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Öèòîãåíåòèêà ÷åëîâåêà â ãåíîìíóþ è ïîñòãåíîìíóþ ýðó: îò àðõèòåêòóðû ãåíîìà...

Ïðîãðåññ â èçó÷åíèè ãåíîìà è ñîïóòñòâóþùåå ðàçâèòèå òåõíîëîãèé âûñîêîïðîèçâîäèòåëüíîãî ìî-
ëåêóëÿðíî-ãåíåòè÷åñêîãî ãåíîòèïèðîâàíèÿ è êàðèîòèïèðîâàíèÿ, à òàêæå êëåòî÷íûõ òåõíîëîãèé ïðèâå-
ëè ê ðàñøèðåíèþ ïðåäñòàâëåíèé îá ýòèîëîãèè è ïàòîãåíåçå õðîìîñîìíûõ áîëåçíåé ÷åëîâåêà. Â ïîñëåä-
íèå ãîäû íàêîïëåí ðÿä ôàêòîâ, àêöåíòèðóþùèõ âíèìàíèå íà òîì, ÷òî ýâîëþöèîííî ñëîæèâøèåñÿ îñî-
áåííîñòè îðãàíèçàöèè ãåíîìà äåòåðìèíèðóþò âîçíèêíîâåíèå êëèíè÷åñêè çíà÷èìûõ õðîìîñîìíûõ
àáåððàöèé. Â íàñòîÿùåì îáçîðå îáîáùåíû äàííûå îá îñîáåííîñòÿõ âîçíèêíîâåíèÿ è ôåíîòèïè÷åñêîãî
ïðîÿâëåíèÿ òàêèõ íîâûõ êëàññîâ õðîìîñîìíûõ áîëåçíåé, êàê ñèíäðîìû ðåöèïðîêíûõ õðîìîñîìíûõ
ìèêðîäåëåöèé è ìèêðîäóïëèêàöèé, «ìîíîãåííûå» õðîìîñîìíûå ìèêðîäåëåöèè è ìèêðîäóïëèêàöèè,
õðîìîñîìíûå çàáîëåâàíèÿ, ñâÿçàííûå ñ íàðóøåíèåì ñòðóêòóðû òîïîëîãè÷åñêè àññîöèèðîâàííûõ äî-
ìåíîâ.

Êëþ÷åâûå ñëîâà: ñèíäðîìû ðåöèïðîêíûõ õðîìîñîìíûõ ìèêðîäåëåöèé è ìèêðîäóïëèêàöèé, ðå-
öèïðîêíûå CNV, TAD

Ïðèíÿòûå ñîêðàùåíèÿ: CNV (copy number variation) — âàðèàöèè ÷èñëà êîïèé ÄÍÊ; Hi-C
(high-throughput chromosome conformation capture) — âûñîêîïðîèçâîäèòåëüíûé çàõâàò êîíôîðìàöèè
õðîìîñîì; OMIM (online Mendelian Inheritance in Man) — Îíëàéí-âåðñèÿ Êàòàëîãà ãåíîâ ÷åëîâåêà è ãå-
íåòè÷åñêèõ áîëåçíåé, omim.org; TAD (topologically associated domains) — òîïîëîãè÷åñêè àññîöèèðîâàí-
íûå äîìåíû; WAGR (Wilms tumor, aniridia, genitourinary anomalies, mental retardation syndrome) — íà-
ñëåäñòâåííûé ñèíäðîì, ñîïðîâîæäàþùèéñÿ îïóõîëüþ Âèëüìñà, àíèðèäèåé, àíîìàëèÿìè ìî÷åïîëîâîé
ñèñòåìû è óìñòâåííîé îòñòàëîñòüþ.

Ñòðåìèòåëüíîå ðàçâèòèå ìåòîäîâ ìîëåêóëÿðíîé öè-
òîãåíåòèêè è ãåíîìèêè îáóñëîâèëî íàñòóïëåíèå íîâîãî
ïåðèîäà â èñòîðèè öèòîãåíåòèêè, êîòîðûé âïîëíå ìîæåò
áûòü îáîçíà÷åí êàê öèòîãåíîìíûé. Áîëåå òîãî, âçãëÿä íà
õðîìîñîìó êàê íà íåêîòîðóþ ïîñëåäîâàòåëüíîñòü íóêëå-
îòèäîâ (ñèêâåíñ) îïðåäåëåííîãî ó÷àñòêà ãåíîìà, ïî ìíå-
íèþ ñàìèõ æå öèòîãåíåòèêîâ, îçíàìåíîâàë íà÷àëî íå
ïðîñòî íîâîãî ïåðèîäà, à «ïîñëåäíåé è ôèíàëüíîé ýðû
öèòîãåíåòèêè» (Ferguson-Smith et al., 2017). Âìåñòå ñ òåì
íàáëþäàåìûé ïðîãðåññ â èçó÷åíèè îðãàíèçàöèè ãåíîìà
÷åëîâåêà óæå ïðèâåë ê ñóùåñòâåííîìó ðàçâèòèþ ïðåä-
ñòàâëåíèé î ìíîãîîáðàçèè, ýòèîëîãèè è ïàòîãåíåçå õðî-
ìîñîìíûõ áîëåçíåé. Â íàñòîÿùåì îáçîðå íà ïðèìåðå âñå-
ãî äâóõ ÿâëåíèé — ïîëèìîðôèçìà ÷èñëà êîïèé ó÷àñòêîâ
ÄÍÊ è òîïîëîãè÷åñêè àññîöèèðîâàííûõ äîìåíîâ —
îáîáùåíû äîñòèæåíèÿ ñîâðåìåííîé ìîëåêóëÿðíîé è êëè-
íè÷åñêîé öèòîãåíåòèêè â ïîíèìàíèè ïðèðîäû íîâûõ
êëàññîâ õðîìîñîìíûõ çàáîëåâàíèé.

