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Àêòóàëüíîñòü. Èñïîëüçîâàíèå âûñîêîïðîèçâîäèòåëüíîãî ïàðàëëåëüíîãî ñåêâåíèðîâàíèÿ (ÂÏÑ) ñîïðÿæåíî ñ îøèáêàìè: íå
âñå ãåíåòè÷åñêèå âàðèàíòû, âûÿâëÿåìûå ñ èñïîëüçîâàíèåì ÂÏÑ, ÿâëÿþòñÿ èñòèííûìè è ïîäòâåðæäàþòñÿ àëüòåðíàòèâíûìè ìå-
òîäàìè. ×àñòè÷íûé âêëàä â âûÿâëåíèå ëîæíîïîëîæèòåëüíûõ âàðèàíòîâ âíîñÿò íåäîñòîâåðíî êàðòèðîâàííûå ïðî÷òåíèÿ. Ìû ïî-
ëàãàåì, ÷òî ïðè ïðîâåäåíèè òàðãåòíîãî ñåêâåíèðîâàíèÿ ñ èñïîëüçîâàíèåì òåõíîëîãèè Ion AmpliSeq (òàðãåòíîå îáîãàùåíèå
ìóëüòèïëåêñíîé ÏÖÐ) çàäà÷à èñêëþ÷åíèÿ íåäîñòîâåðíî êàðòèðîâàííûõ ïðî÷òåíèé ìîæåò áûòü ðåøåíà àëãîðèòìè÷åñêè ñ èñïî-
ëüçîâàíèåì èíôîðìàöèè î ãåíîìíûõ êîîðäèíàòàõ òàðãåòíûõ ðåãèîíîâ è äëèíå ïðàéìåðîâ, èñïîëüçîâàííûõ ïðè àìïëèôèêàöèè
ôðàãìåíòîâ áèáëèîòåê. Ýòà èíôîðìàöèÿ ïîçâîëÿåò îöåíèòü ïðàâèëüíîñòü êàðòèðîâàíèÿ êàæäîãî ïðî÷òåíèÿ è èñêëþ÷èòü èç äà-
ëüíåéøåãî àíàëèçà ïðî÷òåíèÿ, íå ñîîòâåòñòâóþùèå äèçàéíó ýêñïåðèìåíòà. Öåëü. Ðàçðàáîòàòü àëãîðèòì ìèíèìèçàöèè âêëàäà
îøèáîê êàðòèðîâàíèÿ â ñïåêòð ãåíåòè÷åñêèõ âàðèàíòîâ, âûÿâëÿåìûõ ïðè ÂÏÑ. Ìàòåðèàëû è ìåòîäû. Ñ èñïîëüçîâàíèåì èíôîð-
ìàöèè î ãåíîìíûõ êîîðäèíàòàõ òàðãåòíûõ ðåãèîíîâ è ïðàéìåðàõ ïðîàíàëèçèðîâàíî 30 ôàéëîâ ôîðìàòà BAM, ïîëó÷åííûõ ïî
ðåçóëüòàòàì ÂÏÑ ñ èñïîëüçîâàíèåì òåõíîëîãèè òàðãåòíîãî ñåêâåíèðîâàíèÿ Ion AmpliSeq è êîììåð÷åñêèõ ïàíåëåé ïðàéìåðîâ
Ion AmpliSeq Comprehensive Cancer Panel (15,992 òàðãåòíûõ ðåãèîíà) è Ion AmpliSeq Inherited Disease Panel (10,309 òàðãåòíûõ
ðåãèîíîâ). Àëãîðèòì èñêëþ÷åíèÿ íåâåðíî êàðòèðîâàííûõ ïðî÷òåíèé ðåàëèçîâàëè ñðåäñòâàìè ÿçûêà ïðîãðàììèðîâàíèÿ Python.
Ðåçóëüòàòû. Ïðîâåäåíî ñðàâíåíèå èñõîäíîãî íàáîðà ïðî÷òåíèé è íàáîðà, ïîëó÷åííîãî ïîñëå èñêëþ÷åíèÿ íåâåðíî êàðòèðîâàí-
íûõ ïðî÷òåíèé. Îïðåäåëåíû òðè ãðóïïû ãåíåòè÷åñêèõ âàðèàíòîâ: (1) âûÿâëÿåìûå â îáîèõ íàáîðàõ ïðî÷òåíèé — 6072 âàðèàíòà;
(2) âûÿâëÿåìûå èñêëþ÷èòåëüíî â èñõîäíîì íàáîðå — 127 (âàðèàíòû, íàáëþäàåìûå â áîëüøèíñòâå îáðàçöîâ, ìîãóò áûòü èíòåð-
ïðåòèðîâàíû êàê ðåçóëüòàò ñèñòåìàòè÷åñêèõ îøèáîê âûðàâíèâàíèÿ); (3) âûÿâëÿåìûå òîëüêî â íàáîðå ïðî÷òåíèé, ïîëó÷åííîì
óäàëåíèåì íåâåðíî êàðòèðîâàííûõ, — 63 èñòèííûõ, ðàíåå ñêðûòûõ âàðèàíòà. Âûâîäû. Èñïîëüçîâàíèå äîïîëíèòåëüíîé èíôîð-
ìàöèè îá îæèäàåìîì íà÷àëå è îêîí÷àíèè ïðî÷òåíèÿ ïðè òàðãåòíîì èññëåäîâàíèè ïîçâîëÿåò (1) óìåíüøèòü êîëè÷åñòâî âûÿâëÿ-
åìûõ âàðèàíòîâ, îáóñëîâëåííûõ îøèáî÷íî êàðòèðîâàííûìè ïðî÷òåíèÿìè, (2) äåòåêòèðîâàòü ðàíåå íå îáíàðóæèâàåìûå ïî ïðè-
÷èíå ëîæíîé ìàëîé àëëåëüíîé ÷àñòîòû, (3) ïîëó÷èòü áîëåå äîñòîâåðíûå çíà÷åíèÿ àëëåëüíûõ ÷àñòîò âûÿâëÿåìûõ âàðèàíòîâ.
Ïðèìåíåíèå ðàçðàáîòàííîãî íàìè àëãîðèòìà èñêëþ÷åíèÿ íåâåðíîãî êàðòèðîâàíèÿ ïðî÷òåíèé ôðàãìåíòîâ ÄÍÊ ïîâûøàåò êà÷å-
ñòâî èíòåðïðåòàöèè ðåçóëüòàòîâ ÂÏÑ, ÷òî îñîáåííî âàæíî ïðè ïðîâåäåíèè ÄÍÊ-äèàãíîñòèêè.

