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Ïðîâåäåíî êîìïëåêñíîå ìîëåêóëÿðíî-ãåíåòè÷åñêîå îáñëåäîâàíèå 76 áîëüíûõ ñ òóáåðîçíûì ñêëåðîçîì. Äëÿ äèàãíîñòèêè çà-
áîëåâàíèÿ èñïîëüçîâàëàñü âíåäðåííàÿ â ïðàêòè÷åñêóþ äåÿòåëüíîñòü ÔÃÁÍÓ «ÌÃÍÖ» íîâàÿ ìåäèöèíñêàÿ òåõíîëîãèÿ, êîòîðàÿ
âêëþ÷àåò â ñåáÿ ìåòîäû òàðãåòíîãî âûñîêîïðîèçâîäèòåëüíîãî ïàðàëëåëüíîãî ñåêâåíèðîâàíèÿ (ÂÏÑ), ìóëüòèïëåêñíîé àìïëèôè-
êàöèè ëèãèðîâàííûõ çîíäîâ (MLPA), à òàêæå ñåêâåíèðîâàíèå ÄÍÊ ïî Ñåíãåðó. Ïîèñê òî÷êîâûõ ìóòàöèé, à òàêæå ìàëûõ äåëå-
öèé/èíñåðöèé â ãåíàõ TSC1 è TSC2 îñóùåñòâëÿëè ìåòîäîì ÂÏÑ íà ïðèáîðå Ion S5. Äëÿ èñêëþ÷åíèÿ àðòåôàêòîâ ñåêâåíèðîâàíèÿ,
ïîäòâåðæäåíèÿ ïàòîãåííîñòè îáíàðóæåííûõ îäíîíóêëåîòèäíûõ çàìåí è âûÿâëåíèÿ ñåìåéíûõ ñëó÷àåâ ïðîâîäèëè ñåêâåíèðîâàíèå
ïî Ñåíãåðó. Äëÿ âûÿâëåíèÿ ïðîòÿæåííûõ äåëåöèé â ãåíàõ TSC1 è TSC2 èñïîëüçîâàëè ìåòîä MLPA. Ïàòîãåííûå ãåíåòè÷åñêèå âà-
ðèàíòû âûÿâëåíû â 46% ñëó÷àåâ, èç íèõ 70% — â ãåíå TSC2, è 30% — â ãåíå TSC1. Ïîäàâëÿþùåå áîëüøèíñòâî ìóòàöèé áûëî âûÿâ-
ëåíî ìåòîäîì ÂÏÑ — 91,9%; ìåòîäîì MLPA ïðîòÿæåííûå äåëåöèè âûÿâëåíû â 8,1% èíôîðìàòèâíûõ îáðàçöîâ.
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We performed a comprehensive molecular genetic examination of 76 patients with tuberous sclerosis. For establish molecular diagno-
sis of the disease, we applied a new medical technology that includes targeted high-throughput parallel DNA sequencing (NGS), multiplex
ligation-dependent probe amplification (MLPA), and Sanger sequencing. Search for point mutations and small indels in the TSC1 and TSC2
genes was carried out with next generation sequencing on the Ion S5 instrument. In order to filter out sequencing artifacts, to establish
pathogenicity of the detected single nucleotide substitutions, and to identify familial cases, Sanger sequencing was performed. To search
for extended deletions, the MLPA method was used. In 46% cases mutations have been detected, 70% in the TSC2 gene, and 30% in the
TSC1 gene. Overwhelming majority of mutations were detected by NGS (91.9%), and 8.1% were detected by MLPA.
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Ââåäåíèå

Òóáåðîçíûé ñêëåðîç (ÒÑ) — îðôàííîå ïîëèñèñòåìíîå
çàáîëåâàíèå ñ àóòîñîìíî-äîìèíàíòíûì òèïîì íàñëåäîâà-
íèÿ, èìåþùåå âàðèàáåëüíóþ ýêñïðåññèâíîñòü è 100% ïå-
íåòðàíòíîñòü. ×àñòîòà âñòðå÷àåìîñòè ÒÑ ñîñòàâëÿåò
1:20000, ñðåäè íîâîðîæäåííûõ — 1:6000 — 1:10000 [1]. Íå

ìåíåå ÷åì â 2/3 ñëó÷àåâ çàáîëåâàíèå ÿâëÿåòñÿ ñëåäñòâèåì
ìóòàöèé de novo. Ïðè ÒÑ â îñíîâíîì ïîðàæàþòñÿ ãîëîâ-
íîé ìîçã, ñå÷àòêà ãëàçà, êîæà, ñåðäöå, ïî÷êè è ïå÷åíü. Ðå-
æå ïîðàæàþòñÿ ëåãêèå, ýíäîêðèííàÿ ñèñòåìà è æåëóäî÷-
íî-êèøå÷íûé òðàêò. Êëèíè÷åñêèìè ïðèçíàêàìè ÒÑ â
95% ñëó÷àåâ ÿâëÿþòñÿ ãèïîïèãìåíòíûå ïÿòíà, â ñðåäíåì
ó 65% ïàöèåíòîâ âñòðå÷àþòñÿ àíãèîôèáðîìû. Ñóáýïåíäè-



ìàëüíûå óçëû âñòðå÷àþòñÿ â 95% ñëó÷àåâ, â 48% ñëó÷àåâ
îòìå÷àåòñÿ óìñòâåííàÿ îòñòàëîñòü. Òàêæå ó 80% ïàöèåíòîâ
ñ ÒÑ ðàçâèâàþòñÿ ìíîæåñòâåííûå àíãèîìèîëèïîìû ïî-
÷åê, è â 50% ñëó÷àåâ — ðàáäîìèîìà ñåðäöà [1].

