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Àêòóàëüíîñòü. Ìóòàöèè â ãåíå ABCA4 âûçûâàþò øèðîêèé ñïåêòð ðåöåññèâíûõ àáèîòðîôèé ñåò÷àòêè, â òîì ÷èñëå áîëåçíü
Øòàðãàðäòà. Ñåêâåíèðîâàíèå ïîëíîé áåëîê-êîäèðóþùåé ïîñëåäîâàòåëüíîñòè ãåíà ó áîëüíûõ ñ êëèíè÷åñêèìè ïðèçíàêàìè
áîëåçíè Øòàðãàðäòà íå âñåãäà ïîçâîëÿåò âûÿâèòü îáå ìóòàöèè, íåîáõîäèìûå äëÿ ðàçâèòèÿ çàáîëåâàíèÿ. Ðàíåå áûëî âûñêà-
çàíî ïðåäïîëîæåíèå, ÷òî ïàòîãåííûå ìóòàöèè â ãåíå ABCA4 ìîãóò ðàñïîëàãàòüñÿ ãëóáîêî â èíòðîííûõ îáëàñòÿõ, ïðîâîöèðóÿ
ôîðìèðîâàíèå àëüòåðíàòèâíûõ ñïëàéñîôîðì ìÐÍÊ. Ãëóáîêîå âûñîêîïðîèçâîäèòåëüíîå ïàðàëëåëüíîå ñåêâåíèðîâàíèå ÐÍÊ,
âûäåëåííîé èç ñåò÷àòêè äîíîðîâ, âûÿâèëî 15 àëüòåðíàòèâíûõ ýêçîíîâ, ñëàáî ýêñïðåññèðóþùèõñÿ â íîðìàëüíîé ñåò÷àòêå
ãëàçà ÷åëîâåêà. Áûëè îïðåäåëåíû êðèïòè÷åñêèå èíòðîííûå ñàéòû ñïëàéñèíãà, àêòèâàöèÿ êîòîðûõ ïîñðåäñòâîì ìóòàöèé ìî-
æåò ïðèâîäèòü ê ôîðìèðîâàíèþ ïàòîëîãè÷åñêèõ àëëåëåé ABCA4. Öåëü. Ïðîâåñòè àíàëèç êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà
â íåêîäèðóþùèõ îáëàñòÿõ ãåíà ABCA4 ó ðîññèéñêèõ ïàöèåíòîâ ñ áîëåçíüþ Øòàðãàðäòà. Ìàòåðèàëû è ìåòîäû. Îïðåäåëåíèå
íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé âñåõ ðàíåå îïèñàííûõ ìèíîðíûõ ýêçîíîâ è ïðèëåãàþùèõ ê íèì îáëàñòåé ïðîâåäåíî
â âûáîðêå èç 29 ïàöèåíòîâ ñ áîëåçíüþ Øòàðãàðäòà ìåòîäîì âûñîêîïðîèçâîäèòåëüíîãî ïàðàëëåëüíîãî ïîëóïðîâîäíèêîâîãî
ñåêâåíèðîâàíèÿ ÄÍÊ êëåòîê ïåðèôåðè÷åñêîé êðîâè. Ðåçóëüòàòû. Â èññëåäîâàííîé âûáîðêå âûÿâëåíû òîëüêî ãåíåòè÷åñêèå
âàðèàíòû â êðèïòè÷åñêèõ ñàéòàõ ñïëàéñèíãà, ïðåäñòàâëÿþùèå ñîáîé ÷àñòûå ïîëèìîðôèçìû, êîòîðûå íå ìîãóò áûòü èíòåðï-
ðåòèðîâàíû êàê ïàòîãåííûå ìóòàöèè. Ïðåäïîëîæèòåëüíî ïàòîãåííûõ èíòðîííûõ íóêëåîòèäíûõ çàìåí, êîòîðûå ðàíåå áûëè
âûÿâëåíû â ÑØÀ è ñòðàíàõ Çàïàäíîé Åâðîïû, íàìè íå íàáëþäàëîñü. Âûâîäû. Îòñóòñòâèå èíòðîííûõ ìóòàöèé â èññëåäîâàí-
íûõ ðàéîíàõ ãåíà ABCA4 â âûáîðêå ìîæåò îáúÿñíÿòüñÿ íèçêîé äîëåé ïàöèåíòîâ ñ åäèíñòâåííîé ãåòåðîçèãîòíîé ýêçîííîé ìó-
òàöèåé èëè ñ îòñóòñòâèåì ýêçîííûõ ìóòàöèé â ãåíå ABCA4, è íå ñòàâèò ïîä ñîìíåíèå öåëåñîîáðàçíîñòü ïîèñêà âàðèàíòîâ
êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà â ðàìêàõ ìîëåêóëÿðíî-ãåíåòè÷åñêîé äèàãíîñòèêè áîëåçíè Øòàðãàðäòà.

