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ୈ1ষ ॹݴ

1.1 ຊจͷߏ
ੜͦͷੜ໋׆ಈʹਫΛඞਢͳ࣭ͱͯ͠ཁ͠ٻɼ͜ͷਫ͕ࣦΘΕΔס૩ε

τϨεଟ͘ͷੜʹͱͬͯகࢮతͳཁҼͷҰͭͱͳΔɽಛʹɼੜͷੜס૩
ετϨεʹৗʹ͞ࡽΕΔ͜ͱ͔Βɼ͜ΕʹΑΔࢮΛճආ͢ΔͨΊʹͦͷଟ͕͘ਐ
ԽͷաఔͰס૩ετϨεΛ༰Խ͢ΔߏػࢠΛ֫ಘ͖ͯͨ͠ɽಛʹ͜ͷػࢠ
ͷҰͭͰ͋Δແँঢ়ଶߏ (Anhydrobiosis)ͷҠߦɼ99%Ҏ্ͷੜମͷਫΛ
ࣦͬͨͱͯ͠ਫΛ࠶༩͑Δ͜ͱͰݩͷੜ׆ʹΔߏػͰ͋Δ [1]ɽ͜Ε·Ͱ
ʹϫϜγ (rotifers)ɼΫϚϜγ (tardigrades)ɼઢ (nematodes)২ɼͦͯ͠ω
ϜϦϢεϦΧ (Polypedilum vanderplanki)ͷ༮ͳͲ༷ʑͳੜ͕͜ͷߏػΛͭ࣋
͜ͱͰס૩ετϨεʹΑΔࢮΛ༰Խ͢Δ͜ͱ͕ΒΕ͍ͯΔ [2–6]ɽ͞Βʹ 2010

ʹथཱ͞ΕͨωϜϦϢεϦΧͷᡢ༝དྷഓཆࡉ๔Ͱ͋ΔPv11ࡉ๔ࣄલʹߴೱ
ͷτϨϋϩʔεΛؚΉഓͰॲཧ͢ΔτϨϋϩʔεॲཧʹΑΓɼס૩ετϨεʹ
։͢Δ͜ͱ͕֬ೝ͞Εɼ͜ͷ͜ͱ͔Β࠶๔྾ΛࡉΕͯਫΛ༩͑Δ͜ͱͰ͞ࡽ
ΈͰ͋Δ͜ͱ͕ࣔ͞Εͨ๔୯ҐͰୡ͞ΕΔࡉ૩ੑ͕ס [7]ɽҰํͰɼ͜ͷ
Pv11ࡉ๔ͷס૩ੑߏػʹ͍ͭͯࢠϨϕϧͰղ໌ͨ͠ྫࣄڀݚͳ͘ɼຊߏػ
ະͰ͋ͬͨɽຊڀݚͰɼPv11ࡉ๔ʹ͓͚Δס૩ੑߏػͷղ໌Λ͠ࢦɼ
ຊߏػΛߏ͢ΔҨ͓܈ࢠΑͼͦΕΒΛ੍͢ޚΔҨޚ੍ࢠωοτϫʔΫͷਪ
ఆΛߦͳͬͨɽ
ୈ 1ষॹݴͰɼס૩ੑΛ༗͢Δੜʹؔͯ͜͠Ε·Ͱʹใ͞ࠂΕ͖ͯͨࢠ

ੜֶతͳݟʹ͍ͭͯแׅతʹհ͢Δɽͦͯ͠ɼס૩ੑߏػղ໌ʹ༗༻ͳ
Ҩޚ੍ࢠωοτϫʔΫਪఆํ๏Λ֓આ͠ɼ͍࣍Ͱຊڀݚͷతʹ͍ͭͯड़Δɽ
ୈ 2ষͰɼτϨϋϩʔεॲཧɼס૩ɼ࠶ਫ࣌ʹ͓͚Δ Pv11ࡉ๔ͷྻܥ࣌

CAGE-seqσʔλ͔ΒɼPv11ࡉ๔ͷס૩ੑʹؔΘΔҨ܈ࢠͷਪఆʹؔͯ͠ड़
Δɽ͜ΕΒͷҨ܈ࢠͷػʹ͖ͮجPv11ࡉ๔ಛ༗ͷס૩ੑߏػʹؔͯ͠ಘ
ΒΕͨݟΛใ͢ࠂΔɽ
ୈ 3ষͰɼୈ 2ষͰಘΒΕͨҨ܈ࢠΛؚΊͯ͜Ε·Ͱʹใ͞ࠂΕ͖ͯͨס૩

ੑؔ࿈Ҩ܈ࢠͷൃݱΛ੍͢ޚΔҨޚ੍ࢠωοτϫʔΫͷਪఆʹؔͯ͠ड़
Δɽਪఆͨ͠Ҩޚ੍ࢠωοτϫʔΫʹ͖ͮجɼPv11ࡉ๔ͷס૩ੑؔ࿈Ҩࢠ
ͷON/OFFݱͷൃ܈ࢠ͜ΕΒҨࢠΛ୲͏Մੑͷ͋ΔసࣸҼޚͷओཁͳ੍܈

Λௐઅ͢ΔՄੑͷ͋Δ੍ߏޚʹ͍ͭͯใ͢ࠂΔɽ
ୈ 4ষͰɼ໌Β͔ʹͳͬͨҨޚ੍ࢠωοτϫʔΫ͔Β͑ߟΒΕΔPv11ࡉ๔

1



1 ॹݴ 1.2. ૩ੑס

ͷס૩ੑߏػʹؔͯ͠·ͱΊɼ͜ͷਪఆͨ͠ס૩ੑߏػͷํূݕ๏ɼͦͯ͠
͍ͭʹͷలޙࠓ૩ੑ༩ʹؔ͢ΔסΑΔผੜछͷʹޚͷ੍ߏػ૩ੑס
ͯٞ͢Δɽ

1.2 ૩ੑס
“(લུ) 8݄ 31ʹɼ(ͱͯॵ͍͕ 3ؒଓ͍ͨͷͰ)ਫຆͲ্͕ͬׯ

ͯ͠·͍·ͨ͠ͷͰɼඉͷԖͷ্ʹ͋ΔటΛࢦͰԡཻ͑ͯ࠭͞΄Ͳͷେ͖͞ͷ 1

ణʹຬͨͳ͍΄Ͳͷਫ͔͔ͦ͜͠Βग़͖ͯ·ͤΜͰͨ͠ɽ͜ͷਫʹಁ໌ͳ
খಈ͕΄Μͷݟ͔ۇ͚ΒΕ·͕ͨ͠ɼ৭͍৭ͷখಈօࢮΜͰ͍·
ͨ͠ɽ(தུ) 2݄ 8ɼ͋ͷࡐྉΛ 5ϲ݄Ҏ্ށ୨ͷதͷ͖Ε͍ͳന͍ࢴͷ্
ʹஔ͍͓͖ͯ·ͨ͠ɽͦͷগྔΛ͖Ε͍ͳΨϥεʹೖΕɼಅͨ͠ӍਫΛ͞·
͔ͯ͠Βͦ͜ʹೖΕ·ͨ͠ɽ1ؒ࣌΄Ͳͯ͠ɼ͢Ͱʹ 1ඖͷখಈ͕ӭ͍Ͱ͍
ΔͷΛݟ·ͨ͠͠ɼͦͷଞʹɼࢁͷ·ؙͩ͘ͳͬͨ··ͷΛݟ·ͨ͠ɽͦͯ͠
“(ུޙ)ɽͨ͠·ݟɼ͜Εͱಉ͡छྨͱҧͬͨখ͞ͳछྨͷΛʹޙؒ࣌3

Antonie van Leeuwenhoek͔Β
Hendrik van Bleyswijkͷखࢴ (༁Ұ෦ൈਮ) [8, 9]

1702ʹ Antonie van Leeuwenhoek͕Ԧཱڠձͷ Hendrik van BleyswijkʹѼ
ͯͨखࢴͰɼඉʹཷ·͍ͬͨͨסଯੵʹଘͨ͠ࡏཛܗͷඍࢹతͳಈ ϫϜʹޙ)
γͰ͋Δ͜ͱ͕໌Β͔ʹͳΔ)ʹਫΛ༩͑Δ͜ͱͰ࠶ͼಈ͖ग़͢͜ͱΛ͚ͨͭݟͱ
هॳͷ࠷ʹؔ͢ΔݱͳͣਫΛ༩͑ΒΕΔͱੜ͖ฦΔࢮ૩ͯ͠סɼ͕ٴݴ͏͍
ड़Ͱ͋Δ [8,10]ɽͦͷޙɼ͜ͷΑ͏ͳݱ͕ס૩Ҏ֎ͷετϨεʹର͖ͯ͠ىΔ
͕ΫϦϓτϏΦݱ༰͢ΔΛࢮΕɼ͜ͷ͞ݟΑͬͯൃʹऀڀݚͱͯ͠ଟ͘ͷݱ
γε (Cryptobiosisɼજࡏత͘͠Ӆ͞Εͨੜ໋׆ಈ)ͱͯ͠ఆٛ͞Εͨ [11]ɽ͜
ΕΒͷੜछͰँ͕ੑ׆ଌఆෆʹͳΔ΄ͲʹԼ͢Δ͜ͱ͕ใ͞ࠂΕ͍ͯ
Δ [1]ɽ͜ͷΫϦϓτϏΦγεੜ͕ड͚ΔετϨεͱͯ͠ྨ͞Ε͓ͯΓɼණ
݁ετϨεʹΑΔΫϦΦϏΦγε (Cryobiosis)ɼετϨεʹΑΔαʔϞϏΦγε
(Thermobiosis)ɼࢎૉܽετϨεʹΑΔΞϊΩγϏΦγε (Anoxybiosis)ɼਁಁ
ѹετϨεʹΑΔΦεϞϏΦγε (Osmobiosis)ɼͦͯ͠ס૩ετϨεʹΑΔΞϯ
ϋΠυϩϏΦγε (Anhydrobiosis)͕͜Ε·Ͱʹใ͞ࠂΕ͍ͯΔ (ਤ 1.1) [11]ɽ͜
ΕΒͷதͰס૩ετϨεʹΑͬͯ༠ಋ͞ΕΔΞϯϋΠυϩϏΦγεʹؔͯ͠ɼ
99%ͷମͷਫ1Λࣦͬͯ࠶ͼਫΛ༩͑Δͱੜ໋׆ಈΛ࠶։͢Δͱ͍͏Α͏ͳ
Մͳੜछ͕ଟ֬ೝ͞Ε͍ͯΔߦԼͰແँঢ়ଶҠڥతͳݶۃ [1]ɽ͜ͷ

1ମͷਫྔҰൠʹؚਫ (Water Contentɼ%H2O)ͱͯ͠ఆྔ͞ΕΔɽؚਫ%H2O =
Wt−Wd

Wt
× 100 (Wtɿݸମͷ࣭ྔɼWdɿݸମͷס૩࣭ྔ)Ͱࢉग़͞ΕΔ [12]ɽ͜ͷ࣌ɼס૩࣭ྔWd

ଌ͓ͯ͘͠ɽྫ͑ɼΫϚϜγͷܭΔ࣭ྔΛ͚͓ʹޙग़͞Εͳ͘ͳΔॲཧݕମ͔Βਫ͕ݸʹલࣄ
ҰछͰ͋ΔMacrobiotus areolatusͷ߹ʹ 180◦CͷՃॲཧΛ શʹਫΛࣦͱͰ͜͏ߦؒ࣌3
ΘͤΔ͜ͱ͕Ͱ͖ɼͦͷ࣌ͷ࣭ྔWd  12 µgͱܭଌ͞Ε͍ͯΔɽ
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1 ॹݴ 1.2. ૩ੑס

ΞϯϋΠυϩϏΦγεΛ༠ಋ͢Δ͜ͱ͕Ͱ͖ΔߏػΛס૩ੑͱݺͿɽ͜Ε·Ͱ
ੜछͱͯ͠ɼϫϜγɼΫϚϜγɼઢͭ࣋૩ੑΛס͍͓ͯʹԼڥతͳݶۃʹ
ɼ২ɼͦͯ͠ωϜϦϢεϦΧ͕ใ͞ࠂΕ͖ͯͨ [2–6]ɽס૩ੑΛͭ࣋ੜछ
ʹ͓͚ΔΞϯϋΠυϩϏΦγε༠ಋओʹɼ1) ମͷਫྔ͕ݮগ͍ͯ͘͠աఔ
Ͱ͋Δס૩ੑ֫ಘظɼ2) (ɼ3ظΔແँ͢ࢭશʹँ͕ఀ ਫΛ༩͑ΒΕΔ͜
ͱͰੜମͷਫྔ͕૿Ճ͢Δ࠶ਫظʹ͚ΒΕΔ (ਤ 1.2)ɽੜͱࢮͱ͍͏ੜ
ʹͱͬͯͷೋͭͷঢ়ଶͱҰઢΛըͨ͜͠ͷঢ়ଶͷҠ͓ߦΑͼੜͷ෮ؼΛཧ
ղ͢ΔͨΊʹଟ͘ͷࢠੜֶతߦ͕ڀݚͳΘΕɼ͜ͷݱΛͻ͖͢͜ىΤϑΣ
ΫλʔҨࢠͱס૩ੑʹؔΘΔੜཧֶతͳ͕ݟੵ͖ͯͨ͠ɽ͞Βʹɼ2010

ʹס૩ੑΛͭ࣋ಈ༝དྷͷࡉ๔ͱͯ͠ɼωϜϦϢεϦΧͷᡢ༝དྷഓཆࡉ๔
Ͱ͋ΔPv11ࡉ๔͕ੈքͰॳΊͯथཱ͞Εͨɽ͜ΕʹΑΓɼ͜ͷඇৗʹෆՄٞࢥͳ
๔୯ҐͰୡՄͰ͋Δ͜ͱ͕ࣔ͞Εͨࡉݱ [7]ɽ
͜ͷס૩ੑͷߏػΛཧղ͢Δ͜ͱɼલड़ͷ௨ΓࢮͱҟͳΔঢ়ଶͷҠߦ
ʹΑΔࢮͷճආͱ͍͏ੜ໋ʹͱͬͯͷࠜݯతͳ͍Λ໌Β͔ʹ͢Δͱ͍͏ཧֶత
ͳ؍ʹཹ·Βͣɼס૩ͤ͞ΒΕΔ͜ͱʹΑΓݸମ͕ඇৗʹܰྔʹͳΔ͜ͱ͔Β
Λ༌ૹ͢Δࡍͷίετݮɼอଘ͕͍͠ੜ৯ͳͲͷظอଘΛՄʹ͢
Δٕज़ͷ։ൃͳͲֶతͳ؍͔Β༗ҙٛͱ͑ݴΔɽಛʹ Pv11ࡉ๔ͷΑ͏ʹɼ
๔ࡉ૩ੑΛγϯϓϧʹผסɼ͜ͷݟ૩ੑ͕Γཱͭͱ͍͏ס๔୯ҐͰࡉ
༩Ͱ͖ΔՄੑ͕͍͜ߴͱΛ͓ࣔͯ͠ΓɼPv11ࡉ๔ͷס૩ੑߏػͷղ໌
લड़ͷס૩ੑΛ੍͍ͨ͠ޚͱ͍͏ֶత؍͔Β͘ڧ·Ε͍ͯΔͱ͑ݴΔɽ
ຊઅͰɼ͜Ε·Ͱʹס૩ੑʹؔͯ͠ใ͞ࠂΕ͖ͯͨࢠੜֶతͳݟΛ
Δँɼγάφϧୡɼͦͯ͠Ҩ͚͓ʹظਫ࠶ɼظɼແँظ૩ੑ֫ಘס
ͷ֓ཁʹ͍ͭͯ·ͱΊߏػ૩ੑסಘΒΕ͍ͯΔࡏݱ͔Βઆ໌͠ɼ؍ͷޚ੍ࢠ
Δɽͦͯ͠ɼࡏݱಘΒΕ͍ͯΔס૩ੑߏػʹؔ͢ΔݟͷΈͰס૩ੑΛ੍
Λߏػ૩ੑסఠ͠ɼࢦΔͱ͍͏తΛୡ͢ΔͨΊʹෆेͰ͋ΔΛ͢ޚ
ཧղ͢ΔͨΊʹɼͦͷ੍ߏػޚͷཧղ͕ඞཁෆՄܽͰ͋Δ͜ͱΛड़Δɽ
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1 ॹݴ 1.2. ૩ੑס

ハイポビオシス (Hypobiosis) 
= 生命活動の拘束状態

活発な生命状態 (Active Life)

休眠状態 (Dormancy)  
= 代謝低下状態 (Hypometabolism)

冬眠 (Hibernation)

夏眠 (Aestivation)

休眠 (Diapause)

休止 (Quiescence)

潜在的もしくは隠された生命 (Cryptobiosis)  
= 無代謝状態 (Ametabolism)

クリオビオシス (Cryobiosis)  
= 氷結ストレスによるCryptobiosis

サーモビオシス (Thermobiosis) 
= 熱ストレスによるCryptobiosis

アノキシビオシス (Anoxybiosis)

= 酸素欠乏ストレスによるCryptobiosis

オスモビオシス (Osmobiosis)

= 浸透圧ストレスによるCryptobiosis

アンハイドロビオシス (Anhydrobiosis) 
= 乾燥ストレスによるCryptobiosis

ਤ 1.1: ຊڀݚͰରͱ͢ΔΞϯϋΠυϩϏΦγεͷੜ໋׆ಈʹ͓͚ΔҐஔ͚

KeilinʹΑͬͯఆٛ͞Εͨੜ໋׆ಈͷঢ়ଶ ͳੜ໋ঢ়ൃ׆ͱɼੜ໋ͷঢ়ଶͮ͘جʹ[11]

ଶͱϋΠϙϏΦγεͱݺΕΔੜ໋׆ಈͷ߆ଋঢ়ଶʹ·͚ͣΒΕΔɽϋΠϙϏΦγε

͞Βʹँੑ׆ͷ߹͍Ͱྨ͞Εɼँঢ়ଶͰ͋Δٳঢ়ଶͱແँঢ়ଶͰ͋ΔΫϦ

ϓτϏΦγεʹ͚ΒΕΔɽΫϦϓτϏΦγε͞Βʹड͚ΔετϨεʹΑͬͯɼණ݁ε

τϨεʹΑΔΫϦΦϏΦγεɼετϨεʹΑΔαʔϞϏΦγεɼࢎૉܽετϨεʹΑ

ΔΞϊΩγϏΦγεɼਁಁѹετϨεʹΑΔΦεϞϏΦγεɼͦͯ͠ס૩ετϨεʹΑΔ

ΞϯϋΠυϩϏΦγεʹྨ͞ΕΔɽຊڀݚͰରͱ͢ΔΞϯϋΠυϩϏΦγεੜ໋׆

ಈ͕߆ଋ͞Ε͍ͯΔס૩ετϨεʹΑͬͯ༠ಋ͞ΕΔແँঢ়ଶͱͳΔɽ
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1 ॹݴ 1.2. ૩ੑס

t

体
内
水
分
量

水和期 乾燥耐性 
獲得期

無代謝期 再水和 
復活期

水和期

ਤ 1.2: ૩ੑʹ͓͚ΔΞϯϋΠυϩϏΦγε༠ಋաఔס

Ұൠతʹס૩ੑΛͭ࣋ੜମͷਫྔ͕ݮগ͍ͯ͘͠աఔͰ͋Δס૩ੑ֫ಘظ

ʹɼס૩ͯ͠ࢮͳͳ͍ͨΊʹ༷ʑͳࢠΛ४උ͢Δɽͦͯ͠શʹँ͕ఀ͢ࢭΔແ

ΒΕͳ͘ͳΔɽͦͯ͠ਫΛ༩͑ΒΕΔ͜ͱͰੜମݟछͷมԽ͕ࢠஶͳݦ͍͓ͯʹظँ

ͷਫྔ૿Ճ͠ɼ࠶ਫظʹ͓͍ͯँͷ࠶։ͳͲݩͷੜ׆ΛΓཱͨͤΔ্Ͱඞ

ཁͳࢠͷੜ͕ߦΘΕΔɽ
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1 ॹݴ 1.2. ૩ੑס

1.2.1 ظ૩ੑ֫ಘס

૩ʹΑΓମͷਫྔ͕ेʹԼ͕Γ͖Δ·ͰͷؒΛסͱɼظ૩ੑ֫ಘס
ͱؒ͠ظΛճආ͢ΔͨΊͷ४උࢮੜʹͱͬͯͭ࣋૩ੑΛסؒظɽ͜ͷ͢ࢦ
ੜͰ௨ৗͱҟͳΔͭ࣋૩ੑΛסɼ͍͓ͯʹؒظΒΕ͍ͯΔɽ͜ͷ͑ߟͯ
ँɼγάφϧୡɼͦͯ͠Ҩ͕֬ݱൃࢠೝ͞Ε͍ͯΔɽ࣮סʹࡍ૩ੑʹؔ
͢Δࢠੜֶతͳݟͷ࠷ଟ͘ɼ͜ͷס૩ੑ֫ಘظʹؔͯ͠ੵ͍ͯ͠
ΔɽຊઅͰ͜ΕΒͷԠܦ࿏͝ͱʹס૩ੑʹؔͯ͠ใ͞ࠂΕ͍ͯΔࢠੜ
ֶతͳݟʹ͍ͭͯ·ͱΊɼסʹޙ࠷૩ੑ֫ಘظʹඞཁͱ͢Δؒ࣌ͷ؍͔Βɼ
ຊڀݚͰରͱ͢ΔPv11ࡉ๔ͷס૩ੑߏػΛ໌Β͔ʹ͢Δ্Ͱ͖͢Ԡ
ఠ͢Δɽࢦ͍ͯͭʹ࿏ܦ

1.2.1.1 ँ

͜Ε·Ͱʹס૩ੑΛͭ࣋ੜछʹ͓͍ͯ͘ɼס૩ετϨεड༰ޙͷ࠷ॳͷԠ
ͱͯ͠২͓Αͼಈʹ͓͍ͯτϨϋϩʔεɼ২ͷछʹ͓͍ͯεΫϩʔ
εͱ͍ͬͨͷൃ׆ͳँ͕֬ೝ͞Ε͍ͯΔ [13,14]ɽಛʹɼτϨϋϩʔεແؐ
ס๔ບλϯύΫ࣭ͱͷؒͰࡉ๔ʹରͯ͠ͷಟੑͳ͘ɼࡉͰ͋Δ͜ͱ͔Βݩ
૩࣌ʹܽ͢ΔਫΛସ͠ਫૉ݁߹Λܗ͢Δ͜ͱͰ (ਫஔ)ɼ͜ΕΒͷ࣭ͷ
ཱମߏͷ҆ఆԽΛଅ͠ס૩ʹΑΔোΛ༰Խ͍ͯ͠ΔՄੑ͕ਫஔԾઆͱ
ͯ͠ใ͞ࠂΕ͍ͯΔ (ਤ 1.3) [1, 14–17]ɽ·ͨɼτϨϋϩʔε͕ס૩ੑʹ͓͍ͯ
ඞཁͳࢠͰ͋Δ͜ͱͷূڌͱͯ͠ɼωϜϦϢεϦΧ༮Ͱɼ؇͔ͳס૩࣌
ʹࣗॏͷ 20%Ҏ্ʹͳΔ࣭ྔͷτϨϋϩʔεΛ࢈ੜ͢Δͷʹର͠ɼܹٸͳס૩
Δ͕͋ࠂ͢Δͱ͍͏ใࢮʹͣ͑ߦੜ͕࢈τϨϋϩʔεʹ࣌ (ਤ 1.4) [6]ɽ͞Β
ʹɼס૩ੑΛͭ࣋Pv11ࡉ๔τϨϋϩʔεͷࣗൃతͳ࢈ੜ͕͑ߦͳ͍ͨΊɼࣄ
લʹߴೱͷτϨϋϩʔεΛؚΉഓͰॲཧ͢ΔτϨϋϩʔεॲཧΛߦΘͳ͚Ε
ɼס૩ɼ࠶ਫޙͷࡉ๔྾࠶։͕Ͱ͖ͳ͍͜ͱ͕ใ͞ࠂΕ͍ͯΔ [18]ɽ͜ͷΑ
͏ʹɼס૩ੑΛͨͭ࣋ΊʹແؐݩͰ͋ΔτϨϋϩʔεͳͲͷ࢈ੜ͕ඞཁͰ͋
Δɽ·ͨɼ͜ͷτϨϋϩʔεͷ࢈ੜΛଅͨ͢Ίͷ߬ૉͰ͋Δ trehalose-6-phosphate

synthase (TPS)͕ס૩ʹରͯ͢͠ݱൃߴΔ͜ͱ͕ωϜϦϢεϦΧͷ༮Ͱ֬ೝ͞
Ε͓ͯΓɼס૩ʹԠͨ͡τϨϋϩʔε࢈ੜ͕ൃ׆ʹͳΔཧ༝ʹ͍ͭͯใ͞ࠂΕ
͍ͯΔ [19]ɽ͔͠͠ͳ͕ΒɼTPS͕ס૩ʹԠͯ͡ͳͥൃ্ݱঢΛ͔ࣔ͢ɼͱ͍ͬͨ
TPSͷൃݱͱס૩ετϨεͷؒͷ͍ؔ·ͩ໌Β͔ʹ͞Ε͓ͯΒͣɼँܦ࿏
Ͱ͋ΔτϨϋϩʔε࢈ੜΛ্ྲྀͰ੍͢ޚΔγάφϧୡҨޚ੍ࢠʹ͍ͭͯ
໌Β͔ʹ͞Ε͍ͯͳ͍ɽ·ͨɼס૩ੑʹ͓͚Δँͷؔ༩ͱͯ͠ɼATPͷAMP

ͷมൃ׆͕Խ͢Δͱ͍͏ใ͕͋ࠂΔ [20]ɽ͜ͷओͳཧ༝ͱͯ͠ɼס૩࣌ʹ͓
͍ͯཁ͞ٻΕΔΤωϧΪʔ΄΅ͳ͍ͨΊɼ͜ͷԠΛਐΊΔ͜ͱʹΑͬͯAMP

ͱͯ͠ΤωϧΪʔݯΛஷଂ͍ͯ͠ΔͷͰͳ͍͔ͱ͑ߟΒΕ͍ͯΔɽ
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1 ॹݴ 1.2. ૩ੑס

水和状態 乾燥

凍結乾燥 常温による
再水和

乾燥トレハロース含有

トレハロ
ースなし

漏出

保持

: リン脂質

: トレハロース
: 水分子

ਤ 1.3: ਫஔԾઆ֓೦ਤ

͢ޢ๔ບΛอࡉΔ͜ͱͰɼਫΛସ͢͠ࡏ๔ບۙʹଘࡉτϨϋϩʔε͕͍͓ͯʹ࣌૩ס

Δɽ͜ΕʹΑͬͯ࠶ਫޙͷࡉ๔ཱମߏͷมԽʹΑΔࡉ๔ࢠͷ࿙ग़Λ͗ࡉ๔Λอ

Δɽ[17]ΑΓվมɼAdapted͢ޢ from [17]. ©1985ɼwith permission from Elsevierɽ
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1 ॹݴ 1.2. ૩ੑס

711ROLE OF TUBULAR NEST ON ANHYDROBIOSIS

FIG. 1. Changes of trehalose content in P. vanderplanki larvae dur-
ing desiccation. Larvae were dehydrated in Petri dishes at different
evaporation rates: Slow desiccation, 0.44. ml DW in a Petri dish
were evaporated over 48 hr (data from Watanabe et al., 2002); Quick
desiccation: 1.5 ml DW in a Petri dish were evaporated over 48 hr.
Each point shows mean ! SE. N " 8–10.

relative humidity (RH) at room temperature (24–
26#C). When these dishes had a glass top, water evap-
orated slowly (0.22 ml day$ 1) over different periods of
time depending on the initial amount of distilled water
(DW). Water in Petri dishes without the glass top and
transferred to a desiccation box evaporates at a quick
rate (0.75 ml day$ 1).

Desiccating procedure with soil
Each of 6 to 24 larvae was placed in a glass Petri

dish (dia., 65 mm; height, 20 mm) with different
amounts of autoclaved soil and distilled water (soil :
DW " 36 g : 4 ml, 0.9 g : 1 ml or 0.45 g : 0.5 ml).
A half of the dishes containing larvae were desiccated
after pre-incubation for 2 days: the glass top was
sealed with vinyl tape to prevent evaporation for 2
days. During the pre-incubation, larvae construct their
tubular nest by soil. After the pre-incubation, the glass
tops of the dishes were removed and transferred to a
desiccation box. Another half of the dishes was di-
rectly desiccated in the desiccation box without the
pre-incubation treatment.

Desiccating procedure with or without soil tubes
Forty to sixty of larvae were incubated for 2 days

with soil and DW in a glass Petri dish, and these larvae
in soil tubes were picked up from the dishes. The vol-
ume of DW absorbed in a soil tube was ca. 6 %l on
average. Each of three larvae with soil tubes was des-
iccated with 88 or 182 %l DW on a filter paper in a
glass Petri dish (total water volume except for larval
water were 100 and 200 %l, respectively).

Recovery check
Larvae desiccated in various ways were rehydrated

by immersion in DW followed by observation every
0.5 hr or 1 hr during 6 hr after rehydration. Larvae
were judged as surviving if they could repeatedly con-
tract their abdominal muscles.

Sugar and polyol measurements
Sample larvae were homogenized individually with

0.1 mg of sorbitol as an internal standard in 0.4 ml of
90% ethanol. The supernatant after membrane filtra-
tion (0.45 %m) was dried under vacuum and the dried
residue was dissolved in 0.5 ml of MilliQ water (Mil-
lipore). The sample was analyzed on a Shimadzu
HPLC system (LC-10A system, Shimadzu, Japan)
equipped with a guard column (Shim-pack SCR-C, 4.0
& 50 mm, Shimadzu, Japan) connected to an analytical
column (Shim-pack SCR-101C, 7.9 & 300 mm, Shi-
madzu, Japan) and a reflective index detector (RID-
6A, Shimadzu, Japan), as described by Watanabe et al.
(2002).

RESULTS
Recovery and trehalose content in larvae desiccated
with a wet filter paper
Changes of trehalose content in larvae desiccated at

different evaporation rates over 48 hr are shown in

Figure 1. Upon slow desiccation (DW evaporating at
0.22 ml day$ 1 in a Petri dish with its glass top) larvae
with a filter paper holding 0.44 ml DW started syn-
thesizing trehalose 12 hr after transfer to the desicca-
tion box, and accumulated 38 %g trehalose/individual
before complete dehydration. All these slowly desic-
cated larvae recovered within 1 hr after rehydration.
In contrast, during quick desiccation (0.75 ml day$ 1 in
a dish without the glass top) with moisturized filter
paper holding 1.5 ml DW, and in spite of the fact that
larvae desiccated over a period of 48 hr, larvae accu-
mulated only about 6.8 %g/individual and none of
these larvae revived after rehydration.

Recovery and trehalose content of larvae desiccated
in soil
In nature P. vanderplanki larvae make tubular shel-

ters in the pools by incorporating detritus or soil with
their saliva (Fig. 2). When P. vanderplanki larvae were
pre-incubated with 4 ml DW and enough soil (3.6 mg)
in a glass Petri dish in the laboratory, all of them con-
structed soil tubes within 2 days. Almost all of those
larvae desiccated in soil tubes recovered after rehy-
dration because they had accumulated enough treha-
lose, 61.2 %g/individual (Table 1). When larvae were
desiccated in a glass petri dish with 4 ml DW but
without the 2 days pre-incubation period, although
63.4% larvae constructed soil tubes and accumulated
58.5 %g/individual of trehalose, only 38.5% attained
successful anhydrobiosis. Both recovery rate and tre-
halose content were significantly greater in larvae des-
iccated in soil tubes (recovery: '2 test, P ( 0.05; tre-
halose: Mann-Whitney U test, P ( 0.05). This tenden-
cy was more obvious when the larvae were desiccated
with lower amount of soil and DW: 92.5% of larvae
that made tubes during the pre-incubation period could

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article-abstract/45/5/710/624362 by Keio U

niversity M
atsushita M

em
orial Library user on 17 January 2020

ਤ 1.4: ੜྔͷҧ͍࢈͏τϨϋϩʔεʹߦ૩ͷਐס

ωϜϦϢεϦΧ༮ͷס૩࣌τϨϋϩʔε࢈ੜྔΛද͢ɽԣ࣠ס૩͔ͤͯ͞Βͷؒ࣌Λ

ࣔ͠ɼॎ࣠ߴӷମΫϩϚτάϥϑͰఆྔ͞ΕͨτϨϋϩʔεྔΛࣔ͢ɽ༮ͷס૩ํ

๏ϖτϦࡼʹ 0.44 mlͷਫΛؚ·ͤͨΖࢴͱ 1.5 mlΛؚ·ͤͨΖࢴʹ༮Λஔ͖ɼ

૩͢ΔΑ͏ʹৠൃͤ͞ΔסͰؒ࣌48 (0.22 ml/dayɼ0.75 ml/day)ɽס૩͕ܹٸʹਐΉ͜

ͱΛԾఆ͍ͯ͠Δ 1.5 mlਁͨ͠Ζࢴʹஔ͍ͨ߹ʹ͓͍ͯ 0.44 mlʹਁͨ͠Ζࢴʹஔ

͍ͨ߹ʹରͯ͠τϨϋϩʔε͕࢈ੜ͞Ε͍ͯͳ͍͜ͱ͕֬ೝͰ͖Δɽ֤ࠁ࣌ʹ͓͚Δτ

Ϩϋϩʔε࢈ੜྔ 8͔Β 10ճͷੜֶత෮࣮ݧʹΑΓఆྔ͞Εɼͦͷྔmean ±
SEͰΛࣔ͢ɽReprinted from [6]. ©2005ɼby permission of Oxford University Pressɽ
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1 ॹݴ 1.2. ૩ੑס

1.2.1.2 γάφϧୡ

͜Ε·Ͱʹס૩ੑΛͭ࣋ੜͰ͋ΔΫϚϜγ͓Αͼઢʹ͓͍ͯɼס૩ͱ͍
͏ετϨεΛͲͷΑ͏ͳγάφϧͱͯ͠ड༰͞ΕΔͷ͔ɼͱ͍͏͜ͱΛ͍ͱ͠
࿏ͱͯ͠ɼMAPK/ERKɼܦ૩ʹԠͯ͡Ԡ͢ΔγάφϧୡסΔɽ͕͋ڀݚͨ
JNKɼp53͓Αͼ AMPKܦ࿏͕͋Δ [21–23]ɽಛʹઢ (Aphelenchus avenae͓
ΑͼPanagrolaimus superbus)ʹ͓͍ͯɼMAPK/ERKɼJNKɼp53ʹؔͯ͠γ
άφϧୡܦ࿏Λߏ͢ΔࢠͷϦϯࢎԽ͕༠ಋ͞Ε͍ͯΔ͜ͱ͕֬ೝ͞Ε͍ͯ
Δ [22]ɽ͜ΕΒͷγάφϧୡܦ࿏͕ס૩ʹԠͯ͡ੑ׆Խ͢Δཧ༝ͱͯ͠ɼס
૩ʹ͢ࡍΔਫܽʹΑΓਁಁѹ͕มԽ͢Δ͜ͱΛײडͯ͠ੑ׆Խ͢Δͱ͑ߟΒΕ
͍ͯΔ [24]ɽ͜ͷΑ͏ʹס૩ʹԠͨ͡γάφϧୡܦ࿏ͷީิଟ֬͘ೝ͞Εͯ
͍ΔҰํͰɼ͜ΕΒγάφϧୡͷʹͨΔҨݱൃࢠΛ༠ಋ͢ΔసࣸҼࢠ
ɼλʔήοτͱͳΔҨࢠͱͷؔ࿈ੑ͍·ͩใ͕ࠂͳ͘ɼલड़ͷTPSͷൃݱ
্ঢͱͷؔੑʹ͍͍ͭͯ·ͩ໌Β͔Ͱͳ͍ɽ

1.2.1.3 Ҩޚ੍ࢠ

͜Ε·Ͱʹס૩ੑΛͭ࣋ੜछʹ͓͍ͯס૩্ݱൃʹޙঢΛࣔ͢Ҩ܈ࢠɼ͓
Αͼͦͷੜཧੑ׆ʹؔ͢Δݟଟ͍ (ද 1.1)ɽ
·ͣɼס૩ੑΛͭ࣋ੜछʹ͓͍ͯɼס૩͕֬ݱൃߴʹޙೝ͞ΕͨҨࢠͱ

ͯ͠ LEA (Late Embryogenesis Abundant)Ҩ͕͋ࢠΔ [3,19,25–27]ɽLEAҨ
͕ࢠ༁͞Εͨ LEAλϯύΫ࣭ס૩ετϨεΛड͚͍ͯͳ͍ঢ়ଶͰϥϯμ
ϜίΠϧܗঢ়Λࣔ͠ੜཧੑ׆ݟΒΕͳ͍ҰํͰ [28]ɼס૩ετϨεΛड͚Δͱ
ཱମߏมԽ͠ɼס૩ʹԠͨ͡ଞλϯύΫ࣭ͷมੑΛ͑Δࢠγʔϧυͱ͠
ͯͷׂΛՌͨ͢͜ͱ͕ใ͞ࠂΕ͍ͯΔ [29]ɽ͜ͷΑ͏ʹɼLEAҨࢠס૩ঢ়
ଶʹ͓͚Δੜମͷ࣭ͷഁյΛࢠγʔϧυͱͯ͢͠ޚΔ͜ͱͰס૩ੑʹ
ؔ༩͍ͯ͠Δɽ
ݱൃʹ࣌૩סΕ͍ͯΔɼ͞ࠂ૩ੑʹ͓͍ͯॏཁͳׂΛ୲͏͜ͱ͕ใסʹ࣍

্ঢΛࣔ͢Ҩࢠͱͯ͠νΦϨυΩγϯ (ThioredoxinɼTRX)͕͋Δ [19,30]ɽν
ΦϨυΩγϯҨ͕ࢠ༁͞ΕͨνΦϨυΩγϯλϯύΫ࣭ଞλϯύΫ࣭ͷࢎ
ԽΛγάφϧͱͯ͠ɼγεςΠϯجͷνΦʔϧɾδεϧϑΟυԠΛհͯؐ͠ݩ
Λଅ͢͜ͱͰλϯύΫ࣭ͷࢎԽΛ͙ [31]ɽס૩݅Լʹ͓͍ͯɼྫ͑ωϜ
ϦϢεϦΧΛྫʹͱΔͱɼΨϥεମ (τϨϋϩʔε͕ෆنଇͳۭؒஔΛҡͨ࣋͠
ૉࢎੑ׆Խͨ͠ঢ়ଶ)ʹͳΔͱɼܗݻ·· (Reactive Oxygen SpeciesɼROS)ͷੜ
ʹ͓͚Δछʑͷࢠͷӡಈੑམͪɼͦͷ݁ՌԽֶԠྔͷ૿େɼ͢ͳΘͪ׆
ૉྔ૿େ͢Δࢎੑ [32]ɽ͜ͷΑ͏ʹɼνΦϨυΩγϯҨࢠס૩ঢ়ଶͷੜମ
ʹͱͬͯোͱͳΔࢎੑ׆ૉʹΑΔӨڹΛ͑Δ͜ͱͰס૩ੑʹؔ༩͍ͯ͠Δɽ
ͱͯ͠ࢠ૩ੑͷؔ༩͕֬ೝ͞Ε͍ͯΔҨסʹ࣍ protein-L-isoaspartate

(D-aspartate) O-methyltransferase (PIMT)͕ใ͞ࠂΕ͍ͯΔ [19,33]ɽPIMTҨ
༁͞ΕͨλϯύΫ࣭ɼଞλϯύΫ࣭ʹ͓͚Δ͕ࢠ L͓ΑͼDମͷΞεύϥΪ
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1 ॹݴ 1.2. ૩ੑס

ϯࢎͷোΛम෮͢Δ͜ͱ͕ใ͞ࠂΕ͍ͯΔ [34]ɽס૩࣌ʹ͓͚ΔಛҟతͳΞε
ύϥΪϯࢎͷোʹؔ͢Δใࠂͳ͍ͷͷɼPIMTͷൃ্ݱঢ͕ס૩࣌ಛҟత
Ͱ͋Δ͜ͱ͔Βɼ͜ͷҨࢠס૩࣌ʹ͓͚ΔλϯύΫ࣭ͷোΛम෮͢Δ͜
ͱͰס૩ੑͷؔ༩͕͋Δͱ͑ߟΒΕ͍ͯΔɽ
ͱͯ͠ϔϞάϩϏϯࢠ૩ੑؔ࿈Ҩסೝ͞Ε͕ͨ֬ݱൃߴʹ࣌૩סʹ࣍ (Hemo-

globinɼHB)͕͋Δ [19]ɽϔϞάϩϏϯͷҰൠతͳੜཧػͱͯ͠ɼ݂தͷ
O2ؚ༗ྔΛ૿Ճͤ͞શʹ༌ૹ͢Δಇ͖͕͋Δ [35]ɽס૩ੑͷؔ༩ͱͯ͠ɼ
͜ͷੜཧػΛར༻ͯ͠ס૩݅Լͷݸମதʹ͓͍ͯࢎૉׇރʹର͢Δରࡦͱ͠
Δ͕͋ݟ༩͍ͯ͠Δͱ͍͏دʹ૩ੑסͱͰ͜͏ߦૉͷஷଂΛࢎͯ [19]ɽ
ΞΫΞϙϦϯʹࢠ૩ੑؔ࿈Ҩסೝ͞Ε͍ͯΔ͕֬ݱൃߴʹ࣌૩סʹ࣍ (AQP)

͕͋Δ [19,36]ɽΞΫΞϙϦϯࡉ๔ບͷϦϯ࣭ࢷೋॏບʹ͓͚ΔਁಁѹΛ੍͠ޚ
͍ͯΔ [37]ɽલઅͰड़ͨΑ͏ʹɼס૩ੑʹ͓͚Δס૩ετϨεͷड༰ʹ
ਁಁѹͷมԽ͕ॏཁͳׂΛ୲͍ͬͯΔՄੑ͕ࣔ͞Ε͍ͯΔɽ͜ͷ͜ͱͱซͤ
ड͢ΔͨײɼਁಁѹมԽΛݱൃߴΔ͚͓ʹ࣌૩סΔͱɼΞΫΞϙϦϯͷ͑ߟͯ
Ίͱ͑ߟΒΕΔɽ
ͷτϨϋϩʔ࣌૩סͱͯ͠ɼࢠΕ͍ͯΔҨ͞ࠂ૩ੑͷؔ༩͕ใסʹޙ࠷

ε࢈ੜʹؔΘΔ trehalose-6-phosphate synthase (TPS)͕͋Δ [19]ɽTPSUDP-

glucoseͱGlucose-6-phosphate͔ΒTrehalose-6-phosphateΛੜ͢ΔԠΛ৮ഔ
͢Δ߬ૉͰ͋Δ [38]ɽTrehalose-6-phosphate͔ΒτϨϋϩʔεΛੜ͢ΔԠΛ
৮ഔ͢Δ߬ૉͱͯ͠ trehalose-6-phosphate phosphatase (TPP)͕͋Δ͕ɼס૩
্ݱಛҟతͳൃ࣌૩ס͍·ͩ֬ೝ͞Ε͓ͯΒͣɼ֘ԠݱൃߴΔ͚͓ʹ࣌
ঢΛΘͳ͍Մੑ͕͋Δ [19]ɽ
͜͜·ͰͰड़͖ͯͨΑ͏ʹɼס૩ੑΛΓཱͨͤΔ্ͰඞཁͳҨࢠͱɼͦ