Îñíîâíîé ïðè÷èíîé ðàçâèòèÿ ÒÑ ÿâëÿþòñÿ ñòðóêòóð-
íûå íàðóøåíèÿ â ãåíàõ êîìïëåêñà òóáåðîçíîãî ñêëåðîçà,
à èìåííî â ãåíàõ TSC1 è TSC2. Ãåíû TSC1 è TSC2 êîäè-
ðóþò áåëêè ãàìàðòèí è òóáåðèí — ñóïðåññîðû îïóõîëåâî-
ãî ðîñòà. Äàííûå áåëêè èãðàþò âàæíåéøóþ ðîëü â óíè-
âåðñàëüíîì ñèãíàëüíîì ïóòè mTOR, êîòîðûé îòâå÷àåò çà
ðîñò, ïðîëèôåðàöèþ, ìåòàáîëèçì êëåòîê è óõîä îò àïîï-
òîçà [2]. Ãåí TSC1 (MIM#191100) êàðòèðîâàí íà äëèííîì
ïëå÷å äåâÿòîé õðîìîñîìû â ðàéîíå 9q34 è ñîñòîèò èç
23 ýêçîíîâ. Ãåí TSC2 (MIM#191092) ðàñïîëîæåí íà êî-
ðîòêîì ïëå÷å øåñòíàäöàòîé õðîìîñîìû â ðàéîíå 16p13.3
è ñîñòîèò èç 42 ýêçîíîâ. Òóáåðèí â êîìïëåêñå ñ ãàìàðòè-
íîì âûïîëíÿåò ðîëü èíãèáèòîðà ÃÒÔ-ñâÿçûâàþùåãî
áåëêà Rheb, ïðè÷åì ãàìàðòèí ñòàáèëèçèðóåò òóáåðèí è
ïðåäîòâðàùàåò åãî óáèêâèòèí-îïîñðåäîâàííóþ äåãðàäà-
öèþ. Èíãèáèðóÿ áåëîê Rheb, êîìïëåêñ èíàêòèâèðóåò ñå-
ðèí/òðåîíèíîâóþ ïðîòåèíêèíàçó mTOR [3].

Ìîëåêóëÿðíûå íàðóøåíèÿ â äàííîì êîìïëåêñå ãå-
íîâ ïðåäñòàâëåíû øèðîêèì ñïåêòðîì ãåíåòè÷åñêèõ èç-
ìåíåíèé: íîíñåíñ-ìóòàöèè, ìèññåíñ-ìóòàöèè, ìóòàöèè
ñàéòà ñïëàéñèíãà, êîðîòêèå èíñåðöèè/äåëåöèè, à òàêæå
ïðîòÿæåííûå äåëåöèè. Ìóòàöèè ðàñïðåäåëåíû ïî âñåé
êîäèðóþùåé ïîñëåäîâàòåëüíîñòè ãåíîâ ðàâíîìåðíî. Òà-
êèì îáðàçîì, áîëüøîé ðàçìåð ãåíîâ è îòñóòñòâèå «ãîðÿ-
÷èõ» òî÷åê äåëàåò ìîëåêóëÿðíî-ãåíåòè÷åñêóþ äèàãíîñ-
òèêó çàáîëåâàíèÿ òðóäîåìêîé è ðåñóðñîçàòðàòíîé.

Ïðèìåíÿåìûé â íàñòîÿùåé ðàáîòå ìåòîä âûñîêîïðî-
èçâîäèòåëüíîãî ïàðàëëåëüíîãî ñåêâåíèðîâàíèÿ (ÂÏÑ)
ïðåäîñòàâëÿåò âîçìîæíîñòü áîëåå ýôôåêòèâíîãî è ýêî-
íîìè÷íîãî ïîèñêà ñòðóêòóðíûõ èçìåíåíèé â ãåíàõ TSC1