Êëþ÷åâûå ñëîâà: NGS, òàðãåòíîå ñåêâåíèðîâàíèå, Ion AmpliSeq, îøèáêè êàðòèðîâàíèÿ.
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Background. The use of high-throughput parallel sequencing (NGS) is fraught with errors: not all of the genetic variants that are
detected by NGS are true and are confirmed by alternative methods. Incorrectly mapped reads contribute to the appearance of
false-positive variants. We believe that for targeted sequencing using Ion AmpliSeq technology, the task of excluding erroneously
mapped reads can be solved algorithmically. Additional information on the genomic coordinates of target regions and primers used in
amplification allows us to evaluate the validity of the mapping of each reading and to exclude readings from the further analysis that do
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not correspond to the design of the experiment. Objective. To develop an algorithm to minimize the contribution of mapping errors to
the spectrum of genetic variants detected by NGS. Material and methods. Using the information on the genomic coordinates of tar-
get regions and primers, we have analyzed 30 BAM files obtained by Ion AmpliSeq (targeted multiplex PCR) NGS with commercial Ion
AmpliSeq Comprehensive Cancer Panel (15,992 target regions) and Ion AmpliSeq Inherited Disease Panel (10,309 target regions).
The algorithm for excluding incorrectly mapped reads was implemented using the Python programming language. Result. We have
performed comparison of the initial set of reads and the set obtained after excluding incorrectly mapped reads. This comparison re-
vealed three groups of genetic variants: (1) detectable in both sets of reads, 6072 variants; (2) detectable exclusively in the original
set, 127 (the predominant part of these variants is present in most samples and can be interpreted as a result of systematic alignment
errors); (3) detectable in the set generated by exclusion of erroneously mapped reads only, 63 (true positive, previously masked vari-
ants). Conclusion. The use of additional information on the expected start and end of the read in the targeted study allows to (1) re-
duce the number of false-positive genetic variants detected due to misleading reads, (2) detect new ones that were not previously de-
tected due to a seemingly low allele frequency, (3) obtain more reliable values of allelic frequencies of the identified variants. The use
of our algorithm to exclude the incorrect mapping of the of DNA fragment reads increases the quality of interpretation of the NGS re-
sults, which is especially important for DNA diagnostics.