ͷ༁ޙͷλϯύΫ࣭ͷੜཧੑ׆ʹؔͯ͠ඇৗʹ͕ڀݚʹൣਐΊΒΕ͖ͯͨɽ
ҰํͰɼ͜ΕΒͷҨࢠͷݱൃߴΛ༠ಋ͢ΔҨߏػޚ੍ࢠʹ͍ͭͯΒ͘ະ
ͷঢ়ଶͩͬͨɽ͜Εʹରͯ͠ 2018ʹPavel MazinΒʹΑͬͯɼ͜ΕΒס૩
ੑʹؔ༩͢ΔҨ܈ࢠͷΤϯϋϯαʔαΠτͷཏతͳղੳ͕ߦΘΕɼγϣο
ΫҼࢠ (Heat Shock FactorɼHSF)ͷ݁߹αΠτ͕͜ΕΒͷྖҬʹ๛ʹଘ͢ࡏΔ
͜ͱ͕ࣔ͞Εͨ [39]ɽ͞Βʹ൴ΒɼγϣοΫҼࢠΛ Pv11ࡉ๔ʹ͓͍ͯ knock

down͠ɼੜܕͷPv11ࡉ๔ͱͷؒͰ্ड़ͷס૩ੑؔ࿈ҨࢠͷൃݱΛൺֱ͠
ͨͱ͜ΖɼLEAҨ͓ࢠΑͼνΦϨυΩγϯҨࢠͷҰ෦ɼͦͯ͠ TPPͷൃݱ
͕༗ҙʹݮগͨ͜͠ͱΛใͨ͠ࠂɽ͜ΕʹΑΓγϣοΫҼס͕ࢠ૩ੑʹ͓͍
ͯඞཁͳҨޚ੍ࢠΛ୲͍ͬͯΔ͜ͱ͕ࣔ͞Εͨͱ͑ݴΔɽ͜ΕҰݟɼס૩
ੑΛࢧ͢ΔసࣸҼࢠͱͦͷҨޚ੍ࢠͷશ͕໌Β͔ʹͳͬͨΑ͏ʹ͑ݟΔ͕ɼ
ͳ͍γϣδϣόΤͳͲͷੜʹͦͨ࣋૩ੑΛסࢠγϣοΫҼʹࡍ࣮
ͷଘࡏΒΕ͍ͯΔ [40]ɽ͞ΒʹɼMazinΒͷใࠂͰɼ্ड़ͨ͠ҨࢠҎ
֎ͷס૩ੑؔ࿈Ҩࢠͷൃݱมಈ͠ͳ͔ͬͨ͜ͱɼγϣοΫҼࢠͷ knock

downͰ࠶ਫޙͷોੜΛ 0%ʹͰ͖ͳ͔ͬͨ͜ͱ͕ࣔ͞Ε͍ͯΔɽ͜ΕΒͷ
Ͱ͋Δ͕ɼ͜Ε͚ͩࢠ૩ੑʹ͓͍ͯඞཁͳసࣸҼסࢠΒγϣοΫҼ͔࣮ࣄ
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Ͱס૩ੑߏػΛ͑ࢧΔͷʹेͱͣ͑ݴɼס૩ੑΛͭ࣋ੜಛ༗ͷଞ
ͷసࣸҼࢠʹΑΔస੍͕ࣸޚଘ͢ࡏΔ͜ͱΛ͍ࣔͯ͠Δͱ͑ݴΔɽ
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1 ॹݴ 1.2. ૩ੑס

ද 1.1: ݟΔؔ͢ʹੑ׆ͱͦͷੜཧࢠ૩ੑؔ࿈Ҩסಇ͘ʹ࣌૩ੑ֫ಘס

໊ࢠ૩ੑؔ࿈Ҩס ໊هུ ੜཧੑ׆
Late Embryogenesis

Abundant

LEA ૩ঢ়ଶͰଞλϯύΫ࣭ͷมੑΛ͑Δס

νΦϨυΩγϯ TRX ׆ͱͳΔ૩ঢ়ଶʹ͓͚Δੜମʹͱͬͯͷোס
Λ͑ΔૉʹΑΔোࢎੑ

protein-L-isoaspartate

(D-aspartate) O-

methyltransferases

PIMT Λम෮͢ΔΔλϯύΫ࣭ͷো͚͓ʹ࣌૩ס

ϔϞάϩϏϯ HB ͱ͠ࡦର͢Δରʹׇރૉࢎ͍͓ͯʹ૩݅Լס
͏ߦૉͷஷଂΛࢎͯ

ΞΫΞϙϦϯ AQP ૩ʹΑΔγάφϧΛड͚औΔͨΊͷਁಁѹมס
ԽΛײड͢Δ

trehalose-6-phosphate

synthase

TPS τϨϋϩʔεͷલஈ֊ँ࣭Ͱ͋Δ
Trehalose-6-phosphateͷ߹Λ৮ഔ͢Δ

γϣοΫҼࢠ HSF LEAҨ͓ࢠΑͼνΦϨυΩγϯҨࢠͷҰ෦ɼ
ͦͯ͠TPPͷൃݱΛ੍͢ޚΔ
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1 ॹݴ 1.2. ૩ੑס

1.2.1.4 ͷ·ͱΊظ૩ੑ֫ಘס

ຊઅͰɼס૩ੑ֫ಘظʹؔ༩͢Δँɼγάφϧୡɼͦͯ͠Ҩޚ੍ࢠ
ʹؔͯ͠ઌڀݚߦΛड़ͨɽ͜ͷΑ͏ʹ༷ʑͳԠܦ࿏Λར༻͢Δ͜ͱͰס૩ʹ
ΑΔࢮΛճආ͢Δ͜ͱ͕Ͱ͖Δס૩ੑΛͭ࣋ੜछͰ͋ͬͯɼੜମͷਫ
Λٸʹࣦ͏ס૩ʹ͖͑Εͣɼݸମͱͯ͠ͷࢮΛճආͰ͖ͳ͍͜ͱ͕Ұൠ
తͰ͋Δ [6, 18, 41–44]ɽ͞Βʹס૩ੑΛ༠ಋ͢ΔͨΊʹඞཁͳס૩ੑ֫ಘظ
ͷ͞ੜछʹΑͬͯେ͖ͳဃ͕͋Δ (ද 1.2)ɽҰൠʹɼँɼγάφϧୡɼ
Ҩޚ੍ࢠʹ͔͔Δؒ࣌ͷΦʔμʔɼͦΕͧΕඵɼेඵɼ͔Βؒ࣌Φʔμʔ
Ͱ͋Δ͜ͱ͕ใ͞ࠂΕ͍ͯΔ͜ͱΛྀ͢ߟΔͱ [45–47]ɼס૩ੑΛͭ࣋ੜछ͝
ͱʹͦͷ࠷ॏཁͳԠܦ࿏ҟͳΔՄੑΛ͍ࣔͯ͠ΔɽຊڀݚͰରͱ͢Δ
Pv11ࡉ๔ס૩ੑ֫ಘظʹ Δ͜ͱ͢ٻΦʔμʔͷԠΛཁؒ࣌ͱ͍͏ؒ࣌48
Λ͑ߟΔͱɼPv11ࡉ๔ͷס૩ੑ֫ಘظʹ͓͚ΔϝΧχζϜΛ໌Β͔ʹ͢Δ্Ͱ
Ҩޚ੍ࢠʹ͢Δ͜ͱ͕༗༻Ͱ͋Δͱ͑ߟΒΕΔɽ
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1 ॹݴ 1.2. ૩ੑס

ද 1.2: ༷ʑͳੜछʹ͓͍ͯඞཁ2ͳס૩ੑ֫ಘظͷ͞

ੜ໊ (໊) ੜछ໊ ඞཁͳס૩ੑ֫ಘظͷ͞ ݙจߟࢀ
ΫϚϜγ Ramazzottius varieornatus 30 [41]

ઢ Rotylenchulus reniformis ؒ࣌1 [42]

ϫϜγ Macrotrachela quadricornifera ؒ࣌12 [43]

ϫϜγ Philodina roseola ؒ࣌12 [43]

ϫϜγ Adineta oculata ؒ࣌12 [43]

ΫϚϜγ Hypsibius dujardini ؒ࣌24 [44]

ωϜϦϢεϦΧ Polypedilum vanderplanki ؒ࣌48 [6]

Pv11ࡉ๔ Polypedilum vanderplanki ؒ࣌48 [18]

΅΄ͷોੜ͕ޙਫ࠶2 100%Λҡ࣋͢Δ͜ͱ͕Ͱ͖Δ͜ͱΛ͢ࢦɽ
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1 ॹݴ 1.2. ૩ੑס

1.2.2 ແँظ

ແँظͱס૩ੑΛݸͭ࣋ମʹ͓͍ͯਫྔ͕ेʹݮগ͖ͬͨ͠ঢ়ଶʹ
͓͚ΔաఔΛ͢ࢦɽ͜ͷؒظס૩ੑΛͭ࣋ੜʹ͓͚Δੜ໋׆ಈͷఀؒظࢭ
ͱ͑ߟΒΕ͍ͯΔɽແँظʹ͓͍ͯɼͦͷ໊শ௨Γʹݸମʹ͓͚Δલड़ͨ͠
τϨϋϩʔεεΫϩʔεҎ֎ͷँੑ׆؍ଌͰ͖ͳ͍ [1]ɽ·ͨɼ͜ͷաఔʹ
͓͍ͯओཁͳׂΛ୲͏γάφϧୡҨޚ੍ݱൃࢠʹؔ͢Δݟͳ͘ɼ͜
ͷաఔʹ͓͍ͯ͜ΕΒͷԿΒ͔ͷ੍͕ߏػޚඞཁ͔൱͔ʹ͍ͭͯ໌Β͔ʹͳͬ
͍ͯͳ͍ɽҰํͰɼ͜Ε·ͰʹແँظͷՄ࣋ଓ͕ؒ࣌ଟ͘ͷੜʹ͓͍ͯௐ
ࠪ͞Εɼ͍ͷͰϫϜγ (Macrotrachela musculosa)Ͱ 2ʙ3ϲ݄ͱ͍͏ใ͔ࠂ
Βઢ (Tylenchus polyhypnus)Ͱ 39ؒͱɼͦͷؒʹඇৗʹେ͖ͳဃ͕ଘ
Δ͢ࡏ [10]ɽ͜ͷݸମຖͷແँظͷՄ࣋ଓؒ࣌ͷҧ͍ɼס૩ੑ֫ಘظʹ
͓͚Δਫྔ͕ݮগ͍ͯ͘͠աఔʹ͔͚Δؒ࣌ͷ͞ʹґଘ͢ΔΒ͍͠ [48]ɽ͢
ͳΘͪɼס૩͞ΕΔաఔͰਫྔΛेʹอ࣋Ͱ͖ͣɼס૩࣌ʹੜ͡Δ༷ʑͳো
͓ʹೖΒ͟ΔΛಘͳ͍Α͏ͳੜछʹظ༰ԽͰ͖ͳ͍ঢ়ଶͰແँʹΛे
͍ͯɼແँظͷՄ࣋ଓؒ࣌Λेʹ͘औΔ͜ͱ͕Ͱ͖ͳ͍ͷͰͳ͍͔
ͱ͑ߟΒΕ͍ͯΔɽ

1.2.3 ظਫ࠶

ͨ·։ɼ࠶ಈΛ׆ମͱͯ͠ͷݸͷঢ়ଶ͔ΒਫΛ༩͑ΒΕظͱແँظਫ࠶
ࡉ๔྾͕࠶։͢Δ·ͰͷաఔΛ͢ࢦɽ͜ͷؒظס૩ੑΛͭ࣋ੜʹ͓͚
Δੜ໋׆ಈͷ࠶։Λؒظ͏ߦͱͯ͑͠ߟΒΕ͍ͯΔɽ࠶ਫظʹ͓͍ͯɼ௨ৗ
ͷੜ׆ΛΓཱͨͤΔͨΊͷँͷੑ׆ɼൃ׆ͳγάφϧୡ͓ΑͼҨൃࢠ
ظਫ࠶ʹ࿏͝ͱܦೝ͞Ε͍ͯΔɽຊઅͰ͜ΕΒͷԠ֬͘ʹΕ·Ͱ͕͜ݱ
ʹؔͯ͠ใ͞ࠂΕ͍ͯΔࢠੜֶతͳݟʹ͍ͭͯ·ͱΊɼ࠶ʹޙ࠷ਫظʹ
͔͔Δؒ࣌ͷ؍͔ΒɼຊڀݚͰରͱ͢ΔPv11ࡉ๔ͷס૩ੑߏػΛ໌Β͔ʹ
͢Δ্Ͱ͖͢Ԡܦ࿏ʹ͍ͭͯࢦఠ͢Δɽ

1.2.3.1 ँ

૩סΔँʹؔͯ͠ɼ·ͣτϨϋϩʔεεΫϩʔεͳͲ͚͓ʹظਫ࠶
ੑ֫ಘظʹ४උͨ͠ँ͕ղ͞ΕΔ͜ͱ͕ใ͞ࠂΕ͍ͯΔ [49,50]ɽ·ͨɼס
૩࣌ʹੵͨ͠AMPΛATPʹม͢ΔԠ͕༠ಋ͞ΕΔ [20]ɽͦͯ͠ɼ࠷ऴత
ʹਫԽँ (Carbohydrate metabolism)͕࠶։͠ɼ௨ৗঢ়ଶͱมΘΒͳ͍
ँঢ়ଶʹΔ͜ͱ͕֬ೝ͞Ε͍ͯΔ [51]ɽ͜ͷΑ͏ʹ࠶ਫظʹ͓͚Δँ
׆࿏ͷ෮ܦँͨͤ͞ࢭ४උ࣭ͨ͠ͷղɼఀʹظ૩ੑ֫ಘסຊతʹɼج
ͳͲݩͷੜ׆ʹΔͨΊʹඞཁͳԠͰΊΒΕ͍ͯΔ͜ͱ͕࣮ݧతʹ֬ೝ͞
Ε͍ͯΔɽ
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1 ॹݴ 1.2. ૩ੑס

1.2.3.2 γάφϧୡ

ͱಉ༷ʹMAPK/ERKɼظ૩ੑ֫ಘסΔγάφϧୡͱͯ͠ɼ͚͓ʹظਫ࠶
JNKɼp53ܦ࿏ͷੑ׆Խ͕֬ೝ͞Ε͍ͯΔ [52]ɽͷҨݱൃࢠ·Ͱ֬ೝ͞Ε
͍ͯͳ͍͕ɼ͜ΕΒͷγάφϧୡܦ࿏ͷ࠶ਫʹ͏ੑ׆Խ௨ৗͷMAPKܦ
࿏͕ࡉͭ࣋๔྾ͳͲੜ໋ݱΛ࠶։ͤ͞Δ্ͰඞཁͳҨݱൃࢠͷ४උʹॏཁ
Ͱ͋Δͱ͑ߟΒΕ͍ͯΔɽ͜ͷΑ͏ʹ࠶ਫظʹ͓͚Δγάφϧୡँͱಉ
༷ʹɼ௨ৗͷঢ়ଶʹΔ্ͰඞཁͳҨݱൃࢠΛۦಈ͢ΔͨΊͷԠܦ࿏͕ੑ׆
Խ͢Δ͜ͱ͕࣮ݧతʹ֬ೝ͞Ε͍ͯΔɽ

1.2.3.3 Ҩޚ੍ࢠ

ΒΕͨ௨ݟ͍͓ͯʹɼँɼγάφϧୡޚ੍ݱൃࢠΔҨ͚͓ʹظਫ࠶
ৗঢ়ଶͷ෮ؼʹՃ͑ͯɼס૩࣌ʹੜͨ͡োΛम෮͢ΔͨΊͷҨ͕ݱൃࢠใ
ԽΛଅ͢νΦϨυΩγϯͱDNAͷमࢎ߅ͱͯ͠ࢠΕ͖ͯͨɽͦͷओͳҨ͞ࠂ
෮Λ͏ߦҨ͛ڍ͕܈ࢠΒΕΔ [53]ɽલड़ͨ͠௨Γɼס૩࣌ʹࢎੑ׆ૉ͕ଟྔ
ʹੜ͞ΕɼλϯύΫ࣭ͷࢎԽDNAͷো͕සൃ͢Δ [54]ɽ͜ΕΒͷס૩࣌
ʹੵͨ͠োʹରͯ͠ɼ࠶ਫ࣌ʹ্͓͍ͯड़ͨ͠ҨࢠͷݱൃߴΛ༠ಋ͢
Δ͜ͱʹΑͬͯରॲ͢ΔҨ͕ܥޚ੍ࢠଘ͢ࡏΔՄੑ͕͋Δɽ

1.2.3.4 ͷ·ͱΊظਫ࠶

͜͜·ͰͰࣔͨ͠௨Γ࠶ਫظͷओͳݱͱͯ͠ɼݩͷੜ׆ʹΔ্Ͱඞ
ਢͳँੑ׆ͷճ෮ɼͦΕΛΓཱͨͤΔͨΊͷγάφϧୡҨ͕͋ޚ੍ࢠ
Δɽ͞ΒʹҨޚ੍ࢠʹ͓͍ͯಛҟతʹס૩࣌ʹ͓͍ͯੵͨ͠োΛम෮͢
ΔҨݱൃࢠΛ༠ಋ͢Δ͜ͱ͕֬ೝ͞Ε͍ͯΔɽס૩ੑ֫ಘظͱಉ༷ʹɼ࠶ਫ
ظʹཁ͢Δؒ࣌ͷ؍͔ΒຊڀݚͰରͱ͢Δ Pv11ࡉ๔ʹ͓͍ͯॏཁͱͳΔ
Ԡܦ࿏ʹؔͯ͢͠ٴݴΔɽ͜Ε·ͰʹΫϚϜγઢɼωϜϦϢεϦΧͷ༮
ʹ͓͍͓͓ͯΑͦ ։͕֬ೝ͞Ε͍ͯΔ࠶ಈͷߦͳൃ׆ʹҎؒ࣌1 [19, 42, 55]ɽ
ҰํͰPv11ࡉ๔ͷࡉ๔྾ͷ࠶։ 3ఔͨܦͳ͍ͱ֬ೝ͞Εͳ͍ [18]ɽ͜ͷ
͜ͱࡉ๔ϨϕϧͰͷס૩ੑʹ͓͍ͯɼࡉ๔྾ͷ࠶։·Ͱʹඇৗʹ͍࣌
ؒΛཁ͢Δ͜ͱΛҙຯ͓ͯ͠Γɼલड़ͨ͠ҰԠʹ͔Βؒ࣌Φʔμʔͷؒ࣌Λ
ཁ͢ٻΔҨ͕ޚ੍ࢠͱͯ͠ಇ͍͍ͯΔՄੑΛ͍ࣔͯ͠Δɽ͜ͷ͜ͱ͔Βɼ
Pv11ࡉ๔ͷ࠶ਫظʹ͓͚ΔϝΧχζϜΛ໌Β͔ʹ͢Δ্ͰҨޚ੍ࢠʹண
͢Δ͜ͱ͕༗༻Ͱ͋Δͱ͑ߟΒΕΔɽ

1.2.4 ૩ੑʹؔ͢Δ·ͱΊס

ຊઅͰס૩ੑʹؔͯ͜͠Ε·ͰʹಘΒΕͨࢠੜֶతͳݟʹ͍ͭͯɼס
૩ੑ֫ಘظɼແँ͓ظΑͼ࠶ਫظʹྨͯ͠แׅతʹड़ͨɽ͜ͷΑ͏ʹɼ
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1 ॹݴ 1.2. ૩ੑס

΄Ε͍ͯΔҰํͰɼ͜ΕΒͷ͞ࠂใ͘ݟੜֶతͳࢠ૩ੑʹ͍ͭͯס
΅શͯΫϚϜγઢɼωϜϦϢεϦΧͷ༮ͱ͍ͬͨݸମͰͷใݶʹࠂΒΕ
͓ͯΓɼPv11ࡉ๔ʹ͓͍ͯใ͞ࠂΕ࣮ͨࣄँʹؔͯ͠ͷτϨϋϩʔεͷࣗൃ
తͳ࢈ੜ͕ෆՄͳͱɼγϣοΫҼס͕ࢠ૩ੑʹ͓͚ΔඞཁͳҨޚ੍ࢠΛ
୲͍ͬͯΔͷΈʹͳΔɽ͢ͳΘͪɼࡉ๔୯Ґͷס૩ੑʹ͍ؔͯ͠·ͩࢠ
ੜֶతͳݟ΄΅ͳ͍ͱͯͬݴաݴͰͳ͍ɽ͞Βʹɼલड़ͨ͠ס૩ੑ
ؔ࿈Ҩ܈ࢠͷ੍ߏػޚʹؔͯ͠ݸମɼࡉ๔Θͣɼ͍·͕ͩݟ΄΅ͳ͍ɽ
͜ͷࡉ๔୯Ґͷס૩ੑΛ໌Β͔ʹ͢Δ্Ͱ࠷ॳʹ͢Δ͖Ԡܦ࿏ͱ͠

ͯɼס૩ੑ֫ಘ͓ظΑͼ࠶ਫظʹPv11ࡉ๔͕ཁ͢Δؒ࣌ͷ؍͔Βɼຊڀݚ
ͰҨޚ੍ࢠʹணͨ͠ɽ࣍અͰҨޚ੍ࢠͷࢠੜֶతͳҐஔ͚Λઆ
໌͠ɼଟͷҨޚ੍ࢠʹΑͬͯߏ͞ΕΔҨޚ੍ࢠωοτϫʔΫΛఆ͚ٛ
Δɽͦͯ͠ɼҨޚ੍ࢠωοτϫʔΫΛਪఆ͢ΔͨΊͷํ๏ʹ͍ͭͯ·ͱΊΔɽ
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1 ॹݴ 1.3. Ҩޚ੍ࢠωοτϫʔΫ

1.3 Ҩޚ੍ࢠωοτϫʔΫ

1.3.1 Ҩޚ੍ࢠωοτϫʔΫͷఆٛͱྫࣄڀݚ

Pv11ࡉ๔ͷס૩ੑΛ໌Β͔ʹ͢Δ্ͰɼલઅͰड़ͨΑ͏ʹஈ֊ͱͳ
ΔҨޚ੍ࢠʹ·ͣ͢ΔɽҨޚ੍ࢠͱɼ͋ΔసࣸҼ͕ࢠରͱͳΔήϊϜ
্ͷ݁߹ྖҬͷ݁߹Λհͯ݁͠߹ྖҬԼྲྀʹ͋ΔҨࢠͷసࣸΛ੍͢ޚΔԠΛ
͢ࢦ (ਤ 1.5)ɽ͜ͷԠΛଟͷసࣸҼ͓ؒࢠΑͼλʔήοτͱͳΔҨؒࢠͷ
Ԡͱͯ͠ଊ͑ɼసࣸҼࢠҨࢠΛ (ϊʔυ)ɼؒͷԠΛล (Τοδ)ͱͯ͠
දͨ͠ͷΛҨޚ੍ࢠωοτϫʔΫͱݺͿ (ਤ 1.6) [56]ɽҨޚ੍ࢠωοτϫʔ
ΫసࣸҼࢠͱసࣸҼࢠͷ੍ؔޚͷΈͰߏ͞ΕΔస੍ࣸޚωοτϫʔΫɼ͓Α
ͼసࣸҼࢠͱλʔήοτͱͳΔసࣸҼࢠҎ֎ͷҨࢠͱͷؒͷ੍ؔޚͰ͋Δ
Ҩޚ੍ࢠωοτϫʔΫ͔Βߏ͞ΕΔ [57](͠͠ɼ͜ΕΒશͯΛแׅͨ͠
Ҩޚ੍ࢠωοτϫʔΫࣗମΛస੍ࣸޚωοτϫʔΫͱݺͿ߹͋Δ͕ɼຊจ
Ͱલड़ͷݺশͰ౷Ұ͢Δ)ɽҨޚ੍ࢠҨݱൃࢠΛهड़͠ɼγάφϧୡܦ
࿏ͷߏཁૉͰ͋ΔλϯύΫ࣭ँԠΛ৮ഔ͢Δ߬ૉͷൃޚ੍ݱʹؔΘΔͨ
Ίɼࡉ๔ʹ͓͍͖ͯىΔݱΛ࣮࣭తʹશͯ୲͍ͬͯΔͱݟͳ͞Ε͍ͯΔ [45]ɽ
͜Ε·Ͱʹ༷ʑͳੜ໋ݱΛ୲͏Ҩޚ੍ࢠωοτϫʔΫʹؔ͢Δ͕ڀݚਐΜͰ
͓Γɼώτɼେەɼ߬ɼઢɼγϣδϣόΤγϩΠψφζφͱ͍ͬͨϞ
σϧੜʹؔͯ͠ɼͦͷҨޚ੍ࢠωοτϫʔΫ͕ௐΒΕɼରͱ͢Δੜ໋
ͱͷؔ࿈ੑ͕ٞ͞Ε͍ͯΔݱ [58–62]ɽ
Ҩޚ੍ࢠωοτϫʔΫͷಉఆ͜͏ߦͣ·ʹޙͱ͕Ͱ͖Δରͱ͢Δੜ໋ݱ

ʹର͢ΔΞϓϩʔνͱͯ͠ɼରͱ͢Δੜ໋ݱʹؔΘΔશҨݱൃࢠΛ੍ޚ
͢Δྲ্ྀ࠷ͷసࣸҼࢠͰ͋ΔϚελʔసࣸҼࢠͷಉఆ͕͛ڍΒΕΔɽઌڀݚߦͰ
ഏ͕ΜѱੑԽʹ͓͚Δస੍ࣸޚωοτϫʔΫͷಉఆ͓Αͼྲ্ྀ࠷ͷసࣸҼࢠʹ
͢Δ͜ͱͰɼNFIX͓ΑͼPTCH1͕ഏ͕ΜѱੑԽΛ୲͏ϚελʔసࣸҼࢠͰ
͋Δ͜ͱΛಉఆ͠ɼഏ͕Μྍ࣏ʹ͓͚Δ৽ͨͳༀλʔήοτͷൃݟʹޭͨ͠
͜ͱΛใ͍ͯ͠ࠂΔ (ਤ 1.7) [63]ɽ͜ͷΑ͏ʹྲ্ྀ࠷ͷసࣸҼࢠʹண͢Δ͜ͱ
ੜ໋ݱͷΩʔͱͳΔసࣸҼࢠͷൃݟʹ༗༻Ͱ͋Δ͕ɼ͜Ε·ͰʹτϥϯεΫ
ϦϓτʔϜղੳͰҰൠతʹߦΘΕ͖ͯͨൃݱมಈҨࢠղੳͰ͜ͷΑ͏ͳసࣸ
Ҽࢠͷݕग़ՄͰ͋Γɼ͜ͷղੳ͚ͩͰੜ໋ݱΛ໌Β͔ʹ͢Δ্Ͱຊ࣭త
ͳҨޚ੍ࢠωοτϫʔΫΛ໌Β͔ʹ͢Δҙٛͳ͍ͱ͑ݴΔɽ
ͦ͜Ͱ͜Ε·ͰʹҨޚ੍ࢠωοτϫʔΫͱੜ໋ݱΛ݁ͼ͚ͭΔࢼΈ͕ଟ

Λ݁ͼ͚ͭΔํ๏ͱͯ͠ɼݱωοτϫʔΫͱੜ໋ޚ੍ࢠΘΕ͖ͯͨɽҨߦ
·ͣҨޚ੍ࢠωοτϫʔΫશମͱͯ͠ͷಛͰ͋ΔεϞʔϧϫʔϧυੑεέʔ
ϧϑϦʔੑΛ͔ͭ࣋Ͳ͏͔ͷূݕϋϒͱݺΕΔଟ͘ͷ੍ؔޚΛͭ࣋Ҩࢠ
ʹண͢Δେہతͳಛʹ͢Δํ๏͕͋Δ [64, 65]ɽNabil GuelzimΒɼग़
ժ߬ͷస੍ࣸޚωοτϫʔΫ͕ϥϯμϜʹੜ͞ΕͨωοτϫʔΫΑΓฏۉ
࿏ܦ (ҙͷ 2ϊʔυؒͷΤοδ)͕খ͍͞ͱ͍͏εϞʔϧϫʔϧυੑʹՃ͑
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ͯωοτϫʔΫͷܘ (ҙͷ 2ϊʔυؒͷΤοδͷ͏ͪ࠷େͷ)͕ඇৗʹখ
͍͜͞ͱΛ໌Β͔ʹ͠ɼग़ժ߬͜ͷΑ͏ͳస੍ࣸޚωοτϫʔΫΛͭ࣋͜ͱ
ͰҨޚ੍ࢠʹ͓͚ΔใୡͷΕΛݮΒ͍ͯ͠Δ͜ͱΛࣔࠦͨ͠ [64]ɽ·ͨ
Reka Albertɼ༷ʑͳੜʹ͓͚Δస੍ࣸޚωοτϫʔΫ͕ग़࣍ (͋Δϊʔυ
͕ผͷϊʔυʹରͯ͠৳͢Τοδͷ)ʹ͓͍ͯɼҰ෦ͷϊʔυͷΈେଟ
ͷग़࣍Λͭ࣋ͱ͍͏εέʔϧϑϦʔੑΛͭ࣋͜ͱΛࣔ͠ɼ͜ͷ͜ͱ͔Βస੍ࣸ
ݱΑͬͯશମͷൃʹࢠΕΔసࣸҼݺϋϒͱͭ࣋Λ࣍͜͏ͨ͠େଟͷग़ޚ
ύλʔϯ੍͕͞ޚΕΔ͜ͱΛ໌Β͔ʹͨ͠ [65]ɽ͜ΕΒͷΑ͏ʹɼେہతͳಛ
ʹ͢Δํ๏Ҩޚ੍ࢠωοτϫʔΫશମͱͯ͠ͷΛཧղ͢Δ্Ͱ
ॏཁͳݟΛఏ͢ڙΔ͕ɼ۩ମతʹͲͷΑ͏ͳ੍͖ͮجʹؔޚରͱ͢Δੜ໋
Ε͍ͯΔ͔໌Β͔ʹ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽ͜Εʹରͯ͠ɼϥϯμ͞ޚ੍͕ݱ
Ϝʹ͖ىಘͳ͍සग़͢Δߏͱͯ͠ఆٛ͞ΕΔωοτϫʔΫϞνʔϑͱݺΕ
Δہॴతͳಛʹ͢Δํ๏͕ଘ͢ࡏΔ [66]ɽMiloΒ͜ͷωοτϫʔΫϞ
νʔϑʹண͢Δ͜ͱͰɼେ͓ەΑͼ߬ͷҨޚ੍ࢠωοτϫʔΫʹ͓͍ͯ
ϑΟʔυϑΥϫʔυϧʔϓ (Feed Forward Loop)ͱݺΕΔ 3Ҩ͔ࢠΒߏ͞
ΕΔߏ͕ɼ3ҨؒࢠͰߏՄͳશҨߏޚ੍ࢠͷ͏ͪ།ҰωοτϫʔΫϞ
νʔϑͱͯ͠ݕग़͞ΕΔ͜ͱΛ໌Β͔ʹ͠ɼ͞Βʹ͜Ε·Ͱʹ࡞͞Εͨిࢠճ
࿏ʹ͓͍ͯ͜ͷϑΟʔυϑΥϫʔυϧʔϓ͕ωοτϫʔΫϞνʔϑͱͯ͠ݕग़
͞ΕΔ͜ͱΛ໌Β͔ʹͨ͠ (ਤ 1.8)ɽ൴ΒϑΟʔυϑΥϫʔυϧʔϓߏ͕Ұա
తͳೖྗΛΧοτͯ͠ग़ྗʹ͑ͣɼेͳೖྗ͕ೖͬͨ࣌ͷΈग़ྗʹ͑Δϊ
ΠζআߏػڈΛඋ͍͑ͯΔͱ͍͏ݟͱ߹Θͤͯ (ਤ 1.9) [67]ɼੜͷస੍͕ࣸޚ
ΑͬͯΓཱͭՄʹޚΔ੍͑ߦΛڈͳϊΠζআߴͳɼࣅͱྨߏճ࿏ͷࢠి
ੑΛࣔͨ͠ɽ͜ͷΑ͏ʹωοτϫʔΫϞνʔϑʹہͮ͘جॴతͳಛʹ͢Δ
͜ͱͰੜ໋ݱͷ੍ޚʹؔ͢ΔݟΛಘΔ͜ͱ͕ՄʹͳΔɽຊڀݚͰס૩
ੑͷ੍ݱ͚ͨʹޚͷཧղΛ࠷ऴඪʹ͍ͯ͛ܝΔͨΊɼ͜ͷہॴతಛʹ
ͨ͠ղੳʹͮ͘جΞϓϩʔνΛऔΔɽ
͔͠͠ͳ͕Βɼ͜ͷํ͑ߟΛద༻͢ΔͨΊʹҨޚ੍ࢠωοτϫʔΫ͕໌Β

͔ʹͳ͍ͬͯΔඞཁ͕͋Δɽ͜Ε·ͰʹPv11ࡉ๔ΛॳΊͱͯ͠ɼס૩ੑʹؔ͢
ΔҨޚ੍ࢠωοτϫʔΫΛ໌Β͔ʹͨ͠ྫࣄͳ͍ɽͦͷͨΊPv11ࡉ๔ͷס૩
ੑ੍ߏػޚΛ໌Β͔ʹ͢Δ্Ͱɼ·ͣס૩ੑΛܗ͢ΔҨޚ੍ࢠωοτϫʔ
ΫΛਪఆ͢Δඞཁੑ͕͋Δɽ࣍અ͔ΒɼҨޚ੍ࢠωοτϫʔΫΛߏ͢Δసࣸ
ωοτϫʔΫͷਪఆํ๏Ͱ͜Ε·Ͱʹఏޚ੍ࢠωοτϫʔΫ͓ΑͼҨޚ੍
Ҋ͞Εͨํ๏ʹ͍ͭͯ֓આ͠ɼͦΕΒͷதͰຊڀݚͷతΛୡ͢Δ্Ͱ༗༻
ͳํ๏ʹ͍ͭͯରͱ͢ΔసࣸҼࢠ࣮ݧతͳίετͷ؍͔Βٞ͢Δɽ
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ゲノム
遺伝子 B

抽象化

遺伝子 B

転写因子 A転写因子 A mRNA B

1. 結合 2. 転写

ਤ 1.5: Ҩޚ੍ࢠͷ֓೦ਤ

Ҩޚ੍ࢠͱ 1) సࣸҼ͕ࢠରͱͳΔήϊϜ্ͷDNA݁߹ྖҬ݁߹͢Δɼ2) ݁߹

ྖҬۙͷҨࢠͷసࣸΛੑ׆Խ͢Δ͜ͱΛ૯শͨ͠ͷͰ͋ΓɼҨؔޚ੍ࢠΛද͢

߹ʹɼ੍͢ޚΔసࣸҼࢠͱ੍͞ޚΕΔҨࢠΛͦΕͧΕ (ϊʔυ)Ͱද͠ɼ੍ޚ

Λลؔ (Τοδ)Ͱද͢ɽ
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遺伝子 A 遺伝子 B 遺伝子 C 遺伝子 D 遺伝子 E

末端遺伝子制御ネットワーク

遺伝子制御ネットワーク

転写因子 C

転写因子 D

転写因子 E

転写因子 F
不活性化

転写因子 B

転写因子 A

転写制御ネットワーク

ਤ 1.6: Ҩޚ੍ࢠωοτϫʔΫͷߏ

Ҩޚ੍ࢠωοτϫʔΫసࣸҼࢠͱసࣸҼࢠͷ੍ؔޚͷΈͰߏ͞ΕΔస੍ࣸޚωο

τϫʔΫͱసࣸҼࢠͱλʔήοτͱͳΔసࣸҼࢠҎ֎ͷҨࢠͱͷؒͷ੍ؔޚͰ͋Δ

Ҩޚ੍ࢠωοτϫʔΫ͔Βߏ͞ΕΔɽ
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NFIX

PTCH1

ITGB1

NFAT5

GGCX

IL6ST

TIMP1

ਤ 1.7: స੍ࣸޚωοτϫʔΫʹͮ͘جഏ͕ΜѱੑԽసࣸҼࢠNFIXɼPTCHͷಉఆ

RahmanΒഏ͕ΜѱੑԽʹؔΘΔస੍ࣸޚωοτϫʔΫΛಉఆ͠ɼͦͷྲ্ྀ࠷ͷసࣸ

Ҽࢠʹண͢Δ͜ͱͰNFIX͓Αͼ PTCH͕ϚελʔసࣸҼࢠͱͯ͠ಇ͘͜ͱΛࣔࠦ͠

ͨɽ[63]ΑΓվมɽ Adapted from [63]ɼ©2017 RahmanɼAbdul MuradɼMollahɼ

Jamal and Harunɼhttp://creativecommons.org/licenses/by/4.0/
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Feed Forward Loop (FFL)

B

C

A

Nreal Nrand ± SD対象 対象種 Z-score

遺伝子制御 
ネットワーク

大腸菌 40 7 ± 3 10

出芽酵母 70 11 ± 4 14

電子回路 
(Forward Logic 

Chip)

s1580 424 2 ± 2 285

s38584 413 10 ± 3 120

s38417 612 3 ± 2 400

s9234 211 2 ± 1 140

s13207 403 2 ± 1 225

Nrand

Nreal : FFLの個数
: ランダムに生成したネットワークにおけるFFLの個数

ਤ 1.8: MiloΒʹΑΔछʑͷҨޚ੍ࢠωοτϫʔΫ͓Αͼిࢠճ࿏ʹ͓͚ΔFeed

Forward Loopߏʹؔ͢Δղੳ݁Ռ

MiloΒେ͓ەΑͼग़ժ߬Ͱطʹಉఆ͞Ε͍ͯͨҨޚ੍ࢠωοτϫʔΫ͓Αͼి

ճ࿏ࢠ (ϑΥϫʔυํࣜͷཧճ࿏)ʹ͓͍ͯ Feed Forward Loop (FFL)ߏͷݸ

(Nreal)Λࢉग़ͨ͠ [66]ɽ·ͨɼͦΕͧΕͷωοτϫʔΫʹ͓͚ΔϊʔυͱΤοδΛ

อଘͨ͠ϥϯμϜͳωοτϫʔΫΛ 1ɼ000ݸੜ͠ɼFFLߏͷݸ (Nrand)ͱͦͷඪ

४ภࠩ (SD)Λࢉग़ͨ͠ɽ·ͨɼ࣮ࡍͷωοτϫʔΫͷ FFLߏͷݸͷ౷ܭత༗ҙੑ

Λ͢ূݕΔͨΊʹ Z-score=(Nreal −Nrand)/SDΛࢉग़ͨ͠ɽͦͷ݁ՌɼҨޚ੍ࢠωο

τϫʔΫɼిࢠճ࿏ͱʹ FFLߏͷݸϥϯμϜͳωοτϫʔΫʹ͓͚ΔݸΑΓ

༗ҙʹଟ͍͜ͱ͕໌Β͔ʹͳͬͨɽ
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from X and a delayed one through Y. If the activation of X is tran-
sient, Y cannot reach the level needed to significantly activate Z,
and the input signal is not transduced through the circuit. Only
when X signals for a long enough time so that Y levels can build
up will Z be activated (Fig. 2a). Once X is deactivated, Z shuts
down rapidly. This kind of behavior can be useful for making
decisions based on fluctuating external signals.

The SIM motif is found in systems of genes that function sto-
chiometrically to form a protein assembly (such as flagella) or a
metabolic pathway (such as amino-acid biosynthesis). In these
cases, it is useful that the activities of the operons are determined
by a single transcription factor, so that their proportions at
steady state can be fixed. In addition, mathematical analysis sug-
gests that SIMs can show a detailed temporal program of expres-
sion resulting from differences in the activation thresholds of the
different genes (Fig. 2b). Built into this design is a pattern in
which the first gene activated is the last one to be deactivated.
Such temporal ordering can be useful in processes that require
several stages to complete. This type of mechanism may explain
the experimentally observed temporal program in the expression
of flagella biosynthesis genes18.

The motifs allow a representation of the E. coli transcriptional
network (Fig. 3) in a compact, modular form (for an image of the
full network, see Web Fig. A online). By using symbols to represent
the different motifs (Fig. 1), the network is broken down to its
basic building blocks. A single layer of DORs connects most of the
transcription factors to their effector operons. Feedforward loops
and SIMs often occur at the outputs of these DORs. The DORs are
interconnected by the global transcription factors, which typically
control many genes in one DOR and few genes in several DORs.
An important step in visualizing the network was to allow each
global transcription factor to appear multiple times, whenever it is
an input to a structure. This reduces the complexity of the inter-
connections while preserving all the information. There are few

long cascades3, usually involving σ-factors, such as cas-
cades of depth 5 in the flagella and nitrogen systems. Over
70% of the operons are connected to the DORs; the rest of
the operons are in small disjoint systems. Most disjoint
systems have only 1 to 3 operons. The remaining disjoint
systems have up to 25 operons and show many SIMs and
feedforward loops. A notable feature of the overall organi-
zation is the large degree of overlap within DORs between
the short cascades that control most operons. The layer of
DORs may therefore represent the core of the computa-
tion carried out by the transcriptional network.

Cycles such as feedback loops are an important feature
of regulatory networks. Transcriptional feedback loops
occur in various organisms, such as the genetic switch in
λ-phage5. In the E. coli data set, there are no examples of
feedback loops of direct transcriptional interactions,
except for auto-regulatory loops3. However, the absence

of feedback loops is not statistically significant, as over 80% of
the randomized networks also have no feedback loops (Table 1).
The many regulatory feedbacks loops in the organism are carried
out at the post-transcriptional level.

We considered only transcription interactions specifically
manifested by transcription factors that bind regulatory sites3,14.
This transcriptional network can be thought of as the ‘slow’ part
of the cellular regulation network (time scale of minutes). An
additional layer of faster interactions, which include interactions
between proteins (often subsecond timescale), contributes to the
full regulatory behavior and will probably introduce additional
network motifs. Characterization of additional transcriptional
interactions may change the present motif assignment for spe-
cific systems. However, our conclusions regarding the high fre-
quencies of feedforward loops, SIMs and overlapping regulation
compared with randomized networks are insensitive to the addi-
tion or removal of interactions from the data set. These features
are still highly significant, even when 25% of the connections in
the E. coli network are removed or rearranged at random.