è TSC2. Îäíàêî ÂÏÑ ïîçâîëÿåò âûÿâèòü òîëüêî êîðîòêèå
ãåíåòè÷åñêèå âàðèàíòû (îò 1 äî 30 ï.í.), ÷òî ïðèâîäèò ê
íåîáõîäèìîñòè ïðèìåíåíèÿ â êîìïëåêñíîé äèàãíîñòèêå
ÒÑ ìåòîäà MLPA, êîòîðûé ïîçâîëÿåò îáíàðóæèòü ïðîòÿ-
æåííûå äåëåöèè èëè äóïëèêàöèè. Íåñìîòðÿ íà âûñîêóþ
äîñòîâåðíîñòü ðåçóëüòàòîâ ÂÏÑ, êîòîðàÿ äîñòèãàåòñÿ ïó-
òåì ìíîãîêðàòíîãî ïðî÷òåíèÿ öåëåâîé ïîñëåäîâàòåëüíî-
ñòè, äëÿ èñêëþ÷åíèÿ àðòåôàêòîâ ñåêâåíèðîâàíèÿ íåîá-
õîäèìî èñïîëüçîâàíèå ìåòîäà ïðÿìîãî ñåêâåíèðîâàíèÿ
ïî Ñýíãåðó ñ àëüòåðíàòèâíîé ïàðû ïðàéìåðîâ. Ñåêâåíè-
ðîâàíèå ïî Ñýíãåðó öåëåñîîáðàçíî èñïîëüçîâàòü òàêæå
äëÿ ïîäòâåðæäåíèÿ ñòàòóñà ìóòàöèé de novo â ñïîðàäè÷å-
ñêèõ ñëó÷àÿõ çàáîëåâàíèÿ, è äëÿ âûÿâëåíèÿ ñåìåéíûõ
ñëó÷àåâ ÒÑ, êîòîðûå, âñëåäñòâèå âàðèàáåëüíîé ýêñïðåñ-
ñèâíîñòè çàáîëåâàíèÿ ìîãóò áûòü óïóùåíû ïðè ïðîâåäå-
íèè êëèíè÷åñêîé äèàãíîñòèêè.

Ñîâîêóïíîñòü ïåðå÷èñëåííûõ òðåõ ìåòîäîâ ïîçâîëÿ-
åò îõâàòèòü ïîëíûé ñïåêòð ìîëåêóëÿðíî-ãåíåòè÷åñêèõ
íàðóøåíèé ó áîëüíûõ ñ ÒÑ, ÷òî ñïîñîáñòâóåò îáúåêòèâ-
íîìó è ãðàìîòíîìó ïðîâåäåíèþ ìåäèêî-ãåíåòè÷åñêîãî
êîíñóëüòèðîâàíèÿ.

Ìàòåðèàëû è ìåòîäû

Êëèíè÷åñêèé ìàòåðèàë

Îáñëåäîâàíî 76 ïàöèåíòîâ ñ ïîäîçðåíèåì íà ÒÑ.

Ñêðèíèíã òî÷êîâûõ ìóòàöèé, à òàêæå ìàëûõ äåëå-
öèé/èíñåðöèé â ãåíàõ TSC1 è TSC2 â îáðàçöàõ ÄÍÊ èç
ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè, âûäåëåííîé ñòàí-
äàðòíûì ìåòîäîì ôåíîë-õëîðîôîðìíîé ýêñòðàêöèè,
ìåòîäîì ÂÏÑ ïðîâåäåí 76 ïàöèåíòàì.

Ñêðèíèíã ïðîòÿæåííûõ äåëåöèé â ãåíàõ TSC1 è
TSC2 ïðîâåäåí ìåòîäîì MLPA â îáðàçöàõ ÄÍÊ èç ëèì-
ôîöèòîâ ïåðèôåðè÷åñêîé êðîâè 42 ïàöèåíòîâ, ó êîòî-
ðûõ ìåòîäîì ÂÏÑ ïîâðåæäåíèé ýòèõ ãåíîâ âûÿâëåíî íå
áûëî.

Âûñîêîïðîèçâîäèòåëüíîå ïàðàëëåëüíîå ñåêâåíèðîâàíèå

ãåíîâ TSC1 è TSC2 ïðîâîäèëè íà ïðèáîðå Ion S5 (Ther-
moFisher, ÑØÀ). Ïàíåëü ïðàéìåðîâ äëÿ ñåêâåíèðîâà-
íèÿ ðàçðàáîòàíà ñ èñïîëüçîâàíèåì ïðîãðàììíîãî îáåñ-
ïå÷åíèÿ AmpliSeq Designer (ThermoFisher). Òàðãåòíûå
ðåãèîíû âêëþ÷àþò âñå êîäèðóþùèå ïîñëåäîâàòåëüíî-
ñòè ãåíîâ TSC1 è TSC2, ïðèëåãàþùèå îáëàñòè èíòðîíîâ
è 5’, 3’- íåòðàíñëèðóåìûå îáëàñòè (UTR). Äëÿ ñîçäàíèÿ
áèáëèîòåê ôðàãìåíòîâ ÄÍÊ èñïîëüçîâàëè ðåàãåíòû Ion
Ampliseq Library Kit 2.0 (ThermoFisher). Ðåàêöèè ïðîâî-
äèëè ïî ñòàíäàðòíîìó ïðîòîêîëó, ðåêîìåíäîâàííîìó
ïðîèçâîäèòåëåì.