Key words: NGS, target sequencing, Ion AmpliSeq, mapping errors.

Ââåäåíèå

Âûñîêîïðîèçâîäèòåëüíîå ïàðàëëåëüíîå ñåêâåíèðîâà-
íèå (ÂÏÑ) — ñîâðåìåííûé ìåòîä âûáîðà ïðè ïðîâåäåíèè
ÄÍÊ-äèàãíîñòèêè â ñëó÷àÿõ ãåíåòè÷åñêîé ãåòåðîãåííîñòè
ôåíîòèïà è/èëè çíà÷èòåëüíîé ïðîòÿæåííîñòè ãåíîâ, ìó-
òàöèè â êîòîðûõ àññîöèèðîâàíû ñ çàáîëåâàíèåì [1].

Â íàñòîÿùåå âðåìÿ â äèàãíîñòèêå íàñëåäñòâåííîé
ïàòîëîãèè ìåòîäîì ÂÏÑ ïðèìåíÿþò ïîëíîãåíîìíîå
(ïîëíîýêçîìíîå) ñåêâåíèðîâàíèå è òàðãåòíóþ äèàãíîñ-
òèêó [2].

Ïîëíîãåíîìíîå ñåêâåíèðîâàíèå ÄÍÊ ïîçâîëÿåò âû-
ÿâëÿòü ïðåäïîëàãàåìóþ ïðè÷èíó çàáîëåâàíèÿ äàæå â ñëó-
÷àÿõ âûñîêîé ãåíåòè÷åñêîé ãåòåðîãåííîñòè èëè ïðè íåîä-
íîçíà÷íîé êëèíè÷åñêîé êàðòèíå ó ïàöèåíòà, íå ïîçâîëÿ-
þùåé âðà÷ó ïî êëèíè÷åñêèì êðèòåðèÿì çàðàíåå óñòàíî-
âèòü ãåíû, â êîòîðûõ íåîáõîäèìî âåñòè ïîèñê [1, 3]. Ïîë-
íîãåíîìíîå èññëåäîâàíèå ÿâëÿåòñÿ îïòèìàëüíûì ìåòîäîì
äèàãíîñòèêè ðåäêèõ è íåî÷åâèäíûõ ôåíîòèïîâ [4], îäíàêî
íàèáîëåå äîðîãîñòîÿùèì ìåòîäîì, âñå åùå íåäîñòóïíûì
â ðàìêàõ ðóòèííîé äèàãíîñòèêè.