Êëþ÷åâûå ñëîâà: áîëåçíü Øòàðãàðäòà, ãåí ABCA4, âûñîêîïðîèçâîäèòåëüíîå ïàðàëëåëüíîå ñåêâåíèðîâàíèå ÄÍÊ, àëüòåð-
íàòèâíûé ñïëàéñèíã

Ââåäåíèå

Ìóòàöèè â ãåíå, êîäèðóþùåì ðåòèíîñïåöèôè÷íûé
ÀÒÔ-ñâÿçûâàþùèé áåëîê-òðàíñïîðòåð ABCA4, âûçû-
âàþò øèðîêèé ñïåêòð ðåöåññèâíûõ àáèîòðîôèé ñåò÷àò-
êè, âêëþ÷àþùèé áîëåçíü Øòàðãàðäòà (ÁØ), àáèîòðî-
ôèþ ñåò÷àòêè òèïà Ôðàí÷åñêåòòè, êîëáî÷êî-ïàëî÷êî-
âóþ äèñòðîôèþ è ñìåøàííóþ ïèãìåíòíóþ àáèîòðî-
ôèþ ñåò÷àòêè, â çàâèñèìîñòè îò ñòåïåíè îñòàòî÷íîé
ôóíêöèè áåëêà [1—3]. Ó ÷àñòè áîëüíûõ ñ êëèíè÷åñêè-
ìè ïðèçíàêàìè àáèîòðîôèè ñåò÷àòêè, àññîöèèðîâàí-
íîé ñ ìóòàöèÿìè â ãåíå ABCA4, äâà ïàòîãåííûõ àëëåëÿ
ýòîãî ãåíà äåòåêòèðîâàòü íå óäà¸òñÿ. Ýòî çàòðóäíÿåò ìå-
äèêî-ãåíåòè÷åñêîå êîíñóëüòèðîâàíèå ñåìåé è íå ïî-
çâîëÿåò ðåêîìåíäîâàòü òàêèì ïàöèåíòàì ñîâðåìåííûå
èíâàçèâíûå òåðàïåâòè÷åñêèå ïîäõîäû, â ÷àñòíîñòè, ãå-
íîòåðàïèþ, ïîñêîëüêó, åñëè çàáîëåâàíèå âûçâàíî ìó-
òàöèåé â äðóãîì ãåíå èëè ïðåäñòàâëÿåò ñîáîé ôåíîêî-
ïèþ áåç ÿâíîé ãåíåòè÷åñêîé ïðè÷èíû, ãåíîòåðàïèÿ ìî-

æåò íå òîëüêî íå óëó÷øèòü, íî è óõóäøèòü ñîñòîÿíèå

çäîðîâüÿ ïàöèåíòà [4].

Äîëÿ ïàöèåíòîâ ñ êëàññè÷åñêèìè ôåíîòèïàìè

ABCA4-àññîöèèðîâàííîé àáèîòðîôèè ñåò÷àòêè, ó êîòî-

ðûõ ñåêâåíèðîâàíèåì âñåõ êîäèðóþùèõ îáëàñòåé ãåíà

ABCA4 óäà¸òñÿ îáíàðóæèòü ëèøü îäíó ïàòîãåííóþ ìóòà-

öèþ, äîñòèãàåò 40% [5]. Ïðè ïðåäïîëàãàåìîé ÷àñòîòå çàáî-

ëåâàíèÿ 1:10000, ÷àñòîòà ïàòîãåííîãî àëëåëÿ ãåíà ABCA4

â îáùåé ïîïóëÿöèè ñîñòàâëÿåò 1:100 õðîìîñîì, à ÷àñòîòà

ãåòåðîçèãîòíîãî íîñèòåëüñòâà ñîñòàâëÿåò 1:50 ÷åë., ÷òî

çíà÷èòåëüíî ìåíüøå íàáëþäàåìîãî â èññëåäîâàííûõ âû-

áîðêàõ ïàöèåíòîâ [5]. Ýòî ãîâîðèò î òîì, ÷òî ó çíà÷èòåëü-

íîé ÷àñòè ïàöèåíòîâ ñ åäèíñòâåííîé âûÿâëåííîé ìóòà-

öèåé â ABCA4 ïðè÷èíîé çàáîëåâàíèÿ ÿâëÿåòñÿ ïîâðåæäå-

íèå èìåííî ýòîãî ãåíà, à íå äðóãèõ ãåíîâ-êàíäèäàòîâ.

Â ñâÿçè ñ ýòèì, ðàíåå áûëî âûñêàçàíî ïðåäïîëîæåíèå î

âîçìîæíîñòè ëîêàëèçàöèè âòîðîé ïàòîãåííîé ìóòàöèè

â íåêîäèðóþùèõ ó÷àñòêàõ ãåíà ABCA4 [2, 5, 6].