Êëîíàëüíóþ ýìóëüñèîííóþ ÏÖÐ, à òàêæå çàãðóçêó
÷èïîâ ïðîâîäèëè ñ èñïîëüçîâàíèåì àïïàðàòà Ion Chef
Instrument (ThermoFisher) ñîãëàñíî ïðîòîêîëó ïðîèçâî-
äèòåëÿ. Ñåêâåíèðîâàíèå ìóëüòèïëåêñèðîâàííûõ îáðàç-
öîâ âûïîëíÿëè íà ñåêâåíàòîðå Ion S5 (ThermoFisher) íà
÷èïàõ Ion 540.

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 (èäåíòèôèêàöèÿ âàðèàíòîâ íóêëåîòèäíûõ ïîñëå-
äîâàòåëüíîñòåé).

Äëÿ îöåíêè êëèíè÷åñêîé çíà÷èìîñòè ãåíåòè÷åñêèõ âà-
ðèàíòîâ èñïîëüçîâàëè áàçû äàííûõ LOVD [4], HGMD [5]
è ClinVar [6]. Ôèëüòðàöèþ èçâåñòíûõ ïîëèìîðôèçìîâ
ïðîâîäèëè ïî áàçàì äàííûõ gnomAD è ExAC [7] ñ èñïîëü-
çîâàíèåì ïðîãðàììíîãî îáåñïå÷åíèÿ ANNOVAR [8].

Âèçóàëüíûé àíàëèç äàííûõ, ðó÷íóþ ôèëüòðàöèþ àð-
òåôàêòîâ ñåêâåíèðîâàíèÿ è âûðàâíèâàíèÿ ïîñëåäîâà-
òåëüíîñòåé îñóùåñòâëÿëè ñ èñïîëüçîâàíèåì ïðîãðàììû
Integrative Genomics Viewer — IGV [9].

Àíàëèç ïðîòÿæåííûõ äåëåöèé ãåíîâ TSC1 è TSC2 â
ÄÍÊ êðîâè ïàöèåíòîâ îñóùåñòâëÿëè ñ èñïîëüçîâàíèåì
ìóëüòèïëåêñíîé ïðîáîçàâèñèìîé ëèãàçíîé ðåàêöèè
(MLPA, multiplex ligation-dependent amplification). Ðåàê-
öèþ MLPA ïðîâîäèëè ïî ñòàíäàðòíîìó ïðîòîêîëó, ðå-
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êîìåíäîâàííîìó ïðîèçâîäèòåëåì (MRC-Holland,
http://www.mlpa.com).

Â ðàáîòå èñïîëüçîâàëè äâà íàáîðà:
�MRC-Holland SALSA® MLPA® Probemix P124

TSC1;
�MRC-Holland SALSA® MLPA® Probemix P046

TSC2.

Êàïèëëÿðíûé ýëåêòðîôîðåç ïðîäóêòîâ MLPA îñó-
ùåñòâëÿëè íà ãåíåòè÷åñêîì àíàëèçàòîðå ABI3500 ïî
ïðîòîêîëó ABI Prism 3500 Genetic Analyzer Kits (Thermo
Fisher). Äàííûå îáðàáàòûâàëè ñ èñïîëüçîâàíèåì ïðî-
ãðàììíîãî îáåñïå÷åíèÿ Coffalyser.NET, ïðåäîñòàâëåí-
íîãî êîìïàíèåé MRC-Holland.

Ïîëèìåðàçíàÿ öåïíàÿ ðåàêöèÿ (ÏÖÐ)

Â ñîñòàâ ðåàêöèîííîé ñìåñè äëÿ ÏÖÐ âõîäèëè ñëå-
äóþùèå ðåàãåíòû: 8% ãëèöåðèí, 68 ìM Tris-HCl
ñ pH 8,3, 17 ìÌ (NH4)SO4, 0,01% Tween-20, 0,1 ìã/ìë
BSA, ïî 0,2 ìÌ êàæäîãî dNTP, 1,5 åä. àêò. Taq-ïîëèìå-
ðàçû, 0,12 ïÌ êàæäîãî ïðàéìåðà, 2,5 ìÌ MgCl2. Â ðåàê-
öèîííóþ ñìåñü äîáàâëÿëè 100 íã ãåíîìíîé ÄÍÊ. Îáúåì
ðåàêöèîííîé ñìåñè ñîñòàâëÿë 25 ìêë. Ñâåðõó íàñëàèâà-
ëè 40—60 ìêë âàçåëèíîâîãî ìàñëà. Ïðîãðåâàëè ñìåñü
ïðè 95°Ñ â òå÷åíèå 5 ìèíóò è ïðîâîäèëè 33 öèêëà ïî
ñëåäóþùåé ïðîãðàììå: 95°Ñ — 40 ñ, Tîòæèãà ïðàéìåðîâ

(60—64°Ñ, ïîäáèðàëàñü ýêñïåðèìåíòàëüíûì ïóòåì —
òàáë. 1) — 40 ñ, 72°Ñ — 40 ñåêóíä, ôèíàëüíóþ ýëîíãàöèþ
ïðîâîäèëè ïðè 72°Ñ â òå÷åíèå 5 ìèíóò.