Òàðãåíîå (öåëåâîå) ñåêâåíèðîâàíèå ÄÍÊ îáåñïå÷è-
âàåò ïîèñê ìóòàöèé â îãðàíè÷åííîì íàáîðå ãåíîâ [5].
Òàêîé ïîäõîä øèðîêî èñïîëüçóåòñÿ ïðè ïîäîçðåíèè íà-
ëè÷èÿ ó ïàöèåíòà êîíêðåòíîé íàñëåäñòâåííîé ïàòîëî-
ãèè, äëÿ êîòîðîé èçâåñòíû ãåíû, èçìåíåíèÿ â êîòîðûõ
ÿâëÿþòñÿ ìîëåêóëÿðíîé ïðè÷èíîé çàáîëåâàíèÿ. Êîí-
öåíòðàöèÿ íà îïðåäåëåííûõ ó÷àñòêàõ ãåíîìà çíà÷èòåëü-
íî ñíèæàåò âðåìåííûå è äåíåæíûå çàòðàòû — ïðîöåññ
äèàãíîñòèêè ñòàíîâèòñÿ ìåíåå ðåñóðñîåìêèì, à àíàëèç
ïîëó÷åííîãî ðåçóëüòàòà çàíèìàåò ìåíüøåå êîëè÷åñòâî
âðåìåíè âñëåäñòâèå ìåíüøåãî îáúåìà ïîëó÷åííûõ äàí-
íûõ, ÷åì ïðè ïîëíîãåíîìíîì èññëåäîâàíèè.

Èñïîëüçîâàíèå ÂÏÑ ñîïðÿæåíî ñ îøèáêàìè: íå âñå
âûÿâëÿåìûå ãåíåòè÷åñêèå âàðèàíòû ÿâëÿþòñÿ èñòèííû-
ìè è ïîäòâåðæäàþòñÿ àëüòåðíàòèâíûìè ìåòîäàìè [6].

Ïðè÷èíàìè íàáëþäåíèÿ ëîæíûõ ãåíåòè÷åñêèõ âàðè-
àíòîâ ìîãóò ÿâëÿòüñÿ íåñîáëþäåíèå ïðîòîêîëà èññëåäî-
âàíèÿ, êîíòàìèíàöèÿ èññëåäóåìîãî îáðàçöà ÷óæåðîäíîé
ÄÍÊ, îøèáêè ñåêâåíèðîâàíèÿ (ñëó÷àéíûå èëè îáóñëîâ-

ëåííûå îñîáåííîñòÿìè èñïîëüçóåìîé òåõíîëîãè÷åñêîé
ïëàòôîðìû), à òàêæå îøèáêè êàðòèðîâàíèÿ êîðîòêèõ
ïðî÷òåíèé íà ðåôåðåíñíûé ãåíîì.

Â ñâÿçè ñ ýòèì ïðè èñïîëüçîâàíèè ìåòîäîâ ÂÏÑ â äèà-
ãíîñòè÷åñêèõ öåëÿõ îáÿçàòåëüíûì ýòàïîì ÿâëÿåòñÿ âèçó-
àëüíûé àíàëèç äàííûõ, íàïðàâëåííûé íà èñêëþ÷åíèå àð-
òåôàêòîâ ñåêâåíèðîâàíèÿ è îøèáîê êàðòèðîâàíèÿ ïðî-
÷òåíèé. Íà ýòîì ýòàïå ïåðåä èññëåäîâàòåëåì âîçíèêàåò
íåîáõîäèìîñòü îöåíêè äîñòîâåðíîñòè îáíàðóæèâàåìûõ
ãåíåòè÷åñêèõ âàðèàíòîâ. Âèçóàëüíûé àíàëèç ðåçóëüòàòîâ
ÂÏÑ — òðóäî¸ìêàÿ ðàáîòà, ÷ðåâàòàÿ îøèáêàìè âñëåäñòâèå
ñóáúåêòèâíîñòè îöåíîê îïåðàòîðà.

