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Àêòóàëüíîñòü. Ó ýìáðèîíîâ ÷åëîâåêà íà ïðåèìïëàíòàöèîííîì ýòàïå ðàçâèòèÿ ÷àñòî ðåãèñòðèðóåòñÿ ÿâëåíèå õðîìîñîì-
íîãî ìîçàèöèçìà. Ýòî ìîæåò áûòü îáóñëîâëåíî îñîáåííîñòÿìè ñåãðåãàöèè õðîìîñîì íà äàííîì ýòàïå îíòîãåíåçà. Èñïîëü-
çîâàíèå âíåêëåòî÷íîé ÄÍÊ èç âíóòðèïîëîñòíîé æèäêîñòè ìîæåò ñïîñîáñòâîâàòü èçó÷åíèþ ÷àñòîòû è ìåõàíèçìîâ âîçíèêíî-
âåíèÿ õðîìîñîìíîãî ìîçàèöèçìà â áëàñòîöèñòå ïóòåì àíàëèçà êàðèîòèïà êëåòîê, ïîäâåðãøèõñÿ àïîïòîçó è íåäîñòóïíûõ äëÿ
êàðèîòèïèðîâàíèÿ ñ ïðèìåíåíèåì òðàäèöèîííûõ òåõíîëîãèé öèòîãåíåòè÷åñêîãî èññëåäîâàíèÿ. Öåëü: îöåíêà ÷àñòîòû õðîìî-
ñîìíîãî ìîçàèöèçìà ó ýìáðèîíîâ ÷åëîâåêà íà ñòàäèè áëàñòîöèñòû. Ìàòåðèàëû è ìåòîäû. CGH-àíàëèç 14 ýìáðèîíîâ ÷åëî-
âåêà íà 5 äåíü ðàçâèòèÿ ñ ðàçäåëåíèåì íà âíóòðåííþþ êëåòî÷íóþ ìàññó, òðîôýêòîäåðìó è âíóòðèïîëîñòíóþ æèäêîñòü. Ðå-
çóëüòàòû. Àíàëèç êëåòîê ýìáðèîáëàñòà è òðîôîáëàñòà 14 áëàñòîöèñò ïîêàçàë, ÷òî ìîçàèöèçì â êàæäîì ýìáðèîíå íàáëþäà-
åòñÿ â ñðåäíåì ïî 5 õðîìîñîìàì. Ïðè ýòîì äîïîëíèòåëüíîå èñïîëüçîâàíèå âíåêëåòî÷íîé ÄÍÊ ïðèâîäèò ê óâåëè÷åíèþ ñïåêò-
ðà ìîçàè÷íûõ õðîìîñîìíûõ àíîìàëèé äî 7 íà îáðàçåö. Àíàëèç ìîëåêóëÿðíûõ êàðèîòèïîâ ñ èñïîëüçîâàíèåì âíåêëåòî÷íîé
ÄÍÊ äîêàçûâàåò ïðåèìóùåñòâåííóþ ýëèìèíàöèþ êëåòîê ñ àóòîñîìíûìè ìîíîñîìèÿ èç ýìáðèîáëàñòà. Âûâîäû. Èñïîëüçîâà-
íèå âíåêëåòî÷íîé ÄÍÊ èç ïîëîñòè áëàñòîöèñòû ïîâûøàåò ÷àñòîòó ðåãèñòðàöèè õðîìîñîìíîãî ìîçàèöèçìà â öèêëàõ ýêñòðà-
êîðïîðàëüíîãî îïëîäîòâîðåíèÿ è ïðåèìïëàíòàöèîííîé ãåíåòè÷åñêîé äèàãíîñòèêè â îñíîâíîì çà ñ÷åò àíåóïëîèäèé, ïðåä-
ñòàâëåííûõ âî âíóòðåííåé êëåòî÷íîé ìàññå áëàñòîöèñòû.
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Actuality: Phenomenon of chromosomal mosaicism often recorded the in human embryos at the preimplantation stage of devel-
opment. This may be due to features of chromosome segregation at this stage of ontogenesis. The use of extracellular DNA from the
intracavitary fluid may contribute to the study of the frequency and mechanisms of occurrence of chromosomal mosaicism in the
blastocyst. This is achieved by molecular karyotyping of cells undergoing apoptosis and inaccessible for karyotyping using traditional
technologies of cytogenetic studies. Objective: Evaluation the frequency of chromosomal mosaicism in human embryos at the
blastocyst stage. Materials and Methods: CGH-analysis of 14 human embryos on day 5 of a division of the inner cell mass,
trophectoderm and blastocoel fluid. Results: Comparative analysis of karyotypes of embryoblast and trophoblast of 14 blastocysts re-
vealed that mosaicism in each embryo is observed on average in five chromosomes. Additional use of cell-free DNA leads to increase
of spectrum of mosaic chromosomal abnormalities to 7 per sample. Analysis of molecular karyotypes using extracellular DNA proves
the predominant elimination of embryoblast cells with autosomal monosomy. Conclusions: The use of extracellular DNA from the cav-
ity of the blastocyst increases the frequency of chromosomal mosaicism registration in the cycles of in vitro fertilization and
preimplantation genetic diagnosis. This is accomplished primarily due to the identification of aneuploidies presented in the inner cell
mass of the blastocyst.
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Ââåäåíèå