The concept of homology between genes based on sequence
motifs has been crucial for understanding the function of
uncharacterized genes. Likewise, the notion of similarity
between connectivity patterns in networks, based on network
motifs, may be helpful in gaining insight into the dynamic
behavior of newly identified gene circuits. The present analysis
may serve as a guideline for experimental study of the functions
of the motifs. It would be useful to determine whether the net-
work motifs found in E. coli can characterize the transcriptional
networks of other cell types. In higher eukaryotes, for example,
there will be many more regulators affecting each gene, and addi-
tional types of circuits may be found. The findings presented
here also raise the possibility that motifs can be defined in other
biological networks7, such as signal transduction, metabolic19

and neuron connectivity networks.

letter

66 nature genetics • volume 31 • may 2002

Fig. 2 Dynamic features of the coherent feedforward loop and SIM
motifs. a, Consider a coherent feedforward loop circuit with an ‘AND-
gate’–like control of the output operon Z. This circuit can reject rapid
variations in the activity of the input X, and respond only to persistent
activation profiles. This is because Y needs to integrate the input X
over time to pass the activation threshold for Z (thin line). A similar
rejection of rapid fluctuations can be achieved by a cascade, X→Y→Z;
however, the cascade has a slower shut-down than the feedforward
loop (thin red line in the Z dynamics panel). b, Dynamics of the SIM
motif. This motif can show a temporal program of expression accord-
ing to a hierarchy of activation thresholds of the genes. When the
activity of X, the master activator, rises and falls with time, the genes
with the lowest threshold are activated earliest and deactivated lat-
est. Time is in units of protein lifetimes, or of cell cycles in the case of
long-lived proteins.
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ਤ 1.9: Ҩݱൃࢠʹ͓͚Δ Feed Forward Loop੍ޚʹΑΔೖग़ྗؔ

ਤ Feed Forward Loop੍ޚ (FFL)ʹΑΔҨޚ੍ݱൃࢠΛϞσϧԽͨ͠߹ͷؒ࣌ʹ

ର͢ΔXɼYɼZͷྔΛࣔ͢ɽ͜ΕʹΑΓೖྗ͕ύϧεঢ়ͷ߹ʹԼྲྀʹೖྗ͕ೖΒͣɼ

ेͳؒ࣌ೖྗ͕ೖͬͨ߹ͷΈԼྲྀΛੑ׆Խ͢Δͱ͍͏ੑ࣭͕͋Δ͜ͱ͕ࣔ͞Εͨɽ͜

ͷ͜ͱ͔Β Feed Forward LoopߏΛͭ࣋͜ͱҨޚ੍ݱൃࢠʹ͓͍ͯҰաతͳೖྗ

Λύεͯ࣋͠ଓతͳೖྗ͚ͩΛ௨͢ɼϊΠζআڈΛߏػޚ੍͏ߦͰ͋Δ͜ͱ͕ࣔࠦ͞Ε

ͨɽ·ͨɼX→Y→ZͷΈͷԠͷ߹ʹ Zͷൃݱมಈ͕ΕΔ͜ͱ͕֬ೝ͞Ε͓ͯΓ

(ઢ)ɼFeed Forward Loop੍ޚ࣋ଓతͳೖྗʹରͯ͠ΑΓ͍ԠΛ͢Δ͜ͱ͕ࣔ͞

ΕͨɽReprinted by permission from Springer Nature Customer Service Centre GmbH:

Nature Genetics [67]ɼ©2002. Print rights of the final author’s accepted manuscript

for up to 100 copiesɼelectronic rights for use only on a personal website or institutional

repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/)
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1.3.2 స੍ࣸޚωοτϫʔΫਪఆ

స੍ࣸؔޚͷਪఆҰൠతʹɼసࣸҼࢠͷൃݱมಈΛݪҼɼͦͷԼྲྀͷసࣸ
ҼࢠͷൃݱมಈΛ݁Ռͱͨ͠ҼՌΛਪఆ͢Δํ๏ʹू͞ΕΔɽͦͷͨΊಉࠁ࣌
ʹ͓͚ΔҨݱൃࢠͷσʔλ͔ΒͰɼ(૬͔ؔؔ͠ಋ͚ͳ͍ͨΊ)స੍ࣸؔޚ
ͷࢠͷਪఆʹ֤సࣸҼؔޚͰ͋Δɽͦ͜Ͱɼస੍ࣸࠔΛਪఆ͢Δ͜ͱ
Ϟσϧ͕ఏҊ͞Εͯྻܥ࣌Λར༻ͯ͠ਪఆ͢ΔؔޙมಈͷλΠϛϯάͷલݱൃ
͍Δɽྻܥ࣌ϞσϧʹΑΔਪఆख๏ͷఆࣜԽํ๏ʹΑΓେ͖͘ 2ͭͷख๏
ʹྨ͞ΕΔɽ1ͭͷख๏ɼ༩͑ΒΕͨσʔλʹ͖ͮجస੍ࣸߏޚʹείΞ
Λ༩͑ͯείΞΛ࠷େԽ͢Δస੍ࣸߏޚΛਪఆ͢Δߏֶशܕస੍ࣸޚωοτ
ϫʔΫਪఆ๏Ͱ͋Δɽ2ͭͷख๏ɼରͱ͢ΔҨݱൃࢠΛલͷผͷҨࢠ
స͖ͮجʹϞσϧΛಘͯɼͦͷϞσϧͷಛྔղੳؼΔ͜ͱͰճ͢ؼΒճ͔ݱൃ
ߏωοτϫʔΫਪఆ๏Ͱ͋ΔɽຊઅͰɼޚస੍ࣸܕؼΛਪఆ͢Δճߏޚ੍ࣸ
ֶशܕస੍ࣸޚωοτϫʔΫਪఆͱճܕؼస੍ࣸޚωοτϫʔΫਪఆͷݪཧʹ
͍ͭͯ֓આ͠ɼຊڀݚͰ༻͍Δ͖ख๏Λରͱ͢ΔసࣸҼࢠͷ؍͔Βٞ
͢Δɽ

1.3.2.1 ωοτϫʔΫਪఆޚస੍ࣸܕֶशߏ

ޚస੍͖ࣸͮجʹωοτϫʔΫਪఆɼ༩͑ΒΕͨσʔλޚస੍ࣸܕֶशߏ
ΊΔ͜ٻΛߏޚେԽ͢Δస੍ࣸ࠷ग़͠ɼͦͷείΞΛࢉʹରͯ͠είΞΛߏ
ͱͰ͜ΕΛಉఆ͢Δख๏Ͱ͋Δ (ਤ 1.10)ɽֶతʹఆࣜԽ͢ΔͱҎԼͷࣜͰද͞
ΕΔɽ

G = arg max
G′

(Score(G′|D)) (1.1)

্ࣜͷGٻΊ͍ͨస੍ࣸߏޚɼD༩͑ΒΕͨσʔλɼScore(G′|D)༩͑Β
ΕͨσʔλDʹͮ͘جస੍ࣸߏޚG′ͷείΞΛද͢ɽҰൠʹຊΛղ͘ࡍʹ
 arg maxؔͷରͱͳΔG′ͷީิɼసࣸҼࢠͷݸʹରͯ͠߹ͤരൃΛ
ߏɼ͖ͮجʹ߲ࣄͷهΘΕΔɽ্ߦ͕ࢉܭࣅదԽख๏Ͱସ͢Δۙ࠷Ίɼͨ͢͜ى
ֶशܕస੍ࣸޚωοτϫʔΫਪఆख๏Ͱ 1)Scoreͷ༩͑ํɼ2)࠷దԽख๏ͷબ
ͼํʹΑΓ༷ʑͳख๏͕ఏҊ͞Ε͍ͯΔɽScoreͷ༩͑ํʹؔͯ͠ɼσʔλʹର
͢Δߏͷ֬ޙࣄΛٻΊΔϕΠζใྔن४ (Bayesian Information Criterion)

 BDείΞɼBDeείΞ [68]ɼҨݱൃࢠͷલͮ͘جʹؔޙγϟϊϯΤϯτ
ϩϐʔ [69]ͳͲ͕ఏҊ͞Ε͍ͯΔɽ͜ͷείΞͷ༩͑ํʹΑΓҰൠʹɼϕΠζ౷
ωοτϫʔΫਪఆɼใྔޚస੍ࣸܕख๏ΛϕΠδΞϯωοτϫʔΫͮ͘جʹܭ
దԽ࠷ΕΔɽ·ͨɼݺωοτϫʔΫਪఆͱޚస੍ࣸܕख๏Λใཧͮ͘جʹ
ख๏ʹؔͯ͠స੍ࣸߏޚࣗମ͕͍ޓʹෆ࿈ଓͳؔʹ͋ΔͨΊɼҰൠʹඇ
ޯ๏ͱݺΕΔ࠷దԽख๏ʹྨ͞ΕΔᩦཉ๏ম͖ͳ·͠๏ɼҨతΞϧΰ
ϦζϜͳͲ͕ར༻͞ΕΔ [68]ɽߏֶशܕస੍ࣸޚωοτϫʔΫਪఆݪཧతʹ
 arg maxؔΛਖ਼͘͠ಋ͘͜ͱ͕Ͱ͖Εɼσʔλʹద߹͢Δɼ͢ͳΘͪݱ
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Λ͢ݱ࠶Δ࠷దͳస੍ࣸޚωοτϫʔΫΛਪఆ͢Δ͜ͱ͕ՄͰ͋Δɽ্͔͠͠
ड़ͨ͠Α͏ʹసࣸҼࢠͷ૿Ճʹରͯ͠୳͢ࡧ͖స੍ࣸߏޚG′ͷύλʔϯര
ൃతʹ૿Ճ͢Δɽ۩ମతʹɼରͱ͢ΔసࣸҼࢠͷݸ͕ nݸͷ߹ɼ୳͢ࡧ
͖G′ͷݸͰ͋Δ numG′(n)ҎԼͷࣜʹ૿͖ͮجେ͢Δɽ

numG′(n) = 4nC2 (1.2)

্ࣜɼ͋ΔҙͷೋͭͷసࣸҼࢠAɼBͷؒʹɼA͔Β Bͷ੍ؔޚɼB͔
ΒAͷ੍ؔޚɼ྆ํͷ੍ؔޚɼ੍ؔޚͳ͠ɼͷ 4ύλʔϯ͕ଘ͢ࡏΔ
͜ͱ͔Βಋ͘͜ͱ͕Ͱ͖Δɽ্ࣜΑΓ໌Β͔ͳΑ͏ʹɼ୳͢ࡧ͖G′ͷݸస
ࣸҼࢠͷʹରͯ͠ࢦؔతʹ૿Ճ͠ɼྫ͑సࣸҼࢠ͕ ͷ߹ʹݸ10
ͷ߹ʹݸɼ100ݸ1027×1.23 దԽख๏Λ༻͍ͨͱͯ͠࠷ͱͳΓɼݸ102475
ֶशߏʹͱ͕Ͱ͖ͳ͍ɽ͜ͷΑ͏͜͏ߦΛࡧͷྗͰेͳ୳ػࢉܭঢ়ͷݱ
ʹΛରͱͨ͠ਪఆࢠཧతʹଟͷసࣸҼݪωοτϫʔΫਪఆख๏ޚస੍ࣸܕ
͓͍ͯΒͣɼۙͷੈ࣍γʔέϯαͷൃୡʹͮ͘جཏతͳҨྔݱൃࢠ
ͷఆྔԽٕज़ͱͷ૬ੑ͕ѱ͍ɽͦ͜Ͱɼ͜ͷΑ͏ͳ߹ͤരൃͷΛղফ͢Δ
ख๏ͱͯ͠ఏҊ͞Εͨճܕؼస੍ࣸޚωοτϫʔΫਪఆख๏ʹ͍ͭͯ࣍અʹͯ
հ͢Δɽ
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t

e t

スコ
ア算
出

スコア算出

スコア算出

…
…

転写因子

転写因子

転写因子

転写因子

転写因子

転写因子

転写因子

転写因子

転写因子

G1

G2

G3

Dデータ： Score(G1|D) = 80

Score(G2|D) = 100

Score(G3|D) = 10

Score最大より
採択

ਤ 1.10: ωοτϫʔΫਪఆͷ֓೦ޚస੍ࣸܕֶशߏ

σʔλD͕༩͑ྔݱൃྻܥ࣌ͷࢠωοτϫʔΫਪఆͰɼ֤సࣸҼޚస੍ࣸܕֶशߏ

ΒΕͨ࣌ͷస੍ࣸޚωοτϫʔΫߏʹର͢ΔείΞΛࢉग़͠ɼͦͷείΞ͕࠷େʹͳΔ

͖͢ࡧωοτϫʔΫΛਪఆ͢Δɽ͔͠͠ɼҰൠʹ୳ޚ͢Δ͜ͱͰస੍ࣸ࠾Λߏ

ωοτϫʔΫߏͷݸ͕సࣸҼࢠʹରͯ͠ࢦؔతʹ૿Ճ͢ΔͨΊɼώϡʔϦε

ςΟοΫͳ࠷దԽ๏Λ༻͍ͯείΞͷྑ͍ߏΛ୳͢ࡧΔɽ
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1.3.2.2 ճܕؼస੍ࣸޚωοτϫʔΫਪఆ

ճܕؼస੍ࣸޚωοτϫʔΫਪఆߏֶशܕస੍ࣸޚωοτϫʔΫਪఆͰ
ͱͳͬͨ߹ͤരൃΛճආ͢ΔతͰఏҊ͞ΕͨωοτϫʔΫਪఆख๏Ͱ͋Δ [70]ɽ
ճܕؼస੍ࣸޚωοτϫʔΫਪఆख๏Ͱɼ·ͣҎԼͷϞσϧͷճؼΛ͏ߦ [71]ɽ

eit = fi(e
−i
t−1) + ϵt−1ɼ∀t (1.3)

͜͜ͰɼeitҙͷసࣸҼࢠ iͷࠁ࣌ tͰͷൃྔݱɼe−i
t−1సࣸҼࢠ iҎ֎ɼ͢ͳ

ΘͪసࣸҼࢠ iΛ੍͢ޚΔՄੑͷ͋ΔީิసࣸҼࢠͷࠁ࣌ t− 1Ͱͷൃྔݱɼϵt−1

ࠁ࣌ t− 1Ͱͷ߲ࠩޡɼfi eitͷൃྔݱΛઆ໌͢ΔͨΊͷؔͰ͋ΔɽຊϞσϧ
ͷσʔλͷద߹ɼ͢ͳΘͪճؼΛߦͳͬͨޙʹ fiͷؔʹ͖ͮجɼe−i

t−1ͷ͏ͪ
ͲͷసࣸҼ͕ؔࢠ fiͷӨ͕ڹେ͖͔͔ͬͨΛղੳ͢Δ͜ͱͰɼసࣸҼࢠ i
ͷ੍ؔޚΛਪఆ͢Δ (ਤ 1.11)ɽ͜ΕΛશసࣸҼࢠʹର͍ͯ͠ߦɼ࠷ऴతʹ֤
సࣸҼ͔ࢠΒͷ੍ؔޚͷӨྗڹͰ੍ؔޚʹϥϯΫ͚Λ͍ߦɼᮢॲཧΛ͢
Δ͜ͱʹΑͬͯస੍ࣸޚωοτϫʔΫΛਪఆ͢Δख๏ʹͳΔɽຊख๏ f ͷؔ
Αͬͯɼfʹํͷઃఆͷܗ ͷؔܗΛ eit−1ʹରͯ͠ઢܗͳࣜҨݱൃࢠͷ༳
Β͗ΛΑΓৄࡉʹϞσϧԽͨࣜ͠ʹݻఆ͢ΔϞσϧݻఆܕͷख๏ [72,73]ͱ f ͷؔ
ܗΛݻఆͤͣʹػցֶशʹ͖ͮجճؼΛ͏ߦϞσϧϑϦʔܕख๏ [71, 74, 75]ʹ
ྨ͢Δ͜ͱ͕Ͱ͖Δɽճܕؼస੍ࣸޚωοτϫʔΫਪఆ্ड़ͷ௨Γɼߏֶ
शܕస੍ࣸޚωοτϫʔΫਪఆʹ͓͍ͯͱͳͬͨ߹ͤരൃͷΛɼnճ
ͷճؼͷͰղ͘͜ͱ (n regression problem)Ͱղফ͢Δ͜ͱ͕Ͱ͖͍ͯΔɽ͜
ͷ߹ͤരൃͷղফ͕ͳ͞Εͨճܕؼస੍ࣸޚωοτϫʔΫਪఆɼϋΠε
ϧʔϓοτͳҨݱൃࢠఆྔٕज़ͱͷ૬ੑ͕ඇৗʹྑ͍ɽͦͷͨΊۙͰ f ͷ
ؔܗͷઃఆํ๏ճؼϞσϧ͔Βͷಛղੳʹؔͯ͠ڀݚͷਐ͕ஶ͘͠ɼଟ
ͷΞϧΰϦζϜ͕ఏҊ͞Ε͍ͯΔɽ
ͦͷதͰɼ༷ࡏݱʑͳҨޚ੍ࢠωοτϫʔΫਪఆͷϕϯνϚʔΫͷʹର͠

େͷਫ਼Λࣔ͢ਪఆΞϧΰϦζϜͱͯ͠BTNET͕ఏҊ͞Εͨ࠷ͯ [71]ɽBTNET

ϞσϧϑϦʔܕͷਪఆΞϧΰϦζϜͰ͋ΓɼػցֶशΞϧΰϦζϜͱͯ͠ޯ
ϒʔεςΟϯάΛ࠾༻͍ͯ͠Δ [76]ɽޯϒʔεςΟϯάܕճؼΞϧΰϦ
ζϜͷҰछͰ͋ΓɼؔࠩޡͷޯΛ࠷ʹݩదԽΛػ͏ߦցֶशΞϧΰϦζϜͰ
͋ΔɽܕճؼΞϧΰϦζϜɼඃઆ໌ม Y ʹରͯ͠આ໌มX(x ∈ X)ͷ͏
ͪͰᮢॲཧΛͯ͠ Y Λׂͨ͠ࡍʹׂ͞Εͨ Y ͷͷͦΕͧΕͷ࠷͕ࢄ
খ͘͞ͳΔΑ͏ͳ xͱͦͷᮢΛબ͢Δɽ͜ΕΛׂ͞Εͨ Y ʹରͯ͠ಉ༷
ऴతʹׂ͞Εͨ࠷ଓ͚ɼ͍ߦʹ Y ͷฏۉΛग़ྗͱͯ͠ಘΔํ๏Ͱ͋Δ (͜
ͷ࣌ɼ͜͜·Ͱͷૢ࡞Ͱ࡞͞Εͨઆ໌มͰׂ͠ଓ͚ΔͷΛ “”ͱݺͿ)ɽ
ޯϒʔεςΟϯάͰɼ্هͷํ๏Ͱग़ྗͷܾఆΛߦͳͬͨޙʹɼ࣮ࡍʹ
આ໌͍ͨ͠ Y ͷͱͷࠩޡΛࢉग़͠ɼݮ͕ࠩޡΔΑ͏ʹग़ྗͷิਖ਼Λ͍ߦɼ܁
Γฦ͠Λੜ͢Δ͜ͱͰɼΑΓσʔλʹద߹ͨ͠ճؼΛୡ͢Δख๏Ͱ͋ΔɽҎ
ԼʹޯϒʔεςΟϯάΛར༻ͨ͠ BTNETͷΞϧΰϦζϜʹ͓͚ΔखॱΛ·
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ͱΊΔɽୠ͠ɼҎԼʹ͓͍ͯ f Λਪఆ͍ͨؔ͠ɼYiΛ͋Δࠁ࣌ iʹ͓͚Δ੍
ࠁ࣌ɼxiΛ͋ΔྔݱͷൃࢠରͷసࣸҼޚ iʹ͓͚Δରͱ͢ΔసࣸҼࢠҎ֎ͷ
ɼTɼβΛֶशؔࠩޡɼLΛྻܥ࣌Λࣔ͢ϕΫτϧɼNΛશྔݱൃ Λֶश
ճͱ͢Δɽ

(a) ͍ͯ༺Λۉσʔλͷฏྻܥ࣌ͷਪఆ͍ͨؔ͠ͷग़ྗΛશࠁ֤࣌ f0 = Y

ͱͯ͠ઃఆ͢Δ

(b) NݸͷσʔλΛ༻͍ͯ fͷؔʹద߹͢ΔΑ͏ʹؔ fΛޯϒʔεςΟ
ϯάͰֶशͤ͞Δ

(c) ద߹͍ͨ͠σʔλ Y ͱؔͷग़ྗ f(x)Λ༻͍ͯؔࠩޡ L(f(xi)ɼYi) (=
1
2(Y − f(x))2)Λࠁ֤࣌ʹݩʹ͓͚Δؔग़ྗͷҰ֊ඍ R(f(xi)ɼYi) =
∂L(f(xi)ɼYi)

∂f(xi)
= Yi − f(xi)Λࢉग़͢Δ

(d) ͷؔग़ྗΛࠁ֤࣌ ftɼi = ft−1ɼi + β ×R(f(xi)ɼYi)Ͱࢉग़͢Δ

(e) ه্ (b)͔Β (d)Λֶशճ T ʹୡ͢Δ·Ͱ܁Γฦ͠͏ߦ

͜͜·ͰͷεςοϓͰ੍ޚରͷసࣸҼࢠͷൃྔݱΛผͷసࣸҼࢠͷҰࠁ࣌લͷ
Ͱઆ໌͢Δ͜ͱ͕Ͱ͖Δؔྔݱൃ f ΛಘΔ͜ͱ͕Ͱ͖Δɽଓ͍ͯɼ͜ͷσʔλ
ʹద߹ͨ͠ f ॏཁͳ͜ͱͱͯ͠ɼ࠷ʹࡍɽ͜ͷ͏ߦͷਪఆΛؔޚ੍͖ͮجʹ
ޯϒʔεςΟϯάʹ͓͍ͯબ͞Εͨ͋ΔసࣸҼࢠ xʹΑׂͬͯ͞Εͨ Y

ͷൃྔݱͷ͕ࢄׂ͞ΕΔલʹൺͯΑΓখ͘͢͞Δ͜ͱ͕Ͱ͖ΔͷͰ͋Εɼ
ͦͷΑ͏ͳ x Y ͷ੍ؔޚͷ͔֬Β͍͠͞ߴͱ͍͏ʹͳΔɽ͜ͷ֓೦
ඃઆ໌มʹؔ͢ΔϞσϧͷʹࡍຊతʹɼ͋ΔมΛઆ໌มͱͯ͠Ճ͑ͨج
આ໌ੑ͕ɼͦͷมΛઆ໌มʹՃ͑ͳ͍߹ʹൺͯݦஶʹ্͕Δ͜ͱ (ΑΓਖ਼
֬ʹड़Δͱɼ࠷খೋ (Ordinary Least SquaresɼOLS)͕ࠩ༗ҙʹݮগ͢Δ
͜ͱ)͕ͦͷઆ໌มͱඃઆ໌มͷؒʹҼՌ͕͋Δͱ͢ΔGrangerҼՌͱಉٛͰ
͋Δ [77]ɽ͜ͷΑ͏ͳҼՌͷ֓೦ʹ͖ͮجɼBTNETͰରͱͳΔసࣸҼࢠ Y

ʹର͢Δ͋ΔసࣸҼࢠ gʹΑΔ੍ؔޚͷ͔֬Β͠͞ V IS ensenble(g)Λ f Λߏ
͢ΔޯϒʔεςΟϯάΛ༻͍ͯҎԼͷ௨Γʹఆٛͨ͠ɽ

V IS ensemble(g) =
1

T

T∑

t=1

V ISt(g) (1.4)

ͨͩ͠ɼV ISt(g) =
∑

Si∈Sɼsplit variable of Si is g

|Si|× V ar(Si) (1.5)

−|Siɼleft|× V ar(Siɼleft)− |Siɼright|× V ar(Siɼright)

্ࣜͷS Y ͷཁૉʹΑͬͯߏ͞ΕΔू߹Λද͠ɼ|S|SͷཁૉΛද͢ɽ·
ͨ V ar(S) SͷߏཁૉͷࢄΛࣔ͠ɼSiɼleft͓Αͼ Siɼright Sͷू߹Λઆ໌
มͰ͋ΔసࣸҼࢠ gͷൃྔݱͰᮢॲཧΛׂͯͨ͠͠ Y ͷ෦ू߹Λද͢ɽ
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(1.5)ࣜΑΓ໌Β͔ʹɼׂલͷ Sͷࢄʹରׂͯ͠ޙͷ͕ࢄখ͘͞ͳΕͳ
Δ΄ͲɼV ISt(g)େ͖͘ͳΓɼ݁Ռతʹ V IS ensemble(g)େ͖͘ͳΔɽ͢ͳ
Θͪɼ͜ͷࢦඪͷେখʹΑΓసࣸҼࢠ gʹΑΔඃ੍ޚసࣸҼࢠ Y ͷ੍ؔޚͷ
͔֬Β͠͞ (GrangerҼՌͷ߹͍)Λ͑ߟΔ͜ͱ͕Ͱ͖Δɽస੍ࣸޚωοτϫʔ
ΫΛߏ͢Δશͯͷ gͦͯ͠ඃ੍ޚసࣸҼࢠ Y ʹ͍ͭͯશͯͷ gʹ͍ͭͯࢉग़
͢Δ͜ͱʹΑΓɼ2ͭͷసࣸҼؒࢠͷ੍ؔޚͷ V IS ensembleྻΛಘΔ͜ͱ͕Ͱ
͖ɼ࠷ऴతʹ͜ͷ V IS ensembleͷʹରͯ͠దͳᮢΛઃఆ͢Δ͜ͱͰసࣸ
ͷΞϧΰϦζهͰ্ڀݚߦωοτϫʔΫΛਪఆ͢Δ͜ͱ͕ՄʹͳΔɽઌޚ੍
Ϝʹ༷͖ͮجʑͳస੍ࣸޚωοτϫʔΫਪఆʹؔ͢ΔϕϯνϚʔΫͷʹର͠
ͯɼᮢॲཧʹΑΔਅͷ੍ؔޚͱِͷ੍ؔޚΛ७ਮʹׂͰ͖͔ͨͲ͏͔Λ
ଌΔࢦඪͰ͋ΔAUPR (Area Under Precision and Recall)ͱAUROC(Area under

Reciever Operator Curve)͕ଞΞϧΰϦζϜʹରͯ͠࠷͍͜ߴͱ͕ࣔ͞Εͨ [71]ɽ
͜ͷΑ͏ʹɼճܕؼస੍ࣸޚωοτϫʔΫਪఆख๏ߏֶशܕస੍ࣸޚωο

τϫʔΫਪఆͰෆՄͳଟͷసࣸҼࢠʹର͢Δ੍ؔޚͷਪఆΛՄʹ͢Δɽ
ຊڀݚͰରͱ͢ΔPv11ࡉ๔ͷϦϑΝϨϯεήϊϜͰ͋ΔωϜϦϢεϦΧͷήϊ
Ϝʹ ೝ͞Ε͍ͯΔ͕֬ࢠͷసࣸҼݸ176 [39]ɽ͜ͷసࣸҼࢠͷݸʹରͯ͠స
ωοτϫʔΫਪఆख๏͕ޚస੍ࣸܕؼωοτϫʔΫΛਪఆ͢ΔͨΊʹճޚ੍ࣸ
༗༻Ͱ͋Γɼઌ࠷͍͓ͯʹڀݚߦେͷਫ਼͕ࣔ͞Ε͍ͯΔ BTNETΛຊڀݚͰ
ɽͨ͠༺࠾
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t

e t

fblue

fbluefbluefblue 転写因子

転写因子

fblue = 1.0⇥ et�1,red+

0.0⇥ et�1,green

Ex : 

ਤ 1.11: ճܕؼస੍ࣸޚωοτϫʔΫਪఆͷ֓೦

ճܕؼస੍ࣸޚωοτϫʔΫਪఆͰɼ·੍ͣޚରͱͳΔసࣸҼࢠΛఆΊ (੨৭సࣸҼ

ɼޙΔɽͦͷ͢ؼͰճྔݱલͷൃࠁ࣌ͷҰࢠมԽΛผͷసࣸҼݱͷൃࢠɼͦͷసࣸҼ(ࢠ

σʔλʹద߹ͨ͠ճؼϞσϧΛ༻͍ͯɼ੍ޚରͱͳΔసࣸҼࢠΛઆ໌Ͱ͖ΔసࣸҼࢠΛ

ղੳ͢ΔɽਤͰɼճؼϞσϧΛઢܗϞσϧͰԾఆͨ͠߹ͷྫΛࣔ͢ɽճؼϞσϧ͕

fblue = 1.0× et−1ɼred + 0.0× et−1ɼgreenͱͯ͠ಘΒΕͨͱ͢Δͱɼ͜ͷ߹৭సࣸҼ

આ໌Ͱ͖Δ͜ͱʹͳΔͨΊɼ͘ྑ͕ྔݱͷൃޙࠁ࣌ͷҰࢠΑͬͯ੨৭సࣸҼʹྔݱͷൃࢠ

৭సࣸҼ͔ࢠΒ੨৭సࣸҼࢠͷ੍͕ؔޚ༧ଌ͞ΕΔɽ͜ΕΛ੍ޚରͱͳΔసࣸҼ

͕ݸͷࢠͱʹΑͬͯɼసࣸҼ͜͏ߦʹରͯͦ͠ΕͧΕಠཱʹࢠΛશసࣸҼࢠ nݸͷ߹ɼ

nճͷճؼͱ nճͷճؼϞσϧͷղੳͰస੍ࣸޚωοτϫʔΫΛਪఆ͢Δ͜ͱ͕Ͱ͖Δɽ
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1.3.3 Ҩޚ੍ࢠωοτϫʔΫਪఆ

Ҩޚ੍ࢠωοτϫʔΫͱసࣸҼࢠͱసࣸҼࢠҎ֎ͷҨࢠͷؒʹଘࡏ
͢ΔҨؔޚ੍ࢠΛ͢ࢦɽసࣸҼࢠҎ֎ͷҨࢠΛཁૉʹؚΉͨΊɼશҨ͕ࢠ
ผͷҨࢠΛ੍͠ޚಘΔ͜ͱΛԾఆ͢Δస੍ࣸޚωοτϫʔΫਪఆͷํ๏
Ҩޚ੍ࢠωοτϫʔΫͷਪఆʹ༻͍Δ͜ͱ͕Ͱ͖ͳ͍ɽͦͷͨΊɼҨ
๏͕ఏҊ͞Ε͍ͯΔɽͦΕɼํͮ͘جʹωοτϫʔΫਪఆʹผͷ֓೦ޚ੍ࢠ
సࣸҼࢠͷԼྲྀҨ܈ࢠͷϓϩϞʔλྖҬͷ݁߹Λਪఆ͢Δ͜ͱͰҨޚ੍ࢠ
ਪఆํ๏Ͱ͋ΔChIP-seqͮ͘جʹΛਪఆ͢Δ͜ͱͰ͋ΔɽຊઅͰ͜ͷ֓೦ؔ

σʔλΛ༻͍ͨख๏ͱసࣸҼࢠͷ݁߹ྻϞνʔϑσʔλΛ༻͍ͨख๏ʹ͍ͭͯ
આ໌͢Δɽ

1.3.3.1 ChIP-seqσʔλΛ༻͍ͨҨޚ੍ࢠωοτϫʔΫਪఆ

ChIP-seq (Chromatin ImmunoPrecipitation followed by sequencing) Ͱ໔Ӹ
߱๏Λར༻ͯ͠ରͱ͢ΔλϯύΫ࣭͕݁߹ͨ͠ DNAྻΛબతʹಡΈग़
͢ [78]ɽChIP-seqͰ·ͣɼରͱ͢Δࡉ๔ΛϗϧϜΞϧσώυͰॲཧ͢Δ͜ͱ
ͰɼλϯύΫ࣭ͱDNAΛݻڧʹՍ͢ڮΔɽͦͷޙɼࡉ๔ʹରͯ͠ԻॲཧΛࢪ
͢͜ͱͰࡉ๔Λഁࡅɼ͓ΑͼDNAΛ 200͔Β 600ԘجͷൣғͰׂ͢Δɽͦͯ͠ɼ
݁߹ྖҬΛ໌Β͔ʹ͍ͨ͠λϯύΫ࣭ͷ߅ମΛ༻͍Δ͜ͱͰରͱͳΔλϯύΫ
࣭͕݁߹ͨ͠DNAྻͷΈΛ໔Ӹ߱๏Ͱऔಘ͢Δɽ͜ͷऔಘͨ͠λϯύΫ࣭ͱ
DNAͷ݁߹ΛԻͰஅ͠ɼಘΒΕͨDNAྻΛγʔέϯαʔͰಡΈग़͠ɼ
ϦϑΝϨϯεήϊϜʹϚοϐϯά͢Δ͜ͱͰͨ͠λϯύΫ࣭ͷ݁߹ྻΛ
ཏతʹಘΔ͜ͱ͕Ͱ͖Δɽ͜ͷλϯύΫ࣭ΛసࣸҼࢠͱͯ͠ChIP-seqΛ͍ߦɼ݁
߹ྻۙͷҨࢠΛಉఆ͢Δ͜ͱʹΑΓసࣸҼ͠ޚ੍͕ࢠಘΔλʔήοτҨ
Λಉఆ͢Δ͜ͱ͕ՄʹͳΔࢠ [79]ɽChIP-seqରͱ͢ΔసࣸҼࢠͱDNA݁
߹ྻͷؔΛཏతʹ୳ࡧͰ͖Δ͜ͱ͔Βɼస੍ࣸޚωοτϫʔΫͷಉఆʹ༻͍
ΒΕ͕ͨ͋ྫࣄΔ [61]ɽҰํͰɼChIP-seqɼ1) సࣸҼࢠʹର͢Δ߅ମ͕ͳ͚Ε
͜͏ߦͱ͕Ͱ͖ͳ͍ɼ2)্ྲྀͰ͋ΔసࣸҼࢠʹؔ͢Δཏੑͳ͍ (Ұͭͣͭ߅
ମΛ࡞্ͯ͠هͷखॱΛ౿Ήඞཁ͕͋ΔͨΊ)ɼͱ͍͏ 2͔Βेʹ࣮ڥݧ
͕͍ͬͯΔੜछҎ֎ʹద༻ͮ͠Β͍ͱ͍͏͕͋Δɽ͞ΒʹChIP-seq

ʹΑͬͯ໌Β͔ʹͰ͖Δ͜ͱసࣸҼ͕ࢠରͱ͢Δྻʹ݁߹͢Δ͔൱͔ͱ͍
͏ͷΈͰ͋ΔͨΊɼͦͷ݁߹͕ԼྲྀҨࢠͷൃݱΛ༠ಋ͢Δ͔Ͳ͏͔໌Β͔
ʹͰ͖ͳ͍ɽͦͷͨΊɼҨޚ੍ࢠΛ໌Β͔ʹ͢Δ্Ͱ݁߹ྻΛಉఆͰ͖Δ
ChIP-seqͱԼྲྀҨࢠͷൃݱͷ༗ແΛ໌Β͔ʹ͢Δ͜ͱ͕Ͱ͖ΔRNA-seqΛซ༻
ͱ͕ҰൠతͰ͋Δ͜͏ߦͯ͠ [61]ɽຊڀݚͰରͱ͢ΔPv11ࡉ๔ʹ͓͚ΔసࣸҼ
ͳ͍ɽͦͷͨΊɼ͜ͷ͠ࡏଘࢠ͕Ͱ͖ͨసࣸҼ࡞ମ߅ͩ·ɼ͍͍ͯͭʹࢠ
ChIP-seqΛ༻͍ͨҨޚ੍ࢠωοτϫʔΫͷਪఆݱঢ়ෆՄͰ͋Δɽ͜ͷ
Α͏ͳ࣮ݧతͳΞϓϩʔνʹΑΔҨޚ੍ࢠωοτϫʔΫਪఆʹସ͢Δํ
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๏ͱͯ͠ɼ࣍અͰసࣸҼࢠͷ݁߹ྻϞνʔϑσʔλΛ༻͍ͨख๏ʹ͍ͭͯ
ड़Δɽ

1.3.3.2 ݁߹ྻϞνʔϑσʔλΛ༻͍ͨҨޚ੍ࢠωοτϫʔΫਪఆ

సࣸҼࢠҰൠʹ 10 ntఔͷྻΛೝࣝͯ݁͠߹͠ҨݱൃࢠΛ੍͢ޚΔ [80]ɽ
͜ͷྻసࣸҼࢠຖʹҟͳΔ͜ͱ͕ใ͞ࠂΕ͓ͯΓɼ͜ͷΑ͏ͳྻͷ͜ͱΛ
సࣸҼࢠʹର͢Δ݁߹ྻϞνʔϑͱݺͿ [81]ɽ͜Ε·Ͱʹɼ༷ʑͳੜछʹ͓͍
ͯసࣸҼࢠͱ݁߹ྻϞνʔϑͷ͕ؔChIP-seqͷ࣮݁ݧՌͳͲΛݩʹ·ͱΊΒ
Ε͓ͯΓɼσʔλϕʔε֦ॆ͍ͯ͠Δ [82–84]ɽ·ͨɼ͜ΕΒσʔλϕʔεʹ͓
͍ͯ݁߹ྻҰҙͳԘجྻͰఆٛ͞Ε͓ͯΒͣɼྻҐஔ͝ͱͷAɼTɼ
GɼCͷԘ֬جΛද͢ Position Weight Matrix (PWM)ͱͯ͠ఆٛ͞Ε͍ͯΔɽ
ຊઅͰઆ໌͢Δख๏ɼ͜ͷ݁߹ྻϞνʔϑσʔλΛར༻͢Δ͜ͱͰ࣮ݧతʹ
ಘΒΕΔChIP-seqʹ݁ͮ͘ج߹ྻΛସ͠సࣸҼࢠͱҨؒ܈ࢠͷ੍ؔޚ
ωοτϫʔΫͷޚ੍ࢠΛਪఆ͢Δɽ݁߹ྻϞνʔϑσʔλΛ༻͍ͨҨ
ਪఆʹ͓͍ͯɼجຊతʹ 1ͭͷసࣸҼࢠର 1ͭͷҨؒࢠͰͷ੍ؔޚͰͳ
͘ɼ1ͭͷసࣸҼࢠରଟͷҨؒࢠʹ͓͚Δ੍ؔޚΛਪఆ͢Δ͜ͱ͕Ұൠత
Ͱ͋Δ [85]ɽ͜ͷΑ͏ͳख๏ΛϞνʔϑΤϯϦονϝϯτղੳ (Motif Enrichment

AnalysisɼMEA)ͱݺͿɽຊઅͰϞνʔϑΤϯϦονϝϯτղੳͰߴ࠷ͷਫ਼Λ
ࣔ͢CLOVERΞϧΰϦζϜʹ͍ͭͯઆ໌͢Δ [85, 86]ɽ͋ΔసࣸҼࢠͷ݁߹ྻ
Ϟνʔϑͱ݁߹Մ൱Λ͑ߟΔྻL͕༩͑ΒΕͨ࣌ʹɼ݁߹ʹؔ͢ΔLR1(L)

ΛҎԼͷΑ͏ʹఆٛ͢Δɽ

LR1(L) =
W∏

k=1

q(kɼLk)

p(Lk)
(1.6)

͜͜ͰɼW ݁߹ྻϞνʔϑͷԘجɼLkLͷ k൪ͷԘجɼq(kɼLk)
ରͱ͍ͯ͠ΔసࣸҼࢠͷ݁߹ྻϞνʔϑʹ͓͚Δ k൪ͷ LkͷԘجͷ֬ɼ
p(Lk)ϥϯμϜͳྻʹ͓͚Δ LkͷԘجͷ֬Λද͢ɽϥϯμϜͳྻ͔Βٻ
ΊΒΕΔԘجͷ֬Ұൠతʹɼ݁߹Λఆ͢ΔੜछͷήϊϜΛߏ͢ΔԘج
ͷׂ߹Ͱସ͢Δ͜ͱ͕ߦΘΕΔɽ͜ͷ LR1(L)͕͍ߴ΄Ͳɼରͱ͢Δస
ࣸҼࢠͷ PWMʹ݁ͮ͘ج߹ྻϞνʔϑͱྨͨ͠ࣅྻͰ͋Δ͜ͱΛࣔ͢ɽଓ
͍ͯɼ͜ͷ LR1(L)Λ༻͍ͯ݁߹Λఆ͢ΔҨࢠͷ্ྲྀྖҬ Sͷ݁߹ʹؔ͢
Δ LR2(S)ΛҎԼͷΑ͏ʹఆٛ͢Δɽ

LR2(S) =
1

Ms

∑

L∈S

LR1(L) (1.7)

͜͜ͰɼMS্ྲྀྖҬSʹ͓͚Δ݁߹ϞνʔϑྻূݕՕॴͷݸΛࣔ͠ɼMS =

|S| − W + 1Ͱ͋Δ (|S| S ͷྻΛࣔ͢)ɽ্্ࣜྲྀྖҬ S શҬʹ͓͚Δ
LR1(L)ͷฏۉΛද͓ͯ͠Γɼ͕͍ߴ΄Ͳ্ྲྀྖҬʹసࣸҼࢠͷ݁߹ྻϞ
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νʔϑͱྨͨ͠ࣅྻ͕ଘ͢ࡏΔ͜ͱΛද͢ɽଓ͍ͯରͱ͢ΔҨ܈ࢠͷ্ྲྀ
ྖҬશମΛ௨ͨ݁͠߹ྻϞνʔϑͷଘࡏʹؔ͢ΔΛఆٛ͢Δɽ͜ͷࡍʹɼશ
ͯͷҨ܈ࢠͷ্ྲྀྖҬʹඞͣ݁߹ྖҬ͕ଘ͢ࡏΔͱ͍͏Ծఆ͗͢͠ݫΔͨΊɼ
Ҩ܈ࢠͷN ʹରͯ͠ iݸͷ্ྲྀྖҬʹ͓͚Δ݁߹ྻϞνʔϑͷଘࡏʹؔ͢
Δͱͯ͠ҎԼͷΑ͏ʹ LR3(i)Λఆٛ͢Δɽ

LR3(i) =
1

NCi

∑

A

∏

S∈A

LR2(S) (1.8)

͜͜ͰɼAରͱ͢ΔҨ܈ࢠͷ্ྲྀྖҬSʹ͍ͭͯ iݸऔΓग़ͯ͠࡞Δ͜ͱ
͕Ͱ͖Δશͯͷ෦ू߹Λཁૉͱͯͭ͠ू߹Ͱ͋Γɼͦͷཁૉ NCiͰ͋Δɽ
Ε͍ͯͬ࣋ͷLR3(i)Ұ෦ͷ্ྲྀྖҬSͰ५ʹ݁߹ྻϞνʔϑΛه্
͍ͨߴΊɼલड़ͨ͠શͯͷҨ܈ࢠͷ্ྲྀྖҬʹඞͣ݁߹ྖҬ͕ଘ͠ࡏͳ͚Ε
͍͚ͳ͍ͱ͍͏ԾఆΛ؇͍ͯ͠Δɽޙ࠷ʹ͜ͷ LR3(i)Λ༻͍ͯɼiΛ 1͔Β
ରͱ͢Δ্ྲྀྖҬͷݸͰ͋ΔN ·ͰͷฏۉΛऔΔ͜ͱͰɼ͋ΔҨஂूࢠͷ
্ྲྀྖҬʹର͢ΔసࣸҼࢠͷ݁߹ྻϞνʔϑͷଘࡏʹؔ͢ΔLR4ΛҎԼͷ
Α͏ʹఆٛ͢Δɽ

LR4 =
1

N

N∑

i=1

LR3(i) (1.9)

CLOVERͰ͜ͷ LR4ͷࣗવରΛͱͬͨ ln(LR4)ΛసࣸҼࢠͷରͱ͢ΔҨ
ྖྲ্ྀ܈ࢠҬͷ݁߹ՄੑͷείΞͱͯ͠༻͍͍ͯΔɽଓ͍ͯɼ͜͏ͯ͠ಘ
ΒΕͨ ln(LR4)͕౷ܭతʹ༗ҙʹ͔͍ߴͲ͏͔Λݕ౼͢ΔͨΊʹɼCLOVERͰ
Ҩྖྲ্ྀࢠҬ SͷྻΛϥϯμϜʹೖΕସ͑ͯ ln(LR4)Λࢉग़͢ΔॲཧΛෳ
ճ3͜͏ߦͱͰɼຊདྷ݁߹ྻ͕ͳ͍ͣͷ্ྲྀྖҬ܈ʹର͢Δ ln(LR4)ͷ
Λऔಘ͢Δɽ͜ΕΛؼແԾઆʹै͏ࡍͷ౷ྔܭ ln(LR4)ͷͱͯ͑͠ߟΔ͜ͱ
Ͱɼ࣮ࡍʹಘΒΕͨ ln(LR4)ͷΑΓେ͖ͳΛࢉग़ͨ͠ॲཧͷճΛ૯ॲཧ
Ͱআͨ͠ࢉΛ pͱͯ͠ಘΔɽ࠷ऴతʹ͜ͷ pΛ༗ҙਫ४ αͰᮢॲཧ͢
Δ͜ͱʹΑΓɼରͱ͢ΔసࣸҼࢠͷҨྖྲ্ྀஂूࢠҬͷ݁߹ͷ༗ແΛఆ
͢Δɽ͜ͷΑ͏ͳख๏ʹΑͬͯChIP-seqͷσʔλͳ͠ʹసࣸҼࢠͷ݁߹ྻͷ
ใ͕͋ΕҨޚ੍ࢠωοτϫʔΫͷਪఆ͕Ͱ͖ΔɽPv11ࡉ๔ͷసࣸҼࢠʹ
ؔͯ݁͠߹ྻϞνʔϑͷใ͍·ͩ໌Β͔ʹ͞Ε͍ͯͳ͍͕ɼωϜϦϢ
εϦΧͷۙԑछͰ͋ΔγϣδϣόΤͷసࣸҼࢠʹؔͯ͠طʹଟ͘ͷసࣸҼ
ͷ݁߹ྻϞνʔϑ͕ಉఆ͞Ε͍ͯΔࢠ [82–84]ɽຊڀݚͰ͜ΕΛ༻͢Δ͜ͱ
ʹΑΓChIP-seqͷσʔλͳ͠ʹϞνʔϑΤϯϦονϝϯτղੳΛ༻͍ͨҨ
ϞνʔϑΤϯϦονϝϯτղੳʹࡍΈͨɽ͜ͷࢼωοτϫʔΫͷਪఆΛޚ੍ࢠ
ɽͨ͠༺࠾ͷਫ਼͕ࣔ͞Ε͍ͯΔCLOVERΛղੳख๏ͱͯ͠ߴ࠷͍͓ͯʹ

3ճΛ૿͢΄ͲਅͷؼແԾઆʹै͏͕ੜͰ͖ɼCLOVERͰ 1000ճͰेͱͯ͠
͜ͷΛσϑΥϧτͱͯ͠࠾༻͍ͯ͠Δ
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1.3.4 Ҩޚ੍ࢠωοτϫʔΫਪఆʹؔ͢Δ·ͱΊ

ຊઅͰҨޚ੍ࢠωοτϫʔΫΛߏ͢Δస੍ࣸޚωοτϫʔΫ͓Αͼ
Ҩޚ੍ࢠωοτϫʔΫͷਪఆํ๏ʹؔͯ͜͠Ε·Ͱʹใ͞ࠂΕ͖ͯͨख๏ʹͭ
͍ͯ·ͱΊͨɽస੍ࣸޚωοτϫʔΫਪఆߏֶशܕస੍ࣸޚωοτϫʔΫਪ
ఆ๏ͱճܕؼస੍ࣸޚωοτϫʔΫਪఆ๏͕ఏҊ͞Ε͓ͯΓɼຊڀݚͰରͱ͢
ΔPv11ࡉ๔ͷసࣸҼࢠͷݸͷ؍͔Βճܕؼస੍ࣸޚωοτϫʔΫਪఆख๏͕
༗༻Ͱ͋Δ͜ͱΛࢦఠͨ͠ɽҨޚ੍ࢠωοτϫʔΫਪఆʹChIP-seqΛར
ͷ݁߹ʹؔ͢ΔσʔλΛར༻ͨ͠ਪఆख๏ͱ݁߹ྻϞࢠతʹసࣸҼݧ࣮ͨ͠༺
νʔϑͱݺΕΔసࣸҼࢠͷ݁߹ྻʹؔ͢ΔใΛݩʹసࣸҼࢠͱλʔήοτ
Ҩ܈ࢠͷ੍ؔޚΛਪఆ͢Δख๏ʹ͍ͭͯ·ͱΊɼຊڀݚͰରͱ͢ΔPv11ࡉ
๔ͷసࣸҼࢠ·ͩChIP-seqͰඞཁͳ߅ମͷ࡞͕͍ͯ͑ߦͳ͍͔Βɼऀޙͷ
ख๏Λ༻͍ͯҨޚ੍ࢠωοτϫʔΫΛਪఆ͢Δ͜ͱ͕༗༻Ͱ͋Δ͜ͱΛड़
ͨɽ