CNV-ïîëèìîðôèçì è õðîìîñîìíûå áîëåçíè

Âûñîêîðàçðåøàþùåå ìîëåêóëÿðíîå êàðèîòèïèðîâà-
íèå ïîçâîëèëî îòêðûòü â 2004 ã. íîâûé âèä õðîìîñîìíî-
ãî ïîëèìîðôèçìà — èçìåí÷èâîñòü ïî ÷èñëó êîïèé êðóï-
íûõ áëîêîâ ïîâòîðîâ ÄÍÊ (Copy Number Variations,
CNV) (Iafrate et al., 2004), êëèíè÷åñêîå çíà÷åíèå êîòîðîãî
äî ñèõ ïîð îñòàåòñÿ ïðåäìåòîì äèñêóññèé. Ãîñïîäñòâóþ-
ùåå ïðåäñòàâëåíèå î òîì, ÷òî CNV, àññîöèèðîâàííûå ñ
çàáîëåâàíèÿìè, ìîãóò áûòü îãðàíè÷åíû òîëüêî ìèêðîäå-
ëåöèÿìè õðîìîñîì, ïîñòåïåííî òðàíñôîðìèðóåòñÿ â îò-
êðûòèå íîâûõ ìèêðîäóïëèêàöèîííûõ ñèíäðîìîâ, à òàêæå
êëèíè÷åñêè çíà÷èìûõ õðîìîñîìíûõ àìïëèôèêàöèé áî-
ëåå âûñîêîãî ïîðÿäêà — òðèïëèêàöèé è êâàäðèïëèêàöèé
(Lebedev et al., 2016). Îïèñàíû íîâûå ìåõàíèçìû ãåíåðà-
öèè òàêèõ CNV, ñâÿçàííûå êàê ñ ýâîëþöèîííûìè îñîáåí-
íîñòÿìè îðãàíèçàöèè ãåíîìà ÷åëîâåêà, íàïðèìåð ñ íàëè-
÷èåì â íåì áëîêîâ ñåãìåíòíûõ äóïëèêàöèé, òàê è ñ ïðî-
öåññàìè ðåïàðàöèè è ðåïëèêàöèè ÄÍÊ (Carvalho, Lupski,
2016). Âûäåëåí íîâûé êëàññ ðåöèïðîêíûõ ìèêðîäåëå-
öèîííûõ è ìèêðîäóïëèêàöèîííûõ ñèíäðîìîâ («genomic
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sister-disorders»), îáúåäèíÿþùèé CNV-àññîöèèðîâàííûå
õðîìîñîìíûå çàáîëåâàíèÿ, ñâÿçàííûå ñ ïîëÿðíûìè èç-
ìåíåíèÿìè êîïèéíîñòè îäíîãî è òîãî æå õðîìîñîì-
íîãî ðåãèîíà (Crespi et al., 2009; Êàøåâàðîâà, Ëåáåäåâ,
2016). ×èñëî òàêèõ óæå èçâåñòíûõ õðîìîñîìíûõ ðå-
ãèîíîâ ñîñòàâëÿåò ñâûøå 60 è ïðîäîëæàåò ðåãóëÿðíî
óâåëè÷èâàòüñÿ. Ñèñòåìíûé âçãëÿä íà ïðèðîäó ðåöèïðîê-
íûõ ñèíäðîìîâ ïîçâîëÿåò â ñâîþ î÷åðåäü ïðèáëèçèòüñÿ
ê áîëåå ÷åòêîìó îáîçíà÷åíèþ êëèíè÷åñêè çíà÷èìûõ ãå-
íîôåíîòèïè÷åñêèõ êîððåëÿöèé ïðè õðîìîñîìíîé ïàòîëî-
ãèè, ðàçäåëÿåìûõ íà «çåðêàëüíûå», «îáùèå» è «óíèêàëü-
íûå» ôåíîòèïû (Golzio, Katasanis, 2013; Hammond et al.,
2014).