Õðîìîñîìíûå àíîìàëèè ÿâëÿþòñÿ îñíîâíîé ïðè÷è-
íîé íàðóøåíèÿ ðàçâèòèÿ ýìáðèîíîâ ÷åëîâåêà íà ïðåèì-
ïëàíòàöèîííîì ýòàïå ðàçâèòèÿ [1]. Ïîêàçàíî, ÷òî ó çíà-
÷èòåëüíîé ÷àñòè (îêîëî 70%) ýìáðèîíîâ õðîìîñîìíûå
àáåððàöèè ïðåäñòàâëåíû ìîçàè÷íûìè ôîðìàìè [2, 3].
Ïðè ýòîì âûñîêàÿ ÷àñòîòà ìîçàèöèçìà íàáëþäàåòñÿ êàê
ó ýìáðèîíîâ íà ñòàäèè äðîáëåíèÿ, òàê è â áëàñòîöèñòàõ.
Ïðåäïîëàãàåòñÿ, ÷òî îñíîâíîé ïðè÷èíîé ìîçàèöèçìà ÿâ-
ëÿþòñÿ ïîñòçèãîòè÷åñêèå (ìèòîòè÷åñêèå) àíîìàëèè ñåã-
ðåãàöèè õðîìîñîì [4]. Îäíèì èç âîçìîæíûõ ïîäõîäîâ
äëÿ áîëåå ïîëíîãî ïîíèìàíèÿ ìåõàíèçìîâ âîçíèêíîâå-
íèÿ ìîçàèöèçìà ÿâëÿåòñÿ àíàëèç âíåêëåòî÷íîé ÄÍÊ
(âíÄÍÊ) âî âíóòðèïîëîñòíîé æèäêîñòè áëàñòîöèñòû [5],
êîòîðàÿ ìîæåò äàòü öåííóþ óïóñêàåìóþ èíôîðìàöèþ î
êàðèîòèïå êëåòîê, ïîäâåðãøèõñÿ àïîïòîçó. Â íàñòîÿùåé
ðàáîòå ìû ñîîáùàåì î ðåçóëüòàòàõ ñðàâíèòåëüíîãî ìîëå-
êóëÿðíîãî êàðèîòèïèðîâàíèÿ âíÄÍÊ, âíóòðåííåé êëå-
òî÷íîé ìàññû (ÂÊÌ) è ÒÝ áëàñòîöèñò.

Ìàòåðèàë è ìåòîäèêà

Ïðîàíàëèçèðîâàíî 14 áëàñòîöèñò ñ íîðìàëüíîé ìîð-
ôîëîãèåé (êàòåãîðèÿ 3ÀÀ-3ÂÂ). Âñå áëàñòîöèñòû äëÿ
íàó÷íîãî èññëåäîâàíèÿ áûëè ïîëó÷åíû ñ äîáðîâîëüíîãî
èíôîðìèðîâàííîãî ñîãëàñèÿ ïàöèåíòîâ ïîñëå ïðîâåäå-
íèÿ öèêëîâ ÝÊÎ è ïî æåëàíèþ ïàöèåíòîâ íå ïîäëåæàëè
äàëüíåéøåé êðèîêîíñåðâàöèè. Íà 5-é äåíü ðàçâèòèÿ
ïðîèçâîäèëñÿ áëàñòîöåíòåç êàæäîé áëàñòîöèñòû, à òàê-
æå ðàçäåëåíèå è çàáîð ýìáðèîáëàñòà è òðîôýêòîäåðìû.
Ïîëó÷åííûå èç áëàñòîöèñò êëåòêè ýìáðèîáëàñòà, òðî-
ôýêòîäåðìû è âíóòðèïîëîñòíàÿ æèäêîñòü ïîìåùàëèñü

â ñòåðèëüíûå ìèêðîïðîáèðêè, ñîäåðæàùèå 1,5 ìêë ðàñ-
òâîðà PBS (Qiagen, ÑØÀ) è çàìîðàæèâàëèñü ïðè �20°Ñ.
Äëÿ ïðîâåäåíèÿ ñðàâíèòåëüíîé ãåíîìíîé ãèáðèäèçàöèè
â êà÷åñòâå êîíòðîëüíîãî îáðàçöà èñïîëüçîâàëè ÄÍÊ
èíