࡞個々ࡢ

CpG  ࠋࡿ困㞴࡛あࡣ࡜ࡇࡿ捉えࢆ化変化㸦Fig. 2.9㸧ࣝࢳ࣓࡞微細ࡢ

網羅性ࢆ㔜視ࡓࡋ解析࡛使用࡚ࢀࡉいࡿ方法ࡀḟ世代࢚ࢡ࣮ࢩンࣝࢧ࢖ࣂ࡜࣮ࢧ

㸯ࣛンあࠊ࡟ࡵࡓ高いࡀ運用経費ࠋࡿ化解析࡛あࣝࢳḟ世代࣓ࡓࡋ利用ࢆ法ࢺ࢖࢓ࣇ

ࡢ社࣮ࢪࣟࣀࢡࢸࣇ࢖多いࣛࡀ数ࢻ࣮ࣜࡢࡾࡓ SOLiD やࡢࢼ࣑ࣝ࢖ Hiseq2000 用ࢆ

いࡓ解析࡛ࡉえࠊい࡟ࡔࡲᖹ均冗長ᗘࢆ 30 ࡽ࠿ 100 い࡚ࡋ抑え࡚解析࡟程ᗘࢻ࣮ࣜ

ࡿ現状࡛あࡀࡢࡿ ࡓࡋᮏ研究࡛考案ࠊࡋ࠿ࡋࠋ82 ,78 MSD-AFLP 法࡛検出ࡓࢀࡉ ࡢ5%
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᭷意࡞差㸦Fig. 2.11㸧ࢆ検出ࢻ࣮ࣜࠊࡣ࡟ࡵࡓࡿࡍ長ࡀ長く࣐ࣆࢵンࢢ率ࡀ高いࡉ࡜

ࡿࢀ Roche454 ḟ世代࢚ࢡ࣮ࢩンࢆ࣮ࢧ用い࡚ࡶ 定性的検出࡛ࠊ83 1,000 定㔞ࠊࢻ࣮ࣜ

的ࡣ࡟ 10,000 ࡿい࡚ࢀࡽ知ࡀ࡜ࡇࡿあࡀ必要性ࡴ冗長ᗘ࡛ㄞࡢࢻ࣮ࣜ ࡗࡀࡓࡋࠋ84

必ࡿࡍ処理ࢆ検体数ࡢ多く࡟ࡵࡓࡿえࡽ捉ࢆ変化ࡢい試料࡛真ࡁ大ࡀ差ࡢ個体間ࠊ࡚

要ࡀあࡿ研究ࠊࡣ࡚ࡗ࡜࡟現Ꮡࡢḟ世代࢚ࢡ࣮ࢩンࡿࡍ࡜࣒࣮࢛ࣇࢺࢵࣛࣉࢆ࣮ࢧ網

羅的解析法ࢆ用いࡣ࡜ࡇࡿ経費ࡢ観Ⅼࡽ࠿極࡚ࡵ困㞴࡛あࠋࡿ 

MSD-AFLP 法ࡣ費用対効果ࡢⅬ࡛ࡶḟ世代࣓ࣝࢳ化解析࡟比࡭優ࠊࡾ࠾࡚ࢀ㸯回ࡢ

解析࡛全 CpG㸦約 20,000,000㸧ࡢ約 0.3%㸦55,181-CpG㸧ࠊࡽ࠿࡜ࡇࡿࡁ࡛࣮ࣂ࢝ࢆ十

ศࣜ࢖࢓ࣇࣟࣉ࡞ンࢢ能ࢆ持࡜ࡘ考えࠋࡿࢀࡽᮏ論文࡛ࡣ Hpa II ࢳ࣓ࡿࡏ合わࡳ組࡜

ࣝ化非感ཷ性ࡢప㢖ᗘษ断酵素࡚ࡋ࡜最ࡶ認識部఩数ࡢ少࡞い Sbf I ࢆ用い࡚解析ࢆ

行ࠊࡋ࠿ࡋࠋࡓࡗᮏ研究࡚࡟㸶塩ᇶ認識ࡢ Pac I や Swa I ࡗ࠿ศࡀ࡜ࡇࡿ適ษ࡛あࡶ

ࡓࡗ࠿࡞ࢀࡉ௒回検出࡛࡜ࡇࡿ用いࢆ制限酵素ࡢࡽࢀࡇࠊ㸦Fig. 2.3㸧ࡾ࠾࡚ CpG ࡶ

検出࡛ࠊࡓࡲࠋࡿࡁ௒回ࡣ PCR 選択的ࡿࡼ࡟ᮎ端㸰塩ᇶ㸦選択塩ᇶ㸧࣮࣐࢖ࣛࣉ PCR

ࡣ࡟ᢏ術的ࠊࡀࡓࡗ行ࢆ PCR 選択的ࡿࡼ࡟ᮎ端㸱塩ᇶ࣮࣐࢖ࣛࣉ PCR ࡿ可能࡛あࡶ

GFDBࠋ85 ࡽࡉࠊࡾあ࡛ࡳ対応済ࡶ࡟ンࣙࢩ࣮࣑ࣞࣗࢩ選択塩ᇶࡢ㸱塩ᇶࡣ࣒ࢸࢫࢩ

࡟ CpG ࢆࡏ合わࡳ組ࡢ࢔制限酵素࣌ࡿࡍ఩置࡟領域近傍࣮ࢱ࣮ࣔࣟࣉやࢻンࣛ࢖࢔

選択ࡽࢀࡇࠊࡋ領域ࢆ含ࡴ断片ࢆ増幅ࡿࡍ選択塩ᇶࢆࡳࡢ選ぶࡀ࡜ࡇ可能࡛あࡋࠋࡿ

ࡢ特定ࠊࡋ変更ࢆࡏ合わࡳ組ࡢ࢔制限酵素࣌ࠊ࡚ࡗࡀࡓ PCR ᮎ端㸱塩ᇶ࣮࣐࢖ࣛࣉ

選択的ࡿࡼ࡟ PCR ࡟領域࣒ࣀࢤࡿࡍ着目࡟ࡶ࡜࡜ࡿࡏࡉ向ୖࢆ網羅ᗘ࡛࡜ࡇ行うࢆ

絞ࡾ込ࡔࢇ解析ࡶ実施可能࡛あࠋࡿ鋳型ࣛࡢ࣮ࣜࣛࣈ࢖網羅ᗘࢆ高ࡓࡵ解析ࡀ必要࡞
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場合ࠊࡣMSD 法ࢆḟ世代࢚ࢡ࣮ࢩン࡜࣒࣮࢛ࣇࢺࢵࣛࣉ࣮ࢧ組ࡳ合わ࡛࡜ࡇࡿࡏ網

羅ᗘࢆ 10 数倍高く࡚ࡋ解析ࠋࡿࡁ࡛ࡀ࡜ࡇࡿࡍ 

MSD 法࡜ḟ世代࢚ࢡ࣮ࢩンࡢ࣮ࢧ組ࡳ合わࢺ࢖࢓ࣇࣝࢧ࢖ࣂࠊࡣ࡛ࡏ処理後ࡢ

DNA 試料ࢆḟ世代࢚ࢡ࣮ࢩン࡛࣮ࢧ配列解析ࡿࡍ手法 49, 61, 62 塩ᇶ変換ࠊࡾ࡞異ࡣ࡜

ࠊ࡚ࡗࡀࡓࡋࠋࡿࢀࡽ考え࡜い࡞ࡌ生ࡀ困㞴ࡢࢢンࣆࢵ࣐࣒ࣀࢤࡵࡓい࡞い࡚ࡗ行ࢆ

少࡞い࣮ࣜࢻ数࡛精ᗘࡀ確保࡛ࡵࡓࡿࡁ経費削減ࡀ期待࡛ࠋࡿࡁ 

2.4.3 MSD-AFLP 法ࡢ応用可能性 

臨床試料ࢆ用いࡓ研究࡛࣓ࣝࢳ化変動ࢆṇ確࡟検出ࡀ࡜ࡇࡿࡍ必要ࡿ࡞࡜場合ࡀ

あࡢࡑࠋࡿ㝿࡟特定ࡢศ化細胞ࢆ FACS 等࡛高純ᗘ࡟ศྲྀࡿࡍ必要ࡀあ࡜ࡇࡢࡇࠊࡾ

ࡿい࡚ࡗ࡞࡜ࣝࢻ࣮ࣁࡢ解析ୖࡀ MSD-AFLPࠊࡽࡀ࡞ࡋ࠿ࡋࠋ86 法ࡣ MF 値ࡢ差㸳%

化ࣝࢳᮍ知࣓ࡢ多検体࡟比較的廉価ࡘ࠿ࠊࡋ᭷ࢆ精ᗘࡿࡁ検出࡛࡟᭷意ࢆ CpG ࢫࢆ

ࡢࡑࠊࡋ直接適用࡬臨床試料ࡿ࡞異ࡢ均一性ࡢ࣒ࣀࢤࣆ࢚ࠊࡵࡓࡿࡁ࡛ࢢンࢽ࣮ࣜࢡ

ࠋ࢚ࡿࢀ思わ࡜可能ࡀ࡜ࡇࡿࡍ検出࡟ṇ確ࢆ化変動ࣝࢳ࣓ 臨ࡢ解析ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ

床試料ࡢ࡬主࡞適用例ࢇࡀࠊ࡚ࡋ࡜細胞ࡢ࣮࣮࣐࢝ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ࡢ᥈索 87-90 ࡀ

あࡢࡇࠋࡿ᥈索ࢇࡀࡣ細胞࡛ࢇࡀࡣ抑制遺伝子ࣝࢳ࣓ࡢ化ࡿࡼ࡟発現抑制ࢆ含࣓ࡓࡵ

ࡿࢀࡽࡵ認ࡀ化変動ࣝࢳ 91 ࢇࡀࡀᏑᅾࡢ幹細胞ࢇࡀࡓࡲࠋࡿあ࡛ࡢࡶࡓࡋ利用ࢆ࡜ࡇ

ࡓࡁ࡚ࡗ࠿ศ࡚ࡗ࡞࡟近ᖺࡀ࡜ࡇࡿい࡚ࡋくࡋ㞴ࢆ᰿治ࡢ 観ࡢ完治ࢇࡀࡵࡓࡢࡑࠋ92

Ⅼࢇࡀࡽ࠿幹細胞ࢆ標的ࡓࡋ࡜治療法ࡢ研究やࡢ࣮࣮࣐࢝࢜࢖ࣂ᥈索ࡀ行わ࡚ࢀい

ࡿ ࡗ࡞異ࡀ状態࣒ࣀࢤࣆ࢚࡜細胞ࢇࡀࡿࡵ占ࢆ大多数ࡢ組織ࢇࡀࡣ幹細胞ࢇࡀࠋ93-95

ࡇࡿい࡚ࡗ役立࡟stemnessࠖ維持ࠕࡓࡗい࡜自己複製能やศ化能ࡀ࡜ࡇࡢࡑࠊࡾ࠾࡚

ࡿい࡚ࢀࡉ示唆ࡀ࡜ ࡋ程ᗘࢺンࢭ࣮ࣃ数࡟試料中ࡣ幹細胞ࢇࡀࠊࡽࡀ࡞ࡋ࠿ࡋࠋ96 ,91
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ࡵࡓい࡞い࡚ࡋᏑᅾ࠿ ࢆ組織ࢇࡀࡿあ࡟状態࣒ࣀࢤࣆ୙均一࢚࡞うࡼࡢࡇࠊ97 ,96

WGBS 法࡛解析ࡣ࡜ࡇࡿࡍ困㞴࡛あࡿ 検࡟鋭敏ࢆ差異࡞࠿ࡎわࡢ化㔞ࣝࢳ一方࣓ࠋ98

出࡛ࡿࡁ MSD-AFLP 法ࠊࡣ費用対効果ࡀ高いࡽ࠿࡜ࡇ多数ࡢ臨床試料解析ࡀࡿࡼ࡟

 ࠋࡿࡁ期待࡛ࡶ貢献ࡢ࡬᥈索ࡢ࣮࣮࣐࢝ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ新規࢚ࡢ幹細胞ࢇ
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2.5 結論 

ᮏ研究࡛開発ࡓࡋ MSD-AFLP 法ࠊࡣ高い精ᗘ࡜感ᗘ࡛ᮍ知ࡢ CpG 部఩ࡢ DNA ࣓

試ࡢప経費࡛複数ࠊࡓࡲࠋࡓࢀࡽࡅ結論付࡜ࡿ᭷用࡛あ࡟ࡢࡿ捉えࢆ差ࡢ化㢖ᗘࣝࢳ

料ࢆ比較的簡単࡟処理࡛ࠊࡁ費用対効果ࡢⅬ࠾࡟い࡚ࡶ優࡚ࢀいࡀ࡜ࡇࡿ示唆ࠋࡓࢀࡉ

ࢸࢿ࢙ࢪࣆ࢚࡞微細ࡿࡼ࡟環境因子ࡿࡅ࠾࡟ศ㔝ࡢ環境毒性学や衛生学ࠊ࡚ࡗࡀࡓࡋ

࣮ࣝࢶ࡞᭷用ࡢ᥈索࣮࣮࣐࢝ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ࡿࡅ࠾࡟ࢇࡀ変化検出や発ࢡࢵ࢕

 ࠋࡿࢀࡉ期待ࡀ࡜ࡇࡿࢀࡉ活用࡚ࡋ࡜
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2.6 第㸰章ࡢᅗ表 

 

Table 2.1. 既Ꮡࡢ DNA  ࡵ࡜ࡲࡢ経費ࡧ特徴及ࡢ解析法ࢻ࢖ワ࣒ࣀࢤ化ࣝࢳ࣓

Method name 
Sample 

preparation 
Readout Method 

Resolution

㸦CpG㸧 

Actual 

coverage 
Cost Refference 

RLGS MSRE Electrophoresis 4 0.01% low 
Hayashizaki et al., 1994; 

Ando et al., 2006 

MSAP-PCR MSRE Electrophoresis 
Several 

tens 
0.0005% low 

Gonzalgo et al., 1997;  

Liang et al., 1998 

MCAM MSRE Array 2 0.03% low 
Estecio et al., 2008; 