Íåñîìíåííûì âûçîâîì â ïîíèìàíèè ïðèðîäû õðîìî-
ñîìíîãî äèñáàëàíñà îñòàåòñÿ òêàíåñïåöèôè÷íîñòü åãî
ýôôåêòîâ. Ïåðñïåêòèâû â ïðåîäîëåíèè äàííîãî áàðüåðà,
áåçóñëîâíî, ñâÿçàíû ñ ðàçâèòèåì òåõíîëîãèé êëåòî÷íîãî
ðåïðîãðàììèðîâàíèÿ, íàïðàâëåííîé êëåòî÷íîé è òêàíå-
âîé äèôôåðåíöèðîâêè, ïîçâîëÿþùèìè ïðèáëèçèòüñÿ ê
ðàñøèôðîâêå ìîëåêóëÿðíûõ è êëåòî÷íûõ ìåõàíèçìîâ ïà-
òîãåíåçà õðîìîñîìíûõ çàáîëåâàíèé. Â ÷àñòíîñòè, â ïðî-
âåäåííûõ íàìè èññëåäîâàíèÿõ ðåöèïðîêíûõ ìèêðîäåëå-
öèé è ìèêðîäóïëèêàöèé 3p26.3 (Kashevarova et al., 2014),
çàòðàãèâàþùèõ åäèíñòâåííûé ãåí CNTN6, îòâåòñòâåííûé
çà ôîðìèðîâàíèå ìåæêëåòî÷íûõ êîíòàêòîâ ïðè ðàçâèòèè
îïðåäåëåííûõ ñëîåâ êîðû áîëüøèõ ïîëóøàðèé, â íåéðî-
íàõ, äèôôåðåíöèðîâàííûõ èç èíäóöèðîâàííûõ ïëþðèïî-
òåíòíûõ ñòâîëîâûõ êëåòîê ïàöèåíòîâ ñ óìñòâåííîé îò-
ñòàëîñòüþ, áûëî ïðîäåìîíñòðèðîâàíî ñóùåñòâåííîå ñíè-
æåíèå óðîâíÿ ýêñïðåññèè ãåíà in vitro, íåñìîòðÿ íà
óâåëè÷åíèå åãî êîïèéíîñòè ïðè õðîìîñîìíîé ìèêðîäóï-
ëèêàöèè (Gridina et al., 2018). Òàêîé ýôôåêò ìîæåò îáúÿñ-
íèòü îáùíîñòü íåêîòîðûõ ôåíîòèïè÷åñêèõ ïðèçíàêîâ,
ðåãèñòðèðóåìûõ â ðÿäå ñëó÷àåâ ó ïàöèåíòîâ ñ ïîëÿðíûìè
èçìåíåíèÿìè â ÷èñëå êîïèé ó÷àñòêîâ õðîìîñîì, è ýòà ãè-
ïîòåçà ïîëó÷èëà ïîäòâåðæäåíèå ïî êðàéíåé ìåðå åùå â
îäíîì íåçàâèñèìîì èññëåäîâàíèè íà ïðèìåðå äðóãîãî ðå-
öèïðîêíîãî ñèíäðîìà (Gillentine et al., 2017).

Äðóãèì èòîãîì ïðèìåíåíèÿ âûñîêîðàçðåøàþùåãî ãå-
íîòèïèðîâàíèÿ â öèòîãåíåòèêå ÿâèëîñü ðàäèêàëüíîå ñó-
æåíèå ðàçìåðîâ äåòåêòèðóåìûõ õðîìîñîìíûõ àíîìàëèé,

êîòîðûå ìîãóò çàòðàãèâàòü îòäåëüíûå ãåíû èëè äàæå èõ
ôðàãìåíòû. Íàìå÷àåòñÿ ðàñùåïëåíèå íåêîòîðûõ êëàññè-
÷åñêèõ ñìåæíûõ ãåííûõ ñèíäðîìîâ íà «ìîíîãåííûå»
õðîìîñîìíûå çàáîëåâàíèÿ («single gene chromosomal di-
sorders»), ïîçâîëÿþùèå âûäåëèòü îòäåëüíûå ãåíû, ëåæà-
ùèå â îñíîâå ôîðìèðîâàíèÿ òîãî èëè èíîãî ôåíîòèïè÷å-
ñêîãî ïðèçíàêà (Kashevarova et al., 2014; Witteveen et al.,
2016). Âìåñòå ñ òåì, íåñìîòðÿ íà êàæóùååñÿ ñòèðàíèå ôè-
çè÷åñêèõ ãðàíèö ìåæäó ìîíîãåííûìè è õðîìîñîìíû-
ìè ìóòàöèÿìè, ïîñëåäíèå äåìîíñòðèðóþò îñîáåííîñòè
ñâîåãî ôåíîòèïè÷åñêîãî ïðîÿâëåíèÿ, ñîõðàíÿÿ õàðàê-
òåðíóþ äëÿ õðîìîñîìíûõ çàáîëåâàíèé ìíîæåñòâåííîñòü
ïîðàæåíèé ðàçëè÷íûõ ñèñòåì îðãàíîâ. Ïðåäïîëàãàåòñÿ,
÷òî îäíîé èç ïðè÷èí òàêîãî âûðàæåííîãî ïëåéîòðîïíîãî
ýôôåêòà «ìîíîãåííûõ» õðîìîñîìíûõ ìóòàöèé ìîãóò ÿâ-
ëÿòüñÿ ïîâðåæäåíèÿ òðåõìåðíîé îðãàíèçàöèè õðîìîñîì-
íîãî ìàòåðèàëà, à èìåííî íàðóøåíèÿ òàê íàçûâàåìûõ ðå-
ãóëÿòîðíûõ òîïîëîãè÷åñêè àññîöèèðîâàííûõ äîìåíîâ
(TAD) — îáëàñòåé ñ ïîâûøåííîé ïëîòíîñòüþ êîíòàêòîâ
â ìîëåêóëå ÄÍÊ, âîçíèêàþùèå ïðè õðîìîñîìíûõ ïåðå-
ñòðîéêàõ (Dixon et al., 2012).