Ïîëíîå ñåêâåíèðîâàíèå èíòðîíîâ ABCA4 ó òàêèõ
áîëüíûõ íå ïðèíåñëî ðåçóëüòàòîâ, îò÷àñòè èç-çà íàëè-
÷èÿ â ýòèõ èíòðîíàõ áîëüøîãî êîëè÷åñòâà ïîâòîðÿþ-
ùèõñÿ ýëåìåíòîâ ãåíîìà [4]. Â 2013 ã. T.A. Braun ñ ñîàâ-
òîðàìè îïóáëèêîâàëè ðåçóëüòàòû ðàáîòû, îñíîâàííîé
íà àëüòåðíàòèâíîì ïîäõîäå. Èññëåäîâàòåëè ïðîâåëè
ãëóáîêîå ñåêâåíèðîâàíèå ÐÍÊ îáðàçöîâ íîðìàëüíîé
ñåò÷àòêè ÷åëîâåêà ñ öåëüþ îïðåäåëåíèÿ èíòðîííûõ
êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà — ïîñëåäîâàòåëüíî-
ñòåé ÄÍÊ, áëèçêèõ ê êàíîíè÷åñêèì ñïëàéñ-ñèãíàëàì.
Â îñíîâå ðàáîòû ëåæàëà ãèïîòåçà, ÷òî íåêîòîðûå ìóòà-
öèè â òàêèõ ïîñëåäîâàòåëüíîñòÿõ ÄÍÊ ìîãóò ïðèâî-
äèòü ê îáðàçîâàíèþ àëüòåðíàòèâíûõ, ïàòîãåííûõ, ïðî-
äóêòîâ òðàíñêðèïöèè ãåíà. Â ðåçóëüòàòå èññëåäîâàíèÿ
ó ïàöèåíòîâ ñ áîëåçíüþ Øòàðãàðäòà áûëî âûÿâëåíî äâå
íóêëåîòèäíûå çàìåíû â ñàéòå ñïëàéñèíãà ýêçîíà 36.1
ãåíà ABCA4, íå ïðåäñòàâëåííûå â íîðìàëüíîé ïîïóëÿ-
öèè. Àíàëèç ÐÍÊ êåðàòèíîöèòîâ áîëüíûõ ñ ýòèìè ìó-
òàöèÿìè ïîêàçàë íàëè÷èå ïðåäñêàçàííîãî àëüòåðíàòèâ-
íîãî òðàíñêðèïòà [4]. Ýòî èññëåäîâàíèå ïðîäåìîíñòðè-
ðîâàëî âàæíîñòü ïîèñêà èíòðîííûõ ìóòàöèé â ñëó÷àÿõ,
êîãäà ýêçîìíîå ñåêâåíèðîâàíèå íå ïðèâîäèò ê èäåíòè-
ôèêàöèè äâóõ ïàòîãåííûõ àëëåëåé ó ïàöèåíòîâ ñ êëè-
íè÷åñêîé êàðòèíîé ABCA4-àññîöèèðîâàííîé àáèîòðî-
ôèè ñåò÷àòêè.

Â äâóõ ïîñëåäóþùèõ ðàáîòàõ äðóãèõ àâòîðîâ áûë ðàñ-
øèðåí ñïåêòð ïàòîãåííûõ èíòðîííûõ ìóòàöèé â ãåíå
ABCA4. Â 2014 ã. Ì. Bauwens ñ ñîàâòîðàìè ïîêàçàëè, ÷òî
ïàòîãåííûå ãëóáîêî èíòðîííûå âàðèàíòû âñòðå÷àþòñÿ

ó ÷åòâåðòè áåëüãèéñêèõ áîëüíûõ ñ ÁØ, ó êîòîðûõ ïðè-
ñóòñòâóåò òîëüêî îäíà ìóòàöèÿ â ãåòåðîçèãîòíîì ñîñòîÿ-
íèè â êîäèðóþùèõ èëè ïðèëåæàùèõ èíòðîííûõ îáëàñòÿõ
ãåíà ABCA4 [7]. N.M. Bax ñ ñîàâòîðàìè âûÿâèëè ãëóáîêî
èíòðîííûå ïàòîãåííûå âàðèàíòû ó 7 èç 45 áîëüíûõ
ñ ÁØ, äëÿ êîòîðûõ ðàíåå áûëî ïîêàçàíî íîñèòåëüñòâî
îäíîé èç ïàòîãåííûõ ýêçîííûõ ìóòàöèé â ãåòåðîçèãîò-
íîì ñîñòîÿíèè [8]. Èçâåñòíûå íà ñåãîäíÿøíèé äåíü ïà-
òîãåííûå èíòðîííûå âàðèàíòû ãåíà ABCA4 ïðèâåäåíû
â òàáë. 1; íà ðèñ. 1 ïðåäñòàâëåíà ñõåìà ðàñïîëîæåíèÿ ìó-
òàöèé â ñàéòàõ ñïëàéñèíãà ìèíîðíîãî ýêçîíà 36.1.

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ áûë àíàëèç êðèïòè-
÷åñêèõ ñàéòîâ ñïëàéñèíãà âñåõ ðàíåå îïèñàííûõ ìèíîð-
íûõ ýêçîíîâ ABCA4 â âûáîðêå áîëüíûõ ñ êëèíè÷åñêèì
äèàãíîçîì «áîëåçíü Øòàðãàðäòà».

Ìàòåðèàëû è ìåòîäû

Êëèíè÷åñêèé ìàòåðèàë. Â èññëåäîâàíèå áûëî âêëþ÷å-
íî 29 ïàöèåíòîâ ñ ÁØ, íàáëþäàâøèõñÿ â ÔÃÁÍÓ
«ÍÈÈ ãëàçíûõ áîëåçíåé», ã.Ìîñêâà.

Êëèíè÷åñêèé äèàãíîç ÁØ áûë âåðèôèöèðîâàí íà
îñíîâàíèè ñòàíäàðòíûõ (âèçîìåòðèè, îôòàëüìîñêîïèè,
èññëåäîâàíèÿ öâåòîâîãî çðåíèÿ) è ñïåöèàëüíûõ îôòàëü-
ìîëîãè÷åñêèõ ìåòîäîâ èññëåäîâàíèÿ (êèíåòè÷åñêîé è
ñòàòè÷åñêîé êîìïüþòåðíîé ïåðèìåòðèè, îïòè÷åñêîé
êîãåðåíòíîé òîìîãðàôèè ñåò÷àòêè, ôëþîðåñöåíòíîé
àíãèîãðàôèè ãëàçíîãî äíà, àóòîôëþîðåñöåíöèè, ýëåêò-
ðîôèçèîëîãè÷åñêèõ èññëåäîâàíèé).