Hatada et al., 2002 

MIAM MSRE Array 2 0.03% low Hatada et al., 2006 

HELP MSRE Array 2 0.01% low 
Khulan et al., 2006;  

Figueroa et al., 2009 

Medip-Chip, 

MIRA  

Anti-5mC or 

MBP  
Array 

Several 

hundreds 
0.10% low 

Tomazou et al., 2008;  

Vucic et al., 2009;  

Weber et al., 2005;  

Wilson et al., 2006;  

Rauch, Li et al. 2006 

Illumina 

Infinium 

Bisufite 

coversion 
Array 1 2% low 

Bibikova et al., 2009;  

Bibikova et al., 2011 

WGBS 
Bisufite 

coversion 
NGS 1 76% very high Miura et al., 2012 

RRBS 
Bisufite 

coversion 
NGS 1 9% high 

Meissner et al., 2005; 

Gu et al., 2011 

Medip-seq, 

Methylcap-seq

  

Anti-5mC or 

MBP 
NGS 

Several 

hundreds 
9-14% high 

Pomraning et al., 2009; 

Brinkman et al., 2010 

HELP-tagging MSRE NGS 1 8.50% mediam 
Brunner et al., 2009; 

Suzuki et al., 2010 

MSD-AFLP MSRE Electrophoresis 1 0.27% low  

NGS, next generation sequencer; MSRE, methyl-sensitive restriction enzyme dependent digestion; MIRA, methylated-

CpG island recovery assay; HELP, Hpa II tiny fragment enrichment by ligation-mediated PCR; MCAM, methylated CpG 

island amplification and microarray; MSAP, methylation-sensitive arbitrarily priming; RLGS, restriction landmark 

genomic scanning; MIAMI, microarray-based integrated analysis of methylation by isoschizomers; RRBS, reduced 

representation bisulfite sequencing; WGBS, whole genome bisulfite sequencing; MBP, methyl binding protein; Anti-

5mC,Anti-5-methyl cytidine  
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Table 2.2. MSD-AFLP  ࢻࢳ࢜ࣞࢡࢾࢦࣜ࢜ࡓ用い࡟

Oligo-name   Sequence (5’ to 3’) 

Oligos for adaptors    

Sbf I-adapter(adapter1) 
Upper TCCGACTGGTATCAACGCAGAGTACTAGAGTTGCA 

Lower p-ACTCTAGTACTCTGCGTTGATACCAGTCGGA 

Msp I-adapter(adapter2) 
Upper b-AATGGCTACACGAACTCGGTTCATGACC 

Lower p-CGTGTCATGAACCGAGTTCGTGTAGCCATT 

Primers for MSD-AFLP   

Preamp-primer 
Forward AATGGCTACACGAACTCGGTTCATGACACGG 

Reverse TCCGACTGGTATCAACGCAGA  

Selective primer 
Forward f-AATGGCTACACGAACTCGGTTCATGACAIIINN 

Reverse AGAGTACTAGAGTTGCAGGNN 

Msp I-universal primer  AATGGCTACACGAACTCGGTTCATGACA 

Sbf I-universal primer  AGAGTACTAGAGTTGCAGG 

p, 5’-phosphorylation; b, 5’-Biotination; f, 5’- 6-carboxy fluorescently 
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Table 2.3. MSRE-PCR  ࢻࢳ࢜ࣞࢡࢾࢦࣜ࢜ࡓ用い࡟

Oligo-name   Sequence (5’ to 3’) 

Isolation ID 7 
Forward AAGAGGATCGGTCCTAAAAA 

Reverse GGGCTTTCAGGTTCTCC 

Isolation ID 10 
Forward TGCTATACAAACAACTCGGTCAA 

Reverse AGGGTTTGGCTGAACAAAAAT 

Isolation ID 12 
Forward TGTGAGGGACAGAGAAACGAT 

Reverse AACATTAGCAGGCAAACTGGA 

Isolation ID 26 
Forward ACCAGCTACACGGCTCGTAAT 

Reverse TAAAACGGGTGGAAGGAGATT 

Isolation ID 27 
Forward ACAGTGTCACATTCCCTCCAG 

Reverse ACCCCTGTCCTTCAGAACTGT 

Isolation ID 41 
Forward TGAGAATGCAGATACCCAAGG 

Reverse CAGGTGACCCAAAAAGACAAA 

Isolation ID 44 
Forward GCTTCCAAACAGTAGAGCTTCC 

Reverse CTCAGGACAAACCATGCAGA 

Isolation ID 53 
Forward ACAAAAGCTGGCTGCATTCT 

Reverse AGGAAGCTCGGAAATGACAAT 

Isolation ID 55 
Forward GGCCCTTTTGAAATCAAGGT 

Reverse GTTCTTCCAGTCCGACTTTCC 

Isolation ID 59 
Forward TTTTGGGAACTTGAACCAGTG 

Reverse TCTTCTGGAAGGTTTGCTGTG 

Isolation ID 63 
Forward GCTAGAAAGCCAGGAGTACGAA 

Reverse GGACTCTGAAAACACCTCATCC 
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Table 2.4. Bisulfite genomic sequencing  ࢻࢳ࢜ࣞࢡࢾࢦࣜ࢜ࡓ用い࡟

Oligo-name   Sequence (5’ to 3’) 

M13 Reverse primer  GCGGATAACAATTTCACACAG 

Isolation ID 44 
Forward GTTTTAGAGGAAGGAATGTTGTGAGG 

Reverse ACAACCCAATATACCACTTCCACCT 

Isolation ID 59 
Forward GAAGGTTTGTTGTGTGGAGTTGTAG 

Reverse ACTTTTAAAACCTTAAATTACAATCTTACCTCA 
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Table 2.5. 制限酵素認識部఩数ࣝࢳ࣓࡜化感ཷ性 

Enzyme site number Sequence CpG methylation 

Mlu CI 31148654 /AATT Not Sensitive 

Tsp 509I 31148654 /AATT Not Sensitive 

Mse I 29918534 T/TAA Not Sensitive 

Fat I 24913420 /CATG Not Sensitive 

Nla III 24913420 CATG/ Not Sensitive 

Alu I 24571664 AG/CT Not Sensitive 

Hpy CH4V 23195826 TG/CA Not Sensitive 

Bfa I 16152378 C/TAG Not Sensitive 

Hae III 13390558 GG/CC Not Sensitive 

Pho I 13390558 GG/CC Impaired by Some Combinations of Overlapping 

Bfu CI 12830398 /GATC Blocked by Overlapping 

Dpn I 12830398 GA/TC Blocked by Overlapping 

Dpn II 12830398 /GATC Not Sensitive 

Mbo I 12830398 /GATC Impaired by Overlapping 

Sau 3AI 12830398 /GATC Blocked by Overlapping 

Cvi QI 10872874 G/TAC Not Sensitive 

Rsa I 10872874 GT/AC Blocked by Some Combinations of Overlapping 

Dra I 4915038 TTT/AAA Not Sensitive 

Hpy CH4IV 3512718 A/CGT Blocked 

Hpa II 3188296 C/CGG Blocked 

Msp I 3188296 C/CGG Not Sensitive 

Ssp I 3111426 AAT/ATT Not Sensitive 

Taq αI 2783656 T/CGA Not Sensitive 

Psi I 2388910 TTA/TAA Not Sensitive 

Hha I 2205178 GCG/C Blocked 

HinP 1I 2205178 G/CGC Blocked 

Ase I 2165812 AT/TAAT Not Sensitive 

Pvu II 2022332 CAG/CTG Not Sensitive 

Pst I 1982172 CTGCA/G Not Sensitive 

Pci I 1976204 A/CATGT Not Sensitive 

Nsi I 1851656 ATGCA/T Not Sensitive 

Bgl II 1820000 A/GATCT Not Sensitive 

Nde I 1756734 CA/TATG Not Sensitive 

Bsp HI 1718232 T/CATGA Not Sensitive 

Bsr GI 1690328 T/GTACA Not Sensitive 

Nco I 1663798 C/CATGG Not Sensitive 

Hind III 1646710 A/AGCTT Not Sensitive 

Xba I 1590450 T/CTAGA Not Sensitive 

Msc I 1538110 TGG/CCA Not Sensitive 

Eco RI 1477692 G/AATTC Blocked by Some Combinations of Overlapping 

Stu I 1372810 AGG/CCT Not Sensitive 

Bcl I 1309374 T/GATCA Not Sensitive 

Eco 53kI 1296788 GAG/CTC Blocked by Some Combinations of Overlapping 

Sac I 1296788 GAGCT/C Not Sensitive 

Sca I 1277742 AGT/ACT Not Sensitive 

Sph I 1175604 GCATG/C Not Sensitive 

Afl II 1163104 C/TTAAG Not Sensitive 

Avr II 1129802 C/CTAGG Not Sensitive 

Bam HI 1047924 G/GATCC Not Sensitive 

Apa LI 988016 G/TGCAC Blocked by Overlapping 

Mfe I 985370 C/AATTG Not Sensitive 

Bst UI 867042 CG/CG Blocked 

Eco RV 856960 GAT/ATC Impaired by Some Combinations of Overlapping 

Bst Z17I 729290 GTA/TAC Blocked by Some Combinations of Overlapping 

Apa I 698910 GGGCC/C Blocked by Overlapping 
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Table 2.5 Continued 

Psp OMI 698910 G/GGCCC Blocked by Overlapping 

Bmt I 694294 GCTAG/C Not Sensitive 

Nhe I 694294 G/CTAGC Blocked by Some Combinations of Overlapping 

Spe I 692474 A/CTAGT Not Sensitive 

Hpa I 648962 GTT/AAC Blocked by Some Combinations of Overlapping 

Acc 65I 622932 G/GTACC Blocked by Some Combinations of Overlapping 

Kpn I 622932 GGTAC/C Not Sensitive 

Pml I 525672 CAC/GTG Blocked 

Sma I 346902 CCC/GGG Blocked 

Tsp MI 346902 C/CCGGG Blocked 

Xma I 346902 C/CCGGG Impaired 

Swa I 312362 ATTT/AAAT Not Sensitive 

Pac I 278858 TTAAT/TAA Not Sensitive 

Acl I 260818 AA/CGTT Blocked 

Pae R7I 246404 C/TCGAG Blocked 

Tli I 246404 C/TCGAG Impaired 

Xho I 246404 C/TCGAG Impaired 

Bsp DI 220240 AT/CGAT Blocked 

Cla I 220240 AT/CGAT Blocked 

Afe I 219934 AGC/GCT Blocked 

Fsp I 217512 TGC/GCA Blocked 

Bsp EI 199344 T/CCGGA Impaired 

Bst BI 190990 TT/CGAA Blocked 

Sna BI 184722 TAC/GTA Blocked 

Nae I 173916 GCC/GGC Blocked 

Ngo MIV 173916 G/CCGGC Blocked 

Bss HII 172588 G/CGCGC Blocked 

Kas I 153418 G/GCGCC Blocked 

Nar I 153418 GG/CGCC Blocked 

Plu TI 153418 GGCGC/C Blocked 

Sfo I 153418 GGC/GCC Blocked 

Aat II 138488 GACGT/C Blocked 

Zra I 138488 GAC/GTC Blocked 

Sbf I 119370 CCTGCA/GG Not Sensitive 

Sac II 79498 CCGC/GG Blocked 

Eag I 78928 C/GGCCG Blocked 

Sal I 68574 G/TCGAC Blocked 

Pme I 68028 GTTT/AAAC Blocked by Some Combinations of Overlapping 

Mlu I 48294 A/CGCGT Blocked 

Bsi WI 28300 C/GTACG Blocked 

Pvu I 22502 CGAT/CG Blocked 

Nru I 20530 TCG/CGA Blocked 

Fse I 20032 GGCCGG/CC Blocked 

Not I 12322 GC/GGCCGC Blocked 

Asc I 5126 GG/CGCGCC Blocked 

Asi SI 2146 GCGAT/CGC Blocked 
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Table 2.6. AFLP  遺伝子ྠ定ࡿࡼ࡟ࢫン࢚ࢡ࣮ࢩࡧ及ࢫ࣮࣋ࢱ࣮ࢹンࣙࢩ࣮࣑ࣞࣗࢩ

Isolation ID   Chromosome Positiona Gene nameb 

7 3 83588206 AC141473.2* 

10 9 53410271 Acat1* 

12 4 138720271 down stream both of Hspe1and RP23-2411.9* 

26 13 110215936 Pde4d* 

27 2 30409726 9k bp up stream of RP23-3990.3* 

41 7 31402396 Cox6b1* 

 4 141150829 Eblim1 

44 7 29587740 3kbp down stream of Rin1* 

53 5 52443251 100kbp down stream of Dxh15* 

 19 56431868 Nrap 

55 11 76224631 Timm22* 

59 10 67595674 Arid5b* 

 7 144033409 50kb up stream of Mgmt 

63 17 44272079 25k bp up stream of Enpp4* 

a, Predicted chromosomal nucleotide position of methylatied cytosine by simulation database. 

b, Gene name identified by sequencing. 

*, Matched between the two methods. 
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Table 2.7. MF 値ࡢ差ࡢ検出感ᗘ㸸統計的᭷意࡞ MF 値ࡢ差ࡢᑠࡉい順ࣉࢵࢺ 10 

Peak ID 
MF(%) MF difference 

(%) 

Tukey 

p-val 

ANOVA 

p-val 

FDR 

q-val 
Hippocampus Kidney Liver 

CGGC79.8 6.93 ± 0.04 6.64 ± 0.08 6.55 ± 0.01 0.29  0.019  0.005  0.021  

CGGC79.8 6.93 ± 0.04 6.64 ± 0.08 6.55 ± 0.01 0.38  0.005  0.005  0.021  

CGAG253.2 6.74 ± 0.06 6.20 ± 0.10 6.98 ± 0.07 0.53  0.008  0.001  0.007  

CGAG57.4 7.68 ± 0.07 7.08 ± 0.04 7.40 ± 0.12 0.60  0.006  0.007  0.027  

CGAG253.2 6.74 ± 0.06 6.20 ± 0.10 6.98 ± 0.07 0.78  0.001  0.001  0.007  

CGAG60.8 10.52 ± 0.13 9.08 ± 0.09 9.53 ± 0.24 0.98  0.013  0.002  0.011  

CGGC124.2 8.04 ± 0.26 6.68 ± 0.05 6.89 ± 0.12 1.14  0.007  0.003  0.013  

CGGC124.2 8.04 ± 0.26 6.68 ± 0.05 6.89 ± 0.12 1.35  0.003  0.003  0.013  

CCAG105.0 99.42 ± 0.20 97.57 ± 0.33 97.99 ± 0.39 1.43  0.042  0.014  0.045  

CGAG60.8 10.52 ± 0.13 9.08 ± 0.09 9.53 ± 0.24 1.43  0.002  0.002  0.011  

Note. Analysis by ANOVA and FDR reported 805 CpG sites with statistically-significant difference of MF value among 

the three tissues. MF value pairs (shaded) responsible for the difference were identified from the triplet by Tukey test. 