Òîïîëîãè÷åñêè àññîöèèðîâàííûå
äîìåíû õðîìîñîì

è íàñëåäñòâåííàÿ ïàòîëîãèÿ ÷åëîâåêà

Íàëè÷èå òîïîëîãè÷åñêè àññîöèèðîâàííûõ äîìåíîâ â
ãåíîìå ïðèâíîñèò íîâîå ïîíèìàíèå ýòèîëîãèè íåêîòîðûõ
íàñëåäñòâåííûõ è õðîìîñîìíûõ áîëåçíåé ÷åëîâåêà, ñâÿ-
çàííûõ ñ ïîâðåæäåíèåì äàííûõ ñòðóêòóðíî-ôóíêöèî-
íàëüíûõ ýëåìåíòîâ. Äåéñòâèòåëüíî, ñ ðàçâèòèåì òåõíî-
ëîãèé âûñîêîïðîèçâîäèòåëüíîãî ñåêâåíèðîâàíèÿ è ìå-
òîäîâ Hi-C â ïîñëåäíèå ãîäû íà÷àë ôîðìèðîâàòüñÿ
ñïèñîê íàñëåäñòâåííûõ çàáîëåâàíèé, êëèíè÷åñêàÿ êàð-
òèíà êîòîðûõ âî ìíîãîì çàâèñèò îò ïîâðåæäåíèé TAD
(ñì. òàáëèöó). Òàê, íàïðèìåð, õðîìîñîìíûå ïåðåñòðîéêè
â ñåãìåíòå 2q35, íàðóøàþùèå òîïîëîãè÷åñêèå ïîãðàíè÷-
íûå ðåãèîíû ìåæäó äâóìÿ ñîñåäíèìè TAD-ýëåìåíòàìè,
èíäóöèðóþò èçìåíåíèÿ â ýêñïðåññèè ãðóïïû ãåíîâ
WNT6-IHH-EPHA4-PAX3, îáåñïå÷èâàþùèõ ôîðìèðîâà-
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TAD-àññîöèèðîâàííûå íàñëåäñòâåííûå áîëåçíè ÷åëîâåêà (ïî Ordulu et al., 2016, ñ ìîäèôèêàöèÿìè)

Ãåíû Ëîêàëèçàöèÿ Ôåíîòèï OMIM

WNT6-IHH-EPHA4-PAX3 2q35 Ïîðîêè ðàçâèòèÿ êîíå÷íîñòåé 604663; 600726; 602188; 606597

SOX9 17q24.3 Êàìïîìåëè÷åñêàÿ äèñïëàçèÿ 114290

SOX9 17q24.3 Ñèíäðîì Ðîáåíà 261800

TWIST1 7p21.1 Ñèíäðîì Ñàåòðè—×îòçåíà 101400

PAX6 11p13 Èçîëèðîâàííàÿ àíèðèäèÿ 607108

WT1 11p13 Ïîðîêè ðàçâèòèÿ ìî÷åïîëîâîé ñèñòåìû
áåç àíèðèäèè

194070

PAX6-WT1 11p13 WAGR-ñèíäðîì, âêëþ÷àþùèé â ñåáÿ
è àíèðèäèþ, è ïîðîêè ìî÷åïîëîâîé

ñèñòåìû

194072

SHH 7q36.3, ðàçðûâ çà
265 kb äî ãåíà

Ãîëîïðîçýíöåôàëèÿ, òèï 3 142945

SHH 7q36.3, ðàçðûâ çà
1 Mb äî ãåíà

Ïðåàêñèàëüíàÿ ïîëèäàêòèëèÿ, òèï 2 174500

POU3F4 Xq21.1, ðàçðûâ çà
900 kb äî ãåíà

Õ-ñöåïëåííàÿ ãëóõîòà ó ìóæ÷èí 300039

Ï ð è ì å ÷ à í è å. OMIM — íîìåð çàáîëåâàíèÿ â Îíëàéí-âåðñèè Êàòàëîãà ãåíîâ ÷åëîâåêà è ãåíåòè÷åñêèõ áîëåçíåé (omim.org).



íèå êîíå÷íîñòåé, ïðèâîäÿ â èòîãå ê âîçíèêíîâåíèþ âðîæ-
äåííûõ ïîðîêîâ ðàçâèòèÿ (Lupianez et al., 2015).