ÎÐÈÃÈÍÀËÜÍÛÅ ÈÑÑËÅÄÎÂÀÍÈß
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Ðèñ. 1. Òî÷êîâûå ìóòàöèè V1, V2, Vg1 è Vg2 â ñàéòàõ ñïëàéñèíãà ìèíîðíîãî ýêçîíà 36.1.

Òàáëèöà 1
Èçâåñòíûå ïàòîãåííûå èíòðîííûå âàðèàíòû ãåíà ABCA4

Âàðèàíò Ïîëîæåíèå â ãåíå ABCA4 Ãåíîìíûå êîîðäèíàòû* Ññûëêà

V1 ýêçîí 36.1 -3 G>A Chr1: 94,484,001 T. Braun et al. [4]

V2 ýêçîí 36.1 +4 C>A Chr1: 94,483,992 T. Braun et al. [4]

V3 IVS36 +1056 A>G Chr1: 94,484,082 T. Braun et al. [4]

V4 ýêçîí 30.1, 110 G>A Chr1: 94,493,000 T. Braun et al. [4]

V5 ýêçîí 30.1, 138 C>T Chr1: 94,492,973 T. Braun et al. [4]

Vg1 ýêçîí 36.1 -4 C>A Ñhr1: 94,484,002 M.Bauwens et al. [7]

Vg2 ýêçîí 36.1 +19 G>A Ñhr1: 94,483,979 M.Bauwens et al. [7]

Ïðèìå÷àíèå. * ðåôåðåíñíûé ãåíîì: NCBI build 37 — hg19



Ãåíåòè÷åñêîå èññëåäîâàíèå ïðîâåäåíî íà ìàòåðèàëå
ÄÍÊ ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè ïàöèåíòîâ,
âûäåëåííîé ñòàíäàðòíûì ìåòîäîì ôåíîë-õëîðîôîðì-
íîé ýêñòðàêöèè.

Ñêðèíèíã ìóòàöèé. Äëÿ ñêðèíèíãà ìóòàöèé â êîäèðó-
þùèõ (ýêçîííûõ) ïîñëåäîâàòåëüíîñòÿõ è ïðèëåæàùèõ
ó÷àñòêàõ èíòðîíîâ ãåíîâ, âîâëå÷åííûõ â ýòèîïàòîãåíåç
áîëåçíè Øòàðãàðäòà — ABCA4, ELOVL4, PROM1 è
CNGB3 — èñïîëüçîâàëè âûñîêîïðîèçâîäèòåëüíîå ïà-
ðàëëåëüíîå ñåêâåíèðîâàíèå íà ïðèáîðå Ion Torrent
PGM (Life Technologies, ÑØÀ). Äëÿ îáîãàùåíèÿ îáðàç-
öîâ ÄÍÊ ôðàãìåíòàìè öåëåâûõ ó÷àñòêîâ ãåíîìà ìåòî-
äîì AmpliSeq ðàçðàáîòàëè äâà ïóëà ïðàéìåðîâ (â îáùåé
ñëîæíîñòè 294 ïàðû ïðàéìåðîâ), îáåñïå÷èâàþùèå ïîë-
íîå ïîêðûòèå èññëåäóåìûõ ó÷àñòêîâ ãåíîâ ABCA4,
ELOVL4, PROM1 è CNGB3. Â ñîñòàâ ðàçðàáîòàííîé ïà-
íåëè âêëþ÷èëè òàêæå 33 ïàðû ïðàéìåðîâ äëÿ ñåêâåíè-
ðîâàíèÿ ìèíîðíûõ ýêçîíîâ ABCA4. Äèçàéí ïàíåëè
ïðåäïîëàãàåò 99%-íîå ïîêðûòèå ïðèëåæàùèõ èíòðîí-

íûõ ïîñëåäîâàòåëüíîñòåé ïðîòÿæåííîñòüþ íå ìåíåå
100 ï.í. Ãåíîìíûå êîîðäèíàòû ìèíîðíûõ ýêçîíîâ è èõ
ðàñïîëîæåíèå â ãåíå ABCA4 ïðåäñòàâëåíû â òàáë. 2. Ïðè
ðàñ÷åòå ãðàíèö ñàéòîâ ñïëàéñèíãà ìèíîðíûõ ýêçîíîâ
èñïîëüçîâàëè ñõåìó ñàéòà ñïëàéñèíãà, îïóáëèêîâàííóþ
T.A. Braun ñ ñîàâòîðàìè, â ñîîòâåòñòâèè ñ êîòîðîé àê-
öåïòîðíûé ñàéò ñïëàéñèíãà ðàñïîëàãàåòñÿ â ãðàíèöàõ îò
�2 äî +13 íóêëåîòèäà îò íà÷àëà ýêçîíà, à äîíîðíûé ñàéò
ñïëàéñèíãà — îò �5 äî +2 íóêëåîòèäà îò êîíöà ýêçîíà
[4]. Ñõåìà ðàñïîëîæåíèÿ ìèíîðíûõ ýêçîíîâ ãåíà
ABCA4, ñåêâåíèðîâàíèå êîòîðûõ ïðîâåäåíî â íàøåì èñ-
ñëåäîâàíèè, ïîêàçàíà íà ðèñ. 2.