1.4 ຊڀݚͷత
1.2અͰɼס૩ͯ͠ࢮͳͣਫΛ༩͑ΒΕΔͱੜ͖ฦΔߏػͰ͋Δס૩ੑʹ
͍ͭͯͷఆ͚ٛΛ͍ߦɼ͜Ε·ͰͷڀݚͰ໌Β͔ʹ͞Εͨס૩ੑߏػʹؔ͢
Δँɼγάφϧୡ͓ΑͼҨסͯؔ͠ʹޚ੍ࢠ૩ੑ֫ಘظɼແँ͓ظΑ
ͼ࠶ਫظʹ͍ͭͯઆ໌ͨ͠ɽ͜Ε·ͰʹΫϚϜγઢɼωϜϦϢεϦΧͷ༮
ͱ͍ͬͨݸମϨϕϧͷס૩ੑߏػʹؔͯ͠ଟ͘ͷࢠੜֶతͳ͕ݟ
ੵ͍ͯ͠ΔҰํͰɼPv11ࡉ๔ʹ͓͚Δࡉ๔Ϩϕϧͷס૩ੑߏػʹ͍ؔͯ͠·
ͩ໌Β͔ʹͳ͍ͬͯͳ͍͕ଟ͍ɽ͞Βʹݸମɼࡉ๔ΛΘͣס૩ੑʹؔΘΔ
Ҩ܈ࢠΛ੍͢ޚΔߏػʹؔͯ͠΄΅ະͷঢ়ଶʹ͋ΔɽຊڀݚͰPv11ࡉ๔
ͷס૩ੑ੍ߏػޚͷղ໌Λͯ͠ࢦɼPv11ࡉ๔ͷס૩ੑʹؔΘΔछʑͷݱ
ʹཁ͢ٻΔؒ࣌ͷ؍͔ΒҨޚ੍ࢠʹ·ͣண͠ɼPv11ࡉ๔ͷס૩ੑʹؔΘ
ΔҨ܈ࢠͷಉఆ͓ΑͼͦΕΒҨ܈ࢠͷ੍ߏػޚΛ໌Β͔ʹ͢Δ͜ͱΛతͱ
͢Δɽ
ຊڀݚͰ·ͣɼPv11ࡉ๔ͷס૩ੑ֫ಘظɼແँ͓ظΑͼ࠶ਫظʹ͓͚
ΔCAGE-seqσʔλΛ༻͍Δ͜ͱͰɼ֤աఔʹ͓͚ΔൃݱมಈมಈҨࢠΛݕग़
͢Δɽ͜ΕΒҨ܈ࢠͷػղੳ͓Αͼ 1.2.1.3খʑઅ͓Αͼ 1.2.3.3খʑઅͰ·ͱ
Ίͨݸମʹ͓͚Δס૩ੑؔ࿈Ҩࢠͱൺֱ͢Δ͜ͱʹΑΓPv11ࡉ๔ಛҟతͳס
૩ੑ͢ߟ͍ͯͭʹߏػΔɽ
ଓ͍ͯPv11ࡉ๔ͷס૩ੑؔ࿈Ҩࢠͷ੍ߏػޚͷղ໌Λͯ͠ࢦ 1.3.2.2খʑ
અ͓Αͼ 1.3.3.2খʑઅͰ·ͱΊͨํ๏Λ༻͍ͨస੍ࣸޚωοτϫʔΫਪఆ͓Α
ͼҨޚ੍ࢠωοτϫʔΫਪఆʹͮ͘جҨޚ੍ࢠωοτϫʔΫਪఆΛ͏ߦɽ
ಘΒΕͨҨޚ੍ࢠωοτϫʔΫʹ͖ͮجɼ1.3.1খઅͰड़ͨΑ͏ʹྲ্ྀ࠷సࣸ
ҼࢠͷಉఆͱωοτϫʔΫͷہॴతͳಛͰ͋ΔωοτϫʔΫϞνʔϑʹ͢
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1 ॹݴ 1.4. ຊڀݚͷత

Δ͜ͱͰɼPv11ࡉ๔ͷס૩ੑ͕ͲͷΑ͏ͳ੍͖ͮجʹߏػޚୡ͞Ε͍ͯΔ͔
Λ͢ߟΔɽ
ຊڀݚͰ͜ΕΒͷ݁ՌΛ૯ׅͯ͠ɼޙࠓͷס૩ੑߏػͷ੍ޚʹΑΔผੜ

छͷס૩ੑ༩ΛࢹʹೖΕͨס૩ੑ੍ߏػޚʹؔͯ͠ಘΒΕͨݟΛ·
ͱΊΔɽ
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ୈ2ষ Pv11ࡉ๔ͷס૩ੑ֫ಘ͓Α
ͼ࠶ਫ෮ؼΛ͑ࢧΔҨࢠ
ͷਪఆ܈

2.1 എܠ
ੜ໋ʹͱͬͯඞཁෆՄܽͳਫΛࣦ͏ס૩ετϨεଟ͘ͷੜछʹͱͬͯகࢮ

తͳετϨεͰ͋Δɽ͜ͷετϨεʹରͯ͠ɼϫϜγΫϚϜγɼઢɼ২ٴ
ͼωϜϦϢεϦΧͷ༮ΞϯϋΠυϩϏΦγεͱݺΕΔແँঢ়ଶʹೖΔ͜
ͱͰࢮΛճආ͓ͯ͠Γɼ99%Ҏ্ͷਫΛࣦͬͯੜ͖Δ͜ͱ͕Ͱ͖Δ (1.2અࢀ
র)ɽ͜ͷΑ͏ͳס૩ੑͷ֫ಘʹରͯ͠ɼਫஔԾઆͱݺΕΔτϨϋϩʔε
ͷΑ͏ͳਫͷସͱͳΕΔԽ߹͕ࡉ๔ບੜମ࣭Λอ͢ޢΔ͜ͱͰɼס૩
ʹΑΔੜମͷࢮͷճආʹ͍ͯ͠ݙߩΔ͜ͱ͕ఏএ͞Ε͍ͯΔ (1.2.1.1খʑઅࢀর)ɽ
·ͨੜମͷਫΛࣦ͏ס૩ੑ֫ಘظʹ͓͍ͯɼס૩࣌ʹൃੜ͢Δੜମʹͱͬ
ͯͷোͱͳΔӨڹΛআ͢ڈΔ LEAҨࢠνΦϨυΩγϯҨࢠɼPIMTҨ
ɼਁಁѹมԽͷडࢠͷͨΊͷϔϞάϩϏϯҨ࣋ૉͷอࢎΔׇ͢ރʹ࣌૩סࢠ
༰ʹد༩͢ΔՄੑͷ͋ΔΞΫΞϙϦϯҨࢠͷ͕֬ݱൃߴೝ͞Ε͍ͯΔ (1.2.1.3

খઅࢀর)ɽ͜͏ͨ͠τϨϋϩʔεͷੜס૩ੑؔ࿈ҨࢠͷݱൃߴΛߦͳͬ
Δ͜ͱ͕Ͱ͖Δɽʹ׆ͷੜݩମɼਫΛ༩͑ΒΕΔ͜ͱͰݸͨ
2010ʹɼ͜ͷߏػΛࡉ๔୯ҐͰͭ࣋͜ͱ͕Ͱ͖ΔωϜϦϢεϦΧᡢ༝དྷഓཆ

๔͕थཱ͞Εͨࡉ๔Ͱ͋ΔPv11ࡉ [7]ɽPv11ࡉ๔ 600 mMͷτϨϋϩʔεΛؚ
Ήഓʹ ૩ੑΛ֫ಘ͢Δɽ͜ͷסͱͰ͜͢ࢪɼτϨϋϩʔεॲཧΛ͢ਁؒ࣌48
ঢ়ଶ͔Β 12ؒͷס૩ޙʹ (RH < ޙਫॲཧ࠶ͼഓΛ༩͑Δ࠶(10% ؒ࣌1
Ͱɼ16%ͷࡉ๔͕ࢮΛճආͨ͠ɽͦͷޙ 3ఔܦաࡉʹޙ๔྾ͷ࠶։͕֬ೝ͞
Εͨ [18]ɽ·ͨಉ༷ͷ࣮ݧखॱΛͨ͠ࢪଞͷࠛࡉ๔ྻܥ (Sf9ɼBmN-4ɼAeAl-2ɼ
AnCu-35͓ΑͼS2)Ͱס૩Λޙͨܦͷ࠶ਫޙ ๔͕֬ೝ͞ΕࡉΔੜ͚͓ʹؒ࣌1
ͳ͔ͬͨ͜ͱ͔ΒɼPv11ࡉ๔ࠛࡉ๔ʹ͓͍ͯ།Ұס૩ੑΛͪ࣋ɼ࠶ਫʹ
ΑΔࡉ๔྾࠶։͕Մͳࠛࡉ๔Ͱ͋Δ͜ͱ͕ࣔ͞Εͨɽ͔͠͠ͳ͕ΒɼPv11

ΘΕ͓ͯΒͣɼ͜ͷߦͩ·๔ʹର͢ΔཏతͳτϥϯεΫϦϓτʔϜղੳ͍ࡉ
ͷঢ়ଶʹ͍ͬͯΔͷ͔໌ΒݩͯܦਫΛ࠶ͼٴ૩ס๔͕τϨϋϩʔεॲཧɼࡉ
͔ʹ͞Ε͍ͯͳ͍ɽ͞ΒʹɼPv11ࡉ๔ͷס૩ੑͷ֫ಘٴͼ࠶ਫʹΑΔࡉ๔
྾࠶։ʹد༩͢ΔҨٴࢠͼͦͷੜԽֶతͳϝΧχζϜ͍·ͩ໌Β͔ͱͳͬͯ
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2 Pv11ࡉ๔ͷס૩ੑ֫ಘ͓Αͼ࠶ਫ෮ؼΛ͑ࢧΔҨ܈ࢠͷਪఆ2.2. ํ๏

͍ͳ͍ɽ
͜ΕΒͷະͳΛ໌Β͔ʹ͢ΔͨΊʹɼຊڀݚͰ Pv11ࡉ๔ʹର͢ΔτϨ

ϋϩʔεॲཧɼס૩ٴͼ࠶ਫ͢ݱൃʹ࣌Δ mRNAΛཏతʹղੳ͢ΔͨΊʹ
Pv11ࡉ๔ʹର͢Δ֘ॲཧ࣌ʹ͓͚ΔCAGE-seqσʔλΛղੳͨ͠ɽ͜ͷྻܥ࣌
CAGE-seqσʔλʹରͯ͠ൃݱมಈҨࢠղੳΛ͍ߦɼಘΒΕͨൃݱมಈҨࢠ
ʹͲͷΑ͏ͳੜԽֶతͳػΛͭ࣋Ҩؚ͕ࢠ·Ε͍ͯΔ͔ΛௐΔͨΊʹGO

(Gene Ontology)ղੳΛߦͳͬͨɽຊڀݚͰPv11ࡉ๔ʹର͢ΔτϨϋϩʔεॲ
ཧɼס૩ٴͼ࠶ਫ࣌ͷҨݱൃࢠΛཏతʹղੳ͢Δ͜ͱʹΑΓɼτϨϋϩʔ
εॲཧɼס૩࣌ʹੜମʹͱͬͯোͱͳΔ࣭Λআ͢ڈΔҨ͕ࢠɼ࠶ਫ࣌
ʹס૩࣌ʹյΕͨDNAΛम෮͢ΔҨ͕ࢠओཁͳׂΛ୲͏ՄੑΛࣔͨ͠ɽ

2.2 ํ๏

2.2.1 CAGE-seqσʔλͷલॲཧ

ຊڀݚͰPv11ࡉ๔ʹର͢ΔτϨϋϩʔεॲཧɼס૩͓Αͼ࠶ਫ࣌ʹ͓͚Δ
CAGE-seqσʔλΛۀɾ৯ٕۀ࢈ज़૯߹ߏػڀݚͷԫాࣨڀݚΑΓఏ͍ڙ
͍ͨͩͨɽ·ͣఏ͍͍ͨͩͨڙσʔλͷ֓ཁʹ͍ͭͯઆ໌͢ΔɽPv11ࡉ๔ 10%

FBSΛؚΉ IPL-41ഓͰഓཆ͞Ε (T0)ɼͦͷޙ 600 mMͷτϨϋϩʔεͱ 10%

ͷ FBSΛؚΉ IPL-41ഓͰ ഓཆ͢ΔτϨϋϩʔεॲཧΛͨؒ࣌͠48 (T48)ɽͦ
ͷ͜ޙͷࢼྉ 8͓Αͼ 10ؒɼס૩ثʹ͓͍ͯ RH < 10%ͷ݅Ͱס૩͞
Εͨ (D8ɼD10d)ɽ10ؒͷס૩ॲཧޙɼࢼྉʹ 10% FBSΛؚΉ IPL-41ഓͰ
Αͼ͓ؒ࣌3 ਫͨ͠࠶ؒ࣌24 (R3ɼR24)ɽ͜ΕΒ T0ɼT48ɼD8ɼD10dɼR3ɼ
R24ͷαϯϓϧશͯੜֶత෮ 3Ͱ४උ͞Εͨɽ͜ΕΒͷαϯϓϧʹରͯ͠
RNAiso-Plus kit (TaKaRaɼ࣎լɼຊ)Λ༻͍ͯ total RNA͕࠾औ͞ΕɼNucleSpin
RNA kit (Macherey-NagelɼDürenɼυΠπ)Ͱড়Խ͞ΕͨɽRNAͷΫΦϦςΟʔ
Bioanalyzer (Agilent TechnologiesɼSanta ClaraɼCAɼUSA)Ͱ͞ূݕΕɼQubit

2.0 fluorometer (Thermo FisherɼWalthamɼMAɼUSA)Ͱఆྔ͞Εͨɽͦͷޙɼ
5’ʹCap͕͍ͭͨRNAͷΈCAGEόʔίʔυλάΛ͚ͭͯ 1ຊ cDNAʹ
߹͞ΕͨɽಘΒΕͨ CAGEλά͕͍ͭͨ cDNA HiSeq-2500 (IlluminaɼSan

DiegoɼCAɼUSA)Ͱγʔέϯε͞Εͨɽ͜͜·Ͱͷॲཧԫాࢪ࣮ͯʹࣨڀݚ
͞Ε࣮ͨ֓ݧཁͱͳΔɽͦͷޙɼಘΒΕ֤ͨϦʔυ 1) CapߏͷՄੑͷ͋Δ
ॳͷ࠷ 3Ԙجͷআڈɼ2) 3’͔Β 7ԘجA͕ଓ͍͍ͯΔ߹ʹPolyAͷՄੑ
Λྀͯ͠ߟ֘ԘجΛআڈɼ3)2ͭҎ্ͷNԘجΛؚΉϦʔυΛআͨ͠ڈɽ͜ͷॲ
ཧޙʹಘΒΕͨϦʔυBioconductorͷQuasRύοέʔδ [87]ͷ qAlignؔΛ
༻͍ͯωϜϦϢεϦΧήϊϜ (midgeBase: http://150.26.71.110/midgebase/)

ʹϚοϐϯάͨ͠ (ද 2.1)ɽϚοϐϯά͞ΕͨϦʔυಉύοέʔδͷ qCountؔ
Λ༻͍ͯΧϯτ͠ɼαϯϓϧຖͷ֤ҨࢠͷϚοϐϯά͞ΕͨϦʔυΛΧ
ϯτͨ͠ɽ
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2.2.2 ղੳࢠมಈҨݱൃ

ಘΒΕͨϦʔυ tags per million (TPM)ʹΑΓਖ਼نԽͨ͠ɽ͜ͷਖ਼نԽ͠
֤ͨαϯϓϧຖͷ֤ҨࢠͷTPMΛ෮ൃݱมಈҨࢠআڈઓུ (iterated DEG

Eliminated StrategyɼiDEGES)๏ [88]Λ༻͍֤ͯαϯϓϧؒͰൃྔݱͷਖ਼نԽΛߦ
ͳͬͨɽ͜ͷࡍʹ෮ॲཧ࣌ʹ͓͚Δਖ਼نԽͱԾൃݱมಈҨݕࢠग़ʹTrimmed

Mean of M value (TMM)͓Αͼ edgeR [89]Λ༻͍ɼ෮ճ 3ճͱͨ͠ɽಘΒΕ
ͨਖ਼نԽϦʔυʹରͯ͠ edgeRΛ༻͍ͯൃݱมಈʹؔ͢ΔpΛࢉग़ͨ͠ɽ͜ͷ
p͔Β Benjamini-Hochberg (BH)๏ [90]Λ༻͍ͯ False Discovery Rate (FDR)

Λࢉग़͠ɼFDR < 0.05ͱͳΔҨࢠΛൃݱมಈҨࢠͱͯ͠ݕग़ͨ͠ɽ֤αϯϓ
ϧؒʹ͓͚ΔൃݱมಈҨࢠͷൃྔݱʹؔ͢ΔM-A Plot [91]ͰՄࢹԽͨ͠ɽ

2.2.3 Heatmap͓Αͼ֊తΫϥελϦϯάʹΑΔྻܥ࣌Ҩࢠ

ԽࢹύλʔϯͷՄݱൃ

શͯͷαϯϓϧؒͰݕग़͞ΕͨൃݱมಈҨࢠͷ TPMΛCRANͷ heatmap.2

[92]ʹΑΓൃྔݱͷՄࢹԽ͓Αͼ֊తΫϥελϦϯάΛߦͳͬͨɽ֊తΫϥε
λϦϯάʹͯ͠ࡍɼڑࢦඪΛϢʔΫϦουڑɼ࿈݁๏શ࿈݁๏Λ࠾༻
ͨ͠ɽ

2.2.4 ωϜϦϢεϦΧήϊϜʹର͢ΔGOΞϊςʔγϣϯ͓Αͼ

Fisherͷਖ਼֬֬ݕఆʹͮ͘جΤϯϦονϝϯτղੳ

໌Β͔ʹ͞Ε͍ͯͨωϜϦϢεϦΧήϊϜ [19]ʹ͓͍ͯػऍͰ͋ΔGO

ͷΞϊςʔγϣϯ͕ෆेͰ͋ͬͨͨΊɼຊڀݚͰBlast2GO [93]Λ༻͍ͯػ
ΞϊςʔγϣϯΛߦͳͬͨɽBlast2GOͰͷղੳ࣌ͷઃఆͱͯ͠ blastxΦϓγϣ
ϯΛར༻͠ɼE-valueͷᮢ 1.0E-05ͱͨ͠ɽGOϚοϐϯά͓ΑͼΞϊςʔγϣ
ϯʹ blastxͷ݁ՌΛݩʹCutOff͓ΑͼGO level weightingʹ͍ͭͯͦΕͧΕ
30͓Αͼ 5ͱઃఆ͠ղੳΛ࣮ͨ͠ߦɽಘΒΕͨGOΞϊςʔγϣϯ݁ՌΛ༻͍ͯɼ
֤αϯϓϧؒʹ͓͚ΔൃݱมಈҨࢠʹରͯ͠ϑΟογϟʔͷਖ਼֬֬ݕఆΛ༻
͍ͯසग़͢Δ GOΛݕग़ͨ͠ɽ͜ͷࡍʹɼϑΟογϟʔͷਖ਼֬֬ݕఆʹΑΓ
ಘΒΕͨ pΛBH๏Λ༻͍ͯิਖ਼͠ɼิਖ਼ޙͷFDR< 0.05ͱͳΔGOΛݕग़͠
ͨɽ͜ΕΒݕग़͞ΕͨGOʹ͍ͭͯɼ֤αϯϓϧؒຖʹREVIGO (REduced and

VIsualize Gene Ontologyɼ[94])Λ༻͍ͯྨͨ͠ࣅGOͷूΛߦͳͬͨɽ͜ͷࡍ
ʹGOؒͷҙຯతڑࢉग़ʹRel๏ [95]Λར༻͠ɼڑ͕ 0.7ະຬͷGO
ूͨ͠ɽ͜ΕʹΑͬͯू͞ΕͨGOΛ֤αϯϓϧؒͷൃݱมಈҨࢠʹ͓͍
ͯසग़ͨ͠GOͱͯ͠ຊڀݚͰྀͨ͠ߟɽ
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2.2.5 λϯύΫ࣭υϝΠϯߏղੳ

ͷ͏ͪͰGOղੳͷ݁Ռ͔Β͖͢͜ͱ͕ࣔࠦ͞ΕͨҨࢠมಈҨݱൃ
Conservedͭ࣋ΛੑࣅྻྨʹݩྻΛࢎͷΞϛϊޙͷ༁ࢠɼҨͯؔ͠ʹࢠ

Domein Database [96]ʹొ͞Ε͍ͯΔλϯύΫ࣭ͱͷؒͷυϝΠϯྖҬͷྨ
multipleʹূݕɽ͜ͷͨ͠ূݕΛੑࣅ sequence alignment viewer (MSAViewerɼ
https://www.ncbi.nlm.nih.gov/projects/msaviewer/ɼ[97])Λ༻͍ͯɼυϝΠ
ϯྖҬʹ͓͚ΔΞϥΠϝϯτ͕ܗ͞Ε͍ͯΔ͔Λ֬ೝ͢Δ͜ͱͰߦͳͬͨɽ

2.2.6 Pv11ࡉ๔ɼωϜϦϢεϦΧମ͓Αͼס૩ੑΛͨ࣋ͳ͍

ϠϞϯϢεϦΧͷൺֱղੳ

ͷ͏ͪͰGOղੳͷ݁Ռ͔Β͖͢͜ͱ͕ࣔࠦ͞ΕͨҨࢠมಈҨݱൃ
ͳ͍ϠϞϯϢεϦͨ࣋૩ੑΛס๔ɼωϜϦϢεϦΧ͓ΑͼࡉɼPv11͍ͯͭʹࢠ
Χͷମʹ͓͚Δൃݱมಈͱൺֱͨ͠ɽ͜ͷࡍʹɼωϜϦϢεϦΧ͓ΑͼϠϞϯ
ϢεϦΧͷҨྔݱൃࢠʹ͍ͭͯઌڀݚߦͰఆྔ͞ΕͨRNA-seqσʔλΛ༻͍
ͨ [19]ɽൃݱมಈͷ༗ແʹ͍ͭͯಉઌڀݚߦͰ༻͍ΒΕͨج४Ͱ͋Δɼαϯϓϧ
ؒͷ Fold Change͕ 3ഒҎ্͔ͭ RPKM (reads per kilobase of exon per million

mapped sequence reads)͕ 10Ҏ্ͷҨࢠΛൃݱมಈͨ͠ͱஅͨ͠ɽ

2.2.7 RT qPCR

Pv11ࡉ๔Λ IPL-41ɼ10% FBSΛՃ͑ɼ࣪݅ (RH<10%)ʹઃఆͨ͠ס૩ث
ʹೖΕ10ס૩ͤͨ͞ޙʹɼIPL-41ɼ10% FBSΛ࠶ͼՃ͑5ޙ (D10d)ɼ3ޙؒ࣌
(R3)ʹࡉ๔ΛԻഁ͠ࡅੜֶత෮ 3ͰαϯϓϧΛௐͨ͠ɽͦͷޙRelia

Prep RNA Tissue Miniprep System (PromegaɼMadisonɼWisconsinɼUSA)Λ༻
͍ͯTotal RNAΛநग़ͨ͠ɽಘΒΕͨRNAΛQuantiflour RNA system (Promega)

Λ༻͍ͯ ssDNA modeͰఆྔΛͨͬߦɽಘΒΕͨRNAೱΛݩʹ 50 ngͷRNA

ΛؚΉΑ͏ʹ֤αϯϓϧͷرऍΛ Transcriptor First Strand cDNA Synthesis Kit

(Roche Applied ScienceɼMannheimɼυΠπ)ʹଐ͢ΔWaterɼPCR (Vial 7)Λ
ɽಘΒΕ֤ͨαϯϓϧΛTranscriptorͨͬߦ͍ͯ༺ First Strand cDNA Synthesis

KitΛ༻͍ɼAnchored Oligo (dT) Random hexamer primer 600 pmol/µL (Vial 6)Λ
Thermal͠༺ CyclerΛ༻͍ͯ50 ◦Cɼ60ඵɼ85 ◦Cɼ5ඵͰ cDNA߹Λͨͬߦ
ණ্ʹαϯϓϧΛ੩ஔͨ͠ɽಘΒΕ֤ͨαϯϓϧͷcDNAQuantiflourʹޙ cDNA

system (Promega)Λ༻͍ͯ ssDNA modeͰఆྔΛͨͬߦɽಘΒΕͨcDNAೱΛݩ
ʹTotal cDNA͕֤αϯϓϧͰ10 ngʹͳΔΑ͏ʹMiliQΛ༻͍ͯرऍΛ͍ߦSYBR

Premix Ex Taq (TaKaRaɼ࣎լɼຊ)Λ༻͍ͯϓϥΠϚʔͷ࠷ऴೱ͕ Foward

0.2ʹڞͼReverseٴ µMٴͼௐͨ͠ cDNAɼSYBR Premix Ex Taq (Tli RNaseH

Plus) (2×)͕ 1×ɼTotal 20 µLʹͳΔΑ͏ʹMiliQΛ༻͍ͯαϯϓϧௐΛͨͬߦɽ
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ຊڀݚͰൃݱมಈҨࢠղੳ͓ΑͼGOղੳͰূݕͷରͱͳͬͨPv.07646ʹ
ର͢ΔൃྔݱͷఆྔΛ͍ߦɼForward͓ΑͼReverseͷϓϥΠϚʔͦΕͧΕɼ5’-

TGAGACAAGACGAGCCAGATG-3’͓Αͼ 5’-CCAAATGAGGAGCGGAATG-

3’Λ༻͍ͨɽಘΒΕ֤ͨαϯϓϧΛ༻͍ͯɼ95◦Cɼ30 ඵͰௐޙɼ95◦Cɼ5ඵɼ
62◦Cɼ30ඵΛ 41αΠΫϧ qPCRΛ࣮ޙߦɼMelt CurveΛಘͨɽControl Reaction

ͱͯ͠ no template controlΛͨͬߦɽಘΒΕͨCtΛݩʹD10dʹର͢ΔR3ͷ
Fold ChangeΛ 2Ct(D10d) ʵ Ct(R3)ʹΑΓಘͨɽ

2.2.8 CAGE-seqσʔλͷՄ༻ੑ

ຊڀݚͰ༻͍ͨ CAGE-seqσʔλDNA Data Bank of Japan Sequence Read

ArchiveʹAccession Number: DRA007433ͱͯ͠ొͨ͠ (https://ddbj.nig.

ac.jp/DRASearch/submission?acc=DRA007433)ɽ

2.3 ݁Ռ

2.3.1 CAGE-seqσʔλʹͮ͘جҨྔݱൃࢠղੳ݁Ռ

Pv11ࡉ๔ʹ͓͚Δס૩ੑʹજࡏతʹؔ༩͢ΔՄੑͷ͋ΔҨࢠͷݕग़Λߦ
͏ͨΊʹɼτϨϋϩʔεॲཧ ؒ࣌0 (T0)ɼPv11ࡉ๔͕ס૩ੑΛ֫ಘ͢ΔͨΊʹ
ඞཁͳτϨϋϩʔεॲཧؒ࣌Ͱ͋Δ ؒ࣌48 (T48)ɼͦͷޙͷס૩ॲཧޙʹ͓͚Δ
ԠΛݟΔͨΊʹ ؒ࣌8 (D8)ɼेͳס૩ޙͷঢ়ଶΛݟΔͨΊʹ 10ؒ (D10d)ɼ
ʹΔͨΊݟͷԠΛޙਫ࠶ ؒ࣌3 (R3)ɼͦͯ͠ेʹࡉ๔ʹਫ͕͞څڙΕ
ͨͱ͑ߟΒΕΔ ޙؒ࣌24 (R24)ͷ֤αϯϓϧؒʹ͓͚ΔൃݱมಈҨࢠղੳΛߦ
ͳͬͨ (ද 2.2)ɽ·ͨɼ֤αϯϓϧؒʹ͓͚ΔൃݱมಈҨࢠͷM-A Plotͷ݁Ռ
͔ΒɼશͯͷαϯϓϧؒͰൃݱมಈҨࢠҎ֎ʹ͓͚ΔMͷதԝ͕ 0ʹ͍ۙ
Λऔ͍ͬͯΔ͜ͱ͕֬ೝ͞ΕɼM͕αϯϓϧؒͷൃྔݱͷҧ͍Λද͢͜ͱΛ
Ҏ֎ΛΑ͘আ֎Ͱ͖͍ͯΔ͜ͱΛࣔͯ͠ࢠมಈҨݱΔͱɼ͜ͷ݁Ռൃྀ͢ߟ
͍Δ (ਤ 2.1)ɽ·ͨɼD8ͱD10dͱ͍͏શͳס૩ঢ়ଶʹ͓͚Δαϯϓϧؒʹ͓
͍ͯൃݱมಈҨݕ͕ࢠग़͞Εͳ͔ͬͨɽଓ͍ͯɼPv11ࡉ๔ͷ͜ΕΒͷॲཧա
ఔʹ͓͚ΔҨ܈ࢠͷൃݱมಈͷભҠΛ֬ೝ͢ΔͨΊʹൃݱมಈҨࢠʹର͢Δ
αϯϓϧؒͷ֊తΫϥελϦϯάΛߦͳͬͨ (ਤ 2.2)ɽ͜ͷ݁Ռɼશͳס૩ঢ়
ଶͰ͋ΔD8͓ΑͼD10dτϨϋϩʔεະॲཧͷT0ʹରͯ͠ൃݱมಈҨࢠͷ
ͷαϯϓޙਫॲཧ࠶ҟͳΔ͜ͱ͕໌Β͔ͱͳͬͨɽ·ͨɼ࠷ύλʔϯ͕ݱൃ
ϧͰ͋ΔR3ɼR24ʹ͓͍ͯஈ֊తʹT0ʹൃݱύλʔϯ͕͕ۙͮͨͬ͋͘ɽ
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ද 2.2: ֤αϯϓϧؒʹ͓͚ΔൃݱมಈҨࢠͷݸ
֤αϯϓϧੜֶత෮ 3Ͱऔಘ͞ΕɼBH๏ʹΑΔ FDR< 0.05ͷҨࢠΛൃݱม

ಈҨࢠͱͯ͠ݕग़ͨ͠ɽαϯϓϧ໊ͱऔಘ͞Εͨ݅ʹ͍ͭͯ 2.2.1খઅΛࢀরɽ

T0 T48 D8 D10d R3

T48 384

D8 813 37

D10d 974 44 0

R3 249 26 25 14

R24 327 471 704 784 72
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ਤ 2.1: ֤αϯϓϧؒʹ͓͚ΔൃݱมಈҨࢠʹର͢ΔM-A Plot

M-A Plotʹ͓͚ΔMαϯϓϧؒʹ͓͚ΔҨࢠͷ logൺ (αϯϓϧG2ʹର͢Δα

ϯϓϧG1ͷ logൺɼlog2(G2)− log2(G1))Λද͠ɼA྆αϯϓϧͷฏۉΛද͠

((log2(G2) + log2(G1))/2)ɼ֤ਤͷϓϩοτҰͭͷҨࢠʹؔ͢ΔM͓ΑͼAΛ

ࣔ͢ɽ֤ਤͷ͓ࠇΑͼઢͦΕͧΕɼൃݱมಈҨࢠҎ֎͓ΑͼൃݱมಈҨࢠʹର

͢ΔMͷதԝΛࣔ͢ɽReprinted from [98]. ©2018 YamadaɼSuetsuguɼ

Deviatiiarovɼet al.ɼhttp://creativecommons.org/licenses/by/4.0/
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ਤ 2.2: ֤αϯϓϧʹ͓͚ΔҨྔݱൃࢠ (TPM)ʹͮ͘ج֊తΫϥελϦϯά
݁Ռ

શ࿈݁๏Λ༻͍ͨɽColourɼ࿈݁๏ʹڑඪʹϢʔΫϦουࢦڑ Key and

Histogramʹ͓͍ͯɼԣ࣠ʹ log10(TPM + (0Ҏ֎Ͱ࠷খͷ TPM ͷ))ɼॎ࣠ʹͦͷ

Λݱൃͭ࣋มಈҨࢠͷݸΛදͨ͠ɽਤʹଘ͢ࡏΔҨࢠ͍ͣΕ͔ͷαϯϓϧؒ

ͰൃݱมಈҨࢠͱͯ͠ݕग़͞ΕͨɽReprinted from [98]. ©2018 YamadaɼSuetsuguɼ

Deviatiiarovɼet al.ɼhttp://creativecommons.org/licenses/by/4.0/
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2.3.2 ର͢ΔGOղੳ݁ՌʹࢠมಈҨݱൃ

ଓ͍ͯɼPv11ࡉ๔ͷס૩ੑ֫ಘظɼແँ͓ظΑͼ࠶ਫظʹ͓͍ͯಇ͘ػ
Αͬͯ୲อ͞Ε͍ͯΔ͔Λ໌Β͔ʹ͢ΔͨʹࢠҨͨͬ࣋ΛػͲͷΑ͏ͳ͕ߏ
ΊʹGOղੳΛߦͳͬͨɽס૩ੑ֫ಘظʹؔͯ͠ɼT0ͱT48ɼT0ͱD8ɼT0

ͱD10dɼT48ͱD8ɼT48ͱD10dؒʹ͓͚ΔGOղੳͷ݁Ռʹͨ͠ɽ
·ͣɼT0ͱT48ؒʹ͓͍ͯ ঢ্ݱΕͧΕ༗ҙͳൃ͕ͦࢠͷҨݸɼ85ݸ299
͓ΑͼൃݮݱগΛࣔͨ͠ɽ͜ΕΒͷൃݱมಈҨࢠʹରͯ͠සग़GOݕग़͞
Εͳ͔ͬͨ (FDR>0.05)ɽͦ͜Ͱɼ͜ͷαϯϓϧؒʹ͓͍ͯGOͷසղੳΛߦ
ͳ͍ɼ࠷සग़͓Αͼ 2൪ʹසग़͢ΔGOͦΕͧΕɼBiological Processʹؔ͠
ͯGO:0008152 (metabolic process)͓ΑͼGO:0055114 (oxidation-reduction pro-

cess)ɼMolecular Functionʹؔͯ͠GO:0005524 (ATP-binding)͓ΑͼGO:0008270

(zinc ion binding)ɼͦͯ͠Cellular Componentʹؔͯ͠GO:0005634 (nucleus)͓
ΑͼGO:0016021 (integral component of membrane)Ͱ͋ͬͨɽँ͓Αͼࢎ߅Խ
Δͱྀ͢ߟମʹ͓͍ͯॏཁͳԠͰ͋Δ͜ͱΛݸ͍͓ͯʹظ૩ੑ֫ಘס (1.2.1.1ɼ
1.2.1.3খʑઅࢀর)ɼ͜ΕΒͷGO͕Ξϊςʔγϣϯ͞ΕͨҨࢠס૩ੑߏػ
ʹ͓͚Δס૩ੑ֫ಘʹॏཁͳׂΛ୲͏Մੑ͕͍ߴɽ
T0ͱD8ؒʹ͓͍ͯ540ݸɼ273ݸͷҨ͕ͦࢠΕͧΕ༗ҙͳൃ্ݱঢ͓Αͼൃ
গΛࣔͨ͠ɽ͜ݮݱ ΕΒ߹ݸ813ܭͷҨࢠʹର͢ΔGOղੳͷ݁Ռɼ͜ ΕΒͷҨ
ஶʹසग़͍ͯͨ͠ݦ࠷ʹࢠ 3ͭͷGOͱͯ͠GO:0005484 (SNAP receptor activ-

ity)ɼGO:0004719 (protein-L-isoaspartate (D-aspartate) O-methyltransferase ac-

tivity)͓ΑͼGO:0006479 (protein methylation)͕ݕग़͞Εͨɽ͜ ͷதͰGO:000

4719͓ΑͼGO:0006479͕Ξϊςʔγϣϯ͞ΕͨҨࢠPIMTΛίʔυ͓ͯ͠
Γɼ΄΅શ͕ͯD8ʹ͓͍ͯT0ʹରͯ͠ݦஶͳൃ্ݱঢΛࣔͨ͠ɽPIMTωϜ
ϦϢεϦΧͷମʹ͓͍ͯס૩্ݱൃʹ࣌ঢ͕֬ೝ͞Ε͍ͯΔ͜ͱ͔Β (1.2.1.3

খʑઅࢀর)ɼPv11ࡉ๔ͷס૩ੑ֫ಘؒظʹ͓͍ͯ PIMT͕ॏཁͳׂΛ୲
͏Մੑ͕໌Β͔ʹͳͬͨɽ
T0ͱD10dؒʹ͓͍ͯ ঢ্͓ݱΕͧΕ༗ҙͳൃ͕ͦࢠͷҨݸɼ350ݸ624
ΑͼൃݮݱগΛࣔͨ͠ɽɹ͜ΕΒ߹ܭ ର͢ΔʹࢠͷҨݸ974 GOղੳͷ݁Ռɼ
GO:0006412 (translation)ɼGO:0003735 (structural constituent of ribosome)͓Α
ͼGO:0019843 (rRNA binding)͕࠷ݦஶʹසग़ͨ͠ 3ͭͷGOͱͯ͠ݕग़͞Ε
ͨɽ͜ΕΒͷGO͕Ξϊςʔγϣϯ͞ΕͨҨࢠͷଟ͘ϦϘιʔϜλϯύΫ࣭
Λίʔυ͓ͯ͠ΓɼT0ʹରͯ͠D10dʹ͓͍ͯݦஶʹൃݮݱগΛࣔ͢͜ͱ͕֬ೝ
͞ΕͨɽϦϘιʔϜλϯύΫ࣭Ҩࢠͷ༁ʹ͓͍ͯඞཁෆՄܽͳλϯύΫ࣭
Ͱ͋Γɼ͜ΕΛίʔυ͢ΔҨࢠͷൃ͕ྔݱD10dݦʹ࣌ஶʹൃݮݱগ͢Δͱ͍͏
݁ՌɼPv11ࡉ๔͕શͳס૩ঢ়ଶʹೖΔͱλϯύΫ࣭ͷ༁Λ͑ͨঢ়ଶʹભ
Ҡ͢Δ͜ͱΛ͍ࣔͯ͠Δͱ͑ݴΔɽ
T48ͱD8ؒʹ͓͍ͯ ঢ͓Αͼൃ্ݱஶͳൃݦΕͧΕ͕ͦࢠͷҨݸɼ10ݸ27
ܭ߹গΛࣔͨ͠ɽ͜ΕΒݮݱ ର͢ΔGOղੳͷ݁ՌɼGO:0005212ʹࢠͷҨݸ37
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(structural constituent of eye lens)͓ΑͼGO:0006376 (mRNA splice site selection)

ͷೋ͕ͭ࠷͍ FDRΛࣔ͢GOͱͯ͠ݕग़͞Εͨɽ͜ͷதͰಛʹGO:0005212

͕Ξϊςʔγϣϯ͞ΕͨҨࢠγϣοΫλϯύΫ࣭ (Heat Shock ProteinɼHSP)
Λίʔυ͢ΔҨࢠͰ͋ΓɼD8ʹ͓͍ͯݦஶͳൃ্ݱঢ͕֬ೝ͞ΕͨɽγϣοΫ
λϯύΫ࣭͕ετϨε༠ಋোΛ؇͢ΔҨࢠͰ͋Δ͜ͱΛྀ͢ߟΔͱɼPv11

Λ͑Ή͜ͱͰɼੜମʹͱͬͯͷোࠐΈʹߏػ૩ੑסΛࢠ๔͜ͷҨࡉ
ΔߏػΛͭ࣋Մੑ͕ࣔࠦ͞Εͨɽ
T48ͱD10dؒʹ͓͍ͯͦΕͧΕ32ݸɼ12ݸͷҨݦ͕ࢠஶͳൃ্ݱঢ͓Αͼ

গΛࣔͨ͠ɽ͜ݮݱൃ ΕΒ߹ݸ44ܭͷҨࢠʹର͢ΔGOղੳͷ݁ՌɼGO:0005212

(structural constituent of eye lens)͕࠷͍FDRΛࣔ͢GOͱͯ͠ݕग़͞Εͨɽ
͜ͷGO͕Ξϊςʔγϣϯ͞ΕͨT48ͱD10dؒͷൃݱมಈҨࢠT48ͱD8ؒ
ʹ͓͍ͯಘΒΕͨൃݱมಈҨࢠͱಉ͡γϣοΫλϯύΫ࣭Ͱ͋Δ͜ͱ͕֬ೝ͞
Εͨɽ
͜ΕΒͷղੳ݁Ռ͔ΒɼPv11ࡉ๔ͷס૩ੑ֫ಘظʹ͓͍ͯPIMTγϣο

ΫλϯύΫ࣭ͳͲͷλϯύΫ࣭ʹର͢Δোɼͻ͍ͯੜମʹͱͬͯͷোͱͳΔ
ཁҼΛम෮͢ΔҨ͠ݱൃߴ͕ࢠɼແँঢ়ଶͷҠߦʹͭΕͯλϯύΫ࣭Λ༁
͢ΔͨΊʹඞཁෆՄܽͳҨࢠͷൃ͕ݱঃʑʹ͑ΒΕΔ͜ͱ͕໌Β͔ͱͳͬͨɽ
ଓ͍ͯɼશͳס૩ঢ়ଶͰ͋Γແँظͱͯ͑͠ߟΒΕΔD8ͱD10ؒʹ͓͍

ͯલड़ͨ͠௨ΓൃݱมಈҨࢠҰͭݕग़͞ΕͣɼGOղੳ͑ߦͳ͔ͬͨɽ
͜ͷ͜ͱݦஶͳൃ্ݱঢɼൃݮݱগΛࣔ͢Ҩ͕͜ࢠͷؒظʹͳ͔ͬͨͱ͍͏
͜ͱΛ͓ࣔͯ͠Γɼແँظʹ͓͍ͯҨͮ͘جʹޚ੍ࢠస͕ࣸߦΘΕ͓ͯΒ
ͣɼ͞Βʹס૩ੑ֫ಘظʹ͓͍ͯ४උ͞Εͨస͕ࣸอ࣋͞Ε͍ͯΔ͜ͱΛࣔ
͍ͯ͠Δɽ
ଓ͍ͯɼ࠶ਫظʹؔͯ͠࠶ਫޙͷD10dͱR3ؒͷൃݱมಈҨࢠʹண

ͨ͠ɽ͜ͷॲཧ۠ؒͰ ͕ࢠͷҨݸঢΛࣔ͠ɼ7্ݱ༗ҙͳൃ͕ࢠͷҨݸ7
༗ҙͳൃݮݱগΛࣔͨ͠ɽ͜ΕΒͷ߹ܭ ର͢ΔGOղੳͷ݁Ռɼ8ʹࢠͷҨݸ14

ͭͷGO͕࠷͍FDRΛࣔ͢GOͱͯ͠ݕग़͞Εͨɽ͜ΕΒͷGO͕Ξϊςʔ
γϣϯ͞ΕͨҨࢠͷ͏ͪPv.07646ͷΈɼR3ಛҟతͳൃ্ݱঢΛࣔ͢͜ͱ͕໌Β
͔ͱͳͬͨ (ਤ 2.3 aɼD10d͓ΑͼR24ʹର͠ɼ35͓Αͼ 15.5ഒͷTPM)ɽ͜ͷ
Ҩࢠʹ͍ͭͯCAGE-seqʹΑΔఆྔ݁ՌͰ͕ࢄେ͖͔ͬͨͨΊɼRT-qPCR

ʹΑΔఆྔΛ͍ߦɼͦͷ݁ՌD10dʹର͢ΔR3ʹ͓͚Δݦஶͳൃ্ݱঢ͕֬ೝ
͞Εͨ (ਤ 2.3 bɼWelchͷ tݕఆɼp < 0.05)ɽ
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ਤ 2.3: CAGE-seq͓ΑͼRT qPCRʹΑͬͯఆྔ͞Εͨ Pv.07646ͷൃྔݱ

(a) CAGE-seqͰఆྔ͞Εͨ Pv.07646ͷൃྔݱ (TPM)ɽ֤ྻܥαϯϓϧΛද͓ͯ͠

Γɼॎ࣠ TPMΛද͢ɽ֤σʔλੜֶత෮ 3ճͷ࣮ݧͷฏۉ±ඪ४ภࠩΛࣔ
͢ɽ(b) Pv.07646ͷD10dʹର͢ΔR3࣌ͷCAGE-seq͓ΑͼRT qPCRʹΑͬͯఆྔ͞

Εͨൃྔݱൺɽ *༗ҙͳൃݱมಈ (Welchͷ tݕఆ (p < 0.05)ɽReprinted from [98].