Â íåêîòîðûõ ñëó÷àÿõ ðåãóëÿòîðíûå ïîñëåäîâàòåëüíî-
ñòè ãåíîâ îêàçûâàþòñÿ ëîêàëèçîâàííûìè â ïðåäåëàõ òåõ
æå ñàìûõ òîïîëîãè÷åñêè àññîöèèðîâàííûõ äîìåíîâ, ÷òî
è ñàì ãåí, ñîîòâåòñòâåííî ïîâðåæäåíèå TAD íåèçáåæíî
ïðèâåäåò ê íàðóøåíèþ ýêñïðåññèè ãåíà. Òàêèå ïðèìåðû
èçâåñòíû äëÿ ãåíà TWIST1. Ìîíîàëëåëüíûé ðàçðûâ êîäè-
ðóþùåé îáëàñòè äàííîãî ãåíà è ðåãóëÿòîðíîãî ó÷àñòêà
ëåæèò â îñíîâå ôîðìèðîâàíèÿ àóòîñîìíî-äîìèíàíòíîãî
ñèíäðîìà Ñàåòðè — ×îòçåíà, ïðîÿâëÿþùåãîñÿ êðàíèîñè-
íîñòîçîì, àêðîöåôàëèåé, àñèììåòðèåé ÷åðåïà è ñèíäàê-
òèëèåé ïàëüöåâ âåðõíèõ è íèæíèõ êîíå÷íîñòåé (Cai et al.,
2003). Åùå îäèí ãåí, äåìîíñòðèðóþùèé ñõîæèå âçàèìî-
îòíîøåíèÿ ñî ñâîåé ðåãóëÿòîðíîé îáëàñòüþ â ïðåäåëàõ
îäíîãî TAD, ýòî SOX9, êîòîðûé èìååò ðåãóëÿòîðíóþ ïî-
ñëåäîâàòåëüíîñòü, íàõîäÿùóþñÿ íà ðàññòîÿíèè 1.5 Mb îò
åãî ïðîìîòîðà è ïîïàäàþùóþ â òîò æå ñàìûé TAD, íå-
ñêîëüêî áîëüøåé ïðîòÿæåííîñòè — 1.88 Mb. Ïîêàçàíî,
÷òî ìîíîàëëåëüíûå ðàçðûâû ïîñëåäîâàòåëüíîñòè ãåíà è
åãî ðåãóëÿòîðíîãî ó÷àñòêà îêàçûâàþòñÿ àññîöèèðîâàííû-
ìè ñ íàðóøåíèåì ðàçâèòèÿ êîñòíîé òêàíè — êàìïîìåëè-
÷åñêîé äèñïëàçèåé (Gordon et al., 2009) èëè ñ ñèíäðîìîì
Ðîáåíà — âðîæäåííûì ïîðîêîì ðàçâèòèÿ ÷åëþñòíî-ëè-
öåâîé îáëàñòè, õàðàêòåðèçóþùèìñÿ ìèêðîãíàòèåé, ãëîñ-
ñîïòîçîì è íàëè÷èåì ðàñùåëèíû í¸áà (Benko et al., 2009;
Amarillo et al., 2013). Îäíàêî ïðè÷èíû, ïî êîòîðûì â îä-
íèõ ñëó÷àÿõ ðàçâèâàåòñÿ îäíî çàáîëåâàíèå, à â äðóãèõ
ñëó÷àÿõ äðóãîå, ïîêà îñòàþòñÿ íåÿñíûìè.

Â äðóãîì ïðèìåðå ñõîäíûå ýôôåêòû, à èìåííî ðàç-
íûå êëèíè÷åñêèå ôåíîòèïû ïðè ïîâðåæäåíèè òîé æå ñà-
ìîé õðîìîñîìíîé îáëàñòè, íàïðîòèâ, óæå óäàëîñü ñâÿ-
çàòü ñ ðàçëè÷èÿìè â òî÷íîé ëîêàëèçàöèè òî÷åê ðàçðûâîâ,
â êîòîðûå ïîïàäàþò ðàçíûå ðåãóëÿòîðíûå ïîñëåäîâàòåëü-
íîñòè îäíîãî è òîãî æå ãåíà. Òàê, îäèí èç êëþ÷åâûõ ìîð-
ôîãåíåòè÷åñêèõ ãåíîâ SHH íàõîäèòñÿ â òîïîëîãè÷åñêè
àññîöèèðîâàííîì äîìåíå ðàçìåðîì 1.6 Mb â õðîìîñîì-
íîì ñóáñåãìåíòå 7q36.3. Åñëè òî÷êà ðàçðûâà íàõîäèòñÿ
íà ðàññòîÿíèè 265 kb îò ïðîìîòîðà ãåíà, ðàçâèâàåòñÿ ãî-
ëîïðîçýíöåôàëèÿ 3-ãî òèïà. Åñëè æå òî÷êà ðàçðûâà íàõî-
äèòñÿ íà ðàññòîÿíèè 1 Mb, ôîðìèðóåòñÿ ïðåàêñèàëüíàÿ
ïîëèäàêòèëèÿ (Fernandez et al., 2005).