Ðåçóëüòàòû ñåêâåíèðîâàíèÿ àíàëèçèðîâàëè ñ èñ-
ïîëüçîâàíèåì ïðîãðàììíîãî îáåñïå÷åíèÿ Torrent Suite,
â ñîñòàâå: Base Caller (ïåðâè÷íûé àíàëèç ðåçóëüòàòîâ
ñåêâåíèðîâàíèÿ); Torrent Mapping Alignment Program —
TMAP (âûðàâíèâàíèå ïîñëåäîâàòåëüíîñòåé îòíîñèòåëü-
íî ðåôåðåíñíîãî ãåíîìà NCBI build 37 — hg19); Variant
Caller (âûÿâëåíèå âàðèàöèé íóêëåîòèäíûõ ïîñëåäîâà-
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Òàáëèöà 2
Ãåíîìíûå êîîðäèíàòû* ìèíîðíûõ ýêçîíîâ ãåíà ABCA4 è èõ ðàñïîëîæåíèå â ãåíå [4]

Íà÷àëî ýêçîíà Êîíåö ýêçîíà Ïîëîæåíèå â ãåíå
ABCA4

Êîîðäèíàòû àêöåïòîð-
íîãî ñàéòà ñïëàéñèíãà

Êîîðäèíàòû äîíîðíîãî
ñàéòà ñïëàéñèíãà

94,585,995 94,585,900 IVS1 94,585,993 —
94,586,008

94,585,895 —
94,585,902

94,571,098 94,571,006 IVS4 94,571,096 —
94,571,111

94,571,001 —
94,571,008

94,546,959 94,546,863 IVS7 94,546,957 —
94,546,972

94,546,858 —
94,546,865

94,537,960 94,537,868 IVS11 94,537,958 —
94,537,973

94,537,863 —
94,537,870

94,527,737 94,527,644 IVS13 94,527,735 —
94,527,750

94,527,639 —
94,527,646

94,527,024 94,526,939 IVS13 94,527,022 —
94,527,037

94,526,934 —
94,526,941

94,511,521 94,511,428 IVS19 94,511,519 —
94,511,534

94,511,423 —
94,511,430

94,511,493 94,511,450 IVS19 94,511,491 —
94,511,506

94,511,445 —
94,511,452

94,493,110 94,492,766 IVS30 94,493,108 —
94,493,123

94,492,761 —
94,492,768

94,483,998 94,483,926 IVS36 94,483,996 —
94,484,011

94,483,921 —
94,483,928

94,482,160 94,481,973 IVS36 94,482,158 —
94,482,173

94,481,968 —
94,481,975

94,478,528 94,478,424 IVS38 94,478,526 —
94,478,541

94,478,419 —
94,478,426

94,467,858 94,467,638 IVS44 94,467,856 —
94,467,871

94,467,633 —
94,467,640

94,463,713 94,463,417 IVS47 94,463,711 —
94,463,726

94,463,412 —
94,463,419

94,456,746 94,456,655 3'UTR 94,456,744 —
94,456,759

94,456,650 —
94,456,657

Ïðèìå÷àíèå. * ðåôåðåíñíûé ãåíîì: NCBI build 37 — hg19.



òåëüíîñòåé). Àííîòàöèÿ ôóíêöèîíàëüíîãî çíà÷åíèÿ ãå-
íåòè÷åñêèõ âàðèàöèé è ôèëüòðàöèÿ èçâåñòíûõ ïîëè-
ìîðôèçìîâ ïðîâåäåíû ñ ïîìîùüþ êîìïüþòåðíîé ïðî-
ãðàììû ANNOVAR. Âèçóàëüíûé àíàëèç äàííûõ, ðó÷íàÿ
ôèëüòðàöèÿ àðòåôàêòîâ ñåêâåíèðîâàíèÿ è âûðàâíèâà-
íèÿ ïîñëåäîâàòåëüíîñòåé îñóùåñòâëÿëèñü ñ èñïîëüçîâà-
íèåì ïðîãðàììû Integrative Genomic Viewer — IGV. Äî-
ñòîâåðíîñòü âûÿâëåíèÿ ìóòàöèé âàëèäèðîâàíà ñåêâåíè-
ðîâàíèåì ÄÍÊ ïî Ñýíãåðó.

Ðåçóëüòàòû

Ìóòàöèè â êîäèðóþùèõ è ïðèëåæàùèõ èíòðîííûõ îá-

ëàñòÿõ ãåíîâ, àññîöèèðîâàííûõ ñ ÁØ. Âûñîêîïðîèçâîäè-
òåëüíîå ïàðàëëåëüíîå ñåêâåíèðîâàíèå ÄÍÊ 29 áîëüíûõ
ñ ÁØ ïîçâîëèëî âûÿâèòü ïî äâå ïàòîãåííûå ìóòàöèè
â ãåíå ABCA4 ó 17 ÷åëîâåê, èç íèõ ó 4 ÷åëîâåê îäíà èç
ìóòàöèé ëîêàëèçîâàíà â ñàéòå ñïëàéñèíãà: c.768-1G>T,
c.4540-1G>A, c.4634+1G>-, c.5714+5C>T (ðåôåðåíñíûé
òðàíñêðèïò NM_000350). Ïî îäíîìó ïàòîãåííîìó àëëå-
ëþ ãåíà ABCA4 â ãåòåðîçèãîòíîì ñîñòîÿíèè âûÿâëåíî
ó 2 áîëüíûõ. Ó 4 áîëüíûõ îáíàðóæåíû ìóòàöèè â äðóãèõ
ãåíàõ, àññîöèèðîâàííûõ ñ äàííûì çàáîëåâàíèåì —
PROM1 è CNGB3. Ó 6 áîëüíûõ íå óäàëîñü âûÿâèòü íè
îäíîé ìóòàöèè â ãåíàõ, àññîöèèðîâàííûõ ñ áîëåçíüþ
Øòàðãàðäòà.