Ìû ïîëàãàåì, ÷òî ïðè ïðîâåäåíèè òàðãåòíîãî âûñî-
êîïðîèçâîäèòåëüíîãî ñåêâåíèðîâàíèÿ ñ èñïîëüçîâàíè-
åì òåõíîëîãèè Ion AmpliSeq çàäà÷à èñêëþ÷åíèÿ íåäî-
ñòîâåðíî êàðòèðîâàííûõ ïðî÷òåíèé ìîæåò áûòü ðåøåíà
àëãîðèòìè÷åñêè. Äîïîëíèòåëüíàÿ èíôîðìàöèÿ î ãåíîì-
íûõ êîîðäèíàòàõ òàðãåòíûõ ðåãèîíîâ è äëèíå ïðàéìå-
ðîâ, èñïîëüçîâàííûõ ïðè àìïëèôèêàöèè, ïîçâîëÿåò
îöåíèòü âàëèäíîñòü êàðòèðîâàíèÿ êàæäîãî ïðî÷òåíèÿ è
èñêëþ÷èòü èç äàëüíåéøåãî àíàëèçà ïðî÷òåíèÿ, íå ñîîò-
âåòñòâóþùèå äèçàéíó ïðîâåäåííîãî ýêñïåðèìåíòà.

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ áûëî ðàçðàáîòàòü
àëãîðèòì ìèíèìèçàöèè âêëàäà îøèáîê êàðòèðîâàíèÿ
â ñïåêòð ãåíåòè÷åñêèõ âàðèàíòîâ, âûÿâëÿåìûõ ïðè
ÂÏÑ.

Ìàòåðèàëû è ìåòîäû

Äëÿ ðàçðàáîòêè è âàëèäàöèè àëãîðèòìà èñïîëüçîâà-
ëè 30 ôàéëîâ ôîðìàòà BAM, ïîëó÷åííûõ ïî ðåçóëüòàòàì
ÂÏÑ íà òåõíîëîãè÷åñêèõ ïëàòôîðìàõ Ion PGM è Ion S5
(Life Technologies, ÑØÀ) ñ èñïîëüçîâàíèåì òåõíîëîãèè
òàðãåòíîãî ñåêâåíèðîâàíèÿ Ion AmpliSeq (òàðãåòíîå
îáîãàùåíèå ìåòîäîì ìóëüòèïëåêñíîé ÏÖÐ) è êîììåð-
÷åñêèõ ïàíåëåé ïðàéìåðîâ Ion AmpliSeq Comprehensive
Cancer Panel (15,992 òàðãåòíûõ ðåãèîíà) è Ion AmpliSeq
Inherited Disease Panel (10,309 òàðãåòíûõ ðåãèîíîâ).

Àëãîðèòì èñêëþ÷åíèÿ íåâåðíî êàðòèðîâàííûõ ïðî-
÷òåíèé ðåàëèçîâàëè ñðåäñòâàìè ÿçûêà ïðîãðàììèðîâà-
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íèÿ Python. Â îñíîâó àëãîðèòìà ëåãëî óòâåðæäåíèå, ÷òî
ïîñëå àìïëèôèêàöèè öåëåâûõ ðàéîíîâ ãåíîìà âñå òàð-
ãåòíûå íóêëåîòèäíûå ïîñëåäîâàòåëüíîñòè, ïîëó÷åííûå
â õîäå ñåêâåíèðîâàíèÿ, äîëæíû èìåòü ãåíîìíûå êîîð-
äèíàòû, ïðåäîïðåäåëåííûå äèçàéíîì ýêñïåðèìåíòà.
Â êà÷åñòâå âõîäíûõ äàííûõ àëãîðèòìà èñïîëüçîâàëè
ôàéë ôîðìàòà BAM, ñîäåðæàùèé ïðî÷òåíèÿ, êàðòèðî-
âàííûå íà ðåôåðåíñíûé ãåíîì, è òåêñòîâûé ôàéë, ñî-
äåðæàùèé èíôîðìàöèþ î êîîðäèíàòàõ òàðãåòíûõ ðåãè-
îíîâ è äëèíå ïðàéìåðîâ, èñïîëüçîâàííûõ ïðè àìïëè-
ôèêàöèè.