The percentage of their differences were calculated. Differences even less than 1.00 % were detected. MF: methylation 

frequency. MF values are described as a mean ± SE (n = 3). 
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Fig. 2.1. MSD-AFLP 法ࢺ࣮ࣕࢳ࣮ࣟࣇࡢ  

ձ࣒ࣀࢤ DNA ࢆ Sbf I 化非感ཷ性制限酵素(1ࣝࢳ࣓ࡢ任意ࡢ࡝࡞
st
 Restriction enzyme)

࡛消化後ࠊAdaptor A 化非感ཷ性酵素ࣝࢳղ࣓ࠋࡿࡍࢺ࣮ࢤ࢖ࣛࢆ Msp I (2
nd

 Restriction 

enzyme)࡛消化後ࠊAdaptor B ࢆ産物ࡢ後ࢺ࣮ࢤ࢖࣮ࣛࢱࣉࢲ࢔ճࠋࡿࡍࢺ࣮ࢤ࢖ࣛࢆ

Hpa II (3
rd

 Restriction enzyme)࡛消化ࠋࡿࡍմAdaptor A ࡜ Adaptor B ࡛࣮࣐࢖ࣛࣉࡢ

pre-PCR ཯応ࢆ行うࠋᅗࡢᕥ側ࡣ࣮ࣟࣇ目的ࡢ CpG㸦Hpa II/ Msp I ࣝࢳ࣓ࡀ㸧ࢺ࢖ࢧ

化࡚ࢀࡉいࡿ場合ࠊ右側ࣝࢳ࣓ࡣ化࡚ࢀࡉい࡞い場合ࢆ示ࠊ࡚ࡗࡀࡓࡋࠋࡍHpa II/ Msp 

I ࡢࡇࠊࡳࡢ場合ࡿい࡚ࢀࡉ化ࣝࢳ࣓ࡀࢺ࢖ࢧ pre-PCR ࡛増幅ࠋࡿ࡞࡟࡜ࡇࡿࢀࡉյ

pre-PCR 増幅産物ࢆ鋳型࡟ᮎ端㸰塩ᇶ㸦選択塩ᇶ㸧ࢆ異ࡿࡍ࡟ PCR 用いࢆ࣮࣐࢖ࣛࣉ

࡚選択的 PCR ࡾࡼ࡟過程ࡢࡇࠋ行うࢆ 256 ࡵ高ࢆศ解能࡛࡜ࡇࡿࡍศ㞳࡟亜集団ࡢ

ࡾࡼ࡟㐪いࡢ鎖長ࠊࡋ泳動࡛࣮ࢧン࢚ࢡ࣮ࢩ࣮ࣜࣛࣆࣕ࢟ࢆ産物ࡓࡗࡀն出来ୖࠋࡿ

ศ㞳ࠋࡿࡍշ࢚ࢡ࣮ࢩンࢫやࢆࢫ࣮࣋ࢱ࣮ࢹᇶࣝࢳ࣓࡟化変化ྠࢆࢡ࣮ࣆ定ࠋࡿࡍ  
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Fig. 2.2. AFLP 断片検索࣒ࢸࢫࢩ  

a.検索࣓ࢢࣛࣇࡿࡍンࡢࢺ一例ࠋb.制限酵素࡜選択塩ᇶ࡜長ࡢࡉ選択 c.候補遺伝子数

表示ࡢ d.࣓ࣝࢳ化 Hpa II ࡟内部࡜選択塩ᇶ情報ࡢ内部࡟ࡽࡉࡧ఩置情報及ࡢࢺ࢖ࢧ

あࡿ制限酵素ࢺ࢖ࢧ情報ࠋe.ࡢ࡬ୖ࢔࣮ࣗࣅ࣒ࣀࢤ諸々࣒ࣀࢤࡢ情報ࢆ伴ࡓࡗ表示ࠋ  
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Fig. 2.3. MSD-AFLP 断片ࡢ鎖長ศ布  

࡜化非感ཷ性制限酵素ࣝࢳ࣓ Hpa II/Msp I ࡿࡌ生ࡾࡼ࡟ࡏ合わࡳ組ࡢ࡜ DNA 断片ࡢ

鎖長ศ布ࢆ示࡚ࡋいࠋࡿTable 2.5 い࡚࠾࡟ࢢン࢟ンࣛࡢ数ࢺ࢖ࢧ制限酵素ࡓࡋ示࡟

ࡋ࡜㸶塩ᇶ認識制限酵素ࠋࡓࡋ示ࢆ࡛ࡲୗ఩㸴఩ࡕうࡢ酵素ࡢ化非感ཷ性ࣝࢳ࣓ Sbf 

I (a)ࠊPac I (c)ࠊSwa I (d)ࠊ㸴塩ᇶ認識制限酵素࡚ࡋ࡜ Kpn I (d)ࠊSpe I (e)ࠊBmt I (f)ࢆ

用いࡓ㝿ࡢ断片数ࡢศ布ࢆ示ࠋࡓࡋ  
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Fig. 2.4. 各ࡢࢡ࣮ࣆ候補断片数ࡢศ布  

a.断片ࡢ長࡜ࡉ選択塩ᇶࡿࡼ࡟候補断片数ࡢศ布ࠋ縦軸ࢆ 256 選択塩ᇶࡢࢺࢵࢭ AA-

aa ࡽ࠿ TT-tt ࡣࢺࢵࢻ青いࠋࡍ示ࢆࡉ長ࡢ断片ࡣ横軸ࠋࡍ示࡟順ࢺࢵ࣋࢓ࣇࣝ࢔࡛ࡲ

1 bp 当ࡾࡓ㸯断片ࠊ黄色いࡣࢺࢵࢻ 1 bp 当ࡾࡓ㸰断片ࣞ࢜ࠊンࡣࢺࢵࢻࡢࢪ 1 bp 当

ࡣࢺࢵࢻ赤いࠊ㸱断片ࡾࡓ 1 bp 当ࡾࡓ㸱断片ࡶࡾࡼ多いࢆ࡜ࡇ示ࠋࡍb.候補断片数

縦軸ࠋ割合ࡢ断片数ࡿࡁ検出࡛࡚ࡋ࡜㸯断片ࡓࡋ独立ࡍ示࡟࡜ࡈc.選択塩ᇶࠋ割合ࡢ

ࡓࡋ独立ࡣ 1 断片࡚ࡋ࡜検出࡛ࡿࡁ断片数ࡢ割合ࢆ示ࠋࡍ横軸ࡣ選択塩ᇶ AA-aa ࠿

ࡽ TT-tt 全࡛ࡲ 256    ࠋࡍ示࡟順ࢺࢵ࣋࢓ࣇࣝ࢔ࢆࢺࢵࢭ
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Fig. 2.5. MSD-AFLP  再現性ࡢ

ྠ一個体ࢫ࣐࢘ࡢ腎臓由来࣒ࣀࢤࡢ DNA 試料ࠊࡽ࠿独立࡚ࡋ作ᡂࡓࡋ鋳型ࣛࣛࣈ࢖

ࡢ࣮ࣜ MSD-AFLP 解析ࡿࡅ࠾࡟蛍ග強ᗘࡢ比較ࠋ選択的 PCR ࢺࢵࢭ࣮࣐࢖ࣛࣉࡢ

࡟࣒ࢲンࣛࡣ 16 種類選ࠋࡔࢇ赤ࣆࠊンࠊࢡ緑ࠊ青ࠊ黄色࢖ࣛࡢンࠊࢀࡒࢀࡑࠊࡣ

1.05ࠊ1.1ࠊ1.2ࠊ1.3ࠊ1.5 倍ࣝࢼࢢࢩࡢ強ᗘࡢ㐪いࢆ示ࠋࡍ  
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Fig. 2.6. ࣐࢘ࢫ㸱個体各㸱組織ࡢ DNA ࡓࡋ比較ࢆ化ࣝࢳ࣓ MSD-AFLP ࢳࢡ࣮ࣆࡢ

 ࢺ࣮ࣕ

縦軸ࡣ蛍ග強ᗘࠊ横軸࣓ࢢࣛࣇࡣンࡢࢺ長ࢆࡉ表࡚ࡋいࠊࡣࢡ࣮ࣆࡢࢀࡒࢀࡑࠋࡿ

࣒ࣀࢤ DNA 試料中࡛࣓ࣝࢳ化࡚ࢀࡉいࢆࢺ࢖ࢧࡓ含࣓ࢢࣛࣇࡴンࡢࡑࠊࢆࢺ高ࡣࡉ

 .MSRE-PCR (Figࠊࡋ定ྠࢆ抽出࡛配列ࣝࢤࠊࡣ数Ꮠࡓࡲࠋࡍ示ࢆ㔞ࡢࢺン࣓ࢢࣛࣇ

2.7)࡛確認ࢆ行ࡢࢡ࣮ࣆࡓࡗ Isolation ID 化ࣝࢳ組織࡛࣓ࡢ㸱種類ࠊࡣ矢༳ࠋࡍ示ࢆ

㢖ᗘ࡛ࡌྠࡀあࠊࢆࢡ࣮ࣆࡓࡗ矢頭ࠊࡣ㸱種類ࡢ組織࡛࣓ࣝࢳ化㢖ᗘ࡟差ࡀあࡓࡗ

  ࠋࡍ示ࢆࢡ࣮ࣆ
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Fig. 2.7. MSRE-PCR ࡿࡼ࡟ MSD-AFLP 解析ࡢ相関性  

a. MSD-AFLP b. MSRE-PCRࠋࢱ࣮ࢹ相対的蛍ග強ᗘࡢ ࣮ࢹ化㢖ᗘࣝࢳ相対的࣓ࡢ

各ࠋࢱ Isolation ID Fig. 2.6ࠊࡣ 中࡟記載ࡢ数Ꮠ࡜対応࡚ࡋいࠋࡿc.MSD-AFLP 相対ࡢ

的蛍ග強ᗘ࡜ MSRE-PCR ࠊ線形近似直線ࡣ実線ࠋ線形近似ࡢ化㢖ᗘࣝࢳ相対的࣓ࡢ

破線ࠊࡣy=x   ࠋࡍ示ࢆ
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Fig. 2.8. MSD-AFLP ࡢ Sss I ࣒ࣀࢤ DNA 補ṇ  

a.MSD-AFLP c. Sss Iࠋ線形近似ࡢ方程式後ࣝࣄ.bࠋ近似ࡿࡼ࡟方程式ࣝࣄࡢࢱ࣮ࢹ ࢤ

࣒ࣀ DNA 補ṇ後ࡢ MSD-AFLP ࡢ MF 値 d. MSRE-PCR ࡢ MF 値ࠋ各 Isolation ID ࠊࡣ

Fig. 2.6 中࡟記載࡚ࡋいࡿ数Ꮠ࡜対応࡚ࡋいࠋࡿ 
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Fig. 2.9. BSGS   検討ࡢ化状態ࣝࢳ࣓ࡿࡼ࡟

a,c, Isolation ID 44 及ࡧ 59㸦Hpa II ࡣኴᏐࠋ㸧周辺配列ࢺ࢖ࢧ CpG 配列ࠊࢆ枠࡛ᅖࡲ

ࡣ配列ࡓࢀ Hpa II b,d, Isolation ID 44ࠋࡍ示ࢆࢺ࢖ࢧ 及ࡧ 59 周辺ࡢ CpG ࢫ化ࣝࢳ࣓

ࡣ矢༳ࠋ化㢖ᗘࣝࢳ࣓࡟ࡧࡽ࡞ࢫࢱ࣮ࢸ Hpa II ࡒࢀࡑࠊࡣࣝࢡ࣮ࢧࠋࡍ示ࢆࢺ࢖ࢧ

化ࣝࢳ࣓,●ࢀ CpG;࡜○,非࣓ࣝࢳ化 CpG e, fࠋࡿい࡚ࡋ表ࢆ ࢀࡒࢀࡑࠊࡣ Isolation 

ID 44 及ࡧ 59 ࡿࢀࡲ含࡟ Hpa II   ࠋࡍ示ࢆ化㢖ᗘࣝࢳ࣓ࡢࢺ࢖ࢧ
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Fig. 2.10.組織間ࣝࢳ࣓ࡢ化࣮ࢱࣃン検出  

a.各組織ࣝࢳ࣓ࡢ化㢖ᗘࠋ࣒ࣛࢢࢺࢫࣄࡢ赤ࠊ青ࠊ緑࢖ࣛࡢンࡣ各組織ࡢᖹ均࣓ࣝࢳ

化㢖ᗘࢆ示ࠋࡍ赤ࡣᾏ馬ࠊ青ࡣ腎臓ࠊ緑ࡣ肝臓ࢆ示ࠋࡍb.主ᡂศศ析ࠋ赤ࡣᾏ馬ࠊ青

ࡣ緑枠ࠊ腎臓ࡣ青枠ࠊᾏ馬ࡣ赤枠ࠋࢢンࣜࢱࢫࣛࢡc.階層ࠋࡍ示ࢆ肝臓ࡣ緑ࠊ腎臓ࡣ

肝臓ࢆ示ࠋࡍ  
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Fig. 2.11.MSD-AFLP   変動検出感ᗘࡢ