Ãåíåòè÷åñêèå âàðèàíòû â ñàéòàõ ñïëàéñèíãà ìèíîðíûõ

àëëåëåé ãåíà ABCA4. Â èññëåäîâàííîé âûáîðêå áîëüíûõ
ñ ÁØ íàìè íå âûÿâëåíî íè îäíîé èç ðàíåå îïèñàííûõ
ïàòîãåííûõ èíòðîííûõ ìóòàöèé (òàáë. 1). Ïîèñê ãåíå-
òè÷åñêèõ âàðèàíòîâ â ñàéòàõ ñïëàéñèíãà âñåõ 15 îïèñàí-
íûõ ìèíîðíûõ ýêçîíîâ ãåíà âûÿâèë òðè îäíîíóêëåîòèä-
íûå çàìåíû: chr1:g.94478538 G>T (àêöåïòîðíûé ñàéò
ñïëàéñèíãà ýêçîíà 38.1), chr1:g.94478425 C>T (äîíîð-
íûé ñàéò ñïëàéñèíãà ýêçîíà 38.1) è chr1:g.94511533 G>A
(àêöåïòîðíûé ñàéò ñïëàéñèíãà ýêçîíà 19.1). Ýòè îäíî-
íóêëåîòèäíûå çàìåíû ÿâëÿþòñÿ ÷àñòûìè ïîëèìîðôèç-
ìàìè (îïèñàíû â áàçå äàííûõ êîðîòêèõ ïîëèìîðôíûõ
âàðèàíòîâ dbSNP êàê rs4147853, rs486879 è rs3789398)
ñ ïîïóëÿöèîííûìè ÷àñòîòàìè ñîîòâåòñòâåííî 19%, 42%
è 50%, ÷òî íå ïîçâîëÿåò ðàññìàòðèâàòü èõ êàê ïàòîãåí-
íûå ãåíåòè÷åñêèå âàðèàíòû.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ñåãîäíÿøíèé äåíü â ìèðå îïóáëèêîâàíû òðè ðà-
áîòû, ïîñâÿùåííûå öåëåíàïðàâëåííîìó ïîèñêó ïàòî-
ãåííûõ ìóòàöèé â èíòðîíàõ ãåíà ABCA4 [4, 7, 8]. Íà-
ïðàâëåíèå ïîèñêà èíòðîííûõ ìóòàöèé áûëî çàäàíî ïóá-
ëèêàöèåé Braun ñ ñîàâòîðàìè (2013), â êîòîðîé ïðåä-
ñòàâëåíû 15 ìèíîðíûõ ýêçîíîâ ãåíà, èìåþùèõ ñëàáóþ
ýêñïðåññèþ â íîðìàëüíîé ñåò÷àòêå ãëàçà ÷åëîâåêà [4].
Ñîáñòâåííî â èññëåäîâàíèè Ò.À. Braun ñ ñîàâòîðàìè
ó áîëüíûõ ñ ÁØ áûëî èäåíòèôèöèðîâàíî 5 ïàòîãåííûõ
ìóòàöèé êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà (V1—V5,
òàáë. 1). Â îáùåé ñëîæíîñòè, òàêèå ìóòàöèè áûëè âûÿâ-
ëåíû ó 10 èç 28 ïàöèåíòîâ ñ åäèíñòâåííûìè ýêçîííûìè
ìóòàöèÿìè ãåíà ABCA4 â ãåòåðîçèãîòíîì ñîñòîÿíèè [4].

Ñåêâåíèðîâàíèå êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà
ãåíà ABCA4 â ãîëëàíäñêîé âûáîðêå èç 45 ïàöèåíòîâ
ñ ÁØ ñ îäíîé ýêçîííîé ìóòàöèåé â ýòîì ãåíå, ïîçâîëè-
ëî âûÿâèòü 2 ïàöèåíòîâ ñ âàðèàíòîì V1 è ÷åòûðåõ —
ñ âàðèàíòîì V4 [8].

Â áåëüãèéñêîé âûáîðêå èç 131 ïàöèåíòà ñ ÁØ, ó êî-
òîðûõ íå óäàëîñü âûÿâèòü íè îäíîé ýêçîííîé ìóòàöèè
â ãåíå ABCA4 èëè áûëà âûÿâëåíà ëèøü îäíà ýêçîííàÿ
ìóòàöèÿ, ó 20 ïàöèåíòîâ áûë îáíàðóæåí ãëóáîêî èíò-
ðîííûé âàðèàíò V4, è ó îäíîãî — âàðèàíò V1 [7]. Â ýòîì
æå èññëåäîâàíèè áûëè èäåíòèôèöèðîâàíû äâà íîâûõ
èíòðîííûõ âàðèàíòà ABCA4, íàçâàííûå Vg1 è Vg2
(òàáë. 1), êàæäûé èç êîòîðûõ ïðèñóòñòâîâàë ó îäíîãî èç
ïàöèåíòîâ èññëåäîâàííîé âûáîðêè.