Àëãîðèòì îñíîâàí íà ïîñëåäîâàòåëüíîì ïåðåáîðå
âñåõ ïðî÷òåíèé èç ôàéëà ôîðìàòà BAM. Åñëè äëèíà
ïðî÷òåíèÿ ïðåâûøàåò 0,3 îò äëèíû öåëåâîãî ðàéîíà
(ãðàíèöó íàèìåíüøåé äîïóñòèìîé äîëè ïîêðûòèÿ îïðå-
äåëèëè ïî òî÷êå ìèíèìóìà âòîðîé ïðîèçâîäíîé ôóíê-
öèè íà ëîãàðèôìè÷åñêîì ãðàôèêå ðàñïðåäåëåíèÿ ÷àñòî-
òû äîëè ïîêðûòèÿ ïðî÷òåíèåì òàðãåòíîãî ðåãèîíà —
ðèñ. 1), à êîîðäèíàòû êîíöîâ êîððåêòíû (ñîîòâåòñòâóþò
êîíå÷íûì êîîðäèíàòàì òàðãåòíûõ ðåãèîíîâ ñ ó÷åòîì
âîçìîæíîñòè ïðèñóòñòâèÿ íåîòðåçàííîãî ïðàéìåðà, ñî-
îòâåòñòâóþùåãî äàííîìó òàðãåòíîìó ðåãèîíó), òî òàêîå
ïðî÷òåíèå ÿâëÿåòñÿ äîïóñòèìûì.

Ðåçóëüòàòîì ðàáîòû àëãîðèòìà ÿâëÿåòñÿ íîâûé ôàéë
ôîðìàòà BAM, ñîäåðæàùèé òîëüêî ïðî÷òåíèÿ ÂÏÑ,
óäîâëåòâîðÿþùèå âûäâèíóòûì òðåáîâàíèÿì.

Äëÿ îöåíêè ýôôåêòèâíîñòè àëãîðèòìà ïðîèçâåëè
ïîèñê ãåíåòè÷åñêèõ âàðèàíòîâ â èñõîäíîì è ñãåíåðèðî-
âàííîì ôàéëàõ è îöåíèëè èõ èçìåíåíèÿ, ñðàâíèâ àë-
ëåëüíûå ÷àñòîòû âûÿâëåííûõ âàðèàíòîâ äî è ïîñëå
óñòðàíåíèÿ íåâåðíî êàðòèðîâàííûõ ïðî÷òåíèé.

Ðåçóëüòàòû

Â èñõîäíîì íàáîðå ïðî÷òåíèé, ïîëó÷åííîì â âèäå
ôàéëà ôîðìàòà BAM, ñ èñïîëüçîâàíèåì ïðîãðàììíîãî
îáåñïå÷åíèÿ Torrent Variant Caller (TVC) âûÿâëåíî 6072
âàðèàíòà. Â íàáîðå ïðî÷òåíèé, ñãåíåðèðîâàííîì íàìè
ñ èñïîëüçîâàíèåì ðàçðàáîòàííîãî àëãîðèòìà èñêëþ÷åíèÿ
íåâåðíîãî êàðòèðîâàíèÿ, TVC âûÿâèë 6007 âàðèàíòîâ.
Ïðè ýòîì 5817 âàðèàíòîâ îêàçàëèñü îáùèìè äëÿ îáîèõ íà-
áîðîâ ïðî÷òåíèé, 127 âàðèàíòîâ âûÿâëåíû èñêëþ÷èòåëü-
íî â èñõîäíîì íàáîðå (âàðèàíòû, íàáëþäàåìûå â áîëü-
øèíñòâå îáðàçöîâ, ìîãóò áûòü èíòåðïðåòèðîâàíû êàê ðå-
çóëüòàò ñèñòåìàòè÷åñêèõ îøèáîê âûðàâíèâàíèÿ), è 63 —
èñêëþ÷èòåëüíî â ñãåíåðèðîâàííîì íàáîðå ïðî÷òåíèé (èñ-
òèííûå, ðàíåå ñêðûòûå ãåíåòè÷åñêèå âàðèàíòû).