ÏÖÐ ïðîâîäèëè íà ïðîãðàììèðóåìîì òåðìîöèêëåðå
«Òåðöèê» ôèðìû «ÄÍÊ-òåõíîëîãèÿ», Ìîñêâà.

Ïðîäóêòû ðåàêöèè äåòåêòèðîâàëè ìåòîäîì âåðòèêà-
ëüíîãî ýëåêòðîôîðåçà â 8% ÏÀÀÃ. Âèçóàëüíûé êîíò-
ðîëü ïðîáåãà ôðàãìåíòîâ ÄÍÊ îñóùåñòâëÿëè ïî êðàñè-
òåëÿì êñèëåíöèàíîëó è áðîìôåíîëîâîìó ñèíåìó. Ïî
îêîí÷àíèè ýëåêòðîôîðåçà ãåëü îêðàøèâàëè íèòðàòîì
ñåðåáðà. Ìàðêåðîì ìîëåêóëÿðíîãî âåñà ñëóæèëè ôðàã-
ìåíòû ïëàçìèäû pUC19, ïîëó÷åííûå â ðåçóëüòàòå åå îá-
ðàáîòêè ðåñòðèêòàçîé HpaII («ÑèáÝíçèì», Íîâîñè-
áèðñê).

Ñåêâåíèðîâàíèå ÄÍÊ ïî Ñåíãåðó

Îïðåäåëåíèå íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòåé
ïðîäóêòîâ ÏÖÐ ïðîâîäèëè ñåêâåíèðîâàíèåì ïî Ñåíãå-
ðó íà ãåíåòè÷åñêîì àíàëèçàòîðå ABI3500 â ñîîòâåòñòâèè
ñ ïðîòîêîëîì ôèðìû-ïðîèçâîäèòåëÿ (Thermo Fisher).
Ðåçóëüòàòû ñåêâåíèðîâàíèÿ àíàëèçèðîâàëè ñ èñïîëüçî-
âàíèåì ïðîãðàììû Chromas è ñîïîñòàâëÿëè ñ áàçîé äàí-
íûõ GenBank c ïîìîùüþ àëãîðèòìà BLAST.

Ðåçóëüòàòû è îáñóæäåíèå

Â íàñòîÿùåé ðàáîòå ïðèìåíåí êîìïëåêñíûé ïîäõîä
ê âûÿâëåíèþ ìîëåêóëÿðíî-ãåíåòè÷åñêèõ èçìåíåíèé
ó áîëüíûõ ñ ïðåäïîëàãàåìûì êëèíè÷åñêèì äèàãíîçîì
òóáåðîçíûé ñêëåðîç. Â ðåçóëüòàòå ñêðèíèíãà òî÷êîâûõ
ìóòàöèé â ãåíàõ TSC1 è TSC2 ìåòîäîì ñåêâåíèðîâàíèÿ
íîâîãî ïîêîëåíèÿ â âûáîðêå èç 76 áîëüíûõ èçìåíåíèÿ
âûÿâëåíû â 43,4% (32/76) ñëó÷àåâ.

Ïî äàííûì ëèòåðàòóðû, ìóòàöèè â ãåíå TSC1 âñòðå-

÷àþòñÿ íàìíîãî ðåæå, ÷åì â ãåíå TSC2 (�30% ïðîòèâ
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Òàáëèöà 1
Ñïèñîê ïðàéìåðîâ äëÿ âàëèäàöèè âûÿâëåííûõ â ðàáîòå ìóòàöèé

ìåòîäîì ïðÿìîãî ñåêâåíèðîâàíèÿ ïî Ñýíãåðó

Ãåí Ïîñëåäîâàòåëüíîñòü ïðÿìîãî ïðàéìåðà Ïîñëåäîâàòåëüíîñòü îáðàòíîãî ïðàéìåðà Òåìïåðàòóðà
îòæèãà, °C