Âî âñåõ ïðîâåäåííûõ íà ñåãîäíÿøíèé äåíü ðàáîòàõ
ïî ïîèñêó ìóòàöèé êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà ãå-
íà ABCA4 ðàçìåðû âûáîðîê ïàöèåíòîâ ñ ÁØ áåç ýêçî-
ííûõ ìóòàöèé ãåíà èëè ëèøü ñ îäíîé ýêçîííîé ìóòà-
öèåé ñîñòàâëÿëè äåñÿòêè ÷åëîâåê. Âûÿâëÿåìîñòü ìóòà-
öèé êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà ãåíà ABCA4 â ýòèõ
âûáîðêàõ ñîñòàâèëà îò 13% äî 36% [4, 7, 8]. Â íàøåé âû-
áîðêå èç 29 ïàöèåíòîâ îäíà èëè íè îäíîé ýêçîííîé ìó-
òàöèè â ABCA4 áûëè îáíàðóæåíû ó 8 ÷åë. Ó÷èòûâàÿ âû-
ÿâëÿåìîñòü ìóòàöèé êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà
ãåíà ABCA4, ïîêàçàííóþ â ïðåäûäóùèõ ðàáîòàõ, âåðîÿò-
íîñòü îáíàðóæèòü òàêèå ìóòàöèè â íàøåé ãðóïïå áîëü-
íûõ íåâûñîêà. Äåéñòâèòåëüíî, ïðîâåäåííîå ñåêâåíèðî-
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Ðèñ. 2. Ðàñïîëîæåíèå ìèíîðíûõ ýêçîíîâ ãåíà ABCA4 è àìïëèêîíîâ, ñåêâåíèðîâàííûõ â ðàáîòå.



âàíèå âñåõ ìèíîðíûõ ýêçîíîâ ABCA4 ïîêàçàëî îòñóòñò-

âèå ìóòàöèé êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà â èññëå-

äîâàííîé âûáîðêå.

Îòñóòñòâèå òàêèõ ìóòàöèé â íàøåé âûáîðêå áîëüíûõ

ìîæåò îáúÿñíÿòüñÿ, êðîìå íåáîëüøîãî ðàçìåðà ãðóïïû

áåç ýêçîííûõ ìóòàöèé ABCA4 èëè ñ îäíîé ýêçîííîé ìó-

òàöèåé, ñòðóêòóðîé ýòîé ãðóïïû: èç 8 ïàöèåíòîâ ïî îä-

íîé ýêçîííîé ìóòàöèè â ãåòåðîçèãîòíîì ñîñòîÿíèè áûëî

âûÿâëåíî ó äâóõ, à íè îäíîé íå âûÿëåíî ó øåñòè ÷åëîâåê.

Êàê ïîêàçàíî â ðàáîòå Ì. Bauwens ñ ñîàâòîðàìè [7], âû-

ÿâëÿåìîñòü ãëóáîêî èíòðîííûõ ìóòàöèé çíà÷èòåëüíî âû-

øå ñðåäè ïàöèåíòîâ, íåñóùèõ îäíó ýêçîííóþ ìóòàöèþ

â ãåíå ABCA4, ÷åì ñðåäè ïàöèåíòîâ, íå èìåâøèõ íè îä-

íîé ýêçîííîé ìóòàöèè (ðèñ. 3). Ýòî íàáëþäåíèå â åù¸

áîëüøåé ñòåïåíè ñíèæàåò âåðîÿòíîñòü îáíàðóæèòü â íà-

øåé âûáîðêå èíòðîííûå ìóòàöèè â ãåíå ABCA4.

Íàêîíåö, äëÿ èíòðîííûõ ìóòàöèé, îáíàðóæåííûõ

â ãðóïïàõ áîëüíûõ èç ÑØÀ è Çàïàäíîé Åâðîïû, àâòîðà-

ìè èññëåäîâàíèé ïîêàçàíî íàëè÷èå ýôôåêòà îñíîâàòåëÿ.

Îñîáåííî âûðàæåííûé ýôôåêò îñíîâàòåëÿ íàáëþäàëè

Ì. Bauwens ñ ñîàâòîðàìè [7] â áåëüãèéñêîé ïîïóëÿöèè,

ãäå âàðèàíò V4, îáíàðóæåííûé ó 26% ïàöèåíòîâ ñ ÁØ è

åäèíñòâåííîé ýêçîííîé ìóòàöèåé â ãåíå ABCA4, âñåãäà

ÿâëÿåòñÿ ÷àñòüþ îáùåãî ãàïëîòèïà. Â öåëîì, ýôôåêò

îñíîâàòåëÿ ðàçëè÷íûõ ìóòàöèé â ãåíå ABCA4 áûë íåîä-

íîêðàòíî îïèñàí äëÿ ñàìûõ ðàçíûõ ïîïóëÿöèé [9—11].

Äëÿ ðîññèéñêèõ ïàöèåíòîâ ñ ÁØ ýôôåêò îñíîâàòåëÿ íå

õàðàêòåðåí. Ó íàøèõ ïàöèåíòîâ ÷àñòî âñòðå÷àþòñÿ ëèøü

äâå ìóòàöèè â ãåíå ABCA4 — p.G1961E (35% îáñëåäîâàí-

íûõ) è ãàïëîòèï p.L541P/p.A1038V (50% îáñëåäîâàííûõ).

Äðóãèå ðàñïðîñòðàí¸ííûå âî âñ¸ì ìèðå ìóòàöèè, òàêèå,

êàê G863A, P1380L, IVS40+5G>A è äð. ó íàøèõ ïàöèåí-

òîâ íå âñòðå÷àþòñÿ èëè âñòðå÷àþòñÿ â åäèíè÷íûõ ñëó÷à-

ÿõ. Íå èñêëþ÷åíî, ÷òî ãëóáîêî èíòðîííûå ìóòàöèè â ãåíå

ABCA4, äëÿ êîòîðûõ â ïðåäûäóùèõ èññëåäîâàíèÿõ ïîêà-

çàí ýôôåêò îñíîâàòåëÿ, íå õàðàêòåðíû äëÿ ðîññèéñêèõ

áîëüíûõ â ñèëó ïîïóëÿöèîííûõ îñîáåííîñòåé, ÷òî òàêæå

ìîæåò ñíèæàòü âåðîÿòíîñòü îáíàðóæåíèÿ òàêèõ ìóòàöèé

ó íàøèõ ïàöèåíòîâ.