Tukey–test ࡛᭷意差ࡢあࡓࡗ組織間ࣝࢳ࣓ࡢ化㢖ᗘࡢ比ࣝࢳ࣓࡜化㢖ᗘࡢ差ࢵࣟࣉࢆ

ࠋࡍ示ࢆ差ࡢ化㢖ᗘࣝࢳ࣓ࡣ横軸ࠊࢆ比ࡢ化㢖ᗘࣝࢳ࣓ࡣ縦軸ࠋࡿあ࡛ࡢࡶࡓࡋࢺ

ᕥୗࡢ四角ࠊࡣ他ࡢ網羅解析࡛検出困㞴ࣝࢳ࣓࡞化㢖ᗘࡢ比ࡀ 1.1 倍以内ࣝࢳ࣓ࡘ࠿

化㢖ᗘࡢ差ࡀ㸳％ࡢ範ᅖࢆࡢࡶࡢ示ࠋࡍ青色ࡢ数Ꮠࡣ各࢚ࣜ࢔内ࢺࢵ࣏ࢫࡢ数ࢆ表

  ࠋࡿい࡚ࡋ
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第㸱章 MSD-AFLP 法ࢆ用いࡓ胎生期 BPA 曝露࣐࢘ࡢࢫ CpG  化変動解析ࣝࢳ࣓

3.1 研究背景࡜目的 

3.1.1 BPA  意義ࡢ衛生学的研究ࡢ

3.1.1.1 BPA  体内動態࡜曝露ࡢ࡬ࢺࣄࡢ

BPA Fig. 3.1ࠊࡣ ࠊࢺ࣮ࢿ࣮࣏࣎࢝ࣜ࡟主ࠋࡿ化学物質࡛あࡿࡍ᭷ࢆศ子構造ࡍ示࡟

2012ࠋࡿい࡚ࢀࡉ使用࡚ࡋ࡜原料ࡢࢡࢵࢳࢫࣛࣉ࡝࡞樹脂ࢩ࣏࢚࢟ ᖺᗘ日ᮏ国内生

産㔞ࡣ 456,366 ࡣ消費㔞ࠊンࢺ 83,573 ࡿン࡛あࢺ ࡢ食品ࡣ樹脂ࢺ࣮ࢿ࣮࣏࣎࢝ࣜࠋ99

容器ࢩ࣏࢚࢟ࠊ࡟࡝࡞樹脂ࡣ缶詰容器内面࢕ࢸ࣮ࢥࡢン࡟࡝࡞ࢢ使用࡚ࢀࡉいࡋࠋࡿ

BPAࠊ࡚ࡗࡀࡓ 曝ࡢ࡬ࢺࣄࡵࡓࡿࡍ移行࡟飲食物中ࠊࡋ溶出ࡽ࠿製品ࡢࡽࢀࡇ࡟主ࡣ

露ࡀ起࡚ࡁいࡿ ࡽࡀ࡞ࡋ࠿ࡋࠋ100-103 BPA BPAࠋࡿࢀࡉ排泄࡟体外࡟㏿迅࡚ࡵ極ࡣ ࡢ

経口曝露後ࡢࡑࡣ࡛ࢺࣄࠊࣝࢧࠊࢺࢵࣛࠊ大部ศࡀ消化管ࡽ࠿㏿や࡟࠿吸཰ࠊࢀࡉ肝

臓࠾࡟い࡚ BPA-ࢻࢽࣟࢡࣝࢢ㸦BPAG㸧࡟代謝ࡿࢀࡉ ࡢ雌雄ࠊ࡟ࡽࡉࠋ104-106 F344 ࣛ

࡟㸦㸶-㸷㐌齢㸧ࢺࢵ 14C ࡛標識ࡓࡋ BPA ࢆ 10, 100 mg/kg ࡛経口投୚ࡓࡋ試験࡛ࠊࡶ

血中 BPA ࡣ 18 時間以内࡟検出限界ᮍ満ࡢࡑࠊࡾ࡞࡟排泄㏿ᗘࡣ極࡚ࡵ᪩い  ࠋ107

3.1.1.2 ప用㔞 BPA  い࡚ࡘ࡟評価ࢡࢫࣜࡿࡍ関࡟生殖発生毒性ࡢ

 BPA 約ࡣࡢࡓࢀࡉ࡞ࡀ問㢟提起࡚ࡋ࡜く乱化学物質࠿内ศ泌ࡀ 20 ᖺ࡝࡯前࡛あࠋࡿ

出芽酵母ࢆᇵ養ࡓࡋᇵ地中ࢤࣟࢺࢫ࢚࡟ン様作用ࢆ示ࡍ物質ࡀ現࡚ࢀくࡀ࡜ࡇࡿ知

ࠊ࣏ࡣ物質ࡢࡇࠊࡀࡓい࡚ࢀࡽ ࡢ単体ࡿࡍ溶出ࡽ࠿ࢥࢫࣛࣇࡢ製ࢺ࣮ࢿ࣮࣎࢝ࣜ BPA

࡛あࡓࡗ vom Saalࠋ109 ,108 ࠊ࣐ࡣࡽ ప用㔞㸦2 µg/kgࡶࡾࡼ無毒性㔞ࡢ従来ࡀ胎仔ࡢࢫ࢘

体㔜㸧ࡢ BPA ࡿࡍ᭷ࢆ生殖毒性ࡢ࡝࡞精巣ୖ体㔜㔞పୗࡢ産仔ࠊ場合ࡓࢀࡉ曝露࡟
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࡜ࡇ µg/kg 20ࠊ110 体㔜ࡢ胎仔期曝露࡛前立⭢㔜㔞ࡀ増ຍ࡜ࡇࡿࡍ 111 ࡇࠋࡓࡋ報告ࢆ

ࡿࡍ相当࡟推定最大曝露㔞ࡢ乳幼児等ࠊࡣ用㔞ࡢࡽࢀ ࡟ࡽࡉࠋ112 Sakaue ࡣࡽ SD 系

雄ࣛࢆࢺࢵ用いࡓ解析13ࠊࡾࡼ࡟ 㐌齢ࡢᡂ熟ࣛ࠾࡟ࢺࢵい࡚20ࠊࡶ µg/kg 体㔜࡜いう

ప用㔞域ࡽ࠿精巣内精子数ࡀ減少ࢆ࡜ࡇࡿࡍ報告ࡓࡋ  ࠋ113

 一方ࠊCagen や Ashby ࢀࡉ報告ࠊࡋ実施ࢆい࡚再現実験ࡘ࡟ప用㔞影響ࡢ記ୖࡣࡽ

ࡓࡋ提示ࢆ結果ࡢいう全く逆࡜い࡞出ࡣ影響࡞うࡼࡓ ࡟ࡽࡉࠋ114-116 Tyl  vomࠊࡶࡽ

Saal CD-1ࠊ࡚ࡋ追試ࢆ報告ࡢࡽ ࡟ࡧࡽ࡞ࢫ࣐࢘ SD 㸱世代࡟ࡧࡽ࡞㸰世代࡛ࢺࢵࣛ

ࡣ生殖毒性ࡢ࡝࡞形態学的異常や性周期異常ࡢ⭢前立ࠊࡀࡓࡗ行ࢆ曝露実験ࡿࡓわ࡟

ࡓࡋ報告࡜い࡞ Emaࠋ117 ࡿࡼ࡟ࡽ SD BPAࠊࡶ曝露実験結果࡛ࡿࡓわ࡟㸰世代ࢺࢵࣛ

ࡓࢀࡉ発表࡜いࡉᑠࡣ生殖毒性ࡢ ඛ行ࠊࡣࡽ報告者ࡓࡗ࠿࡞ࡉ見出ࢆప用㔞影響ࠋ118

研究ࡀ報告ࡓࡋప用㔞影響ࠊࡀࡢࡶࡿࢀࡉ࡜研究ࢧࡿࡅ࠾࡟ンࣜࣉン࢖ࢨࢹࢢンࡢ㐪

いや対照群数値࡟ࡁࡘࡽࡤࡢ起因࡜ࡿࡍ主張࡚ࡋいࡿ 少ࡣ生殖毒性ࠊࡋ࠿ࡋࠋ120 ,119

前立⭢肥大やᒀ㐨奇ࡢい࡚雄࠾࡟ࢫ胎生期曝露࣐࢘ࠊࡶ毒性試験報告以後ࡿࡍ࡜い࡞

形ࡀ見ࡿࡍ࡜ࡓࢀࡽ報告ࡓࢀࡉ࡞ࡀ vom Saalࠊ121 ࡢ多くࡽࢀࡇࡣࡽ BPA 生殖ࡿࡼ࡟

毒性ࡢ報告群ࢆ᰿ᣐࠊ࡟BPA ࡿい࡚ࡋ主張࡜ࡿあࡀ毒性影響ࡣ࡟  ࠋ122

3.1.1.3 ప用㔞 BPA  影響ࡢ࡬脳発㐩ࡢ

ࡿࡅ࠾࡟周産期ࠊく࡞ࡣ生殖発生学的視Ⅼ࡛ࠊ後ࡢࡑ BPA ప濃ᗘ曝露ࡀ脳発㐩࡟

影響ࢆ及ࠊ࡛࡜ࡇࡍࡰ各種ࡢ行動指標࡟対照群࡜異ࡿ࡞変化ࡀ生࡜ࡿࡌいう知見ࡀ数

多く報告ࡼࡿࢀࡉうࡓࡗ࡞࡟ ࡿࡅ࠾࡟ᾏ馬ࡶ中࡛ࡢ脳ࠊࡓࡲࠋ123-127 BPA ప用㔞曝露

影響ࡀ曝露時期࡟関わࡎࡽ報告ࡓࢀࡉ Csaba Leranthࠊ࡟特ࠋ129 ,128 ,123 霊長ࡣ報告ࡢࡽ

類ࡿࡅ࠾࡟ᾏ馬ࢫࣉࢼࢩ形ᡂࡢ࡬影響࡛あࠊࡵࡓࡓࡗ注目ࢆ集ࡓࡗ࡞࡜࡜ࡇࡿࡵ  ࠋ127
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3.1.1.4 BPA  国㝿的動向ࡢࡽ࠿観Ⅼࡢ管理ࢡࢫࣜࡢ

ࡣᨻ府ࢲࢼ࢝ 2008 ᖺୖࠊ記ࡼࡢう࡞研究報告ࠊ࡟࡜ࡶࢆప用㔞࡛ࡢ BPA 乳幼児ࡢ

㸦主࡟ 18 ヶ᭶ᮍ満㸧ࡢ࡬影響ࢆ考慮ࢺ࣮ࢿ࣮࣏࣎࢝ࣜࠊࡋ製࡯ࡢ乳ࡢࢇࡧ輸入及ࡧ

販売等ࢆ禁Ṇ࡟ࡶ࡜࡜ࡿࡍ乳児用ࡢ調製乳࡟使用࡚ࢀࡉいࡿ缶ࡢ内面塗装ࡽ࠿ BPA

ࡓࡋ公表ࢆ࡜ࡇ行うࢆ再評価ࡢࢡࢫࣜ࡜指針ࡍࡽ減ࡾ限࡞可能ࢆ溶出ࡢ ࠊ࡚ࡋࡑࠋ130

2012 ᖺࠊࡣ࡟乳幼児ࡢ推定曝露㔞ࡣ㸯日体㔜 1 kg 当ࡾࡓ 0.02-0.12 µg ࡛あࠊࡾ健康ࣜ

ࡓࡅ結論付࡜い࡞ࢀࡉண想ࡣࢡࢫ  ࠋ102

米国食品医薬品ᒁ㸦FDA㸧࡟ࡽࡉࠊࡣ調査や研究ࡀ必要ࠊࡶࡽࡀ࡞ࡋ࡜BPA 曝露㔞

ࡢ࡬胎児࡟ࡶ࡜࡜ࡿࡍ提言ࢆ࡜ࡇࡍࡽ減ࢆ BPA  NOAEL(5ࠊࡵࡓపいࡀ移行性ࡢ

mg/kg)以ୗࡢప用㔞࡛ࡢ BPA ࡵ࡜ࡲࢆいう報告࡜い࡞ࢀࡽࡵ認ࡣ周産期曝露影響ࡢ

࡚いࡿ  ࠋ101

欧州食品安全機関㸦EFSA㸧2012ࠊࡣ ᖺࠕ࡟食品接触材料ࠊ酵素ࠊ香料及ࡧຍᕤ助

剤࡟関ࡿࡍ⛉学ࣝࢿࣃ 㸦ࠖCEF ࡚࡟㸧ࣝࢿࣃ BPA ࠋࡓࡋ着手࡟再評価ࡢ評価ࢡࢫࣜࡢ

ࡀ食஦ࠊ結果ࡢࡑ BPA 㸯日体㔜ࡣ推定曝露㔞ࡢ幼児ࡧ及࡜ࡇࡿ曝露源࡛あ࡞主ࡢ 1 

kg 当ࡾࡓ 375-857 ng ࡓࡅ結論࡙࡜పいࡾࡼࡶ推定曝露㔞ࡢ過去࡜  ࠋ100

一方ࣛࣇࠊンࢫ食品環境労働衛生安全庁ࡿࡅ࠾࡟ࢺࢵࣛࠊࡣ胎生期 BPA 曝露࡛ᡂ

熟後ࡢ仔ࡢ⭠炎ୖࢡࢫࣜࡢ昇ࡀ認࡜ࡇࡿࢀࡽࡵや 胎生期ࡿࡅ࠾࡟歯類ࡗࡆࠊ131 BPA

曝露࡛ᡂ熟後ࡢ仔࡛࢚ࢤࣟࢺࢫン感ཷ性増ຍࡾࡼ࡟乳⭢腫瘍形ᡂࡀ増ຍ࡜ࡇࡿࡍ 132

࡟参考ࢆ論文報告ࡢ過去ࡵ含ࢆ報告ࡽࢀࡇࠊࡅཷࢆࡢࡓࢀࡉ報告ࡀ BPA 曝露ࡿࡼ࡟
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胎児ࡢ࡬影響ࡀ認࡜ࡿࢀࡽࡵいう報告ࡓࡵ࡜ࡲࢆ 2012ࠊࡣᨻ府ࢫンࣛࣇ࡚ࡋࡑࠋ103 ᖺ