Íîìåð ýêçîíà

TSC2 CAGGGTTCTTGGAGAGCACAT CTGACGTCACCCATCCCA 60 4

TSC2 CTCTGGTGCCAAGTCCATGT CTCTGGTCCGCACATCTCT 64 12

TSC1 GATTCTTGTTCCTCTCTTACACTTTCTGT CCCGTATGATCATCTTTTTGAGGTG 62 15

TSC1 GTAAAGGCTTGCTTTGGTGTGT CTCTCTTCCTCTCAGCTGCAATA 64 15

TSC2 GATGTGGCCCTCGTTGGG GCCATCCGGTCACTCGAAG 62 15

TSC1 AGCTATCATGCTGACCCAAAACA CCAGTTACTCTATGAGCGTTTTAAGAGG 62 17

TSC2 TGTGTTTTGAAGCACGCACT GCCGAGACGGGGATACCT 60 17

TSC2 GGTCCTTTCTAGTCGTCCTCAGT AGGGTCCCTGACTGTGACC 62 34

TSC2 AGGTTAAGGCCCGGTCACAG GGCTCTGCTCTTTAAGGCGT 60 34

TSC2 GCTCGCCATCCTGTCCAATG CGTACCTTGCATGATGTCATCGT 62 37

TSC2 GCTCGCCATCCTGTCCAATG CGTACCTTGCATGATGTCATCGT 62 37

TSC2 CCCAGAGCCCCTGGAGTAAT ACAGAGGACACAACGCAGG 64 38

TSC2 GACCCTTTCTCTTGTCCGGG ATGTCTGGGGAGACTTGGTG 62 39

TSC2 GACCCTTTCTCTTGTCCGGG ATGTCTGGGGAGACTTGGTG 64 39

TSC2 CAAGTCTCCCCAGACATGGAG GGGTTGGAGCGGCTATGATG 63 40

TSC2 CAAGTCTCCCCAGACATGGAG GCTGAGGGAGCCCCATATTC 63 41



�70%) [10], à òå÷åíèå çàáîëåâàíèÿ ó ïàöèåíòîâ c ìóòàöè-
ÿìè â ãåíå TSC2 èìååò áîëåå òÿæåëûé õàðàêòåð [11].
Â ðåçóëüòàòå ñêðèíèíãà ãåíà TSC1 íàìè âûÿâëåíî
10 òî÷êîâûõ ìóòàöèé (òàáë. 2, ðèñ. 1). Â ïîëîâèíå ñëó÷à-
åâ (50%) ýòî — íîíñåíñ-ìóòàöèè.

Ñåêâåíèðîâàíèå íà âñåì ïðîòÿæåíèè êîäèðóþùèõ è
ïðèëåæàùèõ îáëàñòåé ãåíà TSC2 ïîçâîëèëî âûÿâèòü
â îáùåé ñëîæíîñòè 22 ìóòàöèè, ïðè÷åì ìóòàöèÿ
c.5227_5244del:p.1743_1748del îáíàðóæåíà ó äâóõ íåðîä-
ñòâåííûõ ïðîáàíäîâ. Âûÿâëåí ïîëíûé ñïåêòð àíîìàëèé
(òàáë. 2 è ðèñ. 2), êîòîðûé ïðåäñòàâëåí íîíñåíñ-ìóòàöè-
ÿìè, ìèññåíñ-ìóòàöèÿìè, ìóòàöèÿìè ñàéòîâ ñïëàéñèí-

ãà, ìàëûìè äåëåöèÿìè/èíñåðöèÿìè, ïðèâîäÿùèìè è íå
ïðèâîäÿùèìè ê ñäâèãó ðàìêè ñ÷èòûâàíèÿ. Ïàòîãåííàÿ
äåëåöèÿ áåç ñäâèãà ðàìêè ñ÷èòûâàíèÿ
c.5227_5244del:p.1743_1748del, êîòîðàÿ áûëà íàìè çà-
ôèêñèðîâàíà â äâóõ ñëó÷àÿõ (2/22) ÿâëÿåòñÿ ÷àñòîé ìóòà-
öèåé ó áîëüíûõ ñ ÒÑ [12, 13].

Çàìåòíî ìåíüøàÿ ïðåäñòàâëåííîñòü ïàòîãåííûõ ìó-
òàöèé â ýêçîíàõ ñ 18 ïî 23 â ãåíå TSC1 è ýêçîíàõ 1 ïî 14
â ãåíå TSC2 ïðåäïîëîæèòåëüíî ñâÿçàíà ñ ðàçìåðîì èçó-
÷åííîé íàìè âûáîðêè, òàê êàê, ïî äàííûì çàðóáåæíûõ
èññëåäîâàíèé, ìóòàöèè â ãåíàõ TSC1 è TSC2 ðàñïîëàãà-
þòñÿ ïî ãåíàì ðàâíîìåðíî [14].
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Ðèñ. 2. Ñïåêòð ìóòàöèé, îáíàðóæåííûõ â ãåíå TSC2 ìåòîäàìè âûñîêîïðîèçâîäèòåëüíîãî ïàðàëëåëüíîãî ñåêâåíèðîâàíèÿ è MLPA (ñîáñòâåííûå
äàííûå). B — äåëåöèÿ NM_000548:c.(482_598)_(525_?)del. C — äåëåöèÿ NM_000548:c.(3611_3813)_(5069_5259)del.

Ðèñ. 1. Ñïåêòð ìóòàöèé, îáíàðóæåííûõ â ãåíå TSC1 ìåòîäàìè âûñîêîïðîèçâîäèòåëüíîãî ïàðàëëåëüíîãî ñåêâåíèðîâàíèÿ ÄÍÊ è MLPA (ñîáñò-
âåííûå äàííûå). À — äåëåöèÿ ýêçîíà 8: NM 000368:c.(913_1030)del.