Ñ îñîáûì âíèìàíèåì ñëåäóåò îòíîñèòüñÿ ê ðàçðûâàì
òîïîëîãè÷åñêè àññîöèèðîâàííûõ äîìåíîâ, çàòðàãèâàþ-
ùèõ èìïðèíòèðîâàííûå èëè Õ-ñöåïëåííûå ìîíîàëëåëü-
íî ýêñïðåññèðóþùèåñÿ ãåíû, ïîñêîëüêó ïîâðåæäåíèå
åäèíñòâåííîé àêòèâíîé êîïèè ãåíà íåèçáåæíî áóäåò ïðè-
âîäèòü ê ïàòîëîãè÷åñêèì ïîñëåäñòâèÿì. Èçâåñòíûì íà
ñåãîäíÿøíèé äåíü ïðèìåðîì ÿâëÿåòñÿ ðàçîáùåíèå ðåãó-
ëÿòîðíîé è êîäèðóþùåé ïîñëåäîâàòåëüíîñòåé Õ-ñöåï-
ëåííîãî ãåíà òðàíñêðèïöèîííîãî ôàêòîðà POU3F4, ëî-
êàëèçîâàííûõ â ïðåäåëàõ îäíîãî TAD. Òàêàÿ ìóòàöèÿ
îïðåäåëÿåò ðàçâèòèå îäíîé èç íàñëåäñòâåííûõ ôîðì
X-ñöåïëåííîé ãëóõîòû ó ìóæ÷èí (de Kok et al., 1996).

Áîëåå ñëîæíûå êëèíè÷åñêèå ýôôåêòû ðàçðûâîâ TAD
îïèñàíû â õðîìîñîìíîì ñåãìåíòå 11p13, ìèêðîäåëåöèè â
êîòîðîì ïðèâîäÿò ê ðàçâèòèþ ñèíäðîìà WAGR, ñî÷åòàþ-
ùåãî â ñåáå îïóõîëü Âèëüìñà (íàñëåäñòâåííàÿ îïóõîëü
ïî÷åê), àíèðèäèþ, àíîìàëèè ìî÷åïîëîâîé ñèñòåìû è óì-
ñòâåííóþ îòñòàëîñòü. Îêàçàëîñü, ÷òî ðàçîáùåíèå ãåíà
PAX6 è åãî ðåãóëÿòîðíîãî ýëåìåíòà, ëîêàëèçîâàííîãî â
òîì æå ñàìîì TAD íà 150 kb âûøå îò ïðîìîòîðà, ïðèâî-
äèò òîëüêî ëèøü ê èçîëèðîâàííîé àíèðèäèè — âðîæäåí-
íîìó îòñóòñòâèþ ðàäóæíîé îáîëî÷êè ãëàçà (Bhatia et al.,
2013). Â òî æå âðåìÿ ãàïëîíåäîñòàòî÷íîñòü ãåíà WT1, íà-

õîäÿùåãîñÿ óæå â ñëåäóþùåì TAD, âûçûâàåò àíîìà-
ëèè ìî÷åïîëîâîé ñèñòåìû, íî íå ïðèâîäèò ê àíèðèäèè
(Lehnhardt et al., 2015). Åñëè æå ïðîèñõîäèò ïðîòÿæåííàÿ
õðîìîñîìíàÿ ìèêðîäåëåöèÿ, çàòðàãèâàþùàÿ îáà TAD
ñ ãåíàìè PAX6 è WT1, à òàêæå ïîãðàíè÷íóþ ðåãóëÿòîð-
íóþ îáëàñòü ìåæäó äâóìÿ ñîñåäíèìè òîïîëîãè÷åñêè àñ-
ñîöèèðîâàííûìè äîìåíàìè, òî ðàçâèâàåòñÿ êëàññè÷åñêàÿ
êàðòèíà àóòîñîìíî-äîìèíàíòíîãî ñìåæíîãî ãåííîãî
WAGR-ñèíäðîìà, âêëþ÷àþùåãî â ñåáÿ êàê àíèðèäèþ,
òàê è àíîìàëèè ìî÷åïîëîâîé ñèñòåìû.

Òàêèì îáðàçîì, ó÷åò îñîáåííîñòåé îðãàíèçàöèè ãåíî-
ìà ÷åëîâåêà, â òîì ÷èñëå òðåõìåðíîé, åãî êîìïàðòìåíòà-
ëèçàöèè íà ñòðóêòóðíî-ôóíêöèîíàëüíûå äîìåíû, îòêðû-
âàåò íîâóþ ñòðàíèöó â ìåäèöèíñêîé ãåíåòèêå. Ñ îäíîé
ñòîðîíû, ýòî ïðèâíîñèò íîâûå âîçìîæíîñòè äëÿ îáúÿñíå-
íèÿ ãåíîôåíîòèïè÷åñêèõ êîððåëÿöèé ïðè óæå èçâåñò-
íûõ íàñëåäñòâåííûõ ñèíäðîìàõ è õðîìîñîìíûõ çàáîëå-
âàíèÿõ. Ñ äðóãîé ñòîðîíû, ýòî äàåò äîïîëíèòåëüíóþ ìî-
ëåêóëÿðíóþ îñíîâó äëÿ ïîíèìàíèÿ ïàòîãåíåòè÷åñêèõ
ýôôåêòîâ ñáàëàíñèðîâàííûõ õðîìîñîìíûõ ïåðåñòðîåê
(òðàíñëîêàöèé è èíâåðñèé), íå ìåíÿþùèõ êîëè÷åñòâî
õðîìîñîìíîãî ìàòåðèàëà, íî ìîäèôèöèðóþùèõ ðåãóëÿ-
òîðíûå ó÷àñòêè ãåíîìà (Ordulu et al., 2016; Redin et al.,
2017).

Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé ïîääåðæ-
êå Ðîññèéñêîãî íàó÷íîãî ôîíäà (ïðîåêò 14-15-00772).

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Êàøåâàðîâà À. À., Ëåáåäåâ È. Í. 2016. Ãåíîìíàÿ àðõèòåê-
òóðà õðîìîñîìíûõ áîëåçíåé ÷åëîâåêà. Ãåíåòèêà. 52 (5) :
511—528 (Kashevarova A. A., Lebedev I. N. 2016. Genomic archi-
tecture of human chromosomal diseases. Russ. J. Genet 52 (5) :
447—462.)

Amarillo I. E., Dipple K. M., Quintero-Rivera F. 2013. Famili-
al microdeletion of 17q24.3 upstream of SOX9 is associated with
isolated Pierre Robin sequence due to position effect. Amer.
J. Med. Genet. A. 161A : 1167—1172.

Benko S., Fantes J. A., Amiel J., Kleinjan D. J., Thomas S.,
Ramsay J., Jamshidi N., Essafi A., Heaney S., Gordon C. T. et al.
2009. Highly conserved non-coding elements on either side of
SOX9 associated with Pierre Robin sequence. Nat. Genet. 41 :
359—364.

Bhatia S., Bengani H., Fish M., Brown A., Divizia M. T., de
Marco R., Damante G., Grainger R., van Heyningen V., Klein-
jan D. A. 2013. Disruption of autoregulatory feedback by a muta-
tion in a remote, ultraconserved PAX6 enhancer causes aniridia.
Amer. J. Hum. Genet. 93 : 1126—1134.

Cai J., Goodman B. K., Patel A. S., Mulliken J. B., Van Mal-
dergem L., Hoganson G. E., Paznekas W. A., Ben-Neriah Z., Shef-
fer R., Cunningham M. L., Daentl D. L., Jabs E. W. 2003. Increased
risk for developmental delay in Saethre—Chotzen syndrome is as-
sociated with TWIST deletions: an improved strategy for TWIST
mutation screening. Hum. Genet. 114 : 68—76.

Carvalho C. M., Lupski J. R. 2016. Mechanisms underlying
structural variant formation in genomic disorders. Nat. Rev. Genet.
17 : 224—238.

Crespi B., Summers K., Dorus S. 2009. Genomic sister-disor-
ders of neurodevelopment: an evolutionary approach. Evol. Appl.
2 : 81—100.

De Kok Y. J., Vossenaar E. R., Cremers C. W., Dahl N., La-
porte J., Hu L. J., Lacombe D., Fischel-Ghodsian N., Fried-
man R. A., Parnes L. S. et al. 1996. Identification of a hot spot for
microdeletions in patients with X-linked deafness type 3 (DFN3)
900 kb proximal to the DFN3 gene POU3F4. Hum. Mol. Genet. 5 :
1229—1235.

Öèòîãåíåòèêà ÷åëîâåêà â ãåíîìíóþ è ïîñòãåíîìíóþ ýðó: îò àðõèòåêòóðû ãåíîìà... 501



Dixon J. R., Selvaraj S., Yue F., Kim A., Li Y., Shen Y., Hu M.,
Liu J. S., Ren B. 2012. Topological domains in mammalian geno-
mes identified by analysis of chromatin interactions. Nature. 485 :
376—380.

Ferguson-Smith M., Pereira J., Kasai F. 2017. Chromosome
sequencing: the fifth and final era of cytogenetics. Mol. Cytogenet.
10 (Suppl. 1) : 1.

Fernandez B. A., Siegel-Bartelt J., Herbrick J. A., Teshima I.,
Scherer S. W. 2005. Holoprosencephaly and cleidocranial dyspla-
sia in a patient due to two position-effect mutations: case report and
review of the literature. Clin. Genet. 68 : 349—359.

Gillentine M. A., Yin J., Bajic A., Zhang P., Cummock S.,
Kim J. J., Schaaf C. P. 2017. Functional consequences of CHRNA7
copy-number alterations in induced pluripotent stem cells and neu-
ral progenitor cells. Amer. J. Hum. Genet. 101 : 874—887.

Golzio C., Katsanis N. 2013. Genetic architecture of reciprocal
CNVs. Curr. Opin. Genet. Develop. 23 : 240—248.