࡬食品容器࡟ BPA  ࠋࡓࡋ可決ࢆ法案ࡿࡍ禁Ṇࢆ使用ࡢ

࡟うࡼࡢࡇ BPA 曝露影響ࠊࡣ現ᅾࡢ推定曝露㔞࡛ࡣ少࡞いࡢࡢࡶண防的࡞考え࠿

 ࠋࡿい࡚ࡁ࡚ࡗ࡞࡟主流ࡀいう考え࡜ࡁ࡭ࡍࡽ減ࢆ曝露㔞ࡽ

3.1.2 胎生期 BPA 曝露࣒ࣀࢤࣆ࢚ࡿࡼ࡟影響ࡢ解析 

第㸯章࡛述ࡼࡓ࡭うࠊ࡟BPA DOHaDࠊࡾࡼ࡟胎生期曝露࡚ࡋ࡜環境化学物質ࡣ 仮

ㄝ࡛示唆ࡼࡿࢀࡉう࣒ࣀࢤࣆ࢚࡞変化ࢆ起ࠊࡀ࡜ࡇࡍࡇいくࡢ࠿ࡘ動物実験࡛報告ࡉ

ࢀ DOHaDࠊ133 ,80 ,33-35 研究ࡢ対象࡚ࡋ࡜近ᖺ急㏿࡟注目ࡼࡿࢀࡉうࡓࡗ࡞࡟ ࡢࡑࠋ134

BPAࠊࡵࡓ ࡛ DOHaD ࡀ感ᗘ࡜精ᗘࡶࡾࡼ手法ࡢ他ࠊࡾ最中࡛あࡢ論தࡣ࠿ࡿࡌ生ࡀ

高いᮏ手法ࢆ用いࠊDOHaD 仮ㄝ࡛示唆ࡼࡿࢀࡉう࣒ࣀࢤࣆ࢚࡞変化ࢆ起ࢆ࠿ࡍࡇ検

証ࠋࡓࡋ࡜࡜ࡇࡿࡍ 

使用ࡓࡋ用㔞࡟関ࠊࡣ࡚ࡋ一般的ࡢ࡬ࢺࣄ࡟安全影響ࢆ考え࡛ୖࡿ動物実験結果࠿

ࡋ࡜安全係数࡟投୚㔞ࡢ考え࡚動物実験࡛ࡽ࠿安全面ࠊえࡲ踏ࢆ࡝࡞種差や個体差ࡽ

࡚最大無毒性㔞㸦NOAEL㸧ࡢ場合 1/100 若ࡋくࡣ最ᑠ毒性㔞㸦LOAEL㸧ࡢ場合 1/1000

ࡀ推定曝露㔞ࡢ࡛ࢺࣄ࡛ࡇࡑࠋࡿࡍ࡜ᇶ準値ࢆ値ࡓࡌ乗ࢆ 1 日当ࡾࡓ 0.02-0.86 µg/kg

࡛あࡢ࡛ࢺࣄࠊࡾ曝露㔞ࡢ約 100 倍～1000 倍ࡢప用㔞 BPA ࡜ࡇࡿࡍ曝露࡟ࢫ࣐࢘ࢆ

ࡢ閾値㸦NOAEL㸧以ୗࠊࡋ比例࡟投୚㔞ࡣࡉ強ࡢ原則毒性ࡣ毒性学࡛ࠊࡓࡲࠋࡓࡋ࡜

用㔞࡛ࡣ毒性ࡀ現࡞ࢀい࡜いう毒性影響ࡢ用㔞依Ꮡ性࡜いう概念ࡀあࠊࡋ࠿ࡋࠋࡿ

3.1.1.2 及ࡧ 3.1.1.3 ࡛述ࡼࡓ࡭う࡟ BPA ࡢ現ᅾࡣ࡛ NOAEL㸦5 mg/kg㸧以ୗ࡛ࡢ毒性

影響㸦ప用㔞影響㸧ࡶ報告࡚ࢀࡉいࠊ࡟ࡽࡉࠋࡿண備実験࡛実施ࡓࡋ胎生期 BPA 曝露
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ࡢTceb2㸦elongin B㸧ࠊࡣµg/kg㸧࡛ 200ࠊµg/kg 20ࠊ曝露試験㸦2 µg/kgࡀ用㔞依Ꮡ的ࡢ

᭷意࡞発現ୖ昇࢖ࣞ࢔ࣟࢡ࢖࣐ࡀ解析ࢆᇶ࡟検出࡛ࡇࡑࠋࡓࢀࡉᮏ章࡛ࠊࡣ用㔞依Ꮡ

性࡜いう概念࡟則ࡾ NOAEL ࡽ࠿いう観Ⅼ࡜再評価ࡢ BPA 毒性影響ࡢ報告例ࡢ多い

20 µg/kg ࡢ 10 倍ࡢ 200 µg/kg  ࠋࡓࡗ行ࢆ胎生期曝露試験ࡢ
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3.2 方法 

3.2.1 試薬 

以ୗࡢ各試薬ࢆ括弧内࡟記載ࡿࡍ各社ࡾࡼ購入ࡋ使用ࠋࡓࡋbisphenol-A㸦BPA㸧及

࢖ン࣮࢜ࢥࡧ 㸦ࣝWako Pure Chemical Industries,Osaka, Japan㸧ࠋPrimeScriptTM RT reagent 

Kit㸦Perfect Real Time㸧及ࡧ SYBR® Premix Ex Taq IITM㸦Tli RNaseH Plus㸧㸦Takara Bio㸧ࠋ 

3.2.2 動物ࡧࡼ࠾投୚ 

妊娠㸰日目㸦E2.5, ࢢࣛࣉ確認日ࢆ E0.5㸧ࡢ C57BL/6J  㸦CLEA࢔ࣞࢡ日ᮏࢆࢫ࣐࢘

Japan Inc., Tokyo, Japan㸧ࡾࡼ購入࣮ࢱࣝ࢕ࣇࣃ࣊ࠊࡋ付ࢡࢵࣛࢻ࣮ࣇࢯ࢖࢔ࡁ内࡛㣫

育ࠊࡓࡲࠋࡓࡋ固形試料㸦ࣛ࣎ MR 水㸦逆ࡧNOSAN, Yokohama, Japan㸧及 ,ࢡࢵࢺࢫ

ᾐ透水㸧ࡣ自由࡟摂ྲྀࠊࡏࡉ明暗周期 12 時間ࠊ室温 23°C ࠾࡞ࠋࡓࡗ保࡟㣫育環境ࡢ

対࡟ࢫ妊娠࣐࢘ࠋࡓࡗ従࡟東京大学動物実験実施規則ࠊࡣ動物実験ࡓ用いࢆ動物ࡢࡇ

ࡋ BPA 妊娠ࡾࡼ妊娠㸴日目ࢆ 18 日目ࡢ࡛ࡲ 12 日間連日経口投୚ࡓࡋ㸦Fig. 3.2㸧ࠋ

投୚用㔞ࡣ BPA㸦0 µg/kg200ࠊ µg/kg㸧ࢆ用いࠋࡓBPA ࡣ vehicle㸦࣮ࢥン࢜ࣝ࢖㸧࡟

添ຍࢆ࣮ࢱ࣮ࢣࢽࢯࡋ用い࡚溶解ࠋࡓࡏࡉ妊娠動物ࡣ࡟胃ࢰンࢹ㸦Fuchigami, Kyoto, 

Japan㸧ࢆ用い࡚経口投୚ࠋࡓࡋ 

3.2.3 㣫育ࡧࡼ࠾解剖 

 生ࡓࢀࡲ仔ࠊࡣ母獣࡛࡜ࡶࡢ㣫育ࠋࡓࡋ生ࡓࢀࡲ個体ࢆ PND9 ࡟࡜ࡈ約㸱日࡛ࡲ

PND14 ࡽ࠿ PND49 肛門生殖࡟ࡶ࡜雌雄ࠊ࡟時ྠ࡜ࡿࡍࢆ体㔜測定࡟࡜ࡈ㸵日ࡣ࡛ࡲ

突起間距㞳㸦AGD㸧࡛ࢫࢠࣀࢆ測定ࠋࡓࡋ雄㸸生後 84 日齢㸦PND84㸧ࠊ雌㸸PND87

ࠊ精巣ࠊᒀ生殖器複合体㸦UGC㸧ࠊ腎臓ࠊ心臓ࠊ肝臓ࠊࡋ屠殺ࡾࡼ࡟い࡚頸椎脱臼࠾࡟
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子宮ࢆ᥇ྲྀࡋ㔜㔞ࢆ測定80°-ࠊࡋC 保Ꮡࠊ࡟ࡽࡉࠋࡓࡋᾏ馬ࢆ氷ୖ࡛剖出80°-ࠊࡋC ࢹ

࡛࣮ࢨ࣮ࣜࣇࣉ࣮࢕ RNA ࡟ࡧࡽ࡞ DNA 解析用࡟保Ꮡࠋࡓࡋ 

3.2.4 ᰾酸抽出  

 組織DNA及ࡧRNAࡣAllPrep DNA/RNA Mini Kit࡟࣮ࣝࢥࢺࣟࣉࡢ従い抽出ࠋࡓࡋ 

3.2.5 逆転写 PCR   

逆転写ࡣ PrimeScriptTM RT reagent Kit㸦Perfect Real Time㸧࡟࣮ࣝࢥࢺࣟࣉࡢ従࡚ࡗ

行࣒࢖ࢱࣝ࢔ࣜࠋࡓࡗ PCR 解析ࡣ࡟ SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) ࢆ用

いࠊLightCycler㸦Roche㸧ࢆ使用࡚ࡋ実施ࠋࡓࡋ使用ࡘ࡟࣮࣐࢖ࣛࣉࡓࡋい࡚ࡣ Table 

3.1  ࠋࡓࡋ示࡟

3.2.6 MSD-AFLP 解析 

雄産仔ࡢᾏ馬ࡢ DNA ࡚ࡋ関࡟ vehicle 投୚群㸦n=6㸧࡜ BPA 200 µg/kg 投୚群㸦n=6㸧

࡭延ࡢ 12  ࠋࡓࡋ解析࡚ࡋ使用ࢆ㸦256㸧ࢺࢵࢭ全ࡣ࣮࣐࢖ࣛࣉ選択的ࠊ用いࢆࣝࣉンࢧ

3.2.7 統計解析 

統計解析ࡣ第㸰章ࡌྠ࡜く R 胎生期ࠋࡓ用いࢆ vehicle 投୚群㸦対照群㸧࡜胎生期

BPA 投୚群間࡛ࢹ࣮ࣗࢳࢫンࡢࢺ t 検定ࡾࡼ࡟行ࠋࡓࡗFDR くࡌྠ࡜第㸰章ࡣ BH 法

73 ᭷意水準࡚ࡋࡑࠋࡓࡵ求࡚࡟ p≦0.05, q≦0.05 ࠋࡓࡋ࡜ࡿあࡀ᭷意差࡞統計的ࡁ࡜ࡢ

CpGࠊࡣ解析ࢢンࣜࢱࢫࣛࢡ階層型ࡓࡲ 標準化࡟࡜ࡈ Z 変換後࡟行いࡢࡑࠊ距㞳ࣘࡣ

࡚ࡋ対࡟病態関連性遺伝子群ࠋࡓࡋᖹ均連結法࡛階層化ࠊࡵ距㞳࡛求ࢻࢵࣜࢡ࣮ gene 

set enrichment analysis㸦GSEA㸧࢔࢙࢘ࢺࣇࢯ㸦http://www.broadinstitute.org/gsea/index.jsp㸧
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京都大学ࡣ解析ࢺン࣓ࢳࢵン࢚ࣜࡢࡇ࠾࡞ࠋࡓࡗ行ࢆ解析ࢺン࣓ࢳࢵ用い࡚࢚ンࣜࢆ

iPS 細胞研究所㸦CiRA㸧ࡢ丸山徹氏ࡀ実施ࠋࡓࡋ 
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3.3 結果 

3.3.1 産仔数ࠊ生Ꮡ率 

ప用㔞 BPA 投୚群࡜対象群ࡢࢫ࣐࢘ࡢ産仔数ࢆ Table 3.2 BPAࠋࡍ示࡟ 投୚ࡿࡼ࡟

産仔数ࡢ変動ࡣ認ࠋࡓࡗ࠿࡞ࢀࡽࡵ解剖時ࡢ࡛ࡲ群間ࡢ生育状態ࢆ均一化ࠊࡵࡓࡿࡍ

PND9 ࡛㸯⭡あࡾࡓ雄㸳匹࡟ࡶ࡜雌㸱匹ࡼࡿ࡞࡟う調整ࡢࡑࠋࡓࡋ後ࡢ生Ꮡ率࡟差ࡣ

認ࡓࡗ࠿࡞ࢀࡽࡵ㸦Table 3.2㸧ࠋ 

3.3.2 体㔜ࠊAGD  臓器㔜㔞ࡧࡼ࠾

PND9 ࡟࡜ࡈ約㸱日࡛ࡲ PND14 ࡽ࠿ PND49 AGDࠊ体㔜࡟࡜ࡈ㸵日ࡣ࡛ࡲ ࡋ測定ࢆ

࡟ࡶ࡜雌雄ࠋࡓ PND49 AGDࠊࡀࡓࢀࡽࡵ認ࡀ減少ࡢ若ᖸࡢ体㔜࡚࡟ ࡟ࡶ࡜雌雄ࠊࡣ

影響ࡣ認ࡓࡗ࠿࡞ࢀࡽࡵ㸦Fig. 3.3㸧ࠊࡓࡲ雄㸦PND84㸧ࡧࡼ࠾雌㸦PND87㸧ࡢ各臓器

㔜㔞ࢆࢱ࣮ࢹ Table 3.3 UGCࠋࡍ示࡟ 㔜㔞࡟᭷意࡞減少傾向ࡀ認ࠋࡓࢀࡽࡵ 

3.3.3 ᾏ馬ࡿࡅ࠾࡟ Tceb2 遺伝子ࡢ発現変動 

ண備実験࡛妊娠㸴日目ࡾࡼ妊娠 18 日目ࡢ࡛ࡲ 12 日間ࠊBPA㸦2 µg/kg20ࠊ µg/kgࠊ

200 µg/kg㸧ࢆ連日経口投୚ࠊࢁࡇ࡜ࡓࡋPND35 ᾏ馬࡛ࡢࢫ࢜ࡢ Tceb2㸦elongin B㸧ࡢ

᭷意ୖ࡞昇ࡀ観察ࠊ࡛ࡇࡑࠋࡓࢀࡉ௒回ࡣᡂ熟後ࡢ PND84 ࠊい࡚࠾࡟ᾏ馬ࡢࢫ࢜ࡢ

vehicle 投୚群㸦n=6㸧࡜ BPA 200 µg/kg 投୚群㸦n=6㸧ࣝࢱ࣮ࢺࡢ RNA 延࡭ 12 ࣉンࢧ

用い࡚定㔞ࢆࣝ RT-PCR ࡛発現ࢆ確認ࠊࡋ࠿ࡋࠋࡓࡋ変化ࡣ検出࡛ࡓࡗ࠿࡞ࡁ㸦Fig. 