Íàìè ïðîâåäåíî ñðàâíåíèå àëëåëüíûõ ÷àñòîò âàðè-
àíòîâ äî è ïîñëå èñêëþ÷åíèÿ íåâåðíî êàðòèðîâàííûõ
ïðî÷òåíèé. Êàæäûé ãåíåòè÷åñêèé âàðèàíò áûë îõàðàê-
òåðèçîâàí ñ èñïîëüçîâàíèåì äâóõ ïàðàìåòðîâ: àëëåëüíàÿ
÷àñòîòà â èñõîäíîì ôàéëå è àëëåëüíàÿ ÷àñòîòà â ñãåíå-
ðèðîâàííîì ôàéëå (ðèñ. 2).

Ñðåäè íàáëþäàåìûõ â îáîèõ íàáîðàõ ïðî÷òåíèé, îá-
íàðóæåíû ãåíåòè÷åñêèå âàðèàíòû, àëëåëüíàÿ ÷àñòîòà
êîòîðûõ çíà÷èòåëüíî èçìåíèëàñü. Íàïðèìåð, íà ðèñ. 3

ïðåäñòàâëåí âàðèàíò chr1:g.33,132,314 G>A, âûÿâëÿå-
ìûé â èñõîäíîì íàáîðå ïðî÷òåíèé êàê ãåòåðîçèãîòíûé
ñ àëëåëüíîé ÷àñòîòîé, ðàâíîé 0,59. Èñêëþ÷åíèå íåäî-
ñòîâåðíî êàðòèðîâàííûõ ïðî÷òåíèé èçìåíèëî åãî íà-
áëþäàåìóþ àëëåëüíóþ ÷àñòîòó äî 0,96, è ñëåäîâàòåëüíî,
äàííûé âàðèàíò ÿâëÿåòñÿ èñòèííî ãîìîçèãîòíûì.

Èñêàæåíèå íåäîñòîâåðíî êàðòèðîâàííûìè ïðî÷òå-
íèÿìè èñòèííîé àëëåëüíîé ÷àñòîòû âûÿâëÿåìîãî ãåíå-
òè÷åñêîãî âàðèàíòà èìååò çíà÷åíèå ïðè ïðîâåäåíèè
ÄÍÊ-äèàãíîñòèêè, îñîáåííî ïðè ïîäîçðåíèè íà íàëè-
÷èå ó ïàöèåíòà ðåöåññèâíîãî çàáîëåâàíèÿ.
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Ðèñ. 1. Ðàñïðåäåëåíèå äîëè ïîêðûòèÿ ïðî÷òåíèåì òàðãåòíûõ ðåãèî-
íîâ (âûáîðêà èç 10 îáðàçöîâ).

Ðèñ. 2. Àëëåëüíûå ÷àñòîòû âûÿâëÿåìûõ êîðîòêèõ âàðèàíòîâ íóêëåî-
òèäíûõ ïîñëåäîâàòåëüíîñòåé äî è ïîñëå óñòðàíåíèÿ íåâåðíî êàðòè-
ðîâàííûõ ïðî÷òåíèé. Êðàñíûì îòìå÷åíû ãåíåòè÷åñêèå âàðèàíòû, âû-
ÿâëåíèå êîòîðûõ ñòàëî âîçìîæíûì â ðåçóëüòàòå ïðèìåíåíèÿ àëãî-
ðèòìà èñêëþ÷åíèÿ íåâåðíî êàðòèðîâàííûõ ïðî÷òåíèé. Ñèíèì îòìå-
÷åíû âàðèàíòû, âûÿâëÿåìûå òîëüêî â èñõîäíîì íàáîðå ïðî÷òåíèé.