©2018 YamadaɼSuetsuguɼDeviatiiarovɼet al.ɼ

http://creativecommons.org/licenses/by/4.0/
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2.3.3 ର͢Δղੳ݁Ռʹظ૩ੑ֫ಘס

ΛಘΔͨΊʹɼT0ݟͷΑΓਂ͍ࢠ༩͢ΔҨؔʹߏػΔ͚͓ʹظ૩ੑ֫ಘס
ͱT48ؒͰݕग़͞ΕͨGO:0008152 (metabolic process; ʹࢠมಈҨݱͷൃݸ32
Ξϊςʔγϣϯ)͓ΑͼGO:0055114 (oxidation-reduction process; มݱͷൃݸ26
ಈҨࢠʹΞϊςʔγϣϯ)͕Ξϊςʔγϣϯ͞ΕͨҨࢠʹͨ͠ɽ͜ΕΒͷ
ҨࢠΛΑΓৄࡉʹάϧʔϓԽ͢ΔͨΊʹɼൃݱมಈͷύλʔϯʹ͍ͯͮج֊
తΫϥελϦϯάΛߦͳͬͨɽ·ͣ GO:0008152͕Ξϊςʔγϣϯ͞ΕͨҨࢠ
܈ 4ͭͷΫϥελʹྨ͞Εͨ (ਤ 2.4 a)ɽ͜ΕΒͷΫϥελʹ͓͚Δશମతͳ
ঢΛࣔͨ͜͠ΕΒ্ݱൃʹޙΛ֬ೝ͢ΔͱɼτϨϋϩʔεॲཧมಈͷݱൃ
Ҩ܈ࢠ ܈ࢠΛҰఆʹอͭҨݱൃʹޙ૩ס(1 (Ϋϥελ 1)ɼ2)ס૩ޙʹൃ
܈ࢠগͤ͞ΔҨݮΛݱ (Ϋϥελ 2ɼ3ɼ4)ʹେผ͞Εͨɽ·ͨɼGO:0055114͕
Ξϊςʔγϣϯ͞ΕͨҨ܈ࢠ 3ͭͷΫϥελʹྨ͞Εͨ (ਤ 2.4 b)ɽ͜ͷ݁
Ռɼ͜ΕΒͷΫϥελʹ͚ΒΕͨҨ܈ࢠס૩্ݱൃʹޙঢ (Ϋϥελ 3)ɼൃ
ΛҰఆʹอͭྔݱ (Ϋϥελ 1)ɼൃݮݱগΛ͢ΔΫϥελ (Ϋϥελ 2)ʹେผ͞Ε
ͨɽ͜ͷΑ͏ʹס૩ੑ֫ಘظʹ͓͍ͯॏཁͳׂΛ୲͏Մੑͷ͋ΔҨ܈ࢠ
ʹ͓͍ͯɼಉҰͷGO͕Ξϊςʔγϣϯ͞Εͨ߹Ͱ͋ͬͯτϨϋϩʔεॲཧɼ
ύλʔϯΛࣔ͢͜ͱ͕໌Β͔ʹͳͬͨɽ͜ͷ͜ݱਫʹΑͬͯҟͳΔൃ࠶૩ɼס
ͱɼಉҰͷػใΛࣔ͢GO͕Ξϊςʔγϣϯ͞ΕͨҨࢠͰ͋ͬͯҟͳ
ΔλΠϛϯάͰҟͳΔׂΛͭ࣋͜ͱͰɼPv11ࡉ๔͕ס૩ੑΛ֫ಘ͢Δ্Ͱಇ
͘Մੑ͕ࣔ͞Εͨɽ
͜ͷ݁ՌΛड͚ͯɼ͞Βʹס૩ੑ֫ಘظʹ͓͚Δৄࡉͳߏػͷཧղʹ͚ͯɼ

GO:0008152͓ΑͼGO:0055114͕Ξϊςʔγϣϯ͞ΕͨҨ܈ࢠͷػΛྻ૬
ಉੑղੳʹͨ͠ূݕʹࡉৄ͖ͮجɽ·ͣGO:0008152͕Ξϊςʔγϣϯ͞ΕͨҨ
ʹண͢ΔɽPv.03555ػͷࢠ nonsense-mediated mRNA decay (NMD)Ҩ
ͭ࣋ෆͳετοϓίυϯΛࢠͱͷؒͰྻ૬ಉੑ͕֬ೝ͞ΕͨɽNMDҨࢠ
ະख़ RNAͷղΛ༠ಋ͢ΔҨࢠͱͯ͠ใ͞ࠂΕ͍ͯΔ [99]ɽ࣍ʹ Pv.06995

 glutathione S-transferase (GST)ͱͷؒͰྻ૬ಉੑ͕֬ೝ͞ΕͨɽGSTࢷ
࣭ບ͕աࢎԽ͞Εͨ߹ʹɼ͜ΕΛղͯ͠ແಟԽ͢Δׂ͕͋Δ [100]ɽ͜Ε
Βͷ݁Ռ͔ΒɼPv11ࡉ๔ͷס૩ੑ֫ಘظʹ͓͍ͯస͓ࣸΑͼϦϯ࣭ࢷບ
ʹ͓͚ΔোΛम෮͢ΔҨ͕ࢠॏཁͳׂΛ୲͏Մੑ͕ࣔ͞ΕͨɽGST߅
ൃߴʹޙͭετϨεׯԽ࣭ͱͯ͠ΒΕ͓ͯΓɼγϩΠψφζφʹର͢Δࢎ
Δ͢ݱ [101]ɽ࣍ʹ Pv.11397 UDP-glucuronosyltransferase (UGT)Ҩࢠͱ
ྻ૬ಉੑ͕֬ೝ͞ΕͨɽUGTϏϦϧϏϯɼϑΣϊʔϧɼΞϛϯΧϧϘϯࢎʹ
ΑΔಟੑΛࣔ͢άϧΫϩχυԽʹΑΔোΛम෮͢ΔҨࢠͱͯ͠ใ͞ࠂΕ͍ͯ
Δ [102]ɽ࣍ʹ Pv.04950 CarboxylesteraseҨࢠͱͷؒͰྻ૬ಉੑ͕֬ೝ͞
ΕͨɽCarboxylesteraseΤεςϧΞϛυͳͲͷҟͷՃਫղΛ༠ಋ͢Δ߬ૉ
Λίʔυ͢ΔҨࢠͰ͋Δ [103]ɽ͜ΕΒͷ݁Ռ͔ΒɼPv11ࡉ๔ͷס૩ੑ֫ಘ
ॏཁ͕ࢠΔҨ͢ڈΛআڹͱͳΔԽ߹ʹΑΔӨੜମʹͱͬͯো͍͓ͯʹظ
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ͳׂΛ୲͏Մੑ͕ࣔ͞Εͨɽ
Pv.08737͓ΑͼPv.12163ͦΕͧΕATP-dependentʹ࣍ RNA helicase͓Αͼ

DEAD box ATP-dependent RNA helicaseͱͷؒͰྻ૬ಉੑ͕֬ೝ͞Εͨɽ͞
Βʹ͜ΕΒͷҨࢠNMDͱྻ૬ಉੑ͕ݟΒΕͨ Pv.08737ͱಉ͡Ϋϥελ 1

ʹଐ͢ΔҨࢠͰ͋Γɼ͜ͷΫϥελͷҨࢠס૩͕ݱൃʹ࣌ҰఆʹͳΔ͜
ͱ͕֬ೝ͞Ε͍ͯͨɽ͜ΕΒ 3ͭͷҨࢠ͍ͣΕసࣸͷղʹؔΘΔҨ
Ͱ͋Γࢠ [104]ɼס૩ੑ֫ಘ্ݱൃʹ࣌ঢ͠ɼס૩࣌ʹ͜ΕΒҨࢠͷൃ͕ݱҰ
ఆͰཹΊΒΕ͍ͯΔ͜ͱͱ͋Θͤͯ͑ߟΔͱɼס૩࣌ʹੜ͡Δ༷ʑͳӨڹʹΑΔ
mRNAͷোʹ͍ͪૣ͘ରԠͯ͠ະख़ͳmRNAΛ͔ʹղ͢Δ͕ߏػ
͋ΔՄੑΛ͍ࣔͯ͠Δɽ
ଓ͍ͯGO:0055114͕Ξϊςʔγϣϯ͞ΕͨҨࢠͷػʹண͢Δɽ͜ͷGO

͕Ξϊςʔγϣϯ͞Εͨ Pv.00404ɼPv.06474ɼPv.07504͓Αͼ Pv.07510ɼ͢
ͰʹઌڀݚߦͰPvTrx1-1ɼPvTrx3ɼPvTrx7͓ΑͼPvTrx10ͱ͍͏νΦϨυΩγ
ϯΛίʔυ͢ΔҨࢠͱͯ͠ಉఆ͞Ε͓ͯΓɼωϜϦϢεϦΧମʹ͓͍ͯס
૩ʹ͍ൃ্ݱঢ͢Δ [19]ɽ͜ͷ݁ՌPv11ࡉ๔ʹ͓͍ͯݸମͱಉ༷ʹࢎ߅Խ
ͱ͍͏ߏػΛס૩ੑ֫ಘ࣌ͷҰཁҼͱͯ͠ར༻͢Δ͜ͱΛ͓ࣔͯ͠Γɼݸମͱ
Δɽ࣋͢ࢧ௨ੑΛڞͷߏػ૩ੑס๔ʹ͓͚Δࡉ
͜ΕΒΛ·ͱΊΔͱɼτϨϋϩʔεॲཧʹΑΓൃݱΛ༗ҙʹ্ঢͨ͠Ҩ܈ࢠ

ɼ1) छʑͷస࣭ࣸࢷບͷোΛम෮͢ΔετϨεԠҨࢠ (NMD Pro-

teinɼglutathione S-transferaseɼATP-dependent RNA helicase͓ΑͼDEAD box

ATP-dependent RNA helicase)ɼ2) ੜମোͱͳΔԽֶ࣭ͷແಟԽΛ͏ߦҨ
ࢠ (UDP-glucuronosyltransferase carboxylesterase) 3) छʑͷλϯύΫ࣭ͷࢎԽ
Λ͙ͨΊͷνΦϨυΩγϯҨࢠͰ͋Δɽ͜ΕΒͷҨػ͕ͭ࣋ࢠઌݚߦ
ͨͬ࣋ͱͳΔͷΛഉআ͢ΔׂΛΒஅ͢Δͱɼछʑͷੜମʹͱͬͯো͔ڀ
ҨࢠͰ͋Δɽͭ·ΓɼτϨϋϩʔεॲཧʹΑΔס૩ੑͷ֫ಘͱɼछʑͷੜ
ମো͔ΒੜମΛอ͢ޢΔ͜ͱʹΑΓΓཱͭՄੑ͕͋Δɽ
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Figure 1. Hierarchical clustering based on tags per million (TPM) for each sample (distance: Euclidean). In the Color Key
and Histogram inset, the horizontal axis shows log10(T PM + minimum T PM excluding 0) and the vertical axis shows the
number of DEGs. Genes were selected when they were detected as DEGs in at least one pair of samples.
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Figure 1. Hierarchical clustering based on tags per million (TPM) for each sample (distance: Euclidean). In the Color Key
and Histogram inset, the horizontal axis shows log10(T PM + minimum T PM excluding 0) and the vertical axis shows the
number of DEGs. Genes were selected when they were detected as DEGs in at least one pair of samples.
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ਤ 2.4: GO:0008152 (metabolic process)͓ΑͼGO:0055114 (oxidation-reduction

process)͕Ξϊςʔγϣϯ͞ΕͨҨࢠʹର͢Δ֊తΫϥελϦϯά݁Ռ

֊తΫϥελϦϯάख๏͓Αͼਤͷදه๏ਤ 2.2ͱಉ͡ͱͨ͠ɽ(a) GO:0008152

(metabolic process)͕Ξϊςʔγϣϯ͞ΕͨҨ܈ࢠʹର͢Δ֤αϯϓϧؒͷ֊తΫ

ϥελϦϯά݁Ռɽ(b) GO:0055114 (oxidation-reduction process)͕Ξϊςʔγϣϯ͞

ΕͨҨ܈ࢠʹର͢Δ֤αϯϓϧؒͷ֊తΫϥελϦϯά݁ՌɽReprinted from [98].

©2018 YamadaɼSuetsuguɼDeviatiiarovɼet al.ɼ

http://creativecommons.org/licenses/by/4.0/
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2.3.4 ର͢Δղੳ݁Ռʹظਫ࠶

ঢΛ্ࣔͨ͠ݱൃʹͰ͋ΔR3ಛҟతޙਫ࠶ʹɼಛظਫ࠶ Pv.07646ʹ
͢Δ͜ͱͰ࠶ਫظʹ͓͚Δߏػʹؔ͢ΔݟΛಘΔ͜ͱΛ͢ࢦɽPv.07646

͕ཁҼͱͳͬͨGOղੳ͔ΒಘΒΕͨGO͕Ϛοϓ͞ΕΔ͜ͱʹͳͬͨ༝དྷҨ
ࢠ SNF histone linker PHS ring helicaseͩͬͨɽ͜ͷҨࢠώετϯͷूڽ
ʹؔΘΔϦδϯجʹ͓͚Δ༁ޙम০ͷҰͭͰ͋ΔαΫγχϧԽ͓ΑͼϚϩχ
ϧԽΛղআ͢ΔσαΫγχϧԽͱσϚϩχϧԽΛ༠ಋ͢ΔҨࢠͰ͋Δ [105]ɽσ
αΫγχϧԽͱσϚϩχϧԽͷਐߦʹώετϯΛଊ͑ΔͨΊʹࣄલʹRINGυ
ϝΠϯΛ༻͍ͯDNAʹ݁߹͢Δ͜ͱͱɼ͜ͷԠΛ SIRT5ྖҬʹΑͬͯ৮ഔ͢
Δ͜ͱ͕ඞཁͱͳΔɽ͜ͷԠώετϯͷूڽͷ༗ແʹؔΘΔ͜ͱ͔Βɼۙ
Ҩࢠͷసࣸͷ༗ແʹؔΘΔͨΊɼҨޚ੍ࢠͷ؍͔ΒඇৗʹॏཁͳҨࢠ
Ͱ͋ΔՄੑ͕͋Δɽͦ͜Ͱɼ͜ͷPv.07646͕͜ΕΒͷԠΛਐ͢ߦΔͨΊͷඞ
ཁͳ݅Λඋ͍͑ͯΔ͔Λݕ౼͢ΔͨΊʹɼPv.07646ͱ SNF histone linker PHS

ring helicaseͷΞϛϊࢎྻʹ͖ͮجλϯύΫ࣭υϝΠϯߏղੳΛߦͳͬͨ (ਤ
2.5)ɽͦͷ݁ՌɼPv.07646 SNF histone linker PHS ring helicaseͷRINGυϝ
Πϯʹ͓͍ͯΞϥΠϝϯτ͕ܗ͞ΕͨҰํͰɼSIRT5ྖҬʹ͓͍ͯΞϥΠ
ϝϯτ͕ܗ͞Εͳ͍͜ͱ͕Θ͔ͬͨɽ͢ͳΘͪPv.07646σαΫγχϧԽσ
ϚϩχϧԽΛਐ͢ߦΔͨΊͷඞཁͳ݅Λඋ͍͑ͯͳ͍͜ͱ͕໌Β͔ʹͳͬ
ͨɽ͔͠͠ͳ͕ΒɼPv.07646࠶ਫಛҟతʹൃ͢ݱΔ͜ͱ͕CAGE-seq͓Αͼ
RT-qPCR࣮ݧʹΑͬͯ֬ೝ͞Ε͍ͯΔͨΊɼԿΒ͔ͷ࠶ਫಛҟతͳݱʹؔΘ
ΔՄੑ͕࣋͞ࢧ͘ڧΕ͍ͯΔɽͦ͜ͰɼPv.07646ͱྻ૬ಉੑ͕࠷͍ߴҨ
ࢠΕΔDNAम෮ʹؔΘΔҨݺRad16ͱࢠͱ͜Ζɼ͜ͷҨͨ͠ূݕΛࢠ
ͩͬͨɽRad16Rad7ͱෳ߹ମΛܗ͢Δ͜ͱͰATPೱґଘతʹDNAम෮
Λ͏ߦ [106]ɽ·ͨRad16ͷHepAྖҬΛࣦͤ͞׆ΔͱUVরࣹΛड͚ͨDNAΛ
म෮͢Δ͜ͱ͕Ͱ͖ͳ͘ͳΔ͜ͱ͕େەʹ͓͍ͯใ͞ࠂΕ͍ͯΔ [107]ɽ͜ΕΒ
ͷ͔࣮ࣄΒRad16͕DNAम෮Λਐ͢ߦΔͨΊʹATP݁߹αΠτͱHepAྖҬ
͕ඞཁͱͳΔɽ͜ΕΒͷྖҬΛPv.07646͔ͭ࣋Ͳ͏͔Λͨ͠ূݕͱ͜Ζɼ྆ํ
ͷαΠτʹ͓͍ͯ Rad16ͱͷؒʹΞϥΠϝϯτ͕ܗ͞Εͨ (ਤ 2.6)ɽ͜ͷ͜ͱ
͔ΒɼPv.07646Rad16ͱͯ͠DNAम෮ʹؔΘΔ͜ͱ͕ࣔࠦ͞Εɼ࠶ਫޙ
ͷಛҟతͳൃ্ݱঢͱ౷߹ͯ͠ɼ࠶ਫظͷߏػͱͯ͠DNAम෮͕ؔߏػΘΔՄ
ੑ͕͋Δɽ
͜ͷ࠶ਫظʹ͓͚Δ DNAम෮ߏػʹ͍ͭͯ͞Βʹਂ͍ݟΛಘΔͨΊʹɼ

DNAम෮ؔߏػ࿈ҨࢠͷཏతͳղੳΛͨ͠ɽ͜ Ε·ͰʹઌڀݚߦʹΑΓɼDNA
म෮ߏػͱͯ͠૬ಉସ͑ (Homologouos ReconbinationɼHR)ɼψΫϨΦνυ
আڈम෮ (Nucleotide Excision RepairɼNER)ɼDNAϛεϚονम෮ (MisMatch

excision RepairɼMMR)͓Αͼඇ૬ಉ݁߹ (Non-Homologous End Joiningɼ
NHEJ)໌͕ߏػΒ͔ʹ͞Ε͓ͯΓɼͦΕΒΛߏ͢ΔҨࢠʹ͍ͭͯಉఆ͞Ε
͍ͯΔ [108, 109]ɽͦ͜Ͱɼ͜ΕΒͷߏػΛߏ͢ΔҨࢠͱྻ૬ಉੑΛͭ࣋
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Pv11ࡉ๔ͷτϨϋϩʔεॲཧɼס૩ɼ࠶ਫ࣌ʹ͓͚Δൃݱมಈͷ༗ແΛ͠ূݕ
ͨ (ද 2.3)ɽͦͷ݁ՌɼHRɼNERɼNHEJΛߏ͢ΔҨࢠͱྻ૬ಉੑΛͭ࣋
Pv11ࡉ๔ʹ͓͍ͯɼ͜ΕΒͷॲཧʹԠͨ͡༗ҙͳൃ্ݱঢ͕֬ೝ͞ΕͨɽҰํͰɼ
MMRΛߏ͢ΔҨࢠʹ͍ͭͯͲͷॲཧʹ͓͍ͯɼҰͭൃ্ݱঢ͢ΔҨ
͕֬ࢠೝ͞Εͳ͔ͬͨɽ͢ͳΘͪɼPv11ࡉ๔ͷס૩ੑʹ͓͍ͯಇ͘DNAम
෮ߏػͱͯ͠ɼHRɼNER͓ΑͼNHEJ͕ಇ͘Մੑ͕ࣔࠦ͞Εͨɽ
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1 1,7091,5001,4001,3001,2001,1001 K900800700600500400300200100

Sequence
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BLAST Results for: Pv.07646

Protein Features

SNF2_N SIRT5_Af1_CobB
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HELICc
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RING
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region Features - CDD

NAD+ binding site [che...
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Zn binding site [ion bi...
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ATP-binding site [chem...

histone H3 binding si...

site Features - CDD

XP_002428623.1:0..1709 snf2 histone linker PHD ring helicase, putative [Pediculus humanus corporis]

A)

B)
1,2761,1001 K900800700600500400300200100

Sequence

Query_298250
BLAST Results for: Pv.07646

Protein Features

SNF2_N HepA
HELICc

RING
PHD_SF

region Features - CDD

nucleotide binding reg...
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ATP-binding site [chem...

histone H3 binding si...
site Features - CDD

XP_001841836.1:44..1276 DNA repair protein RAD16 [Culex quinquefasciatus]

a

b

A

Bਤ 2.5: Pv.07646ͱ SNF2 histone linker PHD-ring helicaseͷΞϥΠϝϯτ݁Ռ

ΞϥΠϝϯτ݁ՌͷՄࢹԽʹMSAViewer

(https://www.ncbi.nlm.nih.gov/projects/msaviewer/)Λ༻͍ͨɽ Sequence:

SNF2 histone linker PHD-ring helicaseͷΞϛϊࢎྻΛࣔ͢; Blast Results: Pv.07646

ͱ SNF2 histone linker PHD-ring helicaseͷ blastxʹΑΔΞϥΠϝϯτ݁ՌΛࣔ͢ɽ

region Features: SNF2 histone linker PHD-ring helicaseͷλϯύΫ࣭υϝΠϯྖҬΛࣔ

͢ɽ site Features: SNF2 histone linker PHD-ring helicaseͷλϯύΫ࣭αΠτྖҬΛࣔ

͢ɽ BLAST Results: ҉৭ͷਫฏઢΪϟοϓɼࠇ৭ͷਨઢ͓Αͼҹૠೖɼփ৭

ͷόʔϚονྖҬɼ৭ͷόʔϛεϚονྖҬΛද͢ɽຊڀݚͰλϯύΫ࣭ͷυϝ

ΠϯྖҬͱαΠτྖҬͱඃͬͯΞϥΠϝϯτ͕ܗ͞Εͨ߹ʹɼ͜ΕΒͷྖҬ͕อଘ͞

Ε͍ͯΔͱͨ͠ɽ Reprinted from [98]. ©2018 YamadaɼSuetsuguɼDeviatiiarovɼet

al.ɼhttp://creativecommons.org/licenses/by/4.0/
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Query_298250
BLAST Results for: Pv.07646

Protein Features

SNF2_N HepA
HELICc

RING
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region Features - CDD
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ATP-binding site [chem...

histone H3 binding si...
site Features - CDD
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a
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A

B

ਤ 2.6: Pv.07646ͱDNAम෮ҨࢠͰ͋ΔRAD16ͷΞϥΠϝϯτ݁Ռ

ՄࢹԽͷํ๏͓Αͼղऍʹ͍ͭͯਤ 2.5ͱಉҰͱͨ͠ɽReprinted from [98]. ©2018

YamadaɼSuetsuguɼDeviatiiarovɼet al.ɼ

http://creativecommons.org/licenses/by/4.0/
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2.3.5 Pv11ࡉ๔ɼωϜϦϢεϦΧ͓ΑͼϠϞϯϢεϦΧͷൃݱม

ಈҨࢠʹؔ͢Δൺֱղੳ݁Ռ

͜Ε·Ͱʹס૩ੑΛͭ࣋ωϜϦϢεϦΧମٴͼס૩ੑΛͨ࣋ͳ͍ϠϞϯ
ϢεϦΧͷτϥϯεΫϦϓτʔϜσʔλʹର͢ΔൺֱղੳʹΑΓɼωϜϦϢεϦ
Χͷס૩ੑʹ͓͍ͯ LEAɼTRXɼPIMTɼHBɼAQPٴͼτϨϋϩʔε࢈ੜ
ʹؔΘΔछʑͷ߬ૉ͕ॏཁͰ͋Δ͜ͱ͕ࣔ͞Ε͖ͯͨ [19]ɽ͜ͷΑ͏ʹס૩ੑʹ
ؔΘΔҨࢠΛಉఆ͢ΔͨΊʹɼס૩ੑΛͭ࣋ωϜϦϢεϦΧٴͼס૩ੑ
Λͨ࣋ͳ͍ϠϞϯϢεϦΧͱͷൺֱղੳ͕༗ޮͰ͋Δɽͦ͜ͰຊઅͰPv11ࡉ๔
ʹ͓͚Δס૩ੑΛ໌Β͔ʹ͢ΔͨΊʹɼઌڀݚߦͰॏཁͱ͞Εͨ͜ΕΒҨࢠ
มಈΛࣔݱൃʹ࣌ਫ࠶ͼٴ૩סͰͨ͠τϨϋϩʔεॲཧɼڀݚͼຊٴɼ܈
ͨ͠Ҩ܈ࢠͷൃݱมಈΛPv11ࡉ๔ɼωϜϦϢεϦΧٴͼϠϞϯϢεϦΧͷؒͰ
ൺֱͨ͠ɽ·ͣωϜϦϢεϦΧମʹ͓͚Δס૩ੑʹॏཁͱ͞ΕͨLEAɼTRXɼ
PIMTɼHbɼAQPٴͼτϨϋϩʔε࢈ੜʹؔΘΔҨࢠͷ Pv11ࡉ๔ʹ͓͚Δൃ
มಈΛղੳͨ͠ݱ (ද 2.4)ɽLEAɼTRXɼPIMTͷҰ෦ٴͼτϨϋϩʔεͷղʹ
ؔΘΔTREHPv11ࡉ๔Ͱ༗ҙͳൃݱมಈΛࣔͨ͠ҰํͰɼHBɼAQPٴͼτϨ
ϋϩʔε߹ʹؔΘΔTPSτϨϋϩʔεॲཧɼס૩ٴͼ࠶ਫ࣌ʹ͍ͣΕൃ
มಈΛࣔ͞ͳ͔ͬͨɽ·ͨɼLEAɼTRXɼPIMTʹؔͯ͠ɼωϜϦϢεϦΧݱ
ମͰൃݱมಈΛࣔͨ͠ҨࢠΑΓPv11ࡉ๔ͰൃݱมಈΛࣔͨ͠Ҩࢠͷ
ํ͕Δ͔ʹগͳ͔ͬͨɽଓ͍ͯɼຊڀݚͰͨ͠ס૩ੑ֫ಘ࣌ʹؔΘΔͱਪ
ఆ͞ΕͨɼPv.03555 (NMD)ɼPv.06995 (GST)ɼPv.11397 (UGT)ɼPv.04950 (car-

boxylesterase)ɼPv.08737 (ATP-dependent RNA helicase)ٴͼ Pv.12163 (DEAD

box ATP-dependent RNA helicase)ͷωϜϦϢεϦΧٴͼϠϞϯϢεϦΧͰͷൃ
มಈΛղੳͨ͠ݱ (ද 2.5)ɽ͜ΕΒҨࢠͱྻ૬ಉੑΛͭ࣋ϠϞϯϢεϦΧͷҨ
ࢠଘ͠ࡏͳ͔ͬͨ (blastn E-value < 0.05)ɽ·ͨɼωϜϦϢεϦΧମʹ͓͍
ͯ Pv.03555 (NMD)ٴͼ Pv.04950 (carboxylesterase)࠶ਫ࣌ʹ༗ҙͳൃݱ
্ঢ͕֬ೝ͞ΕͨҰํͰɼͦͷ΄͔ͷҨࢠʹؔͯ͠༗ҙͳൃݱมಈͳ͔ͬ
ͨɽଓ͍ͯɼPv11ࡉ๔ͷ࠶ਫ࣌ʹॏཁͰ͋ΔՄੑ͕֬ೝ͞ΕͨDNAम෮ܦ
࿏ʹؔΘΔҨ܈ࢠͷωϜϦϢεϦΧٴͼϠϞϯϢεϦΧͰͷൃݱมಈΛղੳ͠
ͨ (ද 2.3)ɽͦͷ݁ՌɼϠϞϯϢεϦΧͰྻ૬ಉੑΛͭ࣋Ҩ͕ࢠଘ͢ࡏΔҰ
ํͰɼס૩ʹ͍ൃݱมಈ͢ΔҨࢠͳ͔ͬͨɽଓ͍ͯωϜϦϢεϦΧʹ͓͍
ͯPv11ࡉ๔ͰೝΊΒΕͨHRٴͼNERʹؔΘΔछʑͷҨࢠ࠶ਫʹ͍
ঢͳ͔ͬͨɽ্͜ݱͷൃࢠঢ͕֬ೝ͞ΕͨҰํͰɼNHEJʹؔΘΔҨ্ݱൃ
ΕΒͷ݁Ռ͔ΒɼPv11ࡉ๔ٴͼωϜϦϢεϦΧͷס૩ੑʹDNAम෮͕ؔΘΔ
Մੑ͕ࣔࠦ͞ΕͨҰํͰɼͦΕͧΕͷס૩ੑʹؔΘΔDNAम෮ܦ࿏ҟͳΔ
͜ͱ͕໌Β͔ͱͳͬͨɽ
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ද 2.4: ઌڀݚߦͰࣔ͞Εͨס૩ੑؔ࿈Ҩࢠͷ Pv11ࡉ๔ɼωϜϦϢεϦΧ͓
ΑͼϠϞϯϢεϦΧʹ͓͚ΔൃݱมಈҨࢠ
֤ੜछʹ͓͚ΔτϨϋϩʔεॲཧɼס૩ɼ࠶ਫͷྻʹؔͯ͠ද 2.3ͱಉ͡ఆٛͱ͠
ͨɽදͷ༰ʹ͍ͭͯɼࠨଆͷݦ͕ࣈஶͳൃݱมಈΛࣔͨ͠ҨࢠΛද͠ɼӈଆͷ
͕ࣈϑΝϛϦʔҨࢠͷ૯Λද͢ɽ

ҨࢠϑΝϛϦʔ໊ Pv11ࡉ๔ ωϜϦϢεϦΧ ϠϞϯϢε
ϦΧ

τϨϋϩʔ
εॲཧ

૩ס ਫ࠶ ૩ס ਫ࠶ ૩ס

LEA 3/23 5/23 0/23 20/23 0/23 0/0
TRX 3/25 7/25 1/25 20/25 0/25 0/3
PIMT 3/14 6/14 1/14 12/14 1/14 0/1
HB 0/32 0/32 0/32 8/32 23/32 3/25
AQP 0/5 0/5 0/5 2/5 2/5 1/5

Trehalose Synthesis 1/4
(TREH)

1/4
(TREH)

0/4 2/4 (TPSɼ
TREH)

0/4 0/4
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2.4 ߟ

2.4.1 ผछͱͷൺֱղੳ͔Β͑ߟΒΕΔPv11ࡉ๔ͱωϜϦϢεϦ

Χͷס૩ੑͷྨࣅٴͼ૬ҧ

ຊڀݚͰωϜϦϢεϦΧମٴͼϠϞϯϢεϦΧͰͷൃݱมಈҨࢠʹର͢
ΔൺֱղੳΛߦͳͬͨɽઌڀݚߦʹΑΓωϜϦϢεϦΧମͷס૩ੑʹॏཁͰ
͋Δͱಉఆ͞ΕͨҨ܈ࢠͷ͏ͪɼLEAɼTRXɼPIMTٴͼTREHPv11ࡉ๔
ʹ͓͍ͯൃݱมಈΛࣔ͢ҰํͰɼAQPɼHBٴͼ TPSͷൃݱมಈͳ͔ͬͨɽ
Pv11ࡉ๔ᡢ༝དྷഓཆࡉ๔Ͱ͋Δ͕ɼࡏݱ·Ͱʹੜମʹ͓͚ΔͲͷࡉ๔༝དྷ͔
໌Β͔ʹ͞Ε͍ͯͳ͍ɽઌڀݚߦʹΑΓωϜϦϢεϦΧͷࢷମ͕τϨϋϩʔ
ε߹ʹؔΘΔ͜ͱ͕ใ͞ࠂΕ͍ͯΔ [110,111]ɽPv11ࡉ๔͕τϨϋϩʔε߹Λ
ߏମΛࢷ๔ࡉঢͤ͞ΒΕͳ͍͜ͱ͔ΒɼPv11্ݱΊʹඞཁͳTPSΛൃͨ͏ߦ
͢Δࡉ๔ͱҟͳΔࡉ๔Ͱ͋ΔՄੑ͕͑ߟΒΕΔɽ·ͨɼ͜ͷ͜ͱPv11ࡉ
๔͕τϨϋϩʔεॲཧΛߦΘͳ͍ͱס૩ੑΛͭ࣋͜ͱ͕Ͱ͖ͳ͍͜ͱͷཧ༝Ͱ
͋Δͱ͑ߟΒΕΔɽ·ͨɼLEAɼTRXɼPIMTʹؔͯ͠ɼPv11ࡉ๔ʹ͓͚Δൃݱ
্ঢΛࣔ͢͜ΕΒͷҨࢠωϜϦϢεϦΧͷҨࢠʹରͯ͠গͰ͋ͬͨɽωϜ
ϦϢεϦΧͰൃ্ݱঢΛࣔͨ͜͠ΕΒҨࢠͷ͏ͪɼPv11ࡉ๔Ͱൃ্ݱঢΛࣔ͞
ͳ͔ͬͨҨࢠʹ͢ΔͱɼͦͷൃݱT0ͷஈ֊Ͱݱൃ͍ߴΛ͍ࣔͯͨ͠ (ਤ
2.7)ɽPv11ࡉ๔௨ৗ࣌ʹ IPL41ഓͰഓཆ͍ͯ͠Δ͕ɼ͜ͷഓੜମΑ
ΓԘೱ͘ߴɼ͞Βʹઌ͔ڀݚߦΒ LEA4ԘετϨεʹԠͯ͡ൃ͕ݱ༠ಋ
͞ΕΔ͜ͱ͕ใ͞ࠂΕ͍ͯΔ [7, 110, 112, 113]ɽ͜ΕΒ͔࣮ࣄΒɼPv11ࡉ๔T0

ͷஈ֊ͰԘετϨεʹԠͨ͠ঢ়ଶʹͳ͍ͬͯΔͨΊɼͦͷࡍʹඞཁͳछʑͷҨ
্ݱൃ͕ࢠঢΛ͍ͯ͠ΔͨΊʹɼτϨϋϩʔεॲཧ্ݱൃʹ࣌ঢΛࣔ͢Ҩࢠ
͕গͳ͘ͳ͍ͬͯΔͱ͑ߟΒΕͨɽ
·ͨɼ࠶ਫ࣌ʹॏཁͱ͑ߟΒΕͨDNAम෮ߏػʹؔͯ͠ɼPv11ࡉ๔ٴͼ
ωϜϦϢεϦΧͷ྆ํͰHRٴͼNERʹؔΘΔҨࢠͱྻ૬ಉੑ͕͋ΔҨࢠ
ͷ༗ҙͳൃ্ݱঢ͕֬ೝ͞ΕͨɽҰํͰɼNHEJʹؔΘΔҨࢠͷ༗ҙͳൃ্ݱ
ঢPv11ࡉ๔Ͱ͔֬͠ೝ͞Εͳ͔ͬͨɽNHEJೋॏDNA͕அ͞Εͨࡍʹɼ
DNAͷΛͭͳ͗߹ΘͤΔ͜ͱͰम෮͢Δ [114,115]ɽ͜ͷम෮ํ๏HR

NERΑΓम෮͍͜ͱ͕ΒΕ͍ͯΔ [116]ɽPv11ࡉ๔ʹ͓͍ͯͷΈ
͜ͷम෮ܦ࿏ʹؔΘΔҨ͕ࢠ༗ҙͳൃ্ݱঢΛࣔͨ͜͠ͱΛ͑ߟΔͱɼPv11ࡉ
๔ωϜϦϢεϦΧʹରͯ͠DNAଛইʹରͯ͠ӶහʹԠΛࣔ͢Մੑ͕͋Δɽ
PolypedilumଐҎ֎ͷס૩ੑΛͭ࣋ੜछʹ͓͚Δס૩ੑؔ࿈Ҩࢠͱͷൺ
ֱΛͨͬߦɽઌڀݚߦʹΑΓɼઢɹ (Caenorhabditis elegans)ग़ժ߬ɹ (Sac-

charomyces cerevisiae)ʹ͓͍ͯLEAҨࢠνΦϨυΩγϯҨࢠΛס૩࣌ʹ
Δ͢ݱൃߴ [25,26,117]ɽຊڀݚͰରͱͨ͠Pv11ࡉ๔ʹ͓͍ͯ LEAҨࢠ
νΦϨυΩγϯҨࢠτϨϋϩʔεॲཧʹԠͯ͡ݦஶͳൃ্ݱঢ͕༠ಋ͞ΕΔɽ
͜ͷ͜ͱɼτϨϋϩʔεʹՃ͑ͯ LEAҨࢠνΦϨυΩγϯҨࢠݸମϨ
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ϕϧʹͱͲ·Βͣɼࡉ๔୯Ґͷס૩ੑʹ͓͍ͯอଘ͞ΕͯॏཁͳׂΛ୲͏
Մੑ͕͋Δɽ
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ਤ 2.7: τϨϋϩʔεॲཧݦʹ࣌ஶͳൃ্ݱঢ͕֬ೝ͞Εͳ͔ͬͨס૩ੑؔ࿈Ҩ
܈ࢠͷݱൃྻܥ࣌

͜ΕΒ LEAҨࢠɼTRXҨ͓ࢠΑͼ PIMTҨࢠɼτϨϋϩʔεॲཧલ͔Β͍ߴ

ঢ͕֬ೝͰ͖ͳ্ݱஶͳൃݦͷޙΛ͓ࣔͯ͠Γɼ͜ͷ͜ͱ͔ΒτϨϋϩʔεॲཧྔݱൃ

͔ͬͨɽઌڀݚߦͰωϜϦϢεϦΧͷס૩ੑؔ࿈ҨࢠԘετϨεʹԠͯ͡ൃݱ

্ঢΛࣔ͢͜ͱ͕֬ೝ͞Ε͓ͯΓ [7, 110,112,113]ɼPv11ࡉ๔Ԙೱ͕͍ߴ IPL-41ഓ

Ͱഓཆ͞Ε͍ͯΔஈ֊Ͱסʹط૩ੑؔ࿈ҨࢠͷҰ෦͕ൃ্ݱঢΛ͍ࣔͯ͠Δͱߟ

͑ΒΕͨɽฏۉ ± ඪ४ภࠩͰΛࣔ͢ɽReprinted from [98]. ©2018 Yamadaɼ

SuetsuguɼDeviatiiarovɼet al.ɼhttp://creativecommons.org/licenses/by/4.0/
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2 Pv11ࡉ๔ͷס૩ੑ֫ಘ͓Αͼ࠶ਫ෮ؼΛ͑ࢧΔҨ܈ࢠͷਪఆ2.4. ߟ

2.4.2 ຊ͔ڀݚΒಘΒΕͨPv11ࡉ๔ͷס૩ੑߏػͱߏ͢ΔҨ

܈ࢠ

ઌڀݚߦͰτϨϋϩʔεΛेʹؚ·ͳ͍ഓ (443 mM)ʹͯPv11ࡉ๔Λॲ
ཧ͢Δͱɼ࠶ਫޙͷੜଘ 0%Ͱ͋ΓɼτϨϋϩʔεͷೱΛ্͛Δ (600 mM)

͜ͱͰੜଘ͕ 16% ʹͳΔ͜ͱ͕ใ͞ࠂΕ͍ͯΔ [18]ɽ͜ͷ͜ͱ͔Βɼेͳೱ
ʹΑΔτϨϋϩʔεॲཧɼPv11ࡉ๔ʹର͢Δס૩ੑΛͤͨ࣋ΔͨΊʹඞཁ
Ͱ͋ΔɽτϨϋϩʔεࣗମਫஔԾઆʹ͓͍ͯड़ΒΕ͍ͯΔΑ͏ʹੜମ࣭ͷ
ޚΛ͜͏ߦͱͰס૩ʹΑΔࢮΛճආ͢ΔͨΊʹඞཁͩͱ͑ߟΒΕ͖ͯͨ [1,118]ɽ
Ұํɼຊڀݚͷղੳ݁ՌͰɼτϨϋϩʔεॲཧલͱτϨϋϩʔεॲཧޙ ؒ࣌48
ͷؒʹ ݱग़͞Εͨɽ͜ͷ͜ͱτϨϋϩʔεॲཧʹԠͯ͠ൃݕͷDEG͕ݸ384
Δ͜ͱΛ͍ࣔͯ͠Δɽ͢ͳΘͪɼτϨϋϩʔ͍ͯ͠ࡏଟଘ͕ࢠΛड͚ΔҨޚ੍
ε୯ʹੜମ࣭ͷอޢΛߦͳ͍ͬͯΔ͚ͩͰͳ͘ɼס૩ੑͷ֫ಘʹඞཁͳ
छʑͷҨࢠͷൃޚ੍ݱΛ୲͏ׂΛ͍ͯͬ࣋Δ͜ͱ͕৽نʹࣔࠦ͞Εͨɽ
·ͨɼωϜϦϢεϦΧͷ༮ʹ͓͍ͯס૩͔ޙΒτϨϋϩʔεͷੵ͕࢝

·ΔҰํͰɼ͜ͷੵͷؒʹݸମͷਫྔ͋ΔఔҰఆʹอͨΕ͍ͯΔ (2

ؒͷס૩Ͱ ૩Ͱסɼ7ؒͷؒ࣌32 6ΑΓલ·Ͱ) [110]ɽ͜ͷؒݸମ
ͷਫʹτϨϋϩʔε͕ଘ͢ࡏΔঢ়ଶ͕ଓ͍͍ͯΔͱ͑ߟΒΕΔɽ͢ͳΘͪPv11

๔ʹ͓͚ΔτϨϋϩʔεॲཧͱɼωϜϦϢεϦΧʹ͓͚ΔτϨϋϩʔεͷࡉ
ੵͱਫ͕ҰఆʹอͨΕ͍ͯΔؒظʹ͍֘ͯ͠Δͱ͑ߟΒΕΔɽ͢ͳΘͪωϜϦ
ϢεϦΧͷ༮ʹ͓͍ͯɼτϨϋϩʔεʹΑΔछʑͷס૩༰ੑ֫ಘʹؔΘΔ
Ҩ͕͜܈ࢠͷλΠϛϯάͰൃݱΛଅ͞Ε͍ͯΔՄੑ͕͋Δɽ
ͭʹ܈ࢠ͢ΔҨߏΛߏػ૩ੑס๔ͷࡉΑΓಘΒΕͨPv11ʹڀݚຊʹޙ࠷

͍ͯ·ͱΊΔɽຊڀݚʹΑΓɼס૩ੑ֫ಘظʹ͓͍ͯɼ͜Ε·Ͱͷݸମͷס૩
ੑʹॏཁͰ͋Δ͜ͱ͕ΒΕ͍ͯΔLEAҨࢠɼTRXҨࢠɼPIMTҨࢠ
͕Pv11ࡉ๔ʹ͓͍ͯݦஶͳൃ্ݱঢ͕֬ೝ͞Ε͕ͨɼൃݱมಈΛࣔ͢Ҩࢠ
ωϜϦϢεϦΧͷݸମͱൺͯগͳ͔ͬͨɽ͜ͷ͜ͱɼݸମͰͷס૩ੑʹ͓͚
Δੜମো؇ߏػͷੑ͕ଘ͠ࡏͳ͍ɼΑΓ୯७ͳੜମো؇ߏػʹΑΓ
Pv11ࡉ๔ͷס૩ੑ͕ߏػΓཱ͍ͬͯΔՄੑΛࣔ͢ɽ·ͨݸମͰ·ͩס૩
ੑͷؔ༩͕֬ೝ͞Ε͍ͯͳ͍৽ิީنҨࢠͱͯ͠ɼछʑͷస࣭ࣸࢷບͷ
োΛम෮͢ΔετϨεԠҨࢠ (NMD Protein glutathione S-transferase)ɼ
2) ੜମোͱͳΔԽֶ࣭ͷແಟԽΛ͏ߦҨࢠ (UDP-glucuronosyltransferase

 carboxylesterase)͕͛ڍΒΕɼ͜ΕΒͷଟ͘Pv11ࡉ๔ಛҟతʹൃ্ݱঢ͕֬
ೝ͞Εͨɽ͜ͷ͜ͱPv11ࡉ๔͕ס૩ʹରͯ͠ɼΑΓ෯͍োετϨεʹର͢
Δੜମো؇ߏػΛPv11ࡉ๔͕උ͍͑ͯΔ͜ͱ͕͑ߟΒΕͨɽ͜ΕΒͷߟΛ
૯ׅ͢ΔͱɼPv11ࡉ๔ͷס૩ੑʹ͓͚Δੜମো؇ߏػɼݸମΑΓઙ͘
Ͱ͋ΔՄੑ͕͋Δɽߏػͨͬ࣋ΛࡦετϨεʹର͢Δରғͷোൣ͍
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ୈ3ষ Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔ
ϚελʔసࣸҼࢠͱస੍ࣸޚ
ͷਪఆߏػ

3.1 എܠ
ੜ໋׆ಈʹਫඞਢͰ͋Δɽਫ͕ࣦΘΕΔס૩ετϨεଟ͘ͷੜʹͱͬͯ

கࢮతͳཁҼͷҰͭͱͳΔɽಛʹੜͷੜ͜ͷס૩ετϨεʹৗʹ͞ࡽΕΔ
͜ͱ͔Βɼ͜ΕʹΑΔࢮΛճආ͢ΔͨΊʹਐԽͷաఔͰס૩ετϨεΛ༰ԽͰ
͖ΔࢠϝΧχζϜΛ֫ಘ͖ͯͨ͠ɽಛʹס૩ετϨεΛ༰Խ͢ΔϝΧχζϜ
ͷҰͭͰ͋Δແँঢ়ଶ (Anhydrobiosis)ͷҠߦ 99%Ҏ্ͷੜମͷਫΛࣦͬ
ͨͱͯ͠ɼਫΛ࠶༩͑ΒΕΔ͜ͱͰݩͷੜ׆ʹΔΈͰ͋Δɽ͜Ε·
ͰʹϫϜγɼΫϚϜγɼઢ২ɼͦͯ͠ωϜϦϢεϦΧͷ༮ͳͲ༷ʑͳੜ
͕͜ͷΈΛͭ࣋͜ͱͰס૩ετϨεʹΑΔࢮΛ༰͢Δ͜ͱ͕ΒΕ͍ͯΔ
(1.2અࢀর)ɽ͞Βʹۙथཱ͞ΕͨωϜϦϢεϦΧͷᡢ༝དྷഓཆࡉ๔Ͱ͋ΔPv11