3.4㸧ࠋ 
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3.3.4 BPA  網羅解析ࡢ化変動ࣝࢳ࣓ࡿࡼ࡟

MSD-AFLP 法ࢆ応用ࠊࡋBPA 処理࣐࢘ࡢࢫ網羅的解析ࢆ実施ࠋࡓࡋ妊娠࣐࢘ࢫ

㸦C57BL/6J㸧࡟ BPA ࡽ࠿妊娠㸴日ࢆ 18 日࡛ࡲ連日経口投୚ࡢࡑࠊࡋ雄産仔ࡢᾏ馬ࡢ

DNA ࡚ࡋ関࡟ vehicle 投୚群㸦n=6㸧࡜ BPA 200 µg/kg 投୚群㸦n=6㸧ࡢ延࡭ 12 ࣉンࢧ

ࢺࢵࢭ࣮࣐ࣛࣉ選択ࠋ㸦Fig. 3.5㸧ࡓࡋ解析࡛ࢺࢵࢭ全ࡢ࣮࣐࢖ࣛࣉ用い࡚選択ࢆࣝ 256

種࡛検出࡛ࡓࡁ᭷効࡞総࣓ࣝࢳ化 CpG㸦ࢡ࣮ࣆ数㸧ࡣ 43,840 ࡛あ࡚࡭ࡍࡽࢀࡇࠋࡓࡗ

ࡢ CpG ᖹ均ࡿࡅ࠾࡟群࣮ࣝࣟࢺンࢥࡢ MF 値ࡣ 59.5 ± 0.1%࡛あ࡟ࡢࡓࡗ対ࠊࡋBPA

投୚群ࡢᖹ均 MF 値ࡣ 59.0 ± 0.1%࡛あࠊࡾBPA 投୚ࡿࡼ࡟影響ࡣ観察ࠋࡓࡗ࠿࡞ࢀࡉ

ࡢ個々ࠊ࡟ࡽࡉ CpG い࡚ࡘ࡟ t 検定及ࡧ FDR 法࡛検定ࢆ行ࠋࡓࡗFDR 法ࠊࡣ他ࡢ検

定࡛検出ࡓࢀࡉ陽性変化࡟関࡚ࡋ偽陽性࠿否࠿否ุࢆ࠿定ࠊࡋ真ࡢ変化ࢆ検出ࡿࡍ多

㔜検定法࡛あࠊ࣐ࡾ い࠾࡟ࢱ࣮ࢹ網羅解析ࡢ࡝࡞ࢫン࢚ࢡ࣮ࢩやḟ世代࢖ࣞ࢔ࣟࢡ࢖

࡚使用࡚ࢀࡉいࡿ  ࠋ136 ,135

p≦0.05 ࡘ࠿ q≦0.05 ࠋࡓࡗ࠿࡞ࡁ全く検出࡛ࡣࢡ࣮ࣆࡍ示ࢆ変動࡞᭷意ࡍࡓ満ࢆ

ࡽࢀࡇࡓࡲ 12 ࢳ࣓࡜ࣝࣉンࢧࡿࡼ࡟距㞳群ᖹ均法ࢻࢵࣜࢡ࣮ࣘࠊ用い࡚ࢆࣝࣉンࢧ

ࣝ化部఩間ࡢ階層ࣜࢱࢫࣛࢡンࢢ行ࠊࡀࡓࡗ投୚ࡿࡼ࡟差ࡣ全く見ࡓࡗ࠿࡞ࢀࡽ㸦Fig. 

3.5㸧ࠊࡓࡲࠋ主ᡂศศ析࡛ࡶ対照群࡜ BPA 群࡛変化ࡣ認࡟ࡽࡉࠋࡓࡗ࠿࡞ࢀࡽࡵ遺

伝子ୖୖ࣮ࢱ࣮ࣔࣟࣉ࡜㸦TSS 流ୖࡽ࠿ 5 kb㸧࡟Ꮡᅾࡿࡍ CpG ࡢࢺ࢖ࢧ MF 値࣮ࢹ

遺伝࡞᭷意ࡀࡓࡗ行ࢆ解析ࢺン࣓ࢳࢵン࢚࡚ࣜࡋ対࡟病態関連性遺伝子群ࠊ用いࢆࢱ

子群ࡣ検出ࡓࡗ࠿࡞ࢀࡉ㸦Table 3.4㸧ࠋ 
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3.4 考察 

ᮏ論文࡛ୖࡣ記ࡢ胎生期 BPA 曝露ࡢ࡬࣒ࣀࢤࣆ࢚ࡿࡼ࡟後発影響࡟関ࠊ࡚ࡋ近交

系࡛あࡿ C57BL/6J ࡓࡋᮏ論文࡛開発ࠊ࡛࡜ࡇࡿࡍ࡟ᾏ馬ࢆ標的組織ࠊ用いࢆࢫ࣐࢘

MSD-AFLP 法ࡿࡼ࡟網羅的解析࡛ BPA ࡍ示ࢆ変動ࡿࡼ࡟ CpG  ࠋࡓࡳ試ࢆ᥈索ࡢ

MSD-AFLP 法ࡣ精ᗘ࡜感ᗘ࠾࡟い࡚高い検出力ࢆ᭷ࠊࡋ組織間ࡢ微細ࣝࢳ࣓࡞化変

化ࢆ検出࡛ࠊࡤࢀࡁ微細ࣝࢳ࣓࡞化変化࡜いうⅬ࡛ࠊ࡛ࡢ࡞ࡌྠࡣ化学物質ࡿࡼ࡟微

細ࣝࢳ࣓࡞化変化ࡶᏑᅾ࡚ࡋいྠࡤࢀ様࡟検出࡛࡛ࡎࡣࡿࡁあࡶ࡟ࡿ関わࠊࡎࡽᾏ馬

DNA ࡛ BPA ࡿࡍ変動࡟᭷意࡟統計学的ࡾࡼ࡟ CpG  ࠋࡓࡗ࠿࡞ࡁ検出࡛ࡣ

他方ࠊ第㸯章࡛記載ࡼࡓࡋうࠊ࡟近ᖺ BPA ࣒ࣀࢤࡿࡼ࡟胎生期曝露ࡢ DNA ࡢ CpG

Avyࠊࡕわ࡞ࡍࠋࡿい࡚ࢀࡉ࡞ࡀ報告ࡢ影響ࡢ࡬化ࣝࢳ࣓ ࡣࢫ࣐࢘ agouti 遺伝子内࡟

挿入ࣛࢺࡓࢀࡉンࢰ࣏ࢫン㸦IAP㸧ࣝࢳ࣓ࡢ化ࠊࡾࡼ࡟発現抑制ࡵࡓࡿ࠿࠿ࡀ体毛ࡀ

黄色ࠋࡿ࡞࡜Avy ࡟ࢫ࣐࢘ BPA 50 µg/kg ࡢࡇ࡜ࡿࡍ曝露ࢆ IAP ࡓࡿࡍ化ࣝࢳప࣓ࡀ

ࡿあࡀいう報告࡜ࡿࡍ変化ࡀ毛色࡟ࡵ 胎生期ࠊࡓࡲࠋ34 BPA 曝露ࡓࡅཷࢆ sprague-

dawley㸦SD㸧ࣛࡣ࡛ࢺࢵ前立⭢ࡢ phosphodiesterase type 4 variant 4 遺伝子ࡢ DNA ప

ࡾࡼ࡟化ࣝࢳ࣓ 7,12-dimethylbenz[a]-anthracene㸦DMBA㸧投୚ࡿࡼ࡟前立⭢ࢇࡀ発生

ࡿあࡀ報告ࡿࡍ࡜ࡓࡗ࡞࡟高感ཷ性࡚ࡋ対࡟ ICR/Jclࠊࡣ中枢神経系࡛࡟ࡽࡉࠋ137 ࣐

࡟ࢫ࢘ BPA 20 µg/kg 化ࣝࢳ࣓ࡢLOC72325㸧ࠊ遺伝子㸦Vsp52ࡢ胎仔前脳࡜ࡿࡍ曝露ࢆ

㢖ᗘࡀ変化࡜ࡓࡋいう報告࡚ࢀࡉ࡞ࡀいࡿ  ࠋ35

ୖ記㸱ࡢࡘ報告ࡢ問㢟Ⅼࢆ以ୗ࡟記載ࡎࡲࠋࡿࡍ Dolinoy ࡢࡽ Avy ࡓ用いࢆࢫ࣐࢘

報告ࡣ ンࢰ࣏ࢯンࣛࢺࠊ34 DNA ࡬遺伝子ࡢ他࡞必須࡟生体機能ࠊࡾ࠾࡚ࡋ࡜対象ࢆ
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ࡢḟࠋい࡞࡛࠿定ࡣ࠿ࡓࡗあࡀ影響ࡢ Ho 報告ࡢࡽ 33 や Yaoi 報告ࡢࡽ 35 近交ࠊࡣ࡛

系ࢆ用い࡚い࡞いࠋ近交系ࢆ用いࡀ࡜ࡇࡿ望ࡋࡲい理由࣒ࣀࢤࣆ࢚ࠊࡣ変化ࡢ網羅的

解析࣮ࢽࣟࢥ࡟内࡟遺伝的ࣙࢩ࣮࢚ࣜࣂンࡢ多いࢻࢵࣞࣈࢺ࢘࢔㸦CF-1 ICRࠊࢫ࣐࢘

SDࠊࢫ࣐࢘ Yaoiࠊࡓࡲࠋࡿあ࡛ࡵࡓい࡞い࡚ࡋ適ࡣ等㸧ࢺࢵࣛ 報告ࡢࡽ 35 ᾏࠊࡣ࡛

馬ࡢ DNA BPAࠊい࡚࠾࡟化網羅的解析ࣝࢳ࣓ 解࡛ࣝࣉンࢧࡢ時期ࡿあ࡟体内ࡔࡲࡀ

析࡚ࢀࡉいࠋࡿ胎生期࡞ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ࡿࡅ࠾࡟変化ࡀᡂ熟後ࡢ࣒ࣀࢤࣆ࢚࡛ࡲ

記憶࡚ࡋ࡜残ࡿ影響࡛あࡢ࠿ࡓࡗ検討࡚ࢀࡉ࡞ࡣい࡞いࠋ  

࡟ࡽࡉ Ho 報告ࡢࡽ Ichiharaࠊࡋ対࡟33 胎生期ࠊࡣࡽ BPA 曝露ࡓࡋ fischer 344 ࢵࣛ

࡟ᡂ熟後࡛ࢺ DMBA 精嚢⭢㸧࡛࡜⭢๪生殖⭢㸦前立ࠊࡶ࡚ࡋ投୚ࢆ DMBA 誘ࡾࡼ࡟

発ࡿࢀࡉ過形ᡂࡵࡌࡣ発࡟ࢇࡀ対ࡿࡍ BPA ࠿࡞ࢀࡽࡵ認ࡣ影響ࡿࡼ࡟胎生期曝露ࡢ

ࡿい࡚ࡋ報告࡜ࡓࡗ 系ࡢ実験動物ࡿࡍ使用ࠊ࡚ࡋ࡜理由ࡓࡗ࠿࡞ࢀࡽ得ࡀ再現性ࠋ138

統差ࡀ考えࠋࡿࢀࡽ例えࡤ fischer344 ࡧ及ࢺࢵࣛ SD 14Cࠊ࡟雌ࡢࢺࢵࣛ 標識 BPA ࢆ

経口投୚ࠊ࡜ࡿࡍfischer344 ࡜ࢺࢵࣛ SD ࡀ間࡛ᒀ中移行ࡢࢺࢵࣛ ࡜42% 糞中ࠊ21%

移行ࡀ ࡜50% 体内残留ࠊ70% ࡜1.1% ࡿい࡚ࢀࡉ観察ࡀ差ࡿࡼ࡟㐪いࡢ系統࡜1.4% ࠋ139

࡟うࡼࡢࡇ BPA 体内ࡀࢀࡑࠊࡵࡓࡿあࡀ実験動物࡛系統差ࡣ࡟体内動態ࡢ BPA 濃ᗘ

࢚ࡢ௒後化学物質ࠊ࡚ࡗࡀࡓࡋࠋい࡞ࢀ知ࡶ࠿ࡢࡓࡋ影響ࡶ࡟実験結果ࠊࢀࡉ཯映࡟

ࢀࡽ考え࡜いࡋࡲ望ࡀ試験系ࡓࡋ統一ࠊࡣ࡟研究ࡓࡋ࡜目的ࢆ影響解析ࡢ࡬࣒ࣀࢤࣆ

 ࠋࡿ

BPAࠊࡓࡲ 研究࡛ࡣ動物種や系統差以外ࡶ࡟実験条件࡚ࡗࡼ࡟結果ࡀ異࡜ࡿ࡞いう

ࡤ例えࠋࡿい࡚ࢀࡉ報告ࡀ࡜ࡇ Yaoi GD14.5ࠊࡣࡽ ࡛ BPA 認ࡀ化変動ࣝࢳ࣓ࡾࡼ࡟

GD16.5ࠊい࡚࠾࡟㸰遺伝子ࡓࢀࡽࡵ ࡣ࡛ BPA 曝露影響ࡀ消失ࠊ࡜ࡇࡿࡍHo 胎ࡣࡽ
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生期ࡢ BPA 曝露ࡿࡼ࡟ PDE4D4 遺伝子ࣝࢳ࣓ࡢ࡬化影響࡟関ࠊ࡚ࡋPND10 ࡵ認ࡣ࡛