Âàðèàíòû, âûÿâëÿåìûå òîëüêî â èñõîäíîì íàáîðå
ïðî÷òåíèé, áûëè ðàñöåíåíû êàê ñëåäñòâèå íåïðàâèëü-
íîãî êàðòèðîâàíèÿ ÷àñòè ïðî÷òåíèé íà ðåôåðåíñíûé ãå-
íîì. Äàííûå ãåíåòè÷åñêèå âàðèàíòû õàðàêòåðèçóþòñÿ:

1) ñèñòåìàòè÷íîñòüþ â âûáîðêå îáðàçöîâ;
2) âûÿâëÿåìîñòüþ íà ïðî÷òåíèÿõ ïðåèìóùåñòâåííî

îäíîãî íàïðàâëåíèÿ (strand bias).
Ïðåîáëàäàþùàÿ ÷àñòü òàêèõ âàðèàíòîâ âñòðå÷àåòñÿ

â áîëüøèíñòâå îáðàçöîâ è ìîæåò áûòü èíòåðïðåòèðîâàíà
êàê ðåçóëüòàò ñèñòåìàòè÷åñêèõ îøèáîê âûðàâíèâàíèÿ.
Èñêëþ÷åíèå íåâåðíî êàðòèðîâàííûõ ïðî÷òåíèé èç äàëü-
íåéøåãî àíàëèçà ïðèâîäèò ê çíà÷èòåëüíîìó ñîêðàùåíèþ
÷èñëà îáíàðóæèâàåìûõ ãåíåòè÷åñêèõ âàðèàíòîâ è âûÿâëå-

íèþ ñêðûòûõ èñòèííûõ âàðèàíòîâ, ðàíåå íå îïðåäåëÿå-
ìûõ ïî ïðè÷èíå ëîæíîé íèçêîé àëëåëüíîé ÷àñòîòû.

Çàêëþ÷åíèå

Ñðåäè îøèáîê, âîçíèêàþùèõ ïðè ÂÏÑ, óñòðàíåíèþ
íà ýòàïå îáðàáîòêè ðåçóëüòàòîâ ïîäëåæàò îøèáêè êàð-
òèðîâàíèÿ ïîëó÷àåìûõ êîðîòêèõ ïîñëåäîâàòåëüíîñòåé
íà ðåôåðåíñíûé ãåíîì. Èñïîëüçîâàíèå äîïîëíèòåëüíîé
èíôîðìàöèè îá îæèäàåìîì íà÷àëå è îêîí÷àíèè ïðî÷òå-
íèÿ ïðè òàðãåòíîì èññëåäîâàíèè ïîçâîëÿåò:

1) óìåíüøèòü êîëè÷åñòâî âûÿâëÿåìûõ âàðèàíòîâ, îáó-
ñëîâëåííûõ îøèáî÷íî êàðòèðîâàííûìè ïðî÷òåíèÿìè;

2) äåòåêòèðîâàòü íîâûå, ðàíåå íå îáíàðóæèâàåìûå
ïî ïðè÷èíå ëîæíîé ìàëîé àëëåëüíîé ÷àñòîòû;

3) ïîëó÷èòü áîëåå äîñòîâåðíûå çíà÷åíèÿ àëëåëüíûõ
÷àñòîò âûÿâëÿåìûõ ãåíåòè÷åñêèõ âàðèàíòîâ.

Ïðèìåíåíèå ðàçðàáîòàííîãî íàìè àëãîðèòìà èñêëþ÷å-
íèÿ íåâåðíîãî êàðòèðîâàíèÿ ïðî÷òåíèé ôðàãìåíòîâ ÄÍÊ
ïîâûøàåò êà÷åñòâî èíòåðïðåòàöèè ðåçóëüòàòîâ ÂÏÑ, ÷òî
îñîáåííî âàæíî ïðè ïðîâåäåíèè ÄÍÊ-äèàãíîñòèêè.
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Ðèñ. 3. Íàáëþäàåìûå àëëåëüíûå ÷àñòîòû âàðèàíòà
chr1:g.33,132,314 G>A.
A — äî óñòðàíåíèÿ îøèáî÷íî êàðòèðîâàííûõ ïðî÷òåíèé; Á — ïîñëå
óñòðàíåíèÿ îøèáî÷íî êàðòèðîâàííûõ ïðî÷òåíèé; Â — ðàçìåòêà àìï-
ëèêîíîâ ñîãëàñíî äèçàéíó ýêñïåðèìåíòà; öåëåâûì ÿâëÿåòñÿ àìïëè-
êîí AMPL261160974.