૩ετϨεΛסೱτϨϋϩʔεΛؚΉഓॲཧ͢Δ͜ͱͰɼߴʹલࣄ๔ɼࡉ
༩͑ͯ࠶ͼਫΛ༩͑Δ͜ͱͰ࠶ࡉ๔྾Λ࠶։͠ɼ͜ͷס૩ੑ͕ࡉ๔Ϩϕ
ϧͰୡ͞ΕΔΈͰ͋Δ͜ͱ͕ࣔ͞Εͨ [7, 18]ɽ
ωϜϦϢεϦΧͷס૩ੑɼ·ͣס૩ετϨεड༰ޙͷτϨϋϩʔε࢈ੜ͔

Β࢝·ΔɽਫஔԾઆʹͮ͘جͱɼס૩ޙʹੜମບͱਫͱͷਫૉ݁߹ʹΑΔ૬࡞ޓ
༻ΛੜମʹͱͬͯແͰ͋ΔແؐݩͷҰछͰ͋ΔτϨϋϩʔε͕ସ͢Δ͜ͱ
Ͱࡉ๔ບͷߏ͕҆ఆԽ͞Εࡉ๔ࢮΛ͙ಇ͖Λͭ࣋ͱ͑ߟΒΕ͍ͯΔɽ͜ͷτ
Ϩϋϩʔε࢈ੜޙʹɼੜମʹͱͬͯোͱͳΔࢎੑ׆ૉ (ROS)Λআ͢ڈΔࢎ߅Խ
ҨࢠͰ͋ΔνΦϨυΩγϯɼס૩͖ىʹ࣌ΔλϯύΫ࣭ͷมੑΛ͑Δ LEA

Ҩࢠ PIMTҨࢠͷൃ্͕͢ݱΔ (1.2.1খઅࢀর)ɽPv11ࡉ๔ࣗൃతͳ
τϨϋϩʔε࢈ੜΛ͑ߦͳ͍ͨΊס૩ੑΛ֫ಘͤ͞ΔͨΊʹτϨϋϩʔεΛ๛
ʹؚΉഓͰॲཧ͢Δඞཁ͕͋Δ͕ɼڵຯਂ͍͜ͱʹ͜ͷτϨϋϩʔεॲཧΛߦ
͏͜ͱͰνΦϨυΩγϯ LEAɼPIMTͷ͕ݱൃߴ༠ಋ͞ΕΔ (2.3.5খઅࢀর)ɽ
·ͨɼ͜͏ͨ͠ੜମʹͱͬͯ༗ͱͳΔཁૉͷഉআʹؔΘΔҨࢠͷݱൃߴʹՃ
͑ͯɼס૩࣌ʹܽ͢Δࢎૉͷอ࣋ͷͨΊͷϔϞάϩϏϯҨࢠͷݱൃߴਫ͕
ܽ͢Δ͜ͱʹΑΔࡉ๔ບ্ͷਁಁѹௐઅͷͨΊͷΞΫΞϙϦϯҨࢠͷݱൃߴ
Լ͕֬ݱͷൃࢠ૩͕ਐΉͱϦϘιʔϜؔ࿈ҨסʹΒΕΔɽ͞Βݟʹޙ૩ס͕
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.1. എܠ

ೝ͞Εɼס૩࣌ʹෆཁͳλϯύΫ࣭༁ͷΤωϧΪʔফඅΛ͍͑ͯΔՄੑ͕
͋Δ (2.3.3খઅࢀর)ɽͦͯ͠ס૩͔Β શͳແँঢ়ଶʹೖఔ͔͚ͯؒ࣌48
Δͱۃͳൃݱมಈ͢ΔҨࢠͳ͘ͳΓɼ֤ҨࢠͷൃݱҰఆͷঢ়ଶͰҡ࣋
͞ΕΔ͜ͱ͕ Pv11ࡉ๔ʹ͓͍ͯ֬ೝ͞Εͨɽ͜ͷঢ়ଶͰ࠶ͼਫ͕༩͑ΒΕΔͱɼ
म෮͓ΑͼڈͰ͋Δ૬ಉସ͑ɼψΫϨΦνυআߏػఔͰDNAम෮ؒ࣌24∽3
ඇ૬ಉ݁߹ʹؔ༩͢ΔҨ͢ݱൃߴ͕ࢠΔ (2.3.4খઅࢀর)ɽ͜ΕΒҨࢠͷ
Ͱ͑Δ͜ͱ͕Ͱ͖ͳͬͨDNAͷোߏػڈআɼઌʹࣔͨ͠ੜମোݱൃߴ
ΒΕͨɽ͑ߟͷஈ֊Λॿ͚͍ͯΔͱ׆Λճ෮͢Δ͜ͱͰ෮
͜ͷΑ͏ʹɼס૩͔ͯ͠ΒਫΛ༩͑ΒΕͯੜ͖ฦΔ·Ͱͷաఔʹؔ༩͢ΔҨ

ΘΕɼͦߦ͕ڀݚ͔Βଟ͘ͷ؍ؚΊͯੜཧֶతͳڀݚɼ2ষͷ͍ͯͭʹࢠ
ͷࢠϝΧχζϜͷଟ͕͘ղ໌͞Ε͖ͯͨ [19,53,110,112,113,118–120]ɽҰํͰɼ
͜ͷࢠϝΧχζϜΛۦಈ͢Δ͜ͱ͕Ͱ͖ΔసࣸҼࢠɼͦͯͦ͠ͷస੍ࣸޚγε
ςϜʹ͍͍ͭͯ·ͩෆ໌ͳ͕ଟ͍ɽ͜Εʹରͯ͠ҰࡢʹɼP. MazinΒʹΑ
Γ͜ΕΒס૩ੑʹؔ༩͢ΔҨ܈ࢠͷΤϯϋϯαʔαΠτʹର͢Δཏతͳղ
ੳ͕ߦΘΕɼγϣοΫҼࢠ (Heat Shock Factor)ͷ݁߹αΠτ͕͜ΕΒͷྖҬʹ
๛ʹଘ͍ͯ͠ࡏΔ͜ͱ͕ࣔ͞Εͨɽ͞Βʹ൴ΒɼHSFΛ Pv11ࡉ๔ʹ͓͍ͯ
knock down͠Wild TypeͱͷؒͰס૩ੑؔ࿈ҨࢠͷൃݱΛൺֱͨ͠ͱ͜Ζɼ
LEAνΦϨυΩγϯɼτϨϋϩʔε࢈ੜʹؔΘΔτϨϋϩʔε 6ϦϯࢎԽ߬ૉ
(TPP)ͷൃ͕ݱ༗ҙʹݮগͨ͠ɽ͜ΕʹΑΓHSF͕ס૩ੑʹ͓͍ͯඞཁͳҨ
Δ͑ݴΛ୲͍ͬͯΔ͜ͱ͕ࣔ͞Εͨͱޚ੍ࢠ (1.2.1.3খʑઅࢀর)ɽ͜ΕҰݟɼס
૩ੑΛࢧ͢ΔసࣸҼࢠͱͦͷҨޚ੍ࢠͷશ͕໌Β͔ʹͳͬͨΑ͏ʹ͑ݟ
Δ͕ɼ࣮ࡍʹHSFס૩ੑΛͨ࣋ͳ͍γϣδϣόΤͳͲͷੜʹଘࡏ
͢Δɽ͜ͷ͜ͱ͔ΒɼHSFͷଘࡏͷΈͰγϣδϣόΤͳͲ͕ס૩ੑΛ࣋
ͨͣɼωϜϦϢεϦΧͳͲ͕ס૩ੑΛ͍ͯͬ࣋Δཧ༝આ໌Ͱ͖ͳ͍ɽͭ·Γɼ
HSFס૩ੑʹ͓͍ͯඞཁͳసࣸҼࢠͰ͋Δ͕ɼ͜Ε͚ͩͰס૩ੑߏػ
Λ͑ࢧΔͷʹेͱͣ͑ݴɼס૩ੑΛͭ࣋ੜಛ༗ͷଞͷసࣸҼࢠʹΑΔస
Δ͜ͱΛ͍ࣔͯ͠Δɽ͢ࡏଘ͕ޚ੍ࣸ
͜ͷະͳΛ໌Β͔ʹ͢ΔͨΊʹɼຊڀݚͰPv11ࡉ๔ʹର͢ΔτϨϋϩʔ

εॲཧɼ࠶ਫ࣌ʹհ͢ࡏΔҨޚ੍ࢠωοτϫʔΫΛ໌Β͔ʹ͢ΔͨΊʹɼPv11
ͷޙ๔ʹର͢Δ֘ॲཧࡉ 2ষΑΓΑΓৄࡉͳྻܥ࣌RNA-seqσʔλΛղੳ͠
ͨɽ͜ͷྻܥ࣌RNA-seqσʔλʹରͯ͠ൃݱมಈΛࣔ͢ҨࢠΛݕग़ͨ͠ɽ͜Ε
ΒͷൃݱมಈҨࢠͷ͏ͪసࣸҼࢠʹ͍ͭͯճܕؼస੍ࣸޚωοτϫʔΫਪఆ
ख๏Λ༻͍ͯస੍ࣸޚωοτϫʔΫΛਪఆ͠ɼͦΕҎ֎ͷҨࢠʹ͍ͭͯ·ͣ
ΛϞδϡʔϧͱͯ͠·ͱΊͨɽͦͯ͠ɼ͜ΕΒͷసࣸҼஂूࢠΛࣔ͢Ҩݱௐൃڠ
ωοτϫʔΫਪఆख๏Λ༻͍Δޚ੍ࢠΛҨؔޚͱϞδϡʔϧͷؒͷ੍ࢠ
͜ͱͰਪఆ͠ɼס૩ੑ੍ޚʹؔΘΔҨޚ੍ࢠωοτϫʔΫΛਪఆͨ͠ɽຊݚ
ωοτϫʔΫΛਪఆ͢ޚ੍ࢠΘΔҨؔʹޚ૩ੑ੍ס๔ʹର͢ΔࡉͰPv11ڀ
Δ͜ͱͰɼס૩ੑؔ࿈Ҩ܈ࢠશମΛ੍͢ޚΔՄੑͷ͋ΔసࣸҼ͓ࢠΑͼ͜
ΕΒҨ܈ࢠͷൃݱͷON/OFFΛΓସ͑Δ੍ߏޚʹؔ͢ΔࣔࠦΛߦͳͬͨɽ
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.2. ํ๏

3.2 ํ๏

3.2.1 ఏ͞ڙΕͨRNA-seqσʔλͷ֓ཁٴͼσʔλલॲཧ

ຊڀݚͰPv11ࡉ๔ʹର͢ΔτϨϋϩʔεॲཧ͓Αͼ࠶ਫ࣌ʹ͓͚ΔRNA-

seqσʔλΛۀɾ৯ٕۀ࢈ज़૯߹ߏػڀݚͷԫాࣨڀݚΑΓఏ͍͍ͩͨڙ
ͨɽ·ͣఏ͍͍ͨͩͨڙσʔλͷ֓ཁʹ͍ͭͯઆ໌͢ΔɽPv11ࡉ๔FBSΛ 10%

Ճ͑ͨ IPL-41ഓʹͯഓཆ͠ (T0)ɼͦͷޙ 10% IPL-41ഓͱ 600 mMͷτϨϋ
ϩʔεΛؚΉࠞ߹ӷͰ 12(T12)ɼ24 (T24)ɼ36 (T36)ٴͼ 48 (T48)ؒ࣌ഓཆͨ͠ɽ
͞Βʹɼ͜ͷ ๔σγέʔλͰࡉͷͪͨܦͷഓཆΛؒ࣌48 10ؒס૩ͨ͠ (RH

< 10%)ɽ10ؒͷס૩ࡉʹޙ๔ʹ 10% FBSΛؚΉ IPL-41ഓΛՃ͑ (R0)ɼ3

(R3)ɼ12 (R12)ɼ24 (R24)ɼ72 (R72)࠶ؒ࣌ਫͨ͠ɽ͜ΕΒͷαϯϓϧ࠾औશ
ͯ 3ճͷੜֶత෮࣮ݧʹΑΓߦΘΕͨɽ༻ҙͨ͠αϯϓϧͦͷޙɼTruSeq

RNA sample prep kit v2 (IlluminaɼSan DiegoɼCAɼUSA)ʹͯ Total RNA͕
நग़͠ɼNucleoSpin RNA kit (Macherey-NagelɼDürenɼGermany)ʹͯચড়͠
ͨɽநग़ͨ͠RNAͷ࣭Bioanalyzer (Agilent TechnologiesɼSanta ClaraɼCAɼ
USA)ʹͯධՁͨ͠ɽ·ͨநग़ͨ͠RNAQubit 2.0 fluorometer (Thermo Fisherɼ
WalthamɼMAɼUSA)ʹͯఆྔͨ͠ɽ͜ͷRNA͔ΒҰຊ cDNA߹͕ߦΘΕ
Illumina HiSeq1500 (IlluminaɼSan DiegoɼCAɼUSA) (HO mode w/ cBotɼv4)

ʹͯγϯάϧΤϯυͰγʔέϯεͨ͠ɽ͜͜·Ͱͷॲཧԫా͞ࢪ࣮ͯʹࣨڀݚ
Ε࣮ͨ֓ݧཁͱͳΔɽಘΒΕͨϦʔυσʔλFastQCʹͯQuality CheckΛͬߦ
ͨ [121]ɽQuality Checkͷ݁Ռʹ͖ͮجɼFaQCs [122]Λ༻͍ͯ 1) Ԙجྻͷ
ΞμϓλʔྻྖҬͷΓऔΓɼ2) 20Ԙجͷ࿈ଓͨ͠’A’Λ PolyAߏͱͯ͠
ΓऔΓɼͦͷ݁ՌϦʔυ͕ 14ԘجҎԼʹͳͬͨϦʔυٴͼ’N’͕ 2ͭҎ্ؚ·
ΕΔϦʔυΛআͨ͠ڈɽͦͯ͠Quality ControlޙͷϦʔυΛωϜϦϢεϦΧήϊ
Ϝ (midgeBase: http://150.26.71.110/midgebase/)ʹରͯ͠ HISAT2 [123]Λ
༻͍ͯϚοϐϯάͨ͠ɽ͜ͷϚοϐϯά݁ՌΛ༻͍ͯɼશϦʔυʹର͢ΔϚοϐ
ϯά͞ΕͨϦʔυΛϚοϐϯάͱ֤ͯ͠αϯϓϧʹ͍ͭͯࢉग़ͨ͠ (ද 3.1)ɽ
ಘΒΕͨϚοϐϯά݁ՌͱઌڀݚߦʹΑΓ࠶ղੳ͕ߦΘΕͨωϜϦϢεϦΧͷή
ϊϜใ [39]Λ༻͍ͯBioconductorͷQuasRύοέʔδ [87]ʹଐ͢Δ qCount

ؔΛ༻͍֤ͯҨ্ࢠͷϦʔυΛΧϯτͨ͠ɽ
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ද 3.1: ֤αϯϓϧʹ͓͚ΔϚοϐϯά݁Ռ

αϯϓϧ໊ Ϛοϐϯά͞ΕͨϦʔυ Ϛοϐϯά͞Εͳ͔ͬͨϦʔυ Ϛοϐϯά (%))

τϨϋϩʔεॲཧ

T0 1 8487568 506228 94.3
T0 2 11803186 675649 94.6
T0 3 20835951 1129919 94.9
T12 1 15369827 797712 95.1
T12 2 9602418 505249 95.0
T12 3 14969341 833484 94.7
T24 1 12381278 661013 94.9
T24 2 14396344 739811 95.1
T24 3 21654754 1082941 95.2
T36 1 10926300 547389 95.2
T36 2 10975957 610096 94.7
T36 3 14512336 739135 95.2
T48 1 22602049 1055999 95.5
T48 2 18609332 872098 95.5
T48 3 8794809 408010 95.6

ਫ࠶

R0 1 12068620 887506 93.1
R0 2 11406662 711955 94.1
R0 3 11676711 810103 93.5
R3 1 8056810 5558020 59.2
R3 2 8680054 5349949 61.9
R3 3 7208915 5951408 54.8
R12 1 12569469 2043604 86.0
R12 2 10011663 2667331 79.0
R12 3 12482169 2976002 80.7
R24 1 11676557 1838090 86.4
R24 2 11893539 1532843 88.6
R24 3 12235718 1426672 89.6
R72 1 13576009 900856 93.8
R72 2 12966806 827886 94.0
R72 3 10530947 698720 93.8
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3.2.2 ओੳ

֤αϯϓϧʹ͓͚ΔେہతͳҨݱൃࢠύλʔϯΛ֬ೝ͢ΔͨΊʹɼಘΒΕͨ
RNA-seqσʔλʹର͢ΔओੳΛߦͳͬͨɽ·֤ͣҨࢠͷϦʔυΛݩʹ
Reads Per Kilobase of exon per Million mapped sequence reads (RPKM)๏Λ༻
͍ͯਖ਼نԽΛͨͬߦɽ͜ͷਖ਼نԽޙϦʔυΛ༻͍ͯɼRʹඪ४࣮͞Ε͍ͯΔ
prcompؔΛ༻͍ͯओੳΛͨͬߦɽಘΒΕͨओੳͷ݁Ռʹ͓͚Δɼ
֤αϯϓϧͷୈҰ͔Βୈࡾओʹ͓͚ΔओಘΛࢉग़͠ɼscatterplot3Dύο
έʔδ [124]Λ༻͍ͯݩ࣍ࡾϓϩοτͨ͠ɽ

3.2.3 ղੳࢠมಈҨݱൃ

ͷαϯϓϧͦΕͧΕޙਫ࠶ͷΧϯτσʔλΛ༻͍ͯτϨϋϩʔεॲཧɼݩ
ʹ͍ͭͯɼDESeq2ύοέʔδ [125]ͷ nbinomLRTؔΛ༻͍ͯൺݕఆʹΑ
ΓൃݱมಈҨࢠղੳΛͨͬߦɽൺݕఆʹ͓͍֤ͯҨࢠʹରͯ͠શࠁ࣌
ʹ͓͚ΔฏۉͷൃྔݱͷΈͰઆ໌͞ΕΔϞσϧ (Null Model)ͱ֤ࠁ࣌ͷฏݱൃۉ
ྔʹύϥϝʔλΛͭ࣋Ϟσϧ (Full Model)ͱͷؒͷΛൺֱ͢Δ͜ͱʹΑͬͯ
ҎԼͷԾઆݕఆΛߦͳͬͨɽ
H0 : શࠁ࣌ʹ͓͚ΔฏྔݱൃۉಉҰ (ແԾઆؼ)

H1 : গͳ͘ͱҰࠁ࣌ʹ͓͍ͯฏྔݱൃۉଞͷࠁ࣌ͷฏྔݱൃۉͱҟͳΔ (ର
ཱԾઆ)

͜ͷࡍʹɼยଆݕఆʹΑΔ BH๏ [90]Λ༻͍ͨิਖ਼ޙ p͕ 0.05ະຬͷҨࢠ
ΛൃݱมಈҨࢠͱͯ͠ݕग़ͨ͠ɽ͜ͷൃݱมಈҨࢠͷ͏ͪɼઌڀݚߦʹ͓͍
ͯసࣸҼࢠͷΞϊςʔγϣϯ࣌ʹ༻͍ΒΕΔGO:0003700 (sequence-specific DNA

binding transcription factor activity)͕Ξϊςʔγϣϯ͞ΕͨҨࢠΛసࣸҼࢠͱ
ͯ͠બผͨ͠ [126]ɽͦͯ͠సࣸҼࢠͱͦΕҎ֎ͷҨݱൃ͍ͯͭʹࢠมಈҨࢠ
ͷݸΛVennDiagramύοέʔδ [127]ͷ venn.diagramؔΛ༻͍ͯϕϯਤʹΑ
Γඳըͨ͠ɽ

3.2.4 ωοτϫʔΫਪఆޚస੍ࣸͮ͘جʹݱൃྻܥ࣌

࠶ͼٴɼτϨϋϩʔεॲཧ͍ͯͭʹࢠग़͞ΕͨసࣸҼݕͱͯ͠ࢠมಈҨݱൃ
ਫ࣌ͷྻܥ࣌ͷ RPKMΛ༻͍ͯ BTNET [71]ʹΑΓస੍ࣸؔޚΛਪఆͨ͠
(1.3.2.2খʑઅࢀর)ɽBTNETͰͷస੍ࣸؔޚͷਪఆɼϒʔεςΟϯά๏ͱ͠
ͯޯϒʔεςΟϯά๏ɼϒʔεςΟϯάͷΛ ɼλΠϜϥάΛݸ100 1ͱ͍
͏ύϥϝʔλઃఆͰͨͬߦɽಘΒΕͨͦΕͧΕͷ੍ؔ͝ޚͱͷείΞʹ͍ͭͯɼ
ωοτϫʔΫ͕ޚ߬ͷస੍ࣸەͷ༗ແΛܾఆ͢ΔͨΊͷᮢେؔޚ੍
εέʔϧϑϦʔੑΛͭ࣋ͱ͍͏ઌڀݚߦͷݟΛར༻͠ [128]ɼҎԼͷࣜͰهड़
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͞ΕΔεέʔϧϑϦʔੑͷϑΟοςΟϯάΛར༻ͯ͠ٻΊͨɽ

p(k) = Ck−γ (3.1)

(3.1)ࣜͷɼk֤సࣸҼࢠͷ࣍ɼγεέʔϧϑϦʔੑΛࣔ͢ɼC ਖ਼ن
ԽఆΛද͢ɽ͜ͷࣜ྆ରΛऔΔ͜ͱͰҎԼͷΑ͏ͳ p(k)ͱ kͷؒʹ͍ͭͯ
ઢܗͳؔͷࣜʹมͰ͖Δɽ

log10p(k) = −γlog10k + log10C (3.2)

͜ͷࣜʹ͖ͮجɼઌ΄ͲٻΊͨείΞͷ͕ aҎ্ͷ੍ؔޚΛ࠾༻ͯ͠ಘͨ
స੍ࣸޚωοτϫʔΫʹ͍ͭͯ࣍ͱͦͷසʹରͯ͠Rͷ lmؔΛ༻͍ͯ
ઢܗϑΟοςΟϯάͨ͠ɽ͜͜Ͱ γͱͦͷFݕఆʹΑΔยଆݕఆͷ pٴͼϑΟο
ςΟϯά࣌ͷR2Λࢉग़ͨ͠ɽ͜ͷۀ࡞Λ aΛ 0͔Β 1·Ͱͷؒɼࢉग़͞Εͨε
ίΞຖʹ͍ߦɼγ͕ෛʹͳΓɼ͔ͭ p͕ 0.05ΛԼճΔ࠷খͷ aΛٻΊᮢͱ͠ɼ
͜ͷείΞҎ্ͷ੍ؔޚΛ࠾ͨ͠ɽ࣍ʹɼ͜ͷಘΒΕ੍ͨؔޚʹ͍ͭͯਖ਼ͱ
ෛͷ੍ؔޚΛྨ͢ΔͨΊʹɼ੍ؔޚͷ sourceͱ targetҨࢠͷݱൃྻܥ࣌
ྔΛݩʹλΠϜϥά 1ͷ૬ޓ૬ؔΛRʹඪ४࣮ͷ ccfؔΛ༻͍ͯࢉग़ͨ͠ɽ
ͦͯ͠ɼ͜ͷ͕ 0ΑΓେ͖͍߹ʹਖ਼ɼখ͍͞߹ʹෛͷ੍ޚͱͯ͠ղੳͨ͠ɽ
͜͏ͯ͠ಘΒΕͨτϨϋϩʔεॲཧٴͼ࠶ਫʹ͓͚Δస੍ࣸޚωοτϫʔΫͷ
ยํʹগͳ͘ͱଘ͢ࡏΔ੍ؔޚΛ࠾͠ɼ౷߹స੍ࣸޚωοτϫʔΫΛಘͨɽ
ಘΒΕͨస੍ࣸޚωοτϫʔΫ yEd [129]Λ༻͍ͯసࣸҼࢠΛ࢛֯ϊʔυɼ੍ޚ
ωοτϫʔΫ͔ΒޚԽͨ͠ɽ·ͨɼಘΒΕͨ౷߹స੍ࣸࢹΛΤοδͱͯ͠Մؔ 3

సࣸҼؒࢠͷFeed Forward Loop (FFL)ٴͼFeedback Loop (FBL)ߏΛ igraph

ύοέʔδ [130]ͷ graph.get.subisomorphism.vf2ؔʹΑͬͯநग़ͨ͠ɽ͜ͷந
ग़ͨ͠FFLߏʹ͍ͭͯɼೖྗ͔Βग़ྗͷ 2ͭͷ੍ؔޚͷਖ਼ෛ͕Ұக͍ͯ͠
ͨ߹ʹCoherentܕɼҰக͍ͯ͠ͳ͍߹ʹ Incoherentܕͱͯ͠ྨͨ͠ɽFBL

͕ؔޚʹ͍ͭͯɼෛͷ੍ߏ 0͘͠ 2ͭͷ߹ʹPositive FBLɼ1ͭ͠
͘ 3ͭͷ߹ʹNegative FBLͱͯ͠ྨͨ͠ɽ͜ΕΒಘΒΕͨߏͷݸ͕ϥ
ϯμϜωοτϫʔΫʹରͯ͠༗ҙʹଟ͍͔Λ͢ূݕΔͨΊʹ Randomization test

ΛͨͬߦɽRandomization testͰɼ·ͣϊʔυɼΤοδΛ౷߹స੍ࣸޚωο
τϫʔΫͷసࣸҼࢠɼ੍ؔޚͷͱͯ͠ igraphύοέʔδͷ erdos.renyi.game

ؔΛ༻͍ͯErodös-RenyeϞσϧ [131]ʹΑΓϥϯμϜωοτϫʔΫΛੜͨ͠ɽ
ͷܾఆʹ͍ͭͯɼ౷߹సޚͷਖ਼ෛͷ੍ؔޚɼϥϯμϜωοτϫʔΫͷ੍֤ʹ࣍
ͯͬैʹͷਖ਼ෛͷൺΛޭ֬ͱͨ͠ೋ߲ؔޚωοτϫʔΫͷ੍ޚ੍ࣸ
ܾఆͨ͠ɽ͜ΕʹΑΓಘΒΕͨϥϯμϜωοτϫʔΫ͔Β CoherentɼIncoherent

ͼPositiveɼNegativeٴͷFFLܕ FBLͷݸΛࢉग़ͨ͠ɽ͜ͷॲཧΛ 10000ճ܁
Γฦ͠ɼ౷߹స੍ࣸޚωοτϫʔΫʹଘͦͨ͠ࡏΕͧΕͷߏͷݸҎ্ʹͳΔ
ωοτϫʔΫͷׂ߹ΛͦΕͧΕͷߏʹର͢Δ pͱͯ͠ࢉग़ͨ͠ɽ
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3.2.5 ग़ͱGeneݕϞδϡʔϧͷݱௐൃڠ Ontology Enrichment

ղੳ

ຊڀݚͰసࣸҼࢠҎ֎ͷൃݱมಈҨࢠʹରͯ͠ɼWeighted Gene Coexpres-

sion Network Analysis (WGCNA) [132]ʹΑΔແݱൃڞωοτϫʔΫΛղੳ͢
Δ͜ͱͰڠௐൃݱϞδϡʔϧΛݕग़ͨ͠ɽ·ͣɼWGCNAͷ pickSoftThresholdؔ
Λ༻͍͖ͯ (power)ΛٻΊͨɽ͜ͷࡍʹ·ͣɼ֤ҨࢠͷτϨϋϩʔ
εॲཧٴͼ࠶ਫͷྻܥ࣌ RPKMΛݩʹҨؒࢠͷϐΞιϯ૬ؔΛࢉग़͠
ͨɽ࣍ʹશҨؒࢠʹରͯ͜͠ͷૢ࡞Λ͍ߦɼϐΞιϯ૬ؔྻߦΛಘͨɽͦ͠
ͯɼ͜ͷྻߦͷ֤Λ power͔ͨ͠ΒٻΊΒΕΔແݱൃڠωοτϫʔΫΛ
ΊɼͦͷωοτϫʔΫͷεέʔϧϑϦʔੑʹؔ͢ΔR2͕ٻ 0.75Λ͑Δ power

ΛٻΊͨɽ͜ͷ݁ՌɼεέʔϧϑϦʔੑΛຬͨ͢ແݱൃڠωοτϫʔΫΛಘΔ
ͨΊͷ powerͱͯ͠ ͷ֤Λྻߦɼ͜ͷϐΞιϯ૬ؔʹ࣍͞Εͨɽ࠾7͕
powerͨ͠ྻߦʹؔͯ͠ɼΑΓݱൃʹ݈ؤύλʔϯͷྨੑࣅΛද͢͜ͱ͕Ͱ͖
Δ topological overlap measure [133]Λલड़ͷྻߦͷ֤ཁૉʹ͍ͭͯٻΊͨɽ͜ͷ
ͷ֤ཁૉͷΛྻߦ 1͔ΒҾ͍ͨྻߦΛ֤Ҩݱൃࢠύλʔϯͷ૬ҧੑɼ͢ͳΘ
Λ༻͍ͯɼRʹඪ४࣮ͷྻߦڑΊͨɽ͜ͷٻͱͯ͠ྻߦڑͪ hclustΛ༻͍
ग़ݕϞδϡʔϧΛݱௐൃڠͷ֊Λಘͨɽ͔͜͜Βؒࢠ๏ʹΑΓҨۉฏ܈ͯ
͢ΔͨΊʹɼಘΒΕͨ֊ΛWGCNAύοέʔδͷ cutreeDynamicؔΛ༻͍
ׂͯͨ͠ɽ͜ͷࡍʹɼcutreeDynamicؔͰ֤Ϋϥελʹଐ͢Δ࠷খͷҨ
Ͱ͜ͷڀݚલʹ༩͑Δඞཁ͕͋Δɽͦ͜ͰɼຊࣄΛminClusterSizeͱͯ͠ࢠ
Λ 1 ∼ 200·ͰৼΓɼͦΕͧΕʹΫϥελϦϯάࢦඪͰ͋Δ Pseudo F [134]Λ
ɽ͜ΕʹΑΓͨ͠༺࠾େͱͳΔminClusterSize=165Λ࠷Ίɼ͜ͷ͕ٻ ͷΫݸ27
ϥελ͕ಘΒΕɼ͜ΕΛڠௐൃݱϞδϡʔϧͱͨ͠ɽಘΒΕ֤ͨϞδϡʔϧΛߏ
͢ΔҨࢠͷػใΛ໌Β͔ʹ͢ΔͨΊʹɼϞδϡʔϧ͝ͱʹGOstatsύο
έʔδ [135]ͷGSEAGOHyperGParamsؔΛར༻͠ɼp <0.05ʹͳΔGOΛ
ग़ͨ͠ɽݕ

3.2.6 సࣸҼࢠͱϞδϡʔϧؒͷ੍ؔޚͷ༧ଌ

ଓ͍ͯɼస੍ࣸޚωοτϫʔΫͱڠௐൃݱϞδϡʔϧͷؒͷ੍ؔޚΛٻΊΔ
ͨΊʹɼCLOVER [86]ʹΑΔϞδϡʔϧҨࢠͷΤϯϋϯαʔྖҬʹ͓͚Δస
ࣸҼࢠͷ݁߹ϞνʔϑͷEnrichmentղੳΛͨͬߦɽ͜ͷࡍʹɼωϜϦϢεϦΧͷ
֤సࣸҼࢠͷ݁߹Ϟνʔϑʹؔ͢Δใ͍·ͩͳ͍ͨΊɼγϣδϣόΤͷ
సࣸҼࢠͷ݁߹ϞνʔϑΛར༻ͨ͠ɽ·ͣɼCISBP [84]ɼFlyFactorSurvey ٴ[83]
ͼ JASPER2018 [82]͔ΒmotifDBύοέʔδ [136]Λ༻͍ͯɼͦΕͧΕ 134ɼ291ɼ
શసࣸͭ࣋ɼ͜ΕΒͷ݁߹ϞνʔϑΛʹ࣍ͷ݁߹ϞνʔϑใΛऔಘͨ͠ɽݸ140
ҼࢠͷΞϛϊࢎྻΛऔಘ͠ɼωϜϦϢεϦΧͷసࣸҼࢠͷΞϛϊࢎྻͱͷؒ
Ͱํʹ blastpʹΑΔྻ૬ಉੑղੳΛͨͬߦɽ͜ͷࡍʹɼE-value <1.0e-5Λ
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ᮢͱͯ͠༻͍ͨɽ͜ΕʹΑΓ ͱγϣδϣࢠͷωϜϦϢεϦΧͷసࣸҼݸ72
όΤͷసࣸҼࢠͱͷؒͰྻ૬ಉੑ͕֬ೝ͞Εͨɽ͜ͷγϣδϣόΤͷసࣸҼ
ͷ݁߹Ϟνʔϑࢠͷ݁߹ϞνʔϑΛྻ૬ಉੑͷ͋ΔωϜϦϢεϦΧͷసࣸҼࢠ
ͱͯ͠ར༻ͨ͠ɽ͜ͷ݁߹Ϟνʔϑͱ֤ϞδϡʔϧͷҨࢠͷ্ྲྀྖҬ 100ɼ500ɼ
1000ɼ2000ɼ3000ɼ4000ɼ5000ɼ10000bpΛରͱͯ͠ CLOVERʹΑΔ݁߹Ϟ
νʔϑͷEnrichmentղੳΛͨͬߦɽ·ͨɼ͜ͷࡍʹίϯτϩʔϧྻωϜϦ
ϢεϦΧͷ ScaffoldΛ༻͍ɼ͍ͣΕ͔ͷ্ྲྀྖҬΛରͱͨ͠ࡍʹยଆݕఆͷ p
< 0.05ͱͳͬͨ݁߹ϞνʔϑͱϞδϡʔϧͷؒͷؔΛநग़ͨ͠ɽ·ͨɼ͜ͷΑ͏
ͳ݁߹ϞνʔϑͷEnrichment͕ଘ͢ࡏΔసࣸҼࢠͱϞδϡʔϧͷؒʹɼҨൃࢠ
มಈݱͷൃࢠϞδϡʔϧͷҨʹޙมಈݱͷൃࢠɼ͢ͳΘͪసࣸҼؔޙͷલݱ
͕ଘ͢ࡏΔ͔Ͳ͏͔Λ͢ূݕΔͨΊʹGrangerҼՌੑݕఆΛͨͬߦ [77]ɽGranger

ҼՌੑݕఆΛͨ͏ߦΊʹɼ·ͣτϨϋϩʔεॲཧٴͼ࠶ਫͷྻܥ࣌ RPKMΛ
Z-scoreʹมͨ͠ɽ࣍ʹɼͦΕͧΕʹ͍ͭͯɼసࣸҼࢠͷྻܥ࣌ Z-scoreΛݪҼɼ
ϞδϡʔϧͷҨࢠͷ֤͝ࠁ࣌ͱͷ Z-scoreͷฏۉΛ݁Ռͱͨ͠ Vector Auto

Regressive (VAR)ϞσϧͱҼՌ͕ͳ͍߹ͷϞσϧΛཱͯɼ͜ͷؒͰ FݕఆΛߦ
͏͜ͱͰGrangerҼՌੑͷ༗ແΛݕఆͨ͠ɽ͜ͷղੳʹ͓͍ͯɼVARϞσϧR

ͷ varsύοέʔδ [137]ͷVARؔΛ༻͍ͯϞσϧԽ͠ɼλΠϜϥάVARselect

ؔʹΑΓAUC࠷େͱͳΔλΠϜϥάΛར༻ͨ͠ɽGrangerҼՌͷ༗ແɼvars

ύοέʔδͷ causalityؔΛ༻͍ͨ Fݕఆ͔Β pΛࢉग़͠ɼBH๏ʹΑΔิਖ਼
p < 0.05ͱͳͬͨ߹ʹɼͦͷసࣸҼࢠͱϞδϡʔϧͷؒʹݱൃྻܥ࣌ʹؔ
ͯ͠GrangerҼՌੑ༗Γͱͯ͠ݕग़ͨ͠ɽ

3.2.7 γϣδϣόΤస੍ࣸޚωοτϫʔΫͱͷൺֱղੳٴͼωο

τϫʔΫॖ

ಘΒΕͨ౷߹స੍ࣸޚωοτϫʔΫͱmodEncodeʹͯެ։͞Ε͍ͯΔγϣδϣ
όΤͷస੍ࣸޚωοτϫʔΫͷൺֱΛͨͬߦ (Ҿ༻ [61]ͷਤ 7AͰࣔ͞ΕΔస੍ࣸ
ωοτϫʔΫɼhttp://intermine.modencode.org/release-33/flyRegulatorޚ
yNetwork.doΑΓμϯϩʔυ)ɽൺֱʹͯ͠ࡍɼ·ͣγϣδϣόΤͷస੍ࣸ
ޚྻʹରͯ͠ɼωϜϦϢεϦΧͷస੍ࣸࢎͷΞϛϊࢠωοτϫʔΫͷసࣸҼޚ
ωοτϫʔΫͷసࣸҼࢠͷΞϛϊࢎྻΛݩʹҰํੑͷ blastpʹΑΓྻ૬
ಉੑΛղੳ͠ɼE-value < 1.0e10−15Λྻ૬ಉੑ༗Γͱͯ͠ݕग़ͨ͠ɽ࣍ʹɼω
ϜϦϢεϦΧͷసࣸҼؒࢠͰଘؔޚ੍֤ͨ͠ࡏʹ͍ͭͯɼରͱͳΔ੍ؔޚ
ͷ sourceͱ targetͱͳΔసࣸҼࢠͱྻ૬ಉੑΛͭ࣋γϣδϣόΤͷసࣸҼ
͍͓ͯ͘͠ʹؒࢠ 1ͭҎ্ͷసࣸҼࢠΛհͨؒ͠తͳ੍͕͋ؔޚΔ
߹ʹɼ྆ऀʹڞ௨੍ͨؔ͠ޚͱͯ͠நग़ͨ͠ɽଓ͍ͯס૩ੑʹؔ͢Δస
ɽωοͨͬߦΛ໌Β͔ʹ͢ΔͨΊʹɼಘΒΕͨωοτϫʔΫͷॖΛؔޚ੍ࣸ
τϫʔΫͷॖʹɼ·ͣγϣδϣόΤͷసࣸҼࢠͱྻ૬ಉੑΛͨ࣋ͳ͔ͬ
ͨసࣸҼࢠͱϞδϡʔϧͱͷ੍ޚͷ͋ͬͨసࣸҼࢠΛରʹɼ1) ࣗͷ੍
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(ɼ2ࢠసࣸҼྲ্ྀ࠷ͳ͍͠ࡏଘ͕ޚ FFLߏΛߏ͢ΔసࣸҼࢠɼ3) HSFٴͼ
1)ɼ2)Ͱ࠾͞ΕͨసࣸҼࢠͱHSFͷؒΛ͙ܨసࣸҼࢠͷΈΛબผͨ͠ɽଓ͍ͯ
͜ΕΒͷసࣸҼؒࢠͷ੍ؔޚʹ͓͍ͯγϣδϣόΤͰଘ͠ࡏͳ੍͍ؔޚ
ωοτϫʔΫͷޚͷΈΛબผͨ͠ɽ͞Βʹɼ͜ͷॖ͞Εͨస੍ࣸ FFLߏ
ΛҰͭͷϒϩοΫͱͯ͠·ͱΊɼFFL͔ΒHSFͷ੍ؔޚʹଘ͢ࡏΔసࣸҼࢠ
Λআ͖ɼ࠷ऴతͳॖωοτϫʔΫΛಘͨɽ

3.2.8 ͷ༗ແؔޚͷ੍ؒ܈ࢠ૩ੑؔ࿈ҨסͱࢠసࣸҼྲ্ྀ࠷

ͷଥੑূݕ

ຊڀݚͰ BTNETͷਪఆ݁Ռʹྲ্ྀ࠷͖ͮجసࣸҼࢠͷݕग़ͱɼͦͷసࣸҼ
ௐͨɽ͔͠͠ɼ͜ͷΑ͏ͳਪఆ݁ͯؔ͠ʹޚͷ੍܈ࢠ૩ੑؔ࿈ҨסΑΔʹࢠ
Ռʹِཅੑ (ຊདྷ੍͕ؔޚͳ͍ͣͳͷʹ͋Δͱͯ͠͠·͏աޡ)ͱِӄੑ
(ຊདྷ੍͕͋ؔޚΔͣͳͷʹͳ͍ͱͯ͠͠·͏աޡ)ؚ͕·ΕΔͷͰ͋Γɼ
BTNETʹ͓͍ͯ͜ͷௐฏۉͰ͋Δ F-measureΛ࠷େԽ͠Α͏ͱ͢Δͱɼϕ
ϯνϚʔΫͷʹରͯ͠࠷ྑ͍߹Ͱِཅੑͷͳ͞Λࣔ͢Precision͕ 0.359ɼ
ِӄੑͷͳ͞Λࣔ͢Recall͕ 0.307Ͱ͋Δ͜ͱ͕֬ೝ͞Εͨɽ
ͦ͜Ͱɼࠓճͷਪఆ݁Ռʹରͯ͠ྲ্ྀ࠷సࣸҼࢠͱ࠷ʹ͋ͨΔס૩ੑؔ
࿈Ҩ܈ࢠͷؒͷ੍ؔޚͷ༗ແͷূݕΛɼલड़ͷPrecisionͷΛར༻͢Δ͜ͱ
ͰࢼΈͨɽྲ্ྀ࠷సࣸҼס͕ࢠ૩ੑؔ࿈Ҩ܈ࢠΛ੍͢ޚΔͨΊʹɼͦͷؒ
ʹগͳ͘ͱҰͭͷύε͕ଘ͢ࡏΔඞཁ͕͋Δɽ͍·ɼͨ͠ 1ຊͷ੍ؔޚ
͕ਅͰ͋Δ֬Λ pͱͨ͠߹ʹɼҙͷ 2ϊʔυؒΛ݁Ϳύε͕গͳ͘ͱҰͭ
͋Δ֬Λಋ͘ɽͨͩ͠ɼҎԼͰ࢝ϊʔυΛ vsɼऴϊʔυΛ vfɼvs͔Β vf
ͷؒͷύεΛP := {p1ɼp2ɼ...ɼpn}ɼvs͔Β vf ͷύεͷຊΛ nͱఆٛ͢Δɽ·
ͨύε pi := {e1ɼe2ɼ...eli}ͱఆٛ͠ɼeύεʹؚ·ΕΔΤοδɼliύε iʹؚ
·ΕΔΤοδͷຊΛද͢ͷͱ͢Δɽ·ͣɼ1ຊͷΤοδ͕ਅͰ͋Δ͕֬ pͷ
ΔͨΊɼ1ݶʹ߹ɼ1ຊͷύεpi͕ਅͰ͋ΔͨΊʹશͯͷΤοδ͕ਅͰ͋Δ࣌

ຊͷύε pi͕ਅͰ͋Δ֬ p(piɼp)ҎԼͰ༩͑ΒΕΔɽ

p(piɼp) =
li∏

j=1

p (3.3)

= pli (3.4)

ଓ͍ͯɼ2ϊʔυؒͷύε͕গͳ͘ͱҰͭଘ͢ࡏΔ֬ p(Pɼp)ิू߹ͷੑ࣭
͔Βɼ1͔Βશͯͷύεِ͕ͩͬͨ߹Λ͢ࢉݮΕྑ͍ɽ্ࣜΑΓɼ1ຊͷύε
ِ͕ͷ֬ 1− p(piɼp) = 1− pliΑΓɼp(Pɼp)ҎԼͷΑ͏ʹಋ͔ΕΔɽ

p(Pɼp) = 1−
n∏

i=1

(1− pli) (3.5)
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(3.5)ࣜΛར༻͢Δ͜ͱͰɼਪఆͨ͠Ҩޚ੍ࢠωοτϫʔΫʹ͖ͮجɼྲ্ྀ࠷సࣸ
Ҽࢠͱס૩ੑؔ࿈Ҩؒ܈ࢠͷ੍ؔޚͷ༗ແʹؔ͢ΔଥੑূݕΛߦͳͬͨɽ
͜ͷࡍʹɼ͔࢝Βऴϊʔυͷύεͷݕग़ʹ pythonͷ networkxϞδϡʔ
ϧ [138]ʹ͓͚Δ all simple pathؔΛར༻͠ɼ͔࢝Βऴϊʔυ·Ͱͷؒͷ
ϊʔυΛ ग़ͨ͠ɽݕύεΛͯ͠ݶ੍ʹ20

3.2.9 RNA-seqσʔλͷՄ༻ੑ

ຊڀݚͰ༻͍ͨ RNA-seqσʔλ DNA Data Bank of Japan Sequence Read

ArchiveʹAccession Number: DRA008948ͱͯ͠ొͨ͠ (https://ddbj.nig.