Â ñëó÷àÿõ, ãäå íå áûëî îáíàðóæåíî òî÷êîâûõ ìóòà-

öèé, áûë ïðîâåäåí àíàëèç êîïèéíîñòè ýêçîíîâ ãåíîâ

TSC1 è TSC2. Âûÿâëåíà äåëåöèÿ c.(913_1030)del, çàòðà-

ãèâàþùàÿ âîñüìîé ýêçîí â ãåíå TSC1 (ðèñ. 1), è äâå ïðî-

òÿæåííûå äåëåöèè (c.(482_598)_(525_?)del è

ñ.(3611_3813)_(5069_5259)del) â ãåíå TSC2 (ðèñ. 2).

Èíòåðïðåòàöèÿ ïàòîãåííîñòè âûÿâëåííûõ ãåíåòè÷å-

ñêèõ âàðèàíòîâ âêëþ÷àëà àíàëèç èõ íàñëåäîâàíèÿ â ðî-

äîñëîâíûõ. Íàëè÷èå ðåäêîãî ãåíåòè÷åñêîãî âàðèàíòà ó

ïðîáàíäà ñ êëèíè÷åñêèìè ïðèçíàêàìè ÒÑ ïðè îòñóòñò-

âèè åãî â ÄÍÊ èç ïåðèôåðè÷åñêîé êðîâè ðîäèòåëåé ñâè-

äåòåëüñòâóåò â ïîëüçó åãî ïàòîãåííîñòè. Àíàëèç íàñëåäî-

âàíèÿ ìóòàöèé â ñåìüÿõ ïðîâîäèëè ñåêâåíèðîâàíèåì

ñîîòâåòñòâóþùèõ ó÷àñòêîâ ãåíîâ ïî Ñåíãåðó — áîëåå

ýêîíîìè÷íûì, ïî ñðàâíåíèþ ñ ÂÏÑ, ìåòîäîì îäíîëî-

êóñíîãî àíàëèçà ÄÍÊ. Äîïîëíèòåëüíî, ðåñåêâåíèðîâà-

íèå ïî Ñýíãåðó îáåñïå÷èâàåò âàëèäàöèþ íàõîäîê ÂÏÑ

íåçàâèñèìûì ìåòîäîì.

Ñåêâåíèðîâàíèå ïî Ñåíãåðó îáðàçöîâ ÄÍÊ ïðîáàí-

äîâ è èõ ðîäèòåëåé ïðîâåäåíî íàìè â 33 ñåìüÿõ. Áûëè

ïîäòâåðæäåíû âñå ìóòàöèè, âûÿâëåííûå ðàíåå ìåòîäîì

NGS, è â 100% ñëó÷àåâ áûëà ïîêàçàíà èõ ñïîðàäè÷åñêàÿ

ïðèðîäà (ìóòàöèè de novo).

Òàêèì îáðàçîì, â íàñòîÿùåé ðàáîòå ìåòîäàìè ÂÏÑ è

MLPA èç 76 ïàöèåíòîâ, íàïðàâëåííûõ â ëàáîðàòîðèþ

äëÿ ïîèñêà ìóòàöèé â ãåíàõ TSC1/TSC2, â 35 (46%) ñëó-

÷àÿõ áûëî ïîäòâåðæäåíî íàëè÷èå ìóòàöèé, âêëþ÷àÿ

ïðîòÿæåííûå äåëåöèè. Â 24 (68,6%) ñëó÷àÿõ ìóòàöèè

áûëè îáíàðóæåíû â ãåíå TSC2, â 11 (31,4%) ñëó÷àÿõ —

â ãåíå TSC1. Â 100% ñëó÷àåâ îïðåäåëåí ñïîðàäè÷åñêèé

õàðàêòåð ìóòàöèé (de novo).

Ïðîâåäåíî ñðàâíåíèå ñïåêòðà âûÿâëåííûõ ìóòàöèé

ñ äàííûìè ìåæäóíàðîäíîé áàçû LOVD [4], êîòîðàÿ ñî-

äåðæèò 2540 è 7239 âàðèàíòîâ òî÷êîâûõ çàìåí â ãåíàõ

TSC1 è TSC2 ñîîòâåòñòâåííî, è ÿâëÿåòñÿ íà äàííûé ìî-

ìåíò íàèáîëåå ïîëíîé îáùåäîñòóïíîé êóðèðóåìîé àãðå-

ãèðóþùåé áàçîé äàííûõ ïî ìóòàöèîííîìó ïðîôèëþ ÒÑ.

Ñðàâíåíèå ñ èññëåäóåìîé âûáîðêîé ïîêàçàëî ðàçëè÷èÿ

â ïðåäñòàâëåííîñòè íîíñåíñ-ìóòàöèé (23% â LOVD

ïðîòèâ 46% â íàøåì èññëåäîâàíèè) è ìàëûõ äåëå-

öèé/èíñåðöèé (53% ïðîòèâ 27%) â ãåíå TSC1 (òàáë. 3).