Gordon C. T., Tan T. Y., Benko S., Fitzpatrick D., Lyonnet S.,
Farlie P. G. 2009. Long-range regulation at the SOX9 locus in de-
velopment and disease. J. Med. Genet. 46 : 649—656.

Gridina M. M., Matveeva N. M., Fishman V. S., Menzo
rov A. G., Kizilova H. A., Beregovoy N. A., Kovrigin I. I., Pristyazh-
nyuk I. E., Oscorbin I. P., Filipenko M. L., Kashevarova A. A.,
Skryabin N. A., Nikitina T. V., Sazhenova E. A., Nazarenko L. P.,
Lebedev I. N., Serov O. L. 2018. Allele-specific biased expression
of the CNTN6 gene in iPS cell-derived neurons from a patient with
intellectual disability and 3p26.3 microduplication involving the
CNTN6 gene. Mol. Neurobiol. doi: 10.1007/s12035-017-0851-5.

Hammond P., McKee S., Suttie M., Allanson J., Cobben J. M.,
Maas S. M., Quarrell O., Smith A. C., Lewis S., Tassabehji M., Si-
sodiya S., Mattina T., Hennekam R. 2014. Opposite effects on fa-
cial morphology due to gene dosage sensitivity. Hum. Mut. 133 :
1117—1125.

Iafrate A. J., Feuk L., Rivera M. N. 2004. Detection of lar-
ge-scale variation in the human genome. Nat. Genet. 36 :
949—951.

Kashevarova A. A., Nazarenko L. P., Schultz-Pedersen S.,
Skryabin N. A., Salyukova O. A., Chechetkina N. N., Tolmache-

va E. N., Rudko A. A., Magini P., Graciano C., Romeo G., Joss Sh.,
Tumer Z., Lebedev I. N. 2014. Single gene microdeletions and mic-
roduplication of 3p26.3 in three unrelated families: CNTN6 as a
new candidate gene for intellectual disability. Mol. Cytogenet. 7 :
97.

Lebedev I. N., Nazarenko L. P., Skryabin N. A., Babushki-
na N. P., Kashevarova A. A. 2016. A de novo microtriplication at
4q21.21-q21.22 in a patient with a vascular malignant hemangio-
ma, elongated sigmoid colon, developmental delay, and absence of
speech. Amer. J. Med. Genet. Pt A. 170A : 2089—2096.

Lehnhardt A., Karnatz C., Ahlenstiel-Grunow T., Benz K.,
Benz M. R., Budde K., Buscher A. K., Fehr T., Feldkotter M.,
Graf N. et al. 2015. Clinical and molecular characterization of pati-
ents with heterozygous mutations in Wilms tumor suppressor
gene 1. Clin. J. Amer. Soc. Nephrol. 10 : 825—831.

Lupiáñez D. G., Kraft K., Heinrich V., Krawitz P., Brancati F.,
Klopocki E., Horn D., Kayserili H., Opitz J. M., Laxova R. et al.
2015. Disruptions of topological chromatin domains cause patho-
genic rewiring of gene-enhancer interactions. Cell. 161 :
1012—1025.

Ordulu Z., Kammin T., Brand H., Pillalamarri V., Redin C. E.,
Collins R. L., Blumenthal I., Hanscom C., Pereira S., Brad-
ley I. et al. 2016. Structural chromosomal rearrangements require
nucleotide-level resolution: lessons from next-generation sequen-
cing in prenatal diagnosis. Amer. J. Hum. Genet. 99 : 1015—1033.

Redin C., Brand H., Collins R. L., Kammin T., Mitchell E.,
Hodge J. C., Hanscom C., Pillalamarri V., Seabra C. M., Ab-
bott M. A. et al. 2017. The genomic landscape of balanced cytoge-
netic abnormalities associated with human congenital anomalies.
Nat. Genet. 49 : 36—45.

Witteveen J. S., Willemsen M. H., Dombroski T. C., van Ba-
kel N. H., Nillesen W. M., van Hulten J. A., Jansen E. J., Verka-
ik D., Veenstra-Knol H. E., van Ravenswaaij-Arts C. M. et al.
2016. Haploinsufficiency of MeCP2-interacting transcriptional
co-repressor SIN3A causes mild intellectual disability by affecting
the development of cortical integrity. Nat. Genet. 48 : 877—887.

Ïîñòóïèëà 12 III 2018

HUMAN CYTOGENETICS IN GENOME AND POSTGENOME ERA:

FROM GENOME ARCHITECTURE TO NOVEL CHROMOSOMAL DISEASES

I. N. Lebedev

Research Institute of Medical Genetics, Tomsk National Research Medical Centre RAS, Tomsk, 634050;

e-mail: igor.lebedev@medgenetics.ru

Current achievements in the genome studies supported by high-end genotyping and molecular karyotyping
technologies as well as cell technologies provide an expansion of the concept about etiology and pathogenesis
of human chromosomal diseases. In recent years, a raw of data have been accumulated emphasizing the fact
that the evolutionary features of the human genome organization determine the origin of clinically significant
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