Çàêëþ÷åíèå

Ïðîâåäåííîå íàìè èññëåäîâàíèå íå ïîçâîëèëî âûÿ-
âèòü ãëóáîêèõ èíòðîííûõ ìóòàöèé â ãåíå ABCA4 ó ðîñ-
ñèéñêèõ ïàöèåíòîâ ñ ÁØ, ÷òî ìîæíî îáúÿñíèòü öåëûì
ðÿäîì ïðè÷èí:

1) íåäîñòàòî÷íûì ðàçìåðîì âûáîðêè ïàöèåíòîâ, ó êî-
òîðûõ íå áûëî ýêçîííûõ ìóòàöèé èëè áûëà òîëüêî îäíà
ýêçîííàÿ ìóòàöèÿ â ãåòåðîçèãîòíîì ñîñòîÿíèè;

2) íèçêîé äîëåé ïàöèåíòîâ ñ åäèíñòâåííîé ýêçîííîé
ìóòàöèåé â ãåòåðîçèãîòíîì ñîñòîÿíèè;

3) ïîïóëÿöèîííûìè îñîáåííîñòÿìè èññëåäîâàííîé
âûáîðêè.

Â òî æå âðåìÿ, ó÷èòûâàÿ âûñîêóþ ïðåäñòàâëåííîñòü
ìóòàöèé êðèïòè÷åñêèõ ñàéòîâ ñïëàéñèíãà â ãåíå ABCA4

â äðóãèõ ðàíåå îáñëåäîâàííûõ ãðóïïàõ ïàöèåíòîâ ñ ÁØ,
íå ïîëó÷èâøèõ ïîëíîãî ìîëåêóëÿðíî-ãåíåòè÷åñêîãî
ïîäòâåðæäåíèÿ äèàãíîçà íà îñíîâå òîëüêî ýêçîííîãî
ñåêâåíèðîâàíèÿ, íåëüçÿ èñêëþ÷èòü ïðàêòè÷åñêîé öåí-
íîñòè ñåêâåíèðîâàíèÿ ìèíîðíûõ ýêçîíîâ, â òîì ÷èñëå
ïðè ïðîâåäåíèè ìîëåêóëÿðíî-ãåíåòè÷åñêîãî îáñëåäîâà-
íèÿ ïàöèåíòîâ ñ ÁØ â Ðîññèéñêîé Ôåäåðàöèè.
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Cryptic splice site mutations in the non-coding regions of the ABCA4 gene
in Stargardt disease patients

Karandasheva K.O.1, Zhorzholadze N.V.2, Sheremet N.L.2, Kuznetsova E.B.3,4,
Tanas A.S.1,3, Anoshkin K.I.1,3, Zaletaev D.V.1,3,4, Strelnikov V.V.1,3

1 — Pirogov Russian National Research Medical University,
Moscow, Russian Federation, 117997, Ostrovityanova St, 1, e-mail: christinavader@gmail.com

2 — Research Institute of Eye Diseases of Russian Academy of Medical Sciences,
Moscow, Russian Federation, 119021, Rossolimo St., 11, e-mail: info@eyeacademy.ru

3 — Research Centre for Medical Genetics,
Moscow, Russian Federation, 115478, Moskvorechye St, 1, e-mail: vstrel@list.ru

4 — I.M. Sechenov First Moscow State Medical University,
Moscow, Russian Federation, 119991, Trubetskaya St, 8, e-mail: kuznetsova.k@bk.ru

Background. Mutations in the ABCA4 gene cause Stargardt disease and other blinding autosomal recessive retinal disorders.
However, sequencing of the complete coding sequence in patients with clinical features of Stargardt disease sometimes fails to de-
tect both mutations required to cause the disease. It has previously been hypothesized that mutations near rare alternate splice junc-
tions in ABCA4 might cause disease by increasing the probability of mis-splicing at these sites. Deep next-generation sequencing of
RNA extracted from human donor eyes revealed 15 alternate exons that are weakly expressed in normal human retina. Cryptic intronic
splice sites, activation of which by mutations might lead to the formation of ABCA4 disease causing alleles, have been identified. Ob-
jective. To analyze the cryptic splice sites in the noncoding regions of the ABCA4 gene in Russian patients with Stargardt disease. Ma-
terial and methods. High throughput parallel semiconductor sequencing of all previously described minor exons was performed on
peripheral blood cells DNA from 29 patients with Stargardt disease. Results. In the group of patients under study we have identified
only genetic variants in the cryptic splice sites that represent common polymorphisms and that cannot thus be interpreted as disease
causing mutations. Our cohort of the patients lacked apparently disease causing intronic nucleotide substitutions that were previously
identified in the North American and European populations. Conclusion. Failure to identify ABCA4 intronic mutations in this study may
be explained by low representation of patients with one or no exonic mutations in our cohort and does not compromise the utility of
intron cryptic splice sites sequencing as a part of Stargardt disease molecular genetic diagnostics.

Key words: Stargardt disease, ABCA4 gene, next generation DNA sequencing, alternative splicing
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