Tangࠊ࡟ࡽࡉࠋࡿい࡚ࡋ報告࡜ࡿく࡚ࢀ現࡚ࡗ࡞࡟ᡂ熟後ࠊࡀい࡞ࢀࡽ ࡢ胎生期ࡽ

BPA 曝露ࡿࡼ࡟ Hpcal1 遺伝子ࣝࢳ࣓ࡢ࡬化影響࡟関࡚ࡋ性ᡂ熟やຍ齢ࣔࣝ࣍ࠊン投

୚ࡾࡼ࡟࡝࡞鋭敏࡟影響ࢆ࡜ࡇࡿࢀࡉ報告࡚ࡋいࡿ ࢆ報告ࡢࡽࢀࡇࠊ࡚ࡗࡀࡓࡋࠋ140

踏ࡲえ࡜ࡿ௒回ࡣ限ࡓࢀࡽ動物種ࠊ曝露時期ࠊ曝露㔞ࠊ曝露方法ࠊ解析時期条件࡛ࡢ

解析結果࡛あࠊࡾ他条件ୗ࡛ࡢ更ࡿ࡞調査ࡀ必要࡛あ࡜ࡿ考えࠋࡿࢀࡽ 

ࡓࡋ௒回検討ࠊ࡟ࡽࡉ 43,840CpG 全ࡣ 20,000,000-CpG 約ࡢ 0.3%࡛あࡉࡽ࠿࡜ࡇࡿ

ࢤࢆ結果ࡢ௒回࡟仮ࠊࡽࡀ࡞ࡋ࠿ࡋࠋࡿ必要࡛あࡶ࡜ࡇࡿࡍ解析࡚ࡵ高ࢆ網羅ᗘ࡟ࡽ

全ࡢ中࣒ࣀ CpG ࡢ胎生期ࠊࡤࢀࡍ࡜ࡿࡍ議論࡚ࡋ外挿࡜࡬ BPA 曝露ࡀᾏ馬ࡢ DNA

全ࡶ࡚ࡋ࡜ࡿ୚えࢆ影響࡟仮ࠊࡋ対࡟化ࣝࢳ࣓ࡢ 20,000,000-CpG 中 500 CpG 以ୗ࡛

あࠊࡾ௒回ࡢ条件ୗ࡛ࡣ影響ࡣ少࡜ࡓࡗ࠿࡞考えࠋࡿࢀࡽ 

 

3.5 結論 

ᮏ研究ࠊࡣ胎生期ప用㔞 BPA 曝露影響࡛࢚࡞ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ遺伝子変化࡟伴う生

理的࡞影響ࡀ残ࡾう࠿ࡿ検討ࠋࡓࡋ新ࡋく開発ࡓࡋMSD-AFLP法࡛解析ࢆ行ࠊࡀࡓࡗ

ప用㔞 BPA 胎生期曝露ࣝࢳ࣓ࡿࡼ࡟化変化ࡣ認ࠋࡓࡗ࠿࡞ࢀࡽࡵ  
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3.6 第㸱章ࡢᅗ表 

Table 3.1. RT-qPCR  ࢻࢳ࢜ࣞࢡࢾࢦࣜ࢜ࡓ用い࡟

Gene  Sequence (5’ to 3’) 

Tceb2 
Forward AGCCCTCCAGAGCTTCCAGA 

Reverse CAGAAAAGTCAATCAGGTAGACAGC 
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Table 3.2. 産仔数ࡢ࡬ BPA  影響ࡢ

 dam male female total 

vehicle 5 24 22 47 

200µg BPA/kg 6 29 31 60 

Note.  Pregnant C57BL/6J mice were orally administered BPA at a dose 200 µg/kg from GD 

6 to GD 18.  
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Table 3.3. 胎生期 BPA 曝露࣐࢘ࡢࢫ解剖時臓器㔜㔞  

 vehicle 200 µgBPA/kg 

 male female male female 

body weight (BW) (g) 

Liver (g) 

UGC (g) 

23.8 ± 0.2 

1.03 ± 0.02 

1.03± 0.02 

19.9± 0.4 

1.14±0.07 

- 

23.4 ± 0.2 

0.98 ±0.02 

0.22 ±0.01* 

18.7±0.3* 

0.97±0.03* 

- 

Testis (g) 

Uterus (g) 

Heart (g) 

kidney(g) 

0.182 ± 0.003 

- 

0.137± 0.003 

0.271 ± 0.005 

- 

0.12 ± 0.01 

0.102 ± 0.003 

0.230 ± 0.005 

0.174 ±0.003 

- 

0.137 ±0.005 

0.268 ±0.004 

- 

0.11 ±0.02 

0.093 ±0.002* 

0.214 ±0.003* 

Liver/bw (%) 

UGC/bw (%) 

Testis/bw (%) 

4.3 ± 0.1 

1.03 ± 0.02 

0.76 ± 0.01 

5.7 ± 0.3 

- 

- 

4.2 ± 0.1 

0.94 ± 0.03* 

0.74 ±0.01 

5.2±0.2 

- 

- 

Uterus/bw (%) 

Heart/bw (%) 

kidney/bw䠄%䠅 

- 

0.58± 0.01 

1.14± 0.02 

0.69± 0.04 

0.51 ± 0.01 

1.16 ± 0.02 

- 

0.57 ± 0.01 

1.14 ±0.01 

0.57 ±0.08 

0.50 ±0.01 

1.15 ±0.02 

Note.  Pregnant C57BL/6J mice were orally administered BPA at a dose 200 µg/kg from 

GD 6 to GD 18. Male and femal mice were sacrificed on PND 84 and PND 87, respecitlvely. 

Data were expressed as means ± SE(n = 12~24). Statistically significant difference between 

means from control group was analyzed by t-test. (*: p<0.05) 
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Table 3.4. BPA 曝露ࡿࡼ࡟ DNA ࡢ化影響ࣝࢳ࣓ KEGG ࢚ン࣓ࣜࢳࢵンࢺ解析 

BPAexposed group > control exposed group 

NAME SIZE ES NES 

NOM 

p-val 

FDR 

q-val 

FWER 

p-val 

RANK 

AT MAX 

N-Glycan Biosynthesis 12 0.680  1.600  0.018  0.776  0.528 282 

Fc Epsilon Ri Signaling Pathway 22 0.506  1.450  0.033  1.000  0.932 688 

T Cell Receptor Signaling Pathway 28 0.509  1.443  0.060  1.000  0.952 564 

Aminoacyl Trna Biosynthesis 8 0.634  1.397  0.066  1.000  0.981 380 

Mtor Signaling Pathway 14 0.573  1.376  0.029  1.000  0.992 481 

B Cell Receptor Signaling Pathway 24 0.479  1.336  0.100  1.000  0.998 469 

Ubiquitin Mediated Proteolysis 25 0.473  1.317  0.137  1.000  0.998 944 

Purine Metabolism 49 0.334  1.253  0.162  1.000  1 850 

Viral Myocarditis 17 0.458  1.247  0.220  1.000  1 559 

Tight Junction 45 0.365  1.235  0.156  1.000  1 834 

Vasopressin Regulated Water Reabsorption 15 0.378  1.233  0.130  1.000  1 986 

Type I Diabetes Mellitus 5 0.648  1.226  0.251  1.000  1 384 

Glycerophospholipid Metabolism 20 0.434  1.221  0.194  1.000  1 676 

O-Glycan Biosynthesis 11 0.503  1.221  0.249  0.966  1 921 

Spliceosome 13 0.397  1.218  0.161  0.916  1 405 

Circadian Rhythm Mammal 5 0.583  1.216  0.251  0.866  1 48 

Ether Lipid Metabolism 9 0.528  1.193  0.266  0.908  1 676 

Alanine Aspartate And Glutamate Metabolism 7 0.485  1.184  0.253  0.895  1 384 

Leukocyte Transendothelial Migration 31 0.364  1.180  0.231  0.862  1 702 

Snare Interactions In Vesicular Transport 10 0.521  1.170  0.298  0.860  1 269 

Leishmania Infection 7 0.488  1.160  0.318  0.850  1 1001 

Type II Diabetes Mellitus 16 0.392  1.158  0.272  0.820  1 1079 

Glycerolipid Metabolism 14 0.421  1.137  0.293  0.852  1 666 

Inositol Phosphate Metabolism 21 0.360  1.132  0.291  0.835  1 835 

Taste Transduction 15 0.449  1.122  0.340  0.832  1 510 

Fc Gamma R Mediated Phagocytosis 32 0.382  1.117  0.263  0.815  1 435 

Dorso Ventral Axis Formation 9 0.484  1.113  0.293  0.797  1 180 

Regulation Of Autophagy 7 0.484  1.101  0.358  0.806  1 474 

Phosphatidylinositol Signaling System 30 0.350  1.099  0.284  0.783  1 781 

Nicotinate And Nicotinamide Metabolism 6 0.467  1.090  0.377  0.781  1 620 

Small Cell Lung Cancer 32 0.312  1.087  0.326  0.763  1 598 

Calcium Signaling Pathway 64 0.261  1.083  0.268  0.752  1 510 

Sphingolipid Metabolism 9 0.434  1.077  0.384  0.745  1 16 

Acute Myeloid Leukemia 19 0.377  1.023  0.426  0.869  1 576 

Progesterone Mediated Oocyte Maturation 24 0.349  1.017  0.452  0.861  1 758 

Glycosphingolipid Biosynthesis Lacto And 

Neolacto Series 6 0.496  1.014  0.402  0.846  1 640 

Rig I Like Receptor Signaling Pathway 10 0.408  1.008  0.464  0.839  1 1001 

Peroxisome 16 0.390  0.964  0.511  0.933  1 530 

Prostate Cancer 33 0.290  0.956  0.514  0.929  1 600 

Erbb Signaling Pathway 31 0.311  0.952  0.514  0.915  1 631 

Ppar Signaling Pathway 14 0.306  0.951  0.508  0.896  1 1089 

Vibrio Cholerae Infection 14 0.376  0.936  0.558  0.910  1 510 

Butanoate Metabolism 8 0.434  0.930  0.554  0.905  1 1097 

Axon Guidance 56 0.239  0.925  0.589  0.896  1 616 

Non Small Cell Lung Cancer 18 0.328  0.890  0.623  0.957  1 598 

Chemokine Signaling Pathway 59 0.222  0.874  0.777  0.975  1 683 

Thyroid Cancer 10 0.349  0.853  0.657  1.000  1 469 

Complement And Coagulation Cascades 11 0.313  0.850  0.731  0.986  1 192 

Cysteine And Methionine Metabolism 6 0.366  0.848  0.676  0.970  1 1244 

Endometrial Cancer 18 0.306  0.846  0.675  0.956  1 469 

Toll Like Receptor Signaling Pathway 19 0.277  0.835  0.708  0.960  1 469 

Lysosome 41 0.243  0.829  0.788  0.955  1 449 
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Table 3.4 Continued 

Vegf Signaling Pathway 26 0.293  0.826  0.712  0.941  1 688 

Endocytosis 60 0.227  0.806  0.780  0.960  1 445 

Jak Stat Signaling Pathway 26 0.249  0.791  0.870  0.970  1 435 

Glioma 25 0.270  0.778  0.786  0.974  1 631 

Long Term Potentiation 28 0.252  0.767  0.808  0.976  1 469 

Citrate Cycle Tca Cycle 5 0.415  0.766  0.816  0.960  1 561 

Homologous Recombination 7 0.341  0.749  0.803  0.969  1 84 

Galactose Metabolism 7 0.314  0.736  0.774  0.972  1 1051 

Insulin Signaling Pathway 38 0.218  0.735  0.920  0.957  1 755 

Selenoamino Acid Metabolism 5 0.373  0.713  0.795  0.970  1 1232 

Glycosphingolipid Biosynthesis Ganglio Series 6 0.356  0.712  0.807  0.956  1 2328 