Îäíàêî ñ ó÷åòîì òîãî, ÷òî ìóòàöèè, ïðèâîäÿùèå ê ñäâè-

ãó ðàìêè ñ÷èòûâàíèÿ, ïðèâîäÿò îáðàçîâàíèþ ñòîï-êî-

äîíà, ïðîöåíòíîå ñîîòíîøåíèå ìóòàöèé, ïðèâîäÿùèõ ê

íîíñåíñ-îïîñðåäîâàííîìó ðàñïàäó ÐÍÊ, â ãðóïïàõ íå

ðàçëè÷àåòñÿ (73% ïðîòèâ 76%).

Â 56,6% ñëó÷àåâ ìóòàöèé â êîìïëåêñå ãåíîâ ÒÑ íàé-

äåíî íå áûëî. Ìû ïðåäïîëàãàåì, ÷òî ïðè÷èíîé ýòîìó

ìîæåò áûòü íåîäíîçíà÷íîñòü êëèíè÷åñêîé êàðòèíû ó

ïàöèåíòîâ, íàïðàâëåííûõ íà ìîëåêóëÿðíî-ãåíåòè÷å-

ÎÐÈÃÈÍÀËÜÍÛÅ ÈÑÑËÅÄÎÂÀÍÈß

36

Òàáëèöà 2
Ñïåêòð ìóòàöèé, âûÿâëåííûõ â ãåíàõ TSC1 è TSC2 ìåòîäîì ÂÏÑ (ñîáñòâåííûå äàííûå)

Òèï ìóòàöèè Ãåí

TSC2 TSC1

Íîíñåíñ-ìóòàöèè 5 (22,7%) 5 (45,5%)

Ìèññåíñ-ìóòàöèè 8 (36,4%) 2 (18,2%)

Ìóòàöèè ñàéòà ñïëàéñèíãà 1 (4,5%) 1 (9,1%)

Ìóòàöèè ñäâèãà ðàìêè ñ÷èòûâàíèÿ,â òîì ÷èñëå:

— äåëåöèè 4 (18,2%) 2 (18,2%)

— èíñåðöèè 1 (4,5%) —

— äóïëèêàöèè 1 (4,5%) 1 (9,1%)

Äåëåöèè áåç ñäâèãà ðàìêè ñ÷èòûâàíèÿ 2 (9,1%) —

Ñóììàðíî ïî ãåíó: 22 (70,6%) 10 (29,4%)

Òàáëèöà 3
Ñðàâíåíèå ïðåäñòàâëåííîñòè òèïîâ ìóòàöèé â ãåíàõ TSC1 è TSC2 â áàçå äàííûõ LOVD

è ïî ðåçóëüòàòàì íàñòîÿùåãî èññëåäîâàíèÿ

Òèï ìóòàöèé Äàííûå LOVD TSC1
(n = 541)

Íàñòîÿùåå èññëå-
äîâàíèå TSC1

(n = 11)

Äàííûå LOVD TSC2
(n = 1442)

Íàñòîÿùåå èññëå-
äîâàíèå TSC2

(n = 24)

Ìèññåíñ-ìóòàöèè 4% 9% 29,2% 33,3%

Íîíñåíñ-ìóòàöèè 23% 46% 15% 20,8%

Ìàëûå äåëåöèè/èíñåðöèè/äóïëèêàöèè 53% 27% 35% 33,3%

Ìóòàöèè â ñàéòå ñïëàéñèíãà 15% 9% 15% 4,2%

Ïðîòÿæåííûå äåëåöèè 5% 9% 5,9% 8,3%



ñêóþ äèàãíîñòèêó. Íåëüçÿ òàêæå èñêëþ÷àòü íàëè÷èå â
èññëåäîâàííîé âûáîðêå ïàöèåíòîâ ñ äðóãèìè ãåíåòè÷å-
ñêèìè çàáîëåâàíèÿìè, ñèìïòîìû êîòîðûõ àíàëîãè÷íû
òàêîâûì ïðè ÒÑ.

Ïðîâåäåíèå êîìïëåêñíîé ìîëåêóëÿðíî-ãåíåòè÷å-
ñêîé äèàãíîñòèêè ó ïàöèåíòîâ ñ êëèíè÷åñêèì äèàãíî-
çîì òóáåðîçíûé ñêëåðîç ïîçâîëèò ïîâûñèòü ýôôåêòèâ-
íîñòü äèàãíîñòèêè çàáîëåâàíèÿ è óñòàíîâèòü õàðàêòåð
ãåíåòè÷åñêîãî íàðóøåíèÿ. Ðåçóëüòàòû ðàáîòû íàéäóò
ïðèìåíåíèå â ïðàêòèêå âðà÷åé-ãåíåòèêîâ ïðè îïðåäåëå-
íèè òàêòèêè âåäåíèÿ ïàöèåíòîâ ñ ïðèçíàêàìè ÒÑ, à òàê-
æå ïðè ïðîâåäåíèè ìåäèêî-ãåíåòè÷åñêîãî êîíñóëüòèðî-
âàíèÿ ÷ëåíîâ èõ ñåìåé.
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