ac.jp/DRASearch/submission?acc=DRA008948)ɽ

3.3 ݁Ռ

3.3.1 τϨϋϩʔεॲཧ͓Αͼ࠶ਫྻܥ࣌Ҩྔݱൃࢠͷఆྔ͓

ΑͼൃݱมಈҨࢠͷݕग़

Pv11ࡉ๔ʹ͓͍ͯશͳס૩ঢ়ଶͰҨݱൃࢠͷݦஶͳมಈ͕ݟΒΕ͍ͯͳ
͍ (2.3.1)ɽͦ͜ͰɼຊڀݚͰτϨϋϩʔεॲཧٴͼ࠶ਫͷաఔʹͨ͠ɽ
·ͣτϨϋϩʔεॲཧ͓Αͼ࠶ਫʹԠ͢ΔҨࢠΛݕग़͢ΔͨΊʹɼτϨϋ
ϩʔεॲཧޙ 0 (T0)ɼ12 (T12)ɼ24 (T24)ɼ36 (T36)ɼ48 (T48)͓ؒ࣌ΑͼɼͦΕ
͔Βס૩ 10Λ͔ͯܦΒ࠶ਫޙ 0(R0)ɼ3(R3)ɼ12(R12)ɼ24(R24)ɼ72(R72)࣌
֤ʹޙؒ 3෮࣮ݧʹΑΓ total RNA͕࠾औ͞Ε RNA-seqʹΑΓσʔλ͕औಘɼ
ఏ͞ڙΕͨɽಘΒΕͨRNA-seqσʔλΛωϜϦϢεϦΧήϊϜʹϚοϐϯά͢Δ
͜ͱͰɼ֤αϯϓϧͷϚοϐϯά͕R3ɼR12ɼR24ͷॲཧ۠Λআ͍ͯ 90% Ҏ্
Ͱ͋ͬͨ (ද 3.1)ɽଓ͍ͯɼ͜ΕΒͷϚοϐϯά݁ՌٴͼωϜϦϢεϦΧͷήϊϜ
ใΛ༻͍ͯશҨࢠͷൃྔݱΛఆྔ͠ɼओੳʹΑΓ֤ॲཧ۠ؒͷҨࢠ
ύλʔϯΛ֬ೝͨ͠ݱൃ (ਤ 3.1)ɽ͜ͷ݁Ռ͔Βɼॲཧ۠ؒͷࢄʹରͯ͠ॲཧ۠
ͷे͕ࢄʹখ͍͜͞ͱ͕ఆੑతʹ֬ೝͰ͖ɼαϯϓϧ࠾औेʹ౷੍͕
औΕ͍ͯΔ͜ͱΛ֬ೝͨ͠ɽ
͜ΕΒͷαϯϓϧΛ༻͍ͯɼτϨϋϩʔεॲཧٴ࣌ͼ࠶ਫݱൃʹ࣌มಈΛࣔ
͢ҨࢠΛɼͦΕͧΕ ͼٴ9558 ग़ͨ͠ݕݸ11997 (ൺݕఆɼิਖ਼ p < 0.05ɼ
BH๏)ɽ͜ͷ͏ͪɼಛҟతͳ DNAྻͷ݁߹Λͭ࣋సࣸҼࢠͷτϨϋϩʔ
εॲཧ࣌ɼ࠶ਫ࣌ɼ྆ํͰൃݱมಈͨ͠ݸͦΕͧΕɼ5ɼ31ٴͼ Ͱ͋ݸ76
Γ (ਤ 3.2a)ɼͦΕҎ֎ͷҨࢠͦΕͧΕ 1249ɼ3662ٴͼ มಈҨݱൃ͕ݸ8228
ࢠͱͯ͠ݕग़͞Εͨ (ਤ 3.2b)ɽτϨϋϩʔεॲཧٴ࣌ͼ࠶ਫ࣌ಛҟతʹൃݱ
มಈ͍ͯ͠ΔҨࢠΑΓ྆ํͷաఔͰݱൃʹڞมಈ͍ͯ͠ΔҨࢠ͕ඇৗ
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ʹଟ͍͜ͱ͔Βɼ྆ऀͷաఔྨߏػޚ੍ͨ͠ࣅΛ༻͍ͯҨݱൃࢠΛ੍ͯ͠ޚ
͍Δ͜ͱ͕ࣔ͞Εͨɽ
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ਤ 3.1: શαϯϓϧʹ͓͚Δओੳͷ݁Ռ

֤ϓϩοτʹଐ͢Δ͕ࣈॲཧ۠Λද͢ɽ֤࣠Ͱද͞ݱΕΔୈҰɼୈೋɼୈࡾओͷ

༩ͦΕͧΕɼ23.6%د ɼ14.4% ͼٴ 8.2% Ͱ͋Γɼશମͷൃݱύλʔϯͷ 46.2 % Λ

આ໌͢Δ݁ՌͱͳΔɽ
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a b
再水和 トレハロース処理 再水和 トレハロース処理

ਤ 3.2: సࣸҼٴࢠͼͦΕҎ֎ͷҨࢠͷτϨϋϩʔεॲཧٴͼ࠶ਫʹ͓͚Δൃ
ͷɽࢠมಈҨݱ

a) సࣸҼࢠͷൃݱมಈҨࢠͷɼb) సࣸҼࢠҎ֎ͷൃݱมಈҨࢠͷ (DESeq2ɼิ

ਖ਼ p < 0.05)ɽ
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3.3.2 స੍ࣸޚωοτϫʔΫͷਪఆ

ଓ͍ͯɼൃݱมಈΛࣔͨ͠సࣸҼࢠͷྔݱൃྻܥ࣌ΛݩʹɼτϨϋϩʔεॲཧ
ωοτϫʔΫΛਪఆͨ͠ޚΕͧΕʹ͓͍ͯస੍ࣸͦ࣌ਫ࠶ͼٴ (ਤ 3.3ɼ3.4)ɽ
ͦΕͧΕͷస੍ࣸޚωοτϫʔΫʹଘؔޚ੍ͨ͠ࡏΛநग़͠౷߹స੍ࣸޚωο
τϫʔΫΛಘͨ (ਤ 3.5)ɽઌڀݚߦʹ͓͍ͯ 3ͭͷసࣸҼؒࢠʹ͓͚Δ FFLٴͼ
FBLΛͭ࣋స੍ࣸޚҨݱൃࢠʹ͓͍ͯॏཁͳ੍ߏػޚͰ͋Δ͜ͱ͕ࣔ͞Εͯ
͍Δ [139,140]ɽͦ͜Ͱਪఆͨ͠స੍ࣸޚωοτϫʔΫͷ͜ΕΒͷݸΛࢉग़͠
ͨͱ͜ΖɼFFLߏ͕ ͕ߏɼFBLݸ16 ग़͞Εͨɽ͜ΕΒΛ͞ΒʹɼFFLݕݸ4

ͱҰகܕҰக͍ͯ͠ΔCoherent͕ͷؔޚʹؔͯ͠ग़ྗʹର͢Δਖ਼ෛͷ੍ߏ
͠ͳ͍ Incoherentܕʹྨͨ͠ͱ͜ΖɼͦΕͧΕ ͼٴݸ11 ͚ΒΕͨʹݸ5 (ਤ
3.6)ɽFBLߏʹ͍ͭͯ Feed Backޙͷೖྗͷਖ਼ෛʹΑͬͯ Positive FBLٴͼ
Negative FBLʹྨͨ͠ͱ͜ΖɼͦΕͧΕ ͼٴݸ2 ͚ΒΕͨʹݸ2 (ਤ 3.6)ɽ
͜ΕΒಘΒΕͨߏͷ͏ͪɼCoherent Type FFLߏͷΈϥϯμϜωοτϫʔΫ
ʹରͯ͠༗ҙʹଟ͍ݸͰ͋ͬͨ (Randomization testɼp < 0.05)ɽCoherent

Type FFLߏస੍ࣸޚʹ͓͍ͯҰաతͳೖྗΛΧοτ͠ɼ࣋ଓతͳೖྗͷΈΛ
Լྲྀʹ͑ΔׂΛͭ࣋͜ͱ͕ΒΕ͓ͯΓɼ͜Ε͢ͳΘͪϊΠζΧοτʹΑ
Δਖ਼֬ͳೖྗͷԼྲྀͷड͚͠ߏػͱͯ͠ॏཁͱ͞Ε͍ͯΔ [141]ɽ͜ͷ͜ͱ͔
Βɼס૩ੑʹؔ͢Δస੍ࣸޚʹ͓͍ͯɼͦͷߏػͷۦಈ͜ΕΒଟͷCoherent

Type FFLߏʹΑΓਖ਼֬ʹೖྗΛग़ྗͱड͚͢ߏػʹΑΓΓཱ͍ͬͯΔ
ͱ͑ݴΔɽ
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Z
-score

T0 T12 T24

T36 T48

2.0

-2.0

ਤ 3.3: ਪఆͨ͠τϨϋϩʔεॲཧ࣌ͷస੍ࣸޚωοτϫʔΫ

Λࣔ͢ɽ֤ϊʔυͷதʹసؔޚΛද͠ɼҹਪఆ͞Ε੍ͨࢠϊʔυసࣸҼ࢛֤֯

ࣸҼࢠͷ IDΛࣔ͢ɽ·ͨɼϊʔυରͱ͢Δॲཧ۠ʹ͓͚ΔฏۉRPKMͷʹΑͬ

ͯ৭͞Ε͓ͯΓɼRPKM͕͍ߴ΄Ͳ৭ɼ͍΄Ͳ੨৭Ͱ৭ͨ͠ɽ·ͨɼҹਖ਼ɼ

ෛͷ੍ؔޚΛͦΕͧΕɼ੨৭Ͱࣔͨ͠ɽ
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R0 R3 R12

R24 R72

Z
-score

2.0

-2.0

ਤ 3.4: ਪఆͨ͠࠶ਫ࣌ͷస੍ࣸޚωοτϫʔΫ

ਤͷදࣔํ๏ʹ͍ͭͯਤ 3.3ͱಉҰͱͨ͠ɽ
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トレハロース 
処理

両過程再水和

ਤ 3.5: ਪఆͨ͠τϨϋϩʔεॲཧٴͼ࠶ਫͷ౷߹స੍ࣸޚωοτϫʔΫ

Λࣔ͢ɽ֤ϊʔυͷதʹసؔޚΛද͠ɼҹਪఆ͞Ε੍ͨࢠϊʔυసࣸҼ࢛֤֯

ࣸҼࢠͷ IDΛࣔ͢ɽ·ͨϊʔυτϨϋϩʔεॲཧɼ࠶ਫٴͼ྆ํͰൃݱมಈͨ͠స

ࣸҼࢠΛͦΕͧΕԫɼ੨ɼ৭Ͱࣔͨ͠ɽ·ͨҹਖ਼ɼෛͷ੍ؔޚΛͦΕͧΕɼ੨

৭Ͱࣔͨ͠ɽ
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a b

Coherent FFL Incoherent FFL Positive FBL Negative FBL

#

0
2

4
6

8
10

12
14

Coherent FFL Incoherent FFL Positive FBL Negative FBL

#

0
5

10
15

20
25

Coherent  
FFL

Incoherent  
FFL

Positive
FBL

Negative
FBL

#

*
p = 0.065p = 0.385p = 0.116p = 0.234

*

Negative Feedback Loop (FBL)

Positive Feedback Loop (FBL)

Incoherent Feed-Forward Loop (FFL)

Coherent Feed-Forward Loop (FFL)

ਤ 3.6: Ҩޚ੍ࢠʹ͓͚Δॏཁͳߏͷ֓೦ਤͱ౷߹స੍ࣸޚωοτϫʔΫʹଘ
Δ͢ࡏ Feed Forward Loop (FFL)ٴͼ Feedback Loop (FBL)ߏͷݸ

(a) FFLٴͼ FBLߏͷ֓೦ਤɽ (b) ౷߹స੍ࣸޚωοτϫʔΫʹଘ͢ࡏΔ FFLٴͼ

FBLͷݸɽ * Randomization testɼp < 0.05ɽ
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3.3.3 ग़ݕϞδϡʔϧͷݱௐൃڠ

ରͱͳΔҨޚΒͷ੍͔ࢠωοτϫʔΫͷ֤సࣸҼޚɼਪఆͨ͠స੍ࣸʹ࣍
܈ࢠΛಉఆ͢ΔͨΊʹɼ͜ΕΛڠௐൃ͢ݱΔҨஂूࢠ (Ϟδϡʔϧ)ͱͯ͠ 27

ग़ͨ͠ݕͷϞδϡʔϧΛݸ (ਤ 3.7)ɽ͜ΕΒͷϞδϡʔϧͷ͏ͪס૩ੑʹॏཁͳ
ϞδϡʔϧΛಉఆ͢ΔͨΊʹɼ֤ϞδϡʔϧͷҨ܈ࢠʹରͯ͠Gene Ontology

(GO) EnrichmentղੳΛͨͬߦͱ͜Ζɼ͜Ε·Ͱʹס૩ੑͷؔ༩͕ใ͞ࠂΕ
͖ͯͨҨ܈ࢠͷػͱ߹க͢ΔGO͕छʑͷϞδϡʔϧʹ͓͍ͯසग़͍ͯͨ͠
(Fisherͷਖ਼֬֬ݕఆɼp < 0.05)ɽ
·ͣɼס૩ੑʹ͜Ε·Ͱॏཁͱ͞Ε͖ͯͨνΦϨυΩγϯଞλϯύΫ࣭ͷ

ͰͷνΦʔϧɾδεϧϑΟυԠΛհ͠جԽΛγάφϧͱͯ͠ɼγεςΠϯࢎ
ԽΛଅ͢ࢎ߅Λଅ͢͜ͱͰݩؐͯ [142] ɽ͜ͷԠʹؔΘΔ Gene Ontologyͱ
ͯ͠GO:0015035 (protein disulfide oxidoreductase activity)͕ొ͞Ε͓ͯΓɼ
darkredɼgreenɼgreenyellowٴͼ grey60Ϟδϡʔϧʹ͓͍ͯEnriched GOͱͯ͠
ग़͞Εͨݕ (p = 5.04× 10−3 ɼ0.0295ɼ1.96× 10−3ɼ5.78× 10−4)ɽ࣍ʹɼס૩
ੑʹ͓͍ͯס૩͖ىʹ࣌ΔλϯύΫ࣭ͷҟੑԽͨ͠DܕͷΞεύϥΪϯࢎ
Λݩͷঢ়ଶʹ͢ PIMTͷػ [34]ʹؔ͢ΔGOͱͯ͠GO:0004719 (protein-L-

isoaspartate (D-aspartate) O-methyltransferase activity)͕ొ͞Ε͍ͯΔɽ͜ͷ
GO darkredٴͼ grey60Ϟδϡʔϧʹ͓͍ͯEnriched GOͱͯ͠ݕग़͞Εͨ (p

 = 8.38× 10−12ɼ1.38× 10−3)ɽ࣍ʹɼτϨϋϩʔεס૩ੑʹ͓͍ͯࡉ๔ບ
ͷ҆ఆԽʹඞཁෆՄܽͳ࣭Ͱ͋Δ [118]ɽτϨϋϩʔεʹؔ࿈͢ΔGOͱͯ͠ɼ
τϨϋϩʔε߹ʹؔ͢ΔGO:00052992 (trehalose biosynthetic process)ٴͼղ
ʹؔ͢ΔGO:0015927(trehalase activity)͕ొ͞Ε͓ͯΓɼͦΕͧΕ grey60ٴͼ
cyanϞδϡʔϧʹ͓͍ͯEnriched GOͱͯ͠ݕग़͞Εͨ (p = 0.0271ɼ0.0163)ɽ
μϝʔδΛड͚ͨDNAΛम෮͢Δ͜ͱʹ࣌૩סʹ࣌ਫ࠶૩ੑʹ͓͍ͯɼס
͕ॏཁͰ͋Δ͜ͱ͕ࣔ͞Ε͍ͯΔ (1.2.3.3খʑઅٴͼ 2.3.4અࢀর)ɽDNAम෮ʹ
ؔ͢ΔGOͱͯ͠ɼGO:0006281 (DNA repair)͕ొ͞Ε͓ͯΓɼredϞδϡʔ
ϧʹͯ Enriched GOͱͯ͠ݕग़͞Εͨ (p = 1.68 × 10−3)ɽ͜ͷΑ͏ʹɼ͜Ε
·Ͱʹใ͞ࠂΕͨס૩ੑʹؔ༩͢Δݱͱ߹க͢ΔGO͕༷ʑͳϞδϡʔϧͰ
Enriched GOͱͯ͠ݕग़͞Ε͍ͯΔ͜ͱ͕Θ͔ͬͨɽ
ҰํͰɼ͜Ε·Ͱʹס૩ੑͷؔ༩͕ࣔ͞Εͨ LEAHaemoglobinɼAqua-

porinʹؔ͢ΔGOͲͷϞδϡʔϧʹ͓͍ͯݕग़͞Εͳ͔ͬͨɽ͜ͷݪҼͱ͠
ͯɼ·ͣ LEAʹ͍ͭͯ͜ͷҨࢠͷػΛද͢ݻ༗ͷGO͕͍·ͩʹొ͞
Ε͍ͯͳ͍͜ͱ͕͛ڍΒΕΔɽଓ͍ͯɼHaemoglobinͱAquaporinʹؔͯ͠ൃ
͕গͳ͗͢ΔͨΊɼGOݸग़͞Εͨݕͱͯ͠ࢠมಈҨݱ EnrichmentղੳͰ
ूஂʹ༗ҙʹଟ͘ଘ͢ࡏΔGOΛݕग़͢Δͱ͍͏ੑ্࣭ɼऔΓ͜΅͍ͯ͠ΔՄ
ੑ͕͋Δɽ
͞ΒʹઌڀݚߦͰ͞ূݕΕͨҨࢠϑΝϛϦʔͰ͋Δ LEAɼνΦϨυΩγϯɼ

PIMTɼϔϞάϩϏϯɼΞΫΞϙϦϯɼτϨϋϩʔε࢈ੜؔ࿈߬ૉɼDNAम෮ܦ࿏
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(૬ಉସ͑ɼDNAϛεϚονम෮ɼψΫϨΦνυআڈम෮ٴͼඇ૬ಉ݁߹)

ͷ֤ϞδϡʔϧͷॴଐΛࢉग़ͨ͠ (ද 3.2)ɽ͜ΕΒͷ֤ҨࢠϑΝϛϦʔͷ࠷
େॴଐͱͳΔϞδϡʔϧΛ֬ೝͨ͠ͱ͜ΖɼͦΕͧΕͷϑΝϛϦʔʹ͍ͭͯLEA

ϑΝϛϦʔblackϞδϡʔϧ (ॴଐ=4)ɼνΦϨυΩγϯϑΝϛϦʔgreenٴͼ
greenyellowϞδϡʔϧ (ॴଐ=4)ɼPIMTϑΝϛϦʔ darkredϞδϡʔϧ (ॴଐ
=8)ɼHBϑΝϛϦʔ salmonϞδϡʔϧ (ॴଐ=1)ɼAQPϑΝϛϦʔblack

Ϟδϡʔϧ (ॴଐ=2)ɼτϨϋϩʔε࢈ੜʹؔΘΔ߬ૉ cyanɼgrey60ɼsalmonɼ
blackδϡʔϧʹͦΕͧΕҰͭͣͭଐ͍ͯͨ͠ɽ·ͨɼDNAम෮ʹؔ͢ΔҨࢠ
૬ಉସ͑ٴͼψΫϨΦνυআڈम෮ʹؔΘΔҨࢠmagentaϞδϡʔϧʹ
ॴଐ͓ͯ͠Γ (ॴଐ=4ٴͼ 4)ɼDNAϛεϚονम෮ؔ࿈Ҩࢠ redϞδϡʔ
ϧʹଐ͍ͯͨ͠ (ॴଐ=3)ɽඇ૬ಉ݁߹ʹؔΘΔҨࢠ lightgreenɼtanɼ
brownٴͼ darkgreenϞδϡʔϧʹॴଐ͍ͯͨ͠ (ॴଐ=1)ɽ͜ͷΑ͏ʹ͜Ε·
Ͱͷס૩ੑʹؔ࿈͢Δ͜ͱ͕ใ͞ࠂΕ͍ͯΔҨࢠϑΝϛϦʔʹؔͯ͠࠷େॴ
ଐΛݩʹରԠϞδϡʔϧΛ໌Β͔ʹͨ͠ɽ
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−2

−1

0

1

2

T0 T1
2

T2
4

T3
6

T4
8 R0 R3 R1

2
R2
4

R7
2

Z-score

Black

Blue

Brown

Cyan
Dark green
Dark grey
Dark orange
Dark red
Dark turquoise

Green

Green yellow
Grey
Grey60
Light cyan
Light green
Light yellow
Magenta
Midnight blue
Orange
Pink

Purple

Red

Royal blue
Salmon
Tan

Turquoise

Yellow

T0 T1
2

T2
4

T3
6

T4
8 R0 R3 R1

2
R2
4

R7
2

Z
-score

ਤ 3.7: WGCNAʹΑΓݕग़ͨ͠Ϟδϡʔϧͷྔݱൃྻܥ࣌ͷώʔτϚοϓ

ͰϞδϡʔϧશͯਤͰදࣔ͞ΕΔڀݚΛࣔ͢ूஂΛϞδϡʔϧͱఆٛɼຊݱௐൃڠ

৭໊Ͱ͢ٴݴΔɽώʔτϚοϓͷೱ୶֤Ҩ͝ࢠͱͷྻܥ࣌RPKM͔Βࢉग़͞ΕΔ

Z-scoreͷʹԠͯ͡৭ͨ͠ɽ
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ද 3.2: େॴଐϞδϡʔϧͱॴଐҨ࠷ϑΝϛϦʔʹର͢Δɼࢠ૩ੑؔ࿈Ҩס֤
ࢠ
ҨࢠϑΝϛϦʔ໊ େॴଐϞδϡʔϧ࠷ ݸ ྻ૬ಉͳҨ໊ࢠ
LEA black 4 PvLEA10ɼPvLEA13ɼ

PvLEA21ɼPvLEA22
TRX greenɼgreenyellow 4 PvTrx10ɼPvTrx11ɼPvTrx16ɼ

PvTrx17ɼPvTrx18ɼPvTrx20ɼ
PvTrx22ɼPvTrx23

PIMT darkred 8 PvPimt-3ɼPvPimt-4ɼPvPimt-
5ɼPvPimt-7ɼPvPimt-9ɼ
PvPimt-10ɼPvPimt-12ɼ
PvPimt-13

HB salmon 1 PvHb29
AQP black 2 Aqp1ɼAqp2
Trehalose Related cyanɼgrey60ɼsalmonɼ

black
1 Tret1ɼTppɼTpsɼTreh

DNAम෮ (૬ಉସ͑) magenta 4 RAD51BɼRAD51ɼXRCC3ɼ
DMC1

DNAम෮ (DNAϛεϚο
νम෮)

red 4 PMS1ɼPMS2ɼMLH1ɼMLH3

DNAम෮ (ψΫϨΦνυআ
(म෮ڈ

magenta 3 MNAT1ɼCDK7ɼGTF2H4

DNA म෮ (ඇ૬ಉ݁
߹)

lightgreenɼtanɼbrownɼ
darkgreen

1 XRCC6ɼXRCC5ɼLIG4ɼ
PRKDC
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3.3.4 స੍ࣸޚωοτϫʔΫͱڠௐൃݱϞδϡʔϧͷ౷߹

ଓ͍ͯɼసࣸҼࢠͷϞδϡʔϧҨ܈ࢠͷ্ྲྀྖҬͷ݁߹༧ଌͱͯ͠Motif

Enrichmentղੳ (CLOVER [86]ɼRandomization testɼp < ࢠͼసࣸҼٴ(0.05
ͷൃݱมԽ͕ϞδϡʔϧͷҨ܈ࢠͷൃݱมԽʹରͯ͠GrangerҼՌΛ͔ͭ࣋
Λղੳ͠ (GrangerҼՌੑݕఆɼิਖ਼ p < 0.05ɼBH๏)ɼ྆ํͷղੳͰ࣋͞ࢧΕ
ͨసࣸҼࢠͱϞδϡʔϧؒͷؔΛ੍ؔޚͱͯ͠ݕग़ͨ͠ (ਤ 3.8ɼද 3.3)ɽ͜ͷ
݁ՌΑΓɼશͯͷϞδϡʔϧHSF(PvG018882)Λ্ྲྀʹͭ࣋͜ͱ͕໌Β͔ͱͳ
Γɼઌڀݚߦಉ༷ʹHSF͕ס૩ੑߏػΛ੍͢ޚΔ্ͰॏཁͳసࣸҼࢠͰ͋ͬͨɽ
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ਤ 3.8: సࣸҼࢠͱڠௐൃݱϞδϡʔϧͷ੍ؔޚΛ·ͱΊͨҨޚ੍ࢠωοτ
ϫʔΫ

ΛදؔޚɼؙϊʔυϞδϡʔϧΛද͢ɽҹਪఆ͞Ε੍ͨࢠϊʔυసࣸҼ࢛֯

͢ɽసࣸҼࢠͷϊʔυٴͼసࣸҼؒࢠͷ੍ؔޚͷ৭ਤ 3.5ͱಉҰͰ͋Δɽ·ͨɼస

ࣸҼ͔ࢠΒϞδϡʔϧͷ੍ؔޚփ৭Ͱࣔͨ͠ (CLOVERɼp < 0.05͔ͭ

GrangerҼՌݕఆͷิਖ਼ p < 0.05ɼBH๏)ɽ
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ද 3.3: ֤ϞδϡʔϧΛ੍͢ޚΔసࣸҼٴࢠͼHSF(PvG01882)ʹΑΔ੍ޚͷ
༗ແ
HSFґଘੑ༗ΓͱରͱͳΔϞδϡʔϧͷ্ྲྀΛͬͨ࣌ʹHSF͕ଘ͢ࡏΔ߹Λ͢ࢦɽ

Ϟδϡʔϧ ϞδϡʔϧΛ੍ޚΛ͢ΔసࣸҼࢠ HSF
(PvG018882)
ґଘੑ

black PvG029178; PvG034773; PvG029323; PvG031138 TRUE
blue PvG029323 TRUE
brown PvG029178; PvG006426; PvG000336; PvG013747 TRUE
cyan PvG030844; PvG021633; PvG033380; PvG004799; TRUE

darkgreen PvG006426; PvG030844; PvG029323; PvG025794;
PvG005038

TRUE

darkgrey PvG006426; PvG029323 TRUE
darkorange PvG034773; PvG003458; PvG005038 TRUE
darkred PvG030844; PvG004799; PvG005038 TRUE

darkturquoise PvG013738; PvG034773; PvG003006; PvG029323 TRUE
green PvG029178 TRUE

greenyellow PvG029178; PvG034773; PvG013747; PvG005038 TRUE
grey PvG027886; PvG021123; TRUE

grey60 PvG027886; PvG030844; PvG021633; PvG029323;
PvG025794; PvG005530

TRUE

lightcyan PvG030844; PvG021633; PvG003851; PvG034773;
PvG029323

TRUE

lightgreen PvG022603; PvG029323; PvG004799 TRUE
lightyellow PvG034773; PvG004799; PvG013747; PvG003458 TRUE
magenta PvG021123; PvG000336; PvG004799 TRUE

midnightblue PvG025913; PvG018882; PvG017947; PvG033843;
PvG029323

TRUE

orange PvG000336; PvG031138; TRUE
pink PvG030844; PvG034773; PvG022743; PvG013747 TRUE
purple PvG027886; PvG029178; PvG021633; PvG013738;

PvG031138
TRUE

red PvG022603; PvG030844; PvG033843; PvG022743;
PvG013747; PvG025794; PvG005038

TRUE

royalblue PvG025913; PvG003854; TRUE
salmon PvG033843; PvG022743; PvG005038 TRUE
tan PvG029178 TRUE

turquoise PvG025913; PvG027886; PvG029178; PvG030844;
PvG012246; PvG000336; PvG003006; PvG004799;
PvG025794; PvG003458; PvG005038

TRUE

yellow PvG025913; PvG030844; PvG022743; PvG013747;
PvG005038

TRUE
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3.3.5 γϣδϣόΤҨޚ੍ࢠωοτϫʔΫͱͷൺֱ

͔͜͜Βɼס૩ੑΛͭ࣋ Pv11ࡉ๔ಛ༗ͷస੍ࣸߏޚΛ୳͢ࡧΔͨΊʹɼ
modEncodeϓϩδΣΫτʹͯެ։͞Ε͍ͯΔγϣδϣόΤͷస੍ࣸޚωοτ
ϫʔΫ [61]ͱͷൺֱղੳΛͨͬߦ (ਤ 3.9)ɽγϣδϣόΤס૩ੑΛͨ࣋
ͳ͍ͨΊɼס૩ੑ੍ߏػޚͷཧղʹ͚ͯ Pv11ࡉ๔ͷס૩ੑؔ࿈స੍ࣸޚ
ωοτϫʔΫ͔ΒγϣδϣόΤͱͷؒͰྻ૬ಉੑ͕ೝΊΒΕͳ͔ͬͨసࣸ
ҼࢠΛத৺ʹॖΛͨͬߦ (3.2.7খઅࢀরɼਤ 3.10)ɽ͜ΕʹΑΓɼס૩ੑΛ࣋
ͭPv11ࡉ๔ͷΈ͕ॖͭ࣋͞Εͨస੍ࣸޚωοτϫʔΫʹ͓͚Δྲ্ྀ࠷ͱͳΔ
సࣸҼࢠ PvG003116Ͱ͋Δ͜ͱ͕໌Β͔ʹͳͬͨɽ·ͨɼ͜ͷ PvG003116
nuclear transcription factor Y subunit gamma-like (NF-YCɼAccession Number :

XP 029711307.1)ͱͷؒͰྻ૬ಉੑ͕֬ೝ͞Εͨ (blastpɼE-value = 1.0e-75)ɽ
͞ΒʹɼಘΒΕͨॖޙͷస੍ࣸޚωοτϫʔΫʹ 3ͭͷFFLߏͱ 3ͭͷFFL

ߏ༗͋ͬͨ͠ڞΛࢠసࣸҼʹ͍ޓ͕ߏ (Triple FFL)͕ଘ͠ࡏɼ͜ΕΒΛҰͭ
ͷϒϩοΫͱͯ͠·ͱΊͨ (ਤ 3.11)ɽ͜ΕʹΑΓɼNF-YCͷԼྲྀʹTriple FFLͱ
FFL3ͷؒɼFFL2ͱ FFL3ͷؒɼTriple FFLͱ FFL2ͱ FFL3ͷؒɼͦͯ͠HSF

ͱFFL2ͱTriple FFLͷؒʹ 4ͭͷPositive FBLߏ͕ଘ͢ࡏΔ͜ͱ͕໌Β͔ʹ
ͳͬͨɽՃ͑ͯ͜ΕΒͷ੍ؔޚͷԼྲྀͰLEAɼνΦϨυΩγϯɼΞΫΞϙϦϯɼ
ϔϞάϩϏϯɼτϨϋϩʔε࢈ੜٴͼDNAम෮Ϟδϡʔϧ੍͕ޚΛड͚͍ͯͨɽ
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.3. ݁Ռ

ਤ 3.9: γϣδϣόΤͱ Pv11ࡉ๔ͷస੍ࣸޚωοτϫʔΫͷൺֱղੳ݁Ռ

࢛֯Λද͢ɽؔޚͼϞδϡʔϧΛද͢ɽҹ੍ٴࢠͼؙϊʔυసࣸҼٴϊʔυ࢛֯

ϊʔυγϣδϣόΤͱͷؒͰྻ૬ಉੑͷ֬ೝ͞ΕͨసࣸҼࢠΛ৭ (blastpɼ

E-value < 1.0e-15)ɼ֬ೝ͞Εͳ͔ͬͨసࣸҼࢠΛ৭Ͱ͍ࣔͯ͠Δɽҹͷ৭ɼ

γϣδϣόΤٴͼ Pv11ࡉ๔ͷస੍ࣸޚωοτϫʔΫͷ͍ͣΕʹ֬ೝ͞Ε੍ͨؔޚ

Λ৭Ͱදࣔͨ͠ɽؔޚ๔ͷΈͰ֬ೝ͞Ε੍ͨࡉΛ৭ɼPv11
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.3. ݁Ռ

ਤ 3.10: γϣδϣόΤͱPv11ࡉ๔ͷస੍ࣸޚωοτϫʔΫͷൺֱղੳ݁Ռ͔
ΒಘΒΕͨॖωοτϫʔΫ

࢛֯Λද͢ɽؔޚͼϞδϡʔϧΛද͢ɽҹ੍ٴࢠͼؙϊʔυసࣸҼٴϊʔυ࢛֯

ϊʔυγϣδϣόΤͱͷؒͰྻ૬ಉੑͷ֬ೝ͞ΕͨసࣸҼࢠΛ৭ (blastp ɼ

E-value < 1.0e-15)ɼ֬ೝ͞Εͳ͔ͬͨసࣸҼࢠΛ৭Ͱ͍ࣔͯ͠Δɽ·ͨɼFFLΛߏ

͢ΔసࣸҼ܈ࢠΛ FFL1ɼFFL2ɼFFL3ɼTripleFFLϒϩοΫͱͯ͠·ͱΊ͍ͯΔɽҹ

ͷ৭ɼγϣδϣόΤٴͼ Pv11ࡉ๔ͷస੍ࣸޚωοτϫʔΫͷ͍ͣΕʹ֬ೝ͞

Ε੍ͨؔޚΛ৭ɼPv11ࡉ๔ͷΈͰ֬ೝ͞Ε੍ͨؔޚΛ৭Ͱදࣔͨ͠ɽϞδϡʔ

ϧʹ͍֤ͭͯϑΝϛϦʔҨࢠͷॴଐ͕ͬͱଟ͔ͬͨϞδϡʔϧΛϑΝϛϦʔ͝

ͱʹͦΕͧΕ·ͱΊͯද͍ࣔͯ͠Δɽ
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.3. ݁Ռ

NF-YCHSF ：Positive Feedback Loop

ਤ 3.11: ωοτϫʔΫޚ੍ࢠऴॖҨ࠷

͜ͷωοτϫʔΫʹ Triple FFLͱ FFL3ͷؒɼFFL2ͱ FFL3ͷؒɼTriple FFLͱ

FFL2ͱ FFL3ͷؒɼͦͯ͠HSFͱ FFL2ͱ Triple FFLͷؒʹ 4ͭͷ Positive FBLߏ

͕ଘ͢ࡏΔɽ
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.3. ݁Ռ

3.3.6 NF-YC͔Βס૩ੑؔ࿈Ҩ܈ࢠͷ੍ؔޚʹؔ͢Δଥ

ੑূݕ

Λ੍܈ࢠ૩ੑؔ࿈ҨסNF-YC͕͖ͮجʹωοτϫʔΫਪఆޚ੍ࢠճҨࠓ
ճͷࣔࠓΔͨΊɼ͢ࡏతͳਪఆʹِ͓͍ͯཅੑ͕ଘܭΔՄੑ͕͋Δ͕ɼ౷͢ޚ
ِ͕ࠦཅੑͷՄੑ͑ߟΒΕΔɽͦ ͜Ͱɼ͜ ͷࣔࠦͷଥੑΛ͢ূݕΔͨΊʹNF-

YCΛྲ্ྀ࠷ͱͨ͠ס૩ੑؔ࿈Ҩ܈ࢠΛ੍͢ޚΔసࣸҼࢠ (PvG029178)

ͷ੍͕ؔޚগͳ͘ͱҰͭଘ͢ࡏΔ֬ΛҰຊ͋ͨΓͷ੍ؔޚͷਅͷ֬
pʹର͢Δؔͱͯ͠ (3.5)ࣜΛ༻͍ͯٻΊͨ (ਤ 3.12)ɽ·ͨɼຊڀݚͰ༻͍ͨ
BTNETͷϕϯνϚʔΫʹର͢Δ Precisionͷߴ࠷͕ 0.359Ͱ͋ͬͨ͜ͱ͔
Βɼ͜ͷΛલड़ͷ pʹೖͨ͠ͱ͜Ζɼ0.997ͱࢉग़͞ΕͨɽPvG029178͔Βס
૩ੑؔ࿈Ҩ܈ࢠͷ੍ؔޚFDR <0.05Ͱݕग़͍ͯ͠Δɽ͜ΕΒͷ͜ͱΛ
౷߹͢Δͱ BTNETͷߴ࠷ਫ਼Ͱͷղੳ͕͍ͨͯ͑ߦͱ͢ΔͳΒɼຊڀݚͰࣔ
ࠦͨ͠ԾઆͰ͋ΔNF-YC͕ס૩ੑؔ࿈Ҩ܈ࢠΛ੍͢ޚΔͱ͍͏Ծઆɼ0.997
× 0.95 = 0.947 = 94.7 % ͔֬Β͍͠ͱ͑ݴΔɽ
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.3. ݁Ռ
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ਤ 3.12: NF-YCΛྲ্ྀ࠷ͱͨ͠ס૩ੑؔ࿈Ҩ܈ࢠΛ੍͢ޚΔసࣸҼࢠ
(PvG029178)ͷ੍͕ؔޚগͳ͘ͱҰͭଘ͢ࡏΔ֬

࢝ vsΛNF-YCɼऴ vf Λס૩ੑؔ࿈Ҩ܈ࢠΛ੍͢ޚΔసࣸҼࢠ

(PvG029178)ͱͨ͠߹ͷ (3.5)ࣜʹ͓͚ΔҰຊ͋ͨΓͷ੍͕ؔޚਅͰ͋Δ֬ pʹର

͢Δ vs͔Β vf ͷύε͕গͳ͘ͱҰͭଘ͢ࡏΔ֬ p(Pɼp)ͷؔΛࠇઢͰࣔ͢ɽ

BTNETͰͷϕϯνϚʔΫʹର͢Δ PrecisionͱRecallͷௐฏۉΛ࠷େԽ͢Δ

Precision͕ 0.359Ͱ͋Γɼ͜ͷΛ pͱͨ͠߹ʹ p(Pɼp) 0.997ͱࢉग़͞Εͨ (ઢ)ɽ
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.4. ߟ

3.4 ߟ

3.4.1 ߏػ૩ੑסͱੑ׆ΔϛτίϯυϦΞస͚͓ࣸʹޙਫ࠶

ͷؔ

औͨ͠RNA-seqσʔλʹ͓͍ͯɼR3ɼR12ɼR24ʹ͓͍ͯଞͷα࠾ʹنճ৽ࠓ
ϯϓϧʹൺͯݦஶʹϚοϐϯά͕͔ͬͨ (ද 3.1)ɽ͜ΕϚοϐϯά࣌ʹ
ରͱ͍ͯ͠ΔωϜϦϢεϦΧછ৭ମ༝དྷͷసࣸͰͳ͍༝དྷෆ໌ͷస͕ࣸ
ଟଘ͢ࡏΔ͜ͱʹͳΔɽ͜͜ͰɼPv11ࡉ๔ʹ͓͍ͯRNAͷస͕ࣸੜ͡Δର
છ৭ମҎ֎ʹϛτίϯυϦΞήϊϜ͕ଘ͢ࡏΔ͜ͱʹ͠ɼࠓճ࠾औͨ͠
RNA-seqσʔλΛછ৭ମήϊϜͱϛτίϯυϦΞήϊϜ [143]ͷ྆ํʹϚοϐϯ
ά͠ɼϚοϐϯάΛࢉग़ͨ͠ (ਤ 3.13)ɽ͜ͷ݁ՌɼϚοϐϯάͷ͔ͬͨR3ɼ
R12ɼR24ͷॲཧ۠ʹ͓͍ͯϛτίϯυϦΞήϊϜʹϚοϐϯά͞ΕΔϦʔυͷׂ
߹͕ଞͷॲཧ۠ʹൺͯݦஶʹ͔ͨͬߴɽ͜ͷΑ͏ʹ࠶ਫޙͷॲཧ۠ʹͷΈ
ϛτίϯυϦΞ༝དྷ RNAͷׂ߹͕ݦஶʹ͍ߴͱ͍͏࣮ࣄɼϛτίϯυϦΞ͕
ΤωϧΪʔ࢈ੜͷͰ͋Δͱ͍͏͜ͱΛྀ͢ߟΔͱɼ࠶ਫͱ͍͏ॲཧʹΑͬͯ
Pv11ࡉ๔ಈతʹੜ͖ฦΔͨΊͷΤωϧΪʔ࢈ੜΛ͢Δͱ͍͏Έ͕ଘ͢ࡏ
ΔՄੑ͕͋Δɽס૩ੑʹ͓͍ͯɼ͜ͷΑ͏ͳ࠶ਫޙʹ͓͚Δಈతͳϛ
τίϯυϦΞήϊϜͷస͕ࣸੑ׆ใ͞ࠂΕͨྫࣄͳ͍ͨΊɼ͜ͷΈͷଘࡏ
ʹ͍ͭͯ͞ޙࠓΒʹڀݚΛਐΊΔ͜ͱͰੜ͖ฦΔͨΊͷಈతͳΈͷൃݟ
Ͱ͖ΔՄੑ͕͋Δɽ
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ਤ 3.13: ֤αϯϓϧͷછ৭ମٴͼϛτίϯυϦΞήϊϜͷϚοϐϯά

৭͕ϛτίϯυϦΞʹϚοϐϯά͞ΕͨϦʔυɼ৭͕છ৭ମʹϚοϐϯά͞ΕͨϦʔ

υɼࠇ৭͕Ϛοϐϯά͞Εͳ͔ͬͨϦʔυͷׂ߹Λࣔ͢ɽR3ʹ͓͍ͯϛτίϯυϦΞ

ͷϚοϐϯά͕ۃʹ্ঢ͍ͯͨ͠ɽ
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3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱస੍ࣸߏػޚͷਪఆ3.4. ߟ

3.4.2 GOղੳ݁ՌΛར༻ͨ͠ΤϑΣΫλʔҨࢠʹΑΔ৽ͨͳס

૩ੑݟൃߏػͷՄੑ

ຊڀݚͰGOղੳͷ݁Ռ࠷ऴతʹॖͨ͠Ҩޚ੍ࢠωοτϫʔΫΛߏங
͢ΔͨΊͷࣄલใͱͯ͠ར༻ͤͣʹɼઌڀݚߦͰಘΒΕ͍ͯΔס૩ੑʹؔ
࿈͢Δػใ͕ڠௐൃݱΛࣔ͢ूஂͰ͋ΔϞδϡʔϧʹಛతʹଘ͢ࡏΔ͔Ͳ
͏͔ͷূݕͷΈʹ༻͍ͨɽ͜ͷ݁Ռɼ͜Ε·ͰʹωϜϦϢεϦΧͷס૩ੑʹ͓͍
ͯใ͞ࠂΕ͖ͯͨػใͷଟ͘ʹؔ࿈͢ΔGO͕͍ͣΕ͔ͷϞδϡʔϧʹ͓͍
ͯ Enriched GOͱͯ͠ಘΒΕ͍ͯΔ͜ͱΛ֬ೝͨ͠ɽ͔͠͠ɼࠓճͨ͠GO

Ҏ֎ʹɼΑΓଟ͘ͷ༷ʑͳGO͕֤ϞδϡʔϧͷEnriched GOͱͯ͠ݕग़͞Ε
ͨɽ͜ΕΒͷEnriched GOͷதʹ͍·ͩʹס૩ੑͱͷؔ࿈͕ใ͞ࠂΕ͍ͯͳ
͍ͷଟ͘ଘ͠ࡏɼϞδϡʔϧߏҨࢠͷݱൃྻܥ࣌ͷύλʔϯͱ౷߹ͯ͠
ΑΓৄࡉʹௐࠪ͢Δ͜ͱʹΑΓɼס૩ੑʹ͓͚Δ৽ͨͳࢠੜֶతͳϝΧχ
ζϜͷൃݟʹ݁ͼͭ͘Մੑ͕͋Δ

3.4.3 NF-YCʹΑΔס૩ੑ੍ޚͷՄੑ

Δͱਪఆ͞ΕͨNF-YC͍ͯ͠ޚͰ੍ྲ্ྀ࠷Λߏػ૩ੑסճͷղੳʹΑΓࠓ
nucler factor Y (NF-Y)సࣸҼࢠΛߏ͢ΔαϒϢχοτͰ͋Δ [144]ɽNF-Yࣗମ
 NF-YAɼNF-YBɼNF-YCͷ 3ͭͷαϒϢχοτ͔Βߏ͞ΕΔɽNF-YCɼ
͜ΕΒNF-YAɼNF-YBͱͷ૬࡞ޓ༻Λհͯ͠ήϊϜ্ͷCCAATϞνʔϑ݁߹
͠ɼछʑͷҨࢠͷൃޚ੍ݱΛ͜͏ߦͱ͕ใ͞ࠂΕ͍ͯΔɽઌڀݚߦͰɼNF-YB
Λ߃ৗൃ͢ݱΔγϩΠψφζφͷגΛ࡞ग़͢Δ͜ͱͰɼੜܕͰ͓͠Εͯ͠·͏
8ؒͷׯͭετϨεޙʹ͓͠ΕΔ͜ͱͳ͘௨ৗͷঢ়ଶΛҡ࣋͢Δ [145]ɽ·
ͨNF-YCΛաൃͨͤ͞ݱΠωɼੜܕͰશʹ͓͠Εͯ͠·͏ 10ؒͷ
શͳਫͷःஅॲཧʹ͓͍͓ͯ͠Εͣʹ்Εͨঢ়ଶ (turgid)ΛอͨΕΔ [146]ɽ
͜ͷΑ͏ʹɼNF-Y২ʹ͓͍ͯׯͭ͘ετϨεੑ֫ಘʹඞਢͳసࣸҼ
Ίͱͨ࢝͠ωϜϦϢεϦΧΛࠂͱͯ͠ಉఆ͞Ε͍ͯΔҰํͰɼ͜ͷΑ͏ͳใࢠ
ಈʹ͓͍ͯใࠂͳ͍ɽࠓճͷ݁Ռಈʹ͓͍ͯNF-Y͕ס૩ੑʹؔ
ΘΔ͜ͱΛࣔࠦ͢Δɽ·ͨωϜϦϢεϦΧͷମʹ͓͍ͯNF-YCͷൃݱס૩
ঢΛࣔ݁͢Ռ͕ಘΒΕ͍ͯΔ্ݱਫʹԠͯ͡ൃ࠶ͼٴ (Pv.00526ͷס૩ ؒ࣌0
ʹର͢Δס૩ ͷޙؒ࣌24 fold change = 1.22ɼס૩ ਫ࠶ର͢Δʹޙؒ࣌48 ࣌3
ͷޙؒ fold change = 7.22ɼ[19])ɽ͞Βʹڵຯਂ͍͜ͱʹωϜϦϢεϦΧͷۙԑछ
Ͱס૩ੑΛͨ࣋ͳ͍ϠϞϯϢεϦΧ NF-YCͱྻ૬ಉੑΛͭ࣋Ҩࢠͱ͠
ͯPn.05756Λͪ࣋ (blastnɼE-value = 9e-32)ɼס૩ޙͷൃ্ݱঢωϜϦϢεϦ
ΧͷମͱͦΕ΄ͲมΘΒͳ͍ ૩ס) ૩סର͢Δʹؒ࣌0 ͷޙؒ࣌24 fold change