Glycosaminoglycan Degradation 8 0.302  0.671  0.889  0.981  1 351 

Propanoate Metabolism 10 0.241  0.659  0.903  0.978  1 1060 

Apoptosis 24 0.199  0.584  0.953  1.000  1 610 

Primary Immunodeficiency 5 0.280  0.583  0.949  0.995  1 2600 

Metabolism Of Xenobiotics By Cytochrome P450 8 0.283  0.572  0.895  0.985  1 512 

Melanogenesis 41 0.170  0.564  0.992  0.974  1 790 

Metabolism Of Xenobiotics By Cytochrome P450 8 0.261  0.539  0.945  0.983  1 552 

Control exposed group> BPA exposed group 

Histidine Metabolism 7 -0.758  -1.602  0.006  0.917  0.514 200 

Alzheimers Disease 36 -0.436  -1.533  0.000  0.953  0.776 488 

Dna Replication 6 -0.691  -1.433  0.088  1.000  0.956 707 

Ecm Receptor Interaction 36 -0.445  -1.419  0.073  1.000  0.967 575 

Fatty Acid Metabolism 5 -0.638  -1.415  0.067  1.000  0.968 211 

Pancreatic Cancer 22 -0.471  -1.411  0.057  0.870  0.974 353 

Nucleotide Excision Repair 8 -0.695  -1.372  0.078  0.957  0.989 821 

Parkinsons Disease 14 -0.541  -1.340  0.109  1.000  0.997 537 

Pathways In Cancer 112 -0.293  -1.291  0.088  1.000  1 353 

Maturity Onset Diabetes Of The Young 6 -0.602  -1.282  0.106  1.000  1 55 

Antigen Processing And Presentation 5 -0.557  -1.275  0.211  1.000  1 682 

Arginine And Proline Metabolism 10 -0.645  -1.268  0.198  1.000  1 239 

Porphyrin And Chlorophyll Metabolism 7 -0.531  -1.224  0.246  1.000  1 462 

Arrhythmogenic Right Ventricular 

Cardiomyopathy Arvc 39 -0.352  -1.201  0.228  1.000  1 632 

Bladder Cancer 12 -0.570  -1.198  0.278  1.000  1 353 

Tyrosine Metabolism 5 -0.654  -1.198  0.236  1.000  1 537 

Valine Leucine And Isoleucine Degradation 11 -0.401  -1.194  0.233  1.000  1 434 

Wnt Signaling Pathway 53 -0.321  -1.169  0.186  1.000  1 891 

Amyotrophic Lateral Sclerosis Als 19 -0.377  -1.162  0.230  1.000  1 324 

Tgf Beta Signaling Pathway 15 -0.485  -1.159  0.281  1.000  1 867 

Gap Junction 37 -0.358  -1.148  0.244  1.000  1 418 

Basal Transcription Factors 7 -0.551  -1.147  0.289  0.977  1 701 

Drug Metabolism Other Enzymes 7 -0.551  -1.147  0.306  0.936  1 667 

Colorectal Cancer 21 -0.356  -1.141  0.271  0.914  1 1107 

Prion Diseases 8 -0.509  -1.132  0.278  0.910  1 605 

Oxidative Phosphorylation 11 -0.463  -1.131  0.286  0.879  1 759 

Cell Cycle 23 -0.401  -1.111  0.318  0.915  1 271 

P53 Signaling Pathway 17 -0.441  -1.109  0.340  0.889  1 152 

Tryptophan Metabolism 7 -0.627  -1.102  0.386  0.876  1 311 

Adipocytokine Signaling Pathway 19 -0.317  -1.101  0.305  0.850  1 211 

Regulation Of Actin Cytoskeleton 75 -0.266  -1.100  0.252  0.824  1 353 

Amino Sugar And Nucleotide Sugar Metabolism 9 -0.502  -1.096  0.353  0.812  1 381 

Focal Adhesion 78 -0.272  -1.082  0.334  0.829  1 778 

Mismatch Repair 5 -0.551  -1.076  0.410  0.822  1 707 

Glutathione Metabolism 9 -0.470  -1.072  0.386  0.812  1 746 

Cytokine Cytokine Receptor Interaction 44 -0.292  -1.048  0.365  0.856  1 1123 
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Table 3.4 Continued 

Melanoma 23 -0.325  -1.031  0.416  0.885  1 353 

Dilated Cardiomyopathy 45 -0.273  -1.028  0.419  0.869  1 219 

Chronic Myeloid Leukemia 22 -0.348  -1.012  0.436  0.896  1 657 

Vascular Smooth Muscle Contraction 43 -0.291  -0.995  0.455  0.921  1 605 

Olfactory Transduction 8 -0.375  -0.994  0.482  0.901  1 1025 

Notch Signaling Pathway 18 -0.338  -0.993  0.468  0.881  1 292 

Basal Cell Carcinoma 20 -0.313  -0.991  0.472  0.867  1 692 

Arachidonic Acid Metabolism 11 -0.406  -0.991  0.487  0.848  1 206 

Hypertrophic Cardiomyopathy Hcm 39 -0.287  -0.984  0.531  0.845  1 219 

Intestinal Immune Network For Iga Production 8 -0.398  -0.970  0.551  0.864  1 1115 

Pathogenic Escherichia Coli Infection 9 -0.428  -0.960  0.519  0.869  1 196 

Lysine Degradation 10 -0.381  -0.960  0.525  0.853  1 326 

Hedgehog Signaling Pathway 19 -0.317  -0.957  0.568  0.841  1 800 

Mapk Signaling Pathway 94 -0.215  -0.932  0.702  0.883  1 605 

Natural Killer Cell Mediated Cytotoxicity 27 -0.304  -0.926  0.606  0.879  1 633 

Long Term Depression 29 -0.281  -0.922  0.653  0.873  1 761 

Pyrimidine Metabolism 21 -0.251  -0.905  0.588  0.896  1 511 

Cardiac Muscle Contraction 18 -0.301  -0.894  0.638  0.905  1 962 

Fructose And Mannose Metabolism 6 -0.412  -0.875  0.626  0.929  1 381 

Oocyte Meiosis 28 -0.238  -0.844  0.674  0.981  1 433 

Neurotrophin Signaling Pathway 42 -0.235  -0.842  0.705  0.967  1 771 

Nod Like Receptor Signaling Pathway 5 -0.394  -0.841  0.651  0.953  1 910 

Rna Degradation 15 -0.298  -0.833  0.773  0.951  1 634 

Adherens Junction 39 -0.243  -0.832  0.695  0.937  1 632 

Ribosome 5 -0.426  -0.826  0.697  0.934  1 194 

Cytosolic Dna Sensing Pathway 5 -0.370  -0.822  0.688  0.926  1 847 

Pyruvate Metabolism 11 -0.368  -0.818  0.701  0.919  1 809 

Renal Cell Carcinoma 23 -0.242  -0.805  0.813  0.927  1 416 

Cell Adhesion Molecules Cams 37 -0.208  -0.772  0.811  0.968  1 525 

Gnrh Signaling Pathway 40 -0.236  -0.748  0.808  0.991  1 605 

Huntingtons Disease 30 -0.248  -0.734  0.939  0.997  1 476 

Systemic Lupus Erythematosus 10 -0.309  -0.732  0.776  0.985  1 636 

Glycosaminoglycan Biosynthesis Heparan Sulfate 8 -0.336  -0.724  0.786  0.981  1 645 

Beta Alanine Metabolism 7 -0.316  -0.708  0.793  0.987  1 200 

Drug Metabolism Cytochrome P450 6 -0.370  -0.705  0.809  0.976  1 746 

Abc Transporters 17 -0.203  -0.695  0.920  0.972  1 2884 

Glycolysis Gluconeogenesis 14 -0.248  -0.694  0.886  0.960  1 612 

Neuroactive Ligand Receptor Interaction 51 -0.171  -0.655  0.968  0.984  1 78 

Hematopoietic Cell Lineage 16 -0.232  -0.646  0.910  0.977  1 44 

Epithelial Cell Signaling In Helicobacter Pylori 

Infection 16 -0.235  -0.640  0.865  0.970  1 813 

Aldosterone Regulated Sodium Reabsorption 10 -0.263  -0.632  0.920  0.963  1 353 

One Carbon Pool By Folate 5 -0.342  -0.612  0.926  0.963  1 1086 

Other Glycan Degradation 6 -0.237  -0.486  0.984  0.993  1 365 

ES, enrichment score; NES, normalized enrichment score;NOM p-val, Nominal p value; FWER p-val,familywise-error rate 
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Fig. 3.1. BPA 化学構造 

 

 

 

 

 

 

 

Fig. 3.2. BPA   ࣮ࣝࣗࢪࢣࢫ胎生期曝露投୚実験ࡢ

妊娠࣐࢘࡟ࢫ対ࡋ BPA 妊娠ࡾࡼ妊娠㸴日目ࢆ 18 日目ࡢ࡛ࡲ 12 日間連日経口投୚ࡋ

ࡣ投୚用㔞ࠋࡓ BPA㸦0 µg/kg200ࠊ µg/kg㸧ࢆ用いࠋࡓ生後 84 日齢㸦PND84㸧࠾࡟

い࡚雄産仔ࡾࡼᾏ馬ࢆ剖出ࡢࡑࠊࡋ DNA ࢆ MSD-AFLP 法ࡾࡼ࡟解析ࡓࡋ。  
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Fig. 3.3. 出生後ࡢ体㔜ࡧࡼ࠾肛門生殖突起間距㞳㸦AGD㸧ࡢ変化  

a.雄ࡢ体㔜ࠋb.雌ࡢ体㔜ࠋc.雄ࡢ AGD/体長ࠋd.雌ࡢ AGD/体長ࠋ  
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Fig. 3.4. BPA ࡿࡅ࠾࡟ᾏ馬ࡿࡼ࡟胎生期曝露ࡢ Tceb2 mRNA 発現ࣞ࣋ࣝ  

PND84 vehicleࠊい࡚࠾࡟ᾏ馬ࡢࢫ࢜ࡢ 投୚群㸦n=6㸧࡜ BPA 200 µg/kg 投୚群㸦n=6

㸧ࡢ Tceb2 mRNA 発現ࣞ࣋ࣝࢆ定㔞 RT-PCR ࡛確認ࠊࡋ࠿ࡋࠋࡓࡋ変化ࡣ検出࡛ࡁ
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Fig. 3.5. MSD-AFLP 法ࣝࢳ࣓ࡿࡼ࡟化解析  

a.対照群㸦n=6㸧࡜ BPA 処理群㸦n=6㸧ࡢ MF 値ࡢᖹ均ࡢ散布ᅗࠋb.対照群࡜ BPA 処

理群ࣝࢳ࣓ࡢ化㢖ᗘࠋ࣒ࣛࢢࢺࢫࣄࡢ青ࠊ赤࢖ࣛࡢンࢀࡒࢀࡑࡣ青ࡀ対照群ࠊ赤ࡀ

BPA 処理群ࡢᖹ均ࢆ示ࠋࡍc.対照群࡜ BPA 処理群ࡢ主ᡂศศ析ࠋ青いⅬࡣ対照群

ࡣ赤いⅬࠊࢆ BPA 処理群ࢆ示ࠋࡍd.対照群࡜ BPA 処理群ࡢ階層ࣜࢱࢫࣛࢡンࠋࢢ青

枠ࡣ対照群ࠊࢆ赤枠ࡣ BPA 処理群ࢆ示ࡍ(n=12)ࠋ  
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総括 

環境汚染化学物質ࡢ࡝࡞胎生期曝露࡚ࡗࡼ࡟引ࡁ起࣒ࣀࢤࣆ࢚ࡿࢀࡉࡇ変化ࠊࡣ

ᡂ熟後ࡢ疾患発症ࣜࡀ࡜ࡇࡿࡀ࡞ࡘ࡟ࢡࢫ示唆࡚ࢀࡉいࠊࡋ࠿ࡋࠋࡿ環境汚染化学物

質曝露࡚ࡗࡼ࡟生ࡼࡿࡌう࣒ࣀࢤࣆ࢚࡞変化ࠊࡣ微弱࡛個体間ࡶ࢟ࢶࣛࣂࡢ大ࡁい࡜

ண想ࠊ࣓࡚ࡗࡀࡓࡋࠋࡿࢀࡉ ࠊ高くࡀ感ᗘ࡜う精ᗘࡼࡿࡁ検出࡛ࢆ変動࡞ࡉᑠࡢ化ࣝࢳ

多検体ྠࢆ時処理࡛ࡿࡁ比較的廉価࣒ࣀࢤ࡞ワ࡞ࢻ࢖手法ࡀ必要࡚ࢀࡉ࡜いࠋࡿ 

ࠊ࣓ࡣᮏ研究࡛ࠊ࡛ࡇࡑ 化ࣝࢳ CpG ࡿࡍ提示ࢆࡳࡢ methylated site display㸦MSD㸧

法ࢆ考案ࢆࢀࡇࠊࡋ amplified fragment length polymorphism㸦AFLP㸧࡜組ࡳ合わࡇࡿࡏ

検出ࢆ化㢖ᗘࣝࢳ࣓࡟ࢻ࢖ワ࣒ࣀࢤࡘ࠿高感ᗘ࡟比較的廉価ࡶ用い࡚ࢆ多検体࡛࡜

MSD-AFLPࠕ解析法ࡿࡁ࡛ 法ࠖࢆ開発࡟ࡽࡉࠋࡓࡋ考案ࡓࡋ MSD-AFLP 法ࡢ精ᗘ確

認ࡵࡓࡢ㸱種類ࡢ組織㸦ᾏ馬ࠊ腎臓ࠊ肝臓㸧ࢆ解析ࠊࡋMSD-AFLP 法ࡣ CpG ࣝࢳ࣓

化変動ࢆ高精ᗘࡘ࠿高感ᗘ࡟検出࡛ࡀ࡜ࡇࡿࡁ示ࠋࡓࢀࡉ 

実㝿ࠊ࡟ప用㔞࡛࣓ࣝࢳ化 CpG 環ࡿい࡚ࢀࡉ多く報告࡟࡛ࡍࡀ࡜ࡇࡿࡏࡉ変化ࢆ

境化学物質࡛あࡿ BPA ࡋ࠿ࡋࠋࡓࡋ適用ࢆ手法ࡢࡇ࡟ BPA 曝露࣐࢘ࡢࢫᾏ馬࡛᭷意

ࡿ解析方法࡛あ࡞高感ᗘࡘ࠿高精ᗘࠋࡓࡗ࠿࡞ࡁ確認࡛ࡣ変動࡞ MSD-AFLP 法࡛解

析ࢆ行ࡶ࡟ࡓࡗ関わࡎࡽప用㔞 BPA 胎生期曝露ࣝࢳ࣓ࡿࡼ࡟化変化ࡣ認࠿࡞ࢀࡽࡵ

BPAࠊࡽ࠿࡜ࡇࡓࡗ ࡯ࠊ࠿い࡞少࡚ࡵ極ࡣ条件࡛ࡢ௒回ࡣ変化࣒ࣀࢤࣆᾏ馬࢚ࡿࡼ࡟

 ࠋࡓࢀࡉ推定࡜ࡢࡶい࡞࡝ࢇ࡜

௒後ࠊ衛生学࣭環境毒性学ୖ化学物質ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ࡿࡼ࡟変化ࢆ検討ࡿࡍ

ࡓࡋᮏ論文࡛開発ࠊࡶ࡛ୖ MSD-AFLP 法ࡣ᭷効࡜ࡿ࡞࡜考えࢇࡀࠊࡓࡲࠋࡿࢀࡽ幹
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細胞ࡢ DNA ࡞᥈索ࡢ࣮࣮࣐࢝ࢡࢵ࢕ࢸࢿ࢙ࢪࣆ࢚ࡿࡅ࠾࡟ࢇࡀ発࡝࡞化変化ࣝࢳ࣓

 ࠋࡿࢀ思わ࡜ࡿࡁ応用࡛࡟࡝
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