= 1.21ɼ[19])ɽ·ͨγϣδϣόΤʹ͓͍ͯωϜϦϢεϦΧʹ͚ΔNF-YCͱ
ྻ૬ಉͳసࣸҼࢠͰ͋Δ nuclear factor Y-box C 195 (FBtr0070974)͕֬ೝ͞Ε
͍ͯΔ͕ (tblastnɼE-value = 1.35e-38)ɼס૩࣌ʹ͓͚ΔൃݱมಈΒΕ͍ͯͳ
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͍ɽ͜ͷΑ͏ʹNF-YCγϣδϣόΤɼωϜϦϢεϦΧٴͼϠϞϯϢεϦΧ
ͱ͍͏ࠛʹ͓͍ͯ͘อଘ͞Ε͍ͯΔ͕ɼࠓճͷ݁ՌΛؑΈΔͱPv11ࡉ๔ɼͦ
ͯͦ͠ͷ༝དྷͷݸମͰ͋ΔωϜϦϢεϦΧͷΈס૩ੑͷ֫ಘʹ͢ݙߩΔͱ͑ߟ
ΒΕΔɽ

3.4.4 ͳ͍ͨ࣋૩ੑΛסͳ͍ϠϞϯϢεϦΧ͕ͨ࣋૩ੑΛס

ཧ༝

ͦΕͰɼϠϞϯϢεϦΧ NF-YCΛωϜϦϢεϦΧͱಉʹס૩ʹԠͯ͡
ຯਂڵʹͳ͍ͷͩΖ͏͔ʁඇৗͯ࣋૩ੑΛסঢͤ͞ΒΕΔͷʹɼͳ্ͥݱൃ
͍͜ͱʹɼNF-YC͔Βס૩ੑؔ࿈ҨࢠΛؚΉϞδϡʔϧʹࢸΔ·Ͱʹඞཁ
ͳ PvG021633(FFL2͔Β LEA/AQP/HB/TrehaloseRelatedϞδϡʔϧͷଓ
෦)ɼPvG024515(FFL2͔Β FFL1ͷଓ෦)ɼPvG029323(TripleFFL͔Β
DNARepairٴͼLEA/AQP/HB/TrehaloseRelatedϞδϡʔϧͷଓ෦)ͱ
ྻ૬ಉੑΛͭ࣋Ҩ͕ࢠϠϞϯϢεϦΧʹଘ͠ࡏͳ͍͜ͱ͕໌Β͔ͱͳͬͨ (blastnɼ
E-value < 1.0e-5ɼ[19])ɽ͜ͷ͜ͱ͔ΒɼϠϞϯϢεϦΧ͕ס૩ੑΛͯ࣋ͳ͍ཧ
༝ɼLEAνΦϨυΩγϯͳͲͷס૩ੑΛൃ͢شΔͨΊͷҨࢠͷ੍ޚʹ
ඞཁͳసࣸҼࢠΛܽଛ͍ͯ͠ΔͨΊͩͱ͑ߟΒΕΔɽ

3.4.5 Positive Feedback LoopߏΛར༻ͨ͠ס૩ੑ੍ߏػޚ

ωοτϫʔΫΛਪఆ͢Δ͜ͱͰɼNF-YCԼྲྀʹଟޚ๔ͷస੍ࣸࡉճɼPv11ࠓ
ͷPositive FBL͕ଘ͢ࡏΔ͜ͱ͕໌Β͔ʹͳͬͨ (ਤ 3.11)ɽPositive FBLస
ࠂͰ͋Δ͜ͱ͕ใߏΔ͢ޚɼೖྗʹԠͨ͡ग़ྗͷON/OFFΛ੍͍͓ͯʹޚ੍ࣸ
͞Ε͍ͯΔ [139]ɽ͜ͷ͜ͱ͔Βɼס૩ʹԠͨ͡NF-YC͔Βͷೖྗʹର͢Δס૩
ੑؔ࿈Ҩࢠͷൃݱɼ͜ΕΒଟͷ Positive FBLʹΑͬͯON/OFFͷ੍ޚ
Λड͚Δ͜ͱͰס૩ੑ੍ߏ͕ߏػޚங͞Ε͍ͯΔͱ͑ߟΒΕΔɽ
͜ΕΒͷ݁ՌΛ૯ׅͯ͑͠ߟΔͱɼPv11ࡉ๔ʹ͓͍ͯτϨϋϩʔεॲཧס૩

ʹԠͯ͡ס૩ੑؔ࿈Ҩࢠͷൃ͕ݱONʹͳΓס૩ͯ͠ࢮͳͳ͍ঢ়ଶʹɼ࠶ਫ
ʹΑͬͯݩͷঢ়ଶʹΔͱ͍͏Α͏ʹɼPv11ࡉ๔͜ΕΒͷPositive Feedback

LoopΛར༻͢Δ͜ͱͰແँঢ়ଶͱ௨ৗঢ়ଶΛΓସ͑Δ੍ޚΛ͜͏ߦͱͰס૩
ੑࣗମ͕Γཱ͍ͬͯΔՄੑ͕͋Δ (ਤ 3.14)ɽ
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水和状態 
(OFF 状態)

無代謝状態 
(ON 状態)

NF-YC

Positive FBL System

乾燥耐性関連遺伝子

NF-YC

Positive FBL System

乾燥耐性関連遺伝子

トレハロース  
処理

ਤ 3.14: ຊڀݚͰࣔࠦͨ͠Pv11ࡉ๔ʹ͓͚Δס૩ੑON/OFF੍ߏػޚͷ֓೦ਤ

ຊڀݚͰਪఆͨ͠ Pv11ࡉ๔ͷס૩ੑʹؔ͢ΔҨޚ੍ࢠωοτϫʔΫʹ͓͍ͯ 4ͭ

ͷ Positive FBL͕ଘͨ͠ࡏ (ਤ 3.11)ɽPositive FBLҨޚ੍ࢠʹ͓͍ͯೖྗͷڧऑʹ

Ԡͨ͡ग़ྗͷON/OFFΛ੍͢ޚΔߏͰ͋Δ͜ͱ͕ใ͞ࠂΕ͍ͯΔ [139]ɽ͜ͷݟͱ

ຊڀݚͷ݁ՌΛ౷߹ͯ͑͠ߟΔͱɼτϨϋϩʔεॲཧס૩ʹԠͯ͡ס૩ੑؔ࿈Ҩࢠ

ͷൃ͕ݱONʹͳΓ Pv11ࡉ๔ס૩ͯ͠ࢮͳͳ͍ঢ়ଶʹɼ࠶ਫʹΑͬͯݩͷঢ়ଶʹ

Δͱ͍͏Α͏ʹɼPv11ࡉ๔͜ΕΒͷ Positive Feedback LoopΛར༻͢Δ͜ͱͰແ

ँঢ়ଶͱ௨ৗঢ়ଶΛΓସ͑Δ੍ޚΛ͜͏ߦͱͰס૩ੑࣗମ͕Γཱ͍ͬͯΔՄੑ͕

͋Δɽ
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ୈ4ষ ݁

4.1 ݴ݁
ຊڀݚͰɼPv11ࡉ๔ͷס૩ੑʹؔ༩͢ΔҨ͓܈ࢠΑͼͦΕΒΛ੍͢ޚΔ

స੍ࣸޚωοτϫʔΫͷਪఆʹסͮ͘ج૩ੑ੍ߏػޚʹؔ͢ΔݟΛಘΔ͜ͱ
Λతͱͨ͠ɽͦͯ͠ɼPv11ࡉ๔ͷס૩ੑ֫ಘظʹ͓͍ͯੜମো؇ʹؔ
ΘΔҨ܈ࢠɼ࠶ਫظʹ͓͍ͯ DNAम෮ʹؔΘΔҨ͕ؔ܈ࢠ༩͢ΔՄ
ੑΛࣔͨ͠ɽ͜ΕΒҨ܈ࢠͷ্ྲྀͷ੍ؔޚΛਪఆ͢Δ͜ͱͰPv11ࡉ๔ͷס૩
ੑ੍ߏػޚΛྲ্ྀ࠷Ͱ੍͢ޚΔసࣸҼࢠͱͯ͠NF-YC͕ଘ͢ࡏΔ͜ͱɼͦͯ͠
NF-YC͔Βס૩ੑؔ࿈Ҩ܈ࢠͷ੍ޚʹෳͷFeed Forward Loop੍ؔޚ
ͱͦΕΒͷؒͷPositive Feedback Loop੍҆ͮ͘جʹޚఆͨ͠ON/OFF੍ߏػޚ
ʹΑΓס૩ੑ੍ߏ͕ߏػޚங͞Ε͍ͯΔՄੑΛࣔͨ͠ɽ

4.2 Pv11ࡉ๔ͷס૩ੑ֫ಘ͓Αͼ࠶ਫ෮ؼΛ͑ࢧ
ΔҨ܈ࢠͷಉఆ

2ষͰɼPv11ࡉ๔ͷס૩ੑ֫ಘ͓Αͼ࠶ਫ෮ؼͷߏػΛ໌Β͔ʹ͢Δ͜ͱ
Λతͱͯ͠ɼ֤աఔʹ͓͍ͯൃݱมಈҨࢠͷݕग़͓ΑͼͦͷػղੳΛߦͳͬ
ͨɽͦͷ݁Ռɼס૩ੑ֫ಘظʹ͓͍ͯݸମϨϕϧͷס૩ੑʹ͓͍ͯॏཁੑ
͕ࣔ͞Ε͍ͯΔLEAɼνΦϨυΩγϯɼPIMTҨࢠͱ͍ͬͨੜମোͷ؇ʹؔ
ΘΔҨࢠͷҰ෦ͷݱൃߴʹՃ͑ɼछʑͷస࣭ࣸࢷບͷোΛम෮͢Δετ
ϨεԠҨࢠ (NMD Proteinɼglutathione S-transferaseɼATP-dependent RNA

helicase͓ΑͼDEAD box ATP-dependent RNA helicase)ੜମোͱͳΔԽֶ
࣭ͷແಟԽΛߦͳ͏Ҩࢠ (UDP-glucuronosyltransferase carboxylesterase)

͕Pv11ࡉ๔ͷτϨϋϩʔεॲཧ࣌ಛҟతʹݦஶʹൃ্ݱঢ͢Δ͜ͱ͕֬ೝ͞Εͨ
(2.3.3͓Αͼ 2.3.5খઅࢀর)ɽ
म෮͓Αͼඇ૬ಉ݁ڈɼ૬ಉସ͑ɼψΫϨΦνυআ͍͓ͯʹظਫ࠶

ͮ͘جʹ߹ DNAम෮ߏػʹؔ༩͢ΔҨ܈ࢠͷݦஶͳൃ্ݱঢ͕֬ೝ͞Εɼ͜
ͷதͰಛʹඇ૬ಉ݁߹ʹؔ͢ΔҨࢠݸମͰͷݦஶͳൃ্ݱঢ͕ݟΒΕ
Δ Pv11ࡉ๔ಛҟతʹൃ্ݱঢ͢Δ͜ͱ͕໌Β͔ͱͳͬͨ (2.3.4͓Αͼ 2.3.5খઅ
র)ɽࢀ
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͜ΕΒͷ݁ՌΛ౷߹ͯ͑͠ߟΔ͜ͱͰɼPv11ࡉ๔ʹ͓͚Δࡉ๔Ϩϕϧͷס૩
ੑݸମϨϕϧͷס૩ੑΑΓס૩ੑ֫ಘظʹ͓͍ͯΑΓൣ͍ғͷো
ʹର͢ΔରࡦΛߦͳ͏ͨΊͷҨࢠͷ४උΛߦͳ͏ߏػΛඋ͍͑ͯΔ͜ͱɼ࠶ਫ
ظʹ͓͍ͯݸମʹ͓͚ΔDNAम෮ߏػʹՃ͑ͯૣٸʹDNAͷোΛम෮
͢Δඇ૬ಉ݁߹ߏػΛඋ͍͑ͯΔ͜ͱΛࣔࠦͨ͠ɽ
ຊڀݚͰಘΒΕͨ͜ΕΒͷݟɼ͜Ε·ͰʹະͩͬͨPv11ࡉ๔ͷࡉ๔Ϩϕ

ϧͷס૩ੑߏػʹؔ͢ΔॳΊͯͷࢠੜֶతͳݟͰ͋ΓɼຊߏػΛߏ͢
ΔҨ܈ࢠͷީิΛࣔͨ͠ɽ

4.3 Pv11ࡉ๔ͷס૩ੑΛ͑ࢧΔϚελʔసࣸҼࢠͱ
స੍ࣸߏػޚͷਪఆ

3ষͰ 2ষͰಘΒΕͨݟؚΊͯɼ͜Ε·Ͱʹס૩ੑʹॏཁͰ͋Δ͜ͱ
͕ࣔ͞ΕͨҨ܈ࢠͷ੍ߏػޚͷղ໌Λ͠ࢦɼτϨϋϩʔεॲཧ͓Αͼ࠶ਫ
ͳͬͨɽߦωοτϫʔΫͷਪఆΛޚ੍ࢠҨʹݩΛྔݱൃࢠҨྻܥ࣌Δ͚͓ʹ࣌
ਪఆͨ͠Ҩޚ੍ࢠωοτϫʔΫΛס૩ੑΛͨ࣋ͳ͍γϣδϣόΤͷެ
ͷస੍ࣸޚωοτϫʔΫͱൺֱ͢Δ͜ͱʹΑΓɼ২ʹ͓͍ͯׯͭ͘ετϨ
εੑʹॏཁͰ͋Δ͜ͱ͕ใ͞ࠂΕ͍ͯΔNF-YC͕ס૩ੑؔ࿈Ҩ܈ࢠͷ্࠷
ྲྀసࣸҼࢠͱͯ͠ಇ͍͍ͯΔՄੑΛࣔͨ͠ (3.3.5খઅࢀর)ɽ͞Βʹɼ͜ΕΒస
ࣸҼࢠͱס૩ੑؔ࿈Ҩ܈ࢠͷؒͷ੍ؔޚʹ͢Δ͜ͱͰɼϊΠζআڈʹ
ॏཁͳ Feed Forward Loop੍ߏޚͱɼͦͷؒʹ͓͚Δෳͷ Positive Feedback

Loop੍͕ޚଘ͢ࡏΔ͜ͱΛ໌Β͔ʹͨ͠ɽPositive Feedback Loop੍ߏޚೖ
ྗͷڧʹԠͨ͡ग़ྗͷON/OFFͷ҆ఆͨ͠Γସ͑ʹॏཁͰ͋Δͱ͍͏͜ͱ͕
ใ͞ࠂΕ͍ͯΔɽ͜ͷઌڀݚߦͱຊ݁ՌΛ౷߹ͯ͑͠ߟΔ͜ͱͰɼτϨϋϩʔε
ॲཧס૩ʹԠͯ͡ס૩ੑؔ࿈Ҩࢠͷൃ͕ݱONʹͳΓPv11ࡉ๔ס૩ͯ͠
ࢮͳͳ͍ঢ়ଶʹɼ࠶ਫʹΑͬͯݩͷঢ়ଶʹΔͱ͍͏Α͏ʹɼࡉ๔Ϩϕϧͷ
૩ੑס Positive Feedback LoopΛར༻͢Δ͜ͱͰແँঢ়ଶͱ௨ৗঢ়ଶΛ
Γସ͑Δ੍ޚʹΑΓΓཱͭՄੑΛࣔࠦͨ͠ (ਤ 3.11)ɽ
ຊڀݚʹΑΓಘΒΕͨݟɼס૩ੑʹ͓͍͍ͯ·ͩ໌Β͔ʹ͞Ε͍ͯͳ͔ͬ

ͨҨޚ੍ࢠͷߏػʹؔ͢ΔݟͰ͋ΓɼࠓճNF-YCΛॳΊͱͯ͠ס૩ੑʹॏ
ཁͳׂΛՌͨ͢Մੑ͕͋ΔసࣸҼࢠͱͦͷ੍ؔޚʹؔ͢ΔީิΛࣔ͢ͷ
Ͱ͋Δɽ͜ΕΒͷݟɼޙࠓͷס૩ੑ੍ޚʹΑΔผੜछͷס૩ੑ༩
ʹΑΔอଘ͕͍͠ੜ৯ͳͲͷظอଘΛՄʹ͢Δٕज़ͷ։ൃͳͲΛࢦ
ճಉఆͨ͠NF-YCPositiveࠓɼ͍͓ͯʹڀݚͨ͠ Feedback Loop੍ߏػޚΛର
ͱ͢ΔੜҨࢠಋೖʹΑΓΈࠐΉ͜ͱΛఏҊ͢Δͱ͍͏Ͱॏཁͳׂ
ΛՌͨ͢ͱ͑ߟΒΕΔɽ
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4 ݁ 4.4. ͷలޙࠓ

4.4 ͷలޙࠓ
·ͣॳΊʹɼຊղੳʹΑͬͯס૩ੑΛߏங͢ΔͨΊʹेͳస੍ࣸޚͷؔ

͕γεςϜϨϕϧͰࣔࠦ͞ΕͨΘ͚͕ͩɼ͜ΕΒͷ͏ͪס૩ੑߏػΛΓཱͨ
ͤΔͨΊʹ࣮ࡍʹͲͷస੍͕ࣸޚඞཁͳͷ͔Ͳ͏͔Λ໌Β͔ʹ͢Δඞཁ͕͋Δɽ
ۙɼPv11ࡉ๔ʹରͯ͠RNAiΛ༻͍ͨ knock downʹΑΔ࣮ߏ͕ܥݧங͞Ε
ͨ [147]ɽ͜ͷܥΛར༻͢Δ͜ͱͰɼࠓճఏҊͨ͠NF-YCPositive FBLΛߏ
͢ΔసࣸҼࢠΛKnock Downͨ͠ࡍʹ Pv11ࡉ๔ͷס૩ੑ͕ࣦΘΕΔͷ͔Λݕ
ূ͢Δ͜ͱͰඞਢͳసࣸҼࢠͱͦͷస੍ࣸߏޚΛ໌Β͔ʹͰ͖Δͱ͑ߟΒΕΔɽ
૩ੑͷҧ͍Λ໌Β͔ס๔ͷࡉͷలͱͯ͠ɼωϜϦϢεϦΧͷମͱPv11࣍

ʹ͢Δ͜ͱ͕͑ߟΒΕΔɽ֬ࡏݱೝ͞Ε͍ͯΔ͜ͱͱͯ͠ɼPv11ࡉ๔࠶ਫޙ
ͷોੜ͕ 20%ҎԼʹͱͲ·͍ͬͯΔҰํͰɼωϜϦϢεϦΧମͷ࠶ਫޙͷ
ોੜ 93%ఔͱ͜ͷؒʹඇৗʹେ͖ͳဃ͕ଘ͢ࡏΔɽ͜Εͭ·Γɼή
ϊϜ͕ಉҰʹؔΘΒͣPv11ࡉ๔ʹͳ͍ોੜΛܶతʹ͋͛ΔͨΊͷస੍ࣸޚ
ΛؔޚΒΕɼ͜ͷΑ͏ͳస੍ࣸ͑ߟΔͱ͍ͯͬ࣋ΛωϜϦϢεϦΧମؔ
ຊڀݚͰ༻͍ͨํ๏ͱಉ༷ʹղੳ͢Δ͜ͱͰࡉ๔ʹ͓͍ͯɼΑΓݻڧͳס૩
ੑߏػͷ࣮͕ݱՄʹͳΔͱ͑ߟΒΕΔɽ
ຊڀݚͰ 3.3.1খઅͰ໌Β͔ʹͳͬͨ௨Γɼ࠶ਫޙʹ͓͚ΔϛτίϯυϦ
Ξ༝དྷͷసࣸͷྔͷൺ͕ۃʹ૿Ճ͢Δ݁ՌΛಘͨɽ͢ͳΘͪɼ࠶ਫ࣌ಛ
ҟతʹϛτίϯυϦΞήϊϜ༝དྷͷRNA͕͢ݱൃߴΔ͜ͱͰɼࢮͷ͔Βોͬͯ
͘ΔPv11ࡉ๔͕ΤωϧΪʔΛ࢈ʹൃ׆ੜͤ࢝͞ΊΔ͕ߏػଘ͢ࡏΔՄੑ͕͑ݟ
͖ͯͨͱ͑ݴΔɽ͜Εࠓ·Ͱʹൃ͞ݟΕ͖ͯͨੜମোΛࠀ͢Δͱ͍͏डಈ
తͳΈͱҟͳΓɼࣗΒੜ͖ฦΔͨΊʹΤωϧΪʔΛੜΈग़͢ͱ͍͏ಈత
ͳΈͷൃݟͱ͍͑Δɽ͜ͷPv11ࡉ๔ͷ࠶ਫʹΑΔોੜաఔͰͷϛτίϯυ
ϦΞͷؔ༩ٴͼؔ࿈Ҩࢠͷಉఆɼͦͯͦ͠ΕΒҨࢠͷൃݱΛۦಈ͢ΔసࣸҼ
૩ʹΑͬסͷ͔Βͷ٫ϝΧχζϜ͕ղ໌Ͱ͖ΕɼࢮΛಉఆ͢Δ͜ͱͰɼࢠ
ͯԾࢮঢ়ଶͱͯ͠อଘͨ͠ੜ͖Λࣗࡏʹ෮ͤ͞׆Δ͜ͱ͕Ͱ͖ΔΑ͏ʹͳΔՄ
ੑ͕͋Δɽ
ΞϧΰϦζϜͷఏنωοτϫʔΫਪఆʹؔ͢Δ৽ޚ੍ࢠͷలͱͯ͠ɼҨ࣍
Ҋ͕͑ߟΒΕΔɽ͜Ε·ͰͷڀݚͰసࣸҼࢠͱλʔήοτҨࢠ੍͚ͯؔޚ
͚ͣʹશҨࢠͱλʔήοτҨࢠΛ༧ଌ͍͕ͯͨ͠ɼཧతʹసࣸҼ
ͷ݁߹ใͳ͠ͷࢠΔඞཁ͕͋Γɼ͜ΕʹΑΓసࣸҼ͑ߦΛରͱͨ͠༧ଌ͕ࢠ
ղੳ͕ՄͱͳΔɽ͔͠͠ɼ͜ΕΛߦͳ͏ͱରͱ͢ΔҨࢠ͕૿Ճ͢Δ͜ͱ
ͱͳΔɽωϜϦϢεϦΧͷྫͰసࣸҼࢠͷ͕ ࢠରͯ͠શҨʹݸ176 28415

ࠂগʹ݁͢Δ͜ͱ͕ใݮͷ૿Ճਪఆਫ਼ͷࢠΔɽରͱ͢ΔҨ͢ࡏଘݸ
͞Ε͍ͯΔɽͦ͜Ͱɼ͜ͷΑ͏ͳҨࢠ૿େʹ͏ਪఆਫ਼ͷݮগΛ͑ΔͨΊ
ʹɼճؼΞϧΰϦζϜͷʹணͨ͠ɽ͢ͳΘͪରͱ͢ΔҨࢠ͕গͳ
͕ࢠσʔλఔΑ͘ద߹͢Δ݁ՌΛಘΒΕΔҰํͰɼରͱ͢ΔҨʹ͍࣌
૿େ͢Δͱࣗ༝ͳճ͕ؼՄʹͳΓσʔλʹաʹద߹ͯ͠͠·͏͜ͱʹΑΓਪ
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4 ݁ 4.4. ͷలޙࠓ

ఆਫ਼͕ஶ͘͠མͪΔͱ͑ߟΒΕɼ͜ΕΛ͑Δ͜ͱͰରͱ͢ΔҨࢠ૿େ
ʹ͏ਪఆਫ਼ͷݮগΛ͑ΒΕΔͱ͑ߟΒΕΔɽͦ͜Ͱ͜ͷΑ͏ͳաͳσʔ
λͷద߹Λճආ͢ΔͨΊʹਪఆ࣌ʹ͓͚Δ੍ؔޚʹؔ͢Δਖ਼ଇԽͷద༻ʹΑͬ
ͯ͜ΕΛ࣮͢ݱΔ͜ͱ͕Ͱ͖Δͱ͑ߟΒΕΔɽ
γες͚ͨʹͳͳ͍ੜ໋ͷੜࢮ૩ͯ͠סΑΔɼʹޚ૩ੑͷ੍סʹޙ࠷

Ϝશମʹର͢ΔแׅతͳలΛड़ΔɽຊڀݚͰɼPv11ࡉ๔ͷס૩ੑ֫ಘظ
͓Αͼ࠶ਫظʹཁ͢Δؒ࣌ͷ؍͔Βஈ֊ͱ͑ߟΒΕΔҨޚ੍ࢠωοτ
ϫʔΫʹͯ͠ɼͦͷ੍ޚωοτϫʔΫͷਪఆΛߦͳͬͨɽஈ֊ʹ͢Δ
͜ͱݱͷཧղʹ༗ޮͰ͋Δ͕ɼͦͷݱͷ੍ޚΛߦͳ͏ͨΊʹஈ֊
Ҏ֎ͷཁૉͷܽͳͲΛݟಀͨ͢ΊෆेͰ͋Δɽ͜͜ͰɼPv11ࡉ๔ͷס૩ੑ
֫ಘ͔Β࠶ਫʹΑΔࡉ๔྾࠶։·ͰͷաఔΛ࠶֬ೝ͢ΔɽPv11ࡉ๔ͷס૩
ੑ֫ಘɼ·ͣߴೱͷτϨϋϩʔεΛؚΜͩഓॲཧʹΑΓ࢝·Δɽ͜ͷ࣌ɼ
๔ʹใͱͯ͠ࡉ͠ײ๔෦Ͱɼ͜ͷ௨ৗͷੜཧ݅ͱҟͳΔঢ়ଶΛࡉ
͑ΔγάφϧୡΛߦͳ͏ͱ͑ߟΒΕΔɽγάφϧୡʹΑΓ֩ʹ͜ͷใ
͕ୡ͢Δͱࠓճਪఆͨ͠Ҩۦ͕ߏػޚ੍ࢠಈ͞Εछʑͷס૩ੑؔ࿈Ҩࢠ
ͷൃ͕ݱ༠ಋ͞ΕΔɽेʹס૩ੑؔ࿈Ҩࢠͷൃ͕ݱ४උ͞ΕΔͱɼס૩ʹ
ରͯ͠ଟ͘ͷँੑ׆ΛԼ͠ͳ͕Βແँঢ়ଶͱҠ͢ߦΔɽͦͯ͠࠶ਫΛ
༩͑ΒΕΔ͜ͱͰγάφϧୡΛհͨ͠Ҩۦ͕ݱൃࢠಈ͞Εɼँੑ׆Λݩͷ
ঢ়ଶʹͯ͠ࡉ๔྾Λ࠶։͢Δɽ͜ͷҰ࿈ͷաఔʹ͓͍ͯɼຊڀݚͰࣔࠦ͞Ε
ͨ͜ͱҨݶʹߏػޚ੍ࢠఆ͞Ε͓ͯΓɼ͍·ͩʹͲͷΑ͏ͳγάφϧୡܦ
࿏Λ༻͍ͯҨߏػޚ੍ࢠͷۦಈΛߦͳ͏͔ɼँੑ׆ͷ੍ͱੑ׆ͲͷΑ͏
๔ʹ͓͍ͯɼ͜ΕΒͷΛ໌Β͔ࡉͳ͏͔໌Β͔ʹͳ͍ͬͯͳ͍ɽPv11ߦʹ
Ͱ͕͢ڀݚΫϚϜγઢʹ͓͍ͯଟ͘ͷͭ࣋૩ੑΛסͳ͍͕ڀݚͨ͠ʹ
ΘΕ͖ͯͨߦʹ (1.2.1.2খʑઅࢀর)ɽ͜ΕΒͷݟΑΓɼס૩ੑʹ͓͍ͯPv11

࿏ͷީิͱͯ͠MAPK/ERKɼJNKɼp53͓Αܦ๔͕ར༻͢Δγάφϧୡࡉ
ͼAMPKܦ࿏͕͑ߟΒΕΔɽ·ͨɼຊڀݚͰਪఆͨ͠Ҩޚ੍ࢠωοτϫʔΫͷ
Λར༻͢Δ͜ͱͰ͜ΕΒγάφϧݟNF-YCͰ͋Δɼͱ͍͏͕ࢠసࣸҼྲ্ྀ࠷
ୡܦ࿏ͷதͰNF-YCͷൃݱʹؔΘΔܦ࿏Λ໌Β͔ʹ͢Εס૩ੑʹ͓͚Δγά
φϧୡͱҨޚ੍ࢠͷؒΛ͙ؔܨΛ໌Β͔ʹͰ͖Δ (ਤ 4.1)ɽ࣍ʹɼҨ੍ࢠ
ࡉ͢ΔɽτϨϋϩʔεͰ෴ΘΕ͍ͯΔPv11͍ٞͯͭʹ͙ؔܨͱँͷؒΛޚ
๔ʹ͓͍ͯɼ֎քͱͷ࣭ͷΓͱΓ͕ःஅ͞Εͨঢ়ଶʹͳ͓ͬͯΓɼPv11ࡉ
๔ʹ͓͚Δँͷ͓ੑ׆Αͼ੍࣭جͰͳ͘ɼ͜ΕΒͷԠΛ৮ഔ͢Δ߬ૉ
ͷൃݱΛ੍͢ޚΔ͜ͱͰΓཱ͍ͬͯΔͱ͑ߟΒΕΔɽ͜ΕΒͷ߬ૉΛίʔυ͢
ΔҨ܈ࢠຊڀݚͰਪఆͨ͠Ҩޚ੍ࢠωοτϫʔΫͷʹ͋ͨΔϞδϡʔ
ϧʹؚ·Ε͍ͯΔɽ͜ͷँʹີʹؔΘΔ߬ૉΛίʔυ͢ΔҨ܈ࢠΛؚΉϞ
δϡʔϧͱ্ྲྀҨޚ੍ࢠʹͨ͠ղੳΛਐΊΔ͜ͱͰҨޚ੍ࢠͱँͷؒ
Λ͙ؔܨΛ໌Β͔ʹͰ͖Δ (ਤ 4.1)ɽຊڀݚͰਪఆͨ͠Ҩޚ੍ࢠωοτϫʔΫ
ʹՃ͑ͯγάφϧୡɼँͱͷ͖ؔͮجʹੑแׅతͳס૩ੑγεςϜΛ໌
Β͔ʹ͢Δ͜ͱͰɼס૩ੑΛ༩͍ͨ͠ผੜछʹ͓͍ͯܽଛ͍ͯ͠Δཁૉ (͜
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4 ݁ 4.4. ͷలޙࠓ

ΕΒશͯγάφϧୡܦ࿏Λߏ͢ΔλϯύΫ࣭Λίʔυ͢ΔҨࢠɼҨࢠ
ɼँԠΛ৮ഔ͢ΔλϯύΫ࣭Λίʔυ͢ࢠ͢ΔҨߏωοτϫʔΫΛޚ੍
ΔҨࢠͰ͋ΔͨΊ)ΛҨࢠಋೖ͢Δ͜ͱʹΑͬͯס૩ͯ͠ࢮͳͳ͍ੜͷ
ੜ͕ՄʹͳΔɽ
͜ΕΒͷలΛୡ͢Δ͜ͱʹΑΓɼΑΓแׅత͔ͭਖ਼֬ͳס૩ੑ੍ߏػޚ

ͷղ໌͕͑ߦΔͱ͑ߟΒΕΔɽ
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4 ݁ 4.4. ͷలޙࠓ

細胞膜

高濃度トレハロース含有

NF-YC

Positive FBL System

(候補 : MAPK/ERK,  
            JNK, p53, AMPK)

乾燥耐性関連遺伝子
(LEA, TRX, etc)

代謝反応を触媒する
酵素のコード遺伝子

代謝

遺伝子制御

シグナル伝達

ਤ 4.1: ߏػޚ੍ͨ͠ʹΒ͔໌ࡏݱ૩ੑγεςϜͷશ༰ͱס

ຊڀݚͰ Pv11ࡉ๔ͷס૩ੑ֫ಘظɼ࠶ਫظʹཁ͢Δؒ࣌ͷ؍͔ΒҨޚ੍ࢠʹ

ண͠ྲ্ྀ࠷సࣸҼࢠͱͯ͠NF-YCʹΑΔ Positive Feedback Loop੍ޚʹΑΔס૩

ੑؔ࿈Ҩ܈ࢠͷҨߏػޚ੍ࢠʹΑΔס૩ੑγεςϜʹର͢ΔݟΛಘͨɽҰํͰɼ

͜ͷҨߏػޚ੍ࢠͷۦಈΛߦͳ͏γάφϧୡܦ࿏͓ΑͼԼྲྀʹଘ͢ࡏΔँܦ࿏ʹ

ؔͯ͠ະͰ͋Δɽγάφϧୡʹ͍ͭͯΫϚϜγઢʹ͓͚Δס૩ੑʹؔ͢Δ

ઌڀݚߦʹΑΓMAPK/ERKɼJNKɼp53ɼAMPKܦ࿏͕ؔΘΔ͜ͱ͕ใ͞ࠂΕ͓ͯΓɼ

Pv11ࡉ๔ͷס૩ੑγεςϜʹ͓͚Δγάφϧୡͱͯ͠࠷༏ઌʹ͢ূݕ͖ܦ࿏ͱ

ͳΔɽ·ͨɼຊڀݚͰಘΒΕͨNF-YC͕Ҩߏػޚ੍ࢠʹ͓͚Δྲ্ྀ࠷సࣸҼࢠͰ͋Δ

ͱ͍͏ݟΛར༻͢Δ͜ͱͰɼ͜ΕΒγάφϧୡܦ࿏ͷ͏ͪNF-YCͷൃݱΛ༠ಋ͢Δ

γάφϧୡܦ࿏Λ͚ͭݟΕɼס૩ੑγεςϜʹ͓͚ΔγάφϧୡͱҨޚ੍ࢠͷ

ΔԠͷ৮͢ޚΑͼ੍Λ੍͓ੑ׆Λ໌Β͔ʹͰ͖Δɽଓ͍ͯँʹؔͯ͠ɼँؔ

ഔͰ͋Δ߬ૉຊڀݚͰਪఆ͞ΕͨҨޚ੍ࢠωοτϫʔΫʹ͓͍ͯ࠷ͷϞδϡʔϧ

ʹؚ·Ε͍ͯΔɽ͜ΕΒͷϞδϡʔϧͷҨ܈ࢠͷൃݱมಈΛΑΓৄࡉʹղੳ͢Δ͜ͱ

ʹΑͬͯҨޚ੍ࢠͱँͷؔΛ໌Β͔ʹͰ͖Δɽ
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ँࣙ

ຊڀݚɼஶऀ͕ܚጯٛक़େֶେֶӃཧڀݚֶՊظޙത࢜՝ఔֶࡏதʹɼಉ
େֶཧֶ෦ੜ໋ใֶՊ सܒڮ।ڭतͷࢦಋͷͱʹߦͳͬͨڀݚͷՌΛ·
ͱΊͨͷʹͳΓ·͢ɽ
·ͣຊڀݚΛ·ͱΊΔʹ͋ͨΓɼৗʹʹڀݚ༰ͷ૬ஊʹ͍͖ͬͯͨͩ

͖͑Εͳ͍ॿݴΛࣀΓ·ͨ͠सܒڮ।ڭतʹਂँ͍ͨ͠·͢ɽसܒڮ।ڭतʹ
ຊڀݚʹؔΘΔࢦಋʹݶΒͣɼֶձൃදʹ͓͚ΔϓϨθϯςʔγϣϯ༰ͷ
༰ʹؔͯ͠ன͍ಋͳͲ෯ࢦΘΔؔʹݖ࡞ॏཁͳஶͯ͠ࡍʹ࣌ಋจࣥචࢦ
ΛΘͣʹʹ͝ࢦಋΛࣀΓ·ͨ͠ɽ͞ΒʹఆྔੜֶͷձɼωϜϦϢεϦ
ΧϫʔΫγϣοϓɼϩγΞͰ։͞࠵ΕͨLIFE OF GENOMESͳͲɼຊڀݚΛ·ͱ
ΊΔʹ͋ͨΓඇৗʹҙٛਂ͍ࢦఠΛଟ͍͚ͨͩΔൃදͷػձΛଟ͘༩͍͑ͯͨ
͖ͩ·ͨ͠ɽ·ͨɼ໊༪͋Δಉେֶͷॿڭͱ͍͏৬ͷಓΛ͍͖ࣔͯͨͩ͠ɼ͜
ΕʹΑΓऀڀݚͰ͋ΓڭҭऀͰ͋Δେֶͷڭһͱͯ͠ͷݧܦΛ͍͖ͤͯͨͩ͞·
ͨ͠ɽ৺ΑΓँײਃ্͛͠·͢ɽ
͝ଟ༻ʹؔΘΒֶͣҐจ৹ࠪʹͯ෭ࠪΛҾ͖ड͚ͯͩͬͨ͘͞ܚጯٛक़େ

ֶཧֶ෦ੜ໋ใֶՊ Ԭߒଠڭतɼಉେֶཧֶ෦ੜ໋ใֶՊ ڭจ߁ݪࡗ
तɼಉେֶཧֶ෦ੜ໋ใֶՊ ډ৴ӳڭतʹຊڀݚՌΛ·ͱΊΔʹ͋ͨ
Γɼڀݚͷਖ਼ੑʹཹ·Βͣຊ͔ڀݚΒಘΒΕͨ݁Ռͷղऍҙٛʹ͍֤ͭͯઐ
ͷ؍͔Βେมوॏͳ͝ࢦఠΛࣀΓ·ͨ͠ɽ͜ͷΛ͓आΓͯ͠ਂ͘ँײ
͍ͨ͠·͢ɽ
ཧՊେֶༀֶ෦ༀֶՊژ౦ޱࢁཱࢢཅখాࢁ ΛਐΊΔڀݚतʹڭࢠҪլ

ʹ͋ͨΓੜֶతͳ؍͔Βଟ͘ͷ͝ࢦఠΛࣀΓ·ͨ͠ɽղੳΛத৺ͱͨ͠ڀݚ
ߦʹΑΓσʔλղੳͷ݁Ռͱੜ໋ݱͷ݁ͼ͖͕ͭബ͘ͳΓͦ͏ͳ࣌ʹɼৗʹ
ͦͷؔΛ͑ߟΔ্Ͱॏཁͳݟͷఏڙ͝ࢦಋΛ͍͖ͨͩ·ͨ͠ɽް͘ྱޚਃ
্͛͠·͢ɽ
ۀɾ৯ٕۀ࢈ज़૯߹ߏػڀݚੜػར༻ڀݚ෦ ԫాོ༸ത࢜ʹຊ

๔ͷτϥϯεΫϦϓτʔϜσʔλΛࡉΔʹ͋ͨΓඞཁෆՄܽͳPv11͢ߦΛڀݚ
ఏ͖͍ͩͨڙ·ͨ͠ɽԫాོ༸ത࢜ʹڀݚΛਐΊΔʹ͋ͨΓղੳ݁Ռʹؔ͢
ΔσΟεΧογϣϯΛৗʹշ͘ঝ͍͖ͨͩɼס૩ੑΛ࣠ͱͨ͠ੜཧֶతͳ؍
͔Βֶज़จΛ·ͱΊΔ্Ͱॏཁͳ͝ࢦఠΛ͍͖ͨͩ·ͨ͠ɽ·ͨԫాڀݚ
ࣨͷڀݚһɼֶੜͷํʑʹڀݚΛ·ͱΊΔʹ͋ͨΓٞΛ͍͖ͤͯͨͩ͞ɼଟ
͘ͷॏཁͳ͝ࢦఠΛ͍͖ͨͩ·ͨ͠ɽԫాོ༸ത࢜ͳΒͼʹੜػར༻ڀݚ
෦ͷRichard Cornetteത࢜ɼాٶ༎ޗത࢜ɼेُཅҰത࢜ ݱ) ౡߴۀ
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ઐֶߍ ಛ໋ॿڭ)ɼ౦ژେֶେֶӃ৽ྖҬՊֶڀݚՊઌੜ໋ઐ߈ͷಙຊᠳঁࢠ
ɽ͢·͍ͨ͠ँײਂ͘ʹ࢙
ۀੜڀݚݯࢿॴ ݱ) ۀɾ৯ٕۀ࢈ज़૯߹ߏػڀݚ)ɹߦࠀ࣍ത࢜ ނ)

ਓ)ʹڀݚΛ։ͨ࢝͠ॳʹωϜϦϢεϦΧήϊϜσʔλͷऔΓѻ͍ํ๏ʹ͍ͭ
Γ·ͨ͜͠ͱɼ͜ࣀಋΛࢦ͝ʹಋ͍͖ͨͩ·ͨ͠ɽॳาతͳ࣭ʹਝࢦͯ͝
ͷΛ͓आΓͯ͠ँײਃ্͛͠·͢ɽ
ཧԽֶڀݚॴKFUԠ༻ήϊϜಛผϢχοτ Oleg Gusevത࢜ʹຊڀݚΛਐΊΔ
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jita, Katarzyna Śnigórska, Masahiko Watanabe, and Takashi Okuda.

Dehydration-inducible changes in expression of two aquaporins in the

sleeping chironomid, polypedilum vanderplanki. Biochim Biophys Acta

Biomembr, Vol. 1778, No. 2, pp. 514–520, 2008.

[114] Eric Weterings and David J Chen. The endless tale of non-homologous end-

joining. Cell Res., Vol. 18, pp. 114–124, 2008.

[115] Anthony J Davis and David J Chen. DNA double strand break repair via

non-homologous end-joining. Transl Cancer Res., Vol. 2, No. 3, pp. 130–143,

2013.

[116] Zhiyong Mao, Michael Bozzella, Andrei Seluanov, and Vera Gorbunova.

Comparison of nonhomologous end joining and homologous recombination

in human cells. DNA Repair (Amst.)., Vol. 7, No. 10, pp. 1765–1771, 2008.

120



[117] Sebastien Dupont, Alexander Rapoport, Patrick Gervais, and Laurent

Beney. Survival kit of Saccharomyces cerevisiae for anhydrobiosis. Appl.

Microbiol. Biotechnol., Vol. 98, No. 21, pp. 8821–8834, 2014.

[118] James S Clegg. Cryptobiosisʕa peculiar state of biological organization.

Comp. Biochem. Physiol. B, Biochem. Mol. Biol., Vol. 128, No. 4, pp. 613–

624, 2001.

[119] Rie Hatanaka, Oleg Gusev, Richard Cornette, Sachiko Shimura, Shingo

Kikuta, Jun Okada, Takashi Okuda, and Takahiro Kikawada. Diversity of

the expression profiles of late embryogenesis abundant (LEA) protein encod-

ing genes in the anhydrobiotic midge Polypedilum vanderplanki. Planta, Vol.

242, No. 2, pp. 451–459, 2015.

[120] Richard Cornette, Yasushi Kanamori, Masahiko Watanabe, Yuichi Naka-

hara, Oleg Gusev, Kanako Mitsumasu, Keiko Kadono-Okuda, Michihiko

Shimomura, Kazuei Mita, Takahiro Kikawada, et al. Identification of

anhydrobiosis-related genes from an expressed sequence tag database in the

cryptobiotic midge Polypedilum vanderplanki (diptera; chironomidae). J.

Biol. Chem., Vol. 285, No. 46, pp. 35889–35899, 2010.

[121] Simon Andrews. FastQC: a quality control tool for high throughput sequence

data. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/,

2010.

[122] Chien-Chi Lo and Patrick SG Chain. Rapid evaluation and quality control of

next generation sequencing data with FaQCs. BMC Bioinformatics, Vol. 15,

No. 366, 2014.

[123] Daehwan Kim, Ben Langmead, and Steven L Salzberg. HISAT: a fast spliced

aligner with low memory requirements. Nat. Methods, Vol. 12, pp. 357–360,

2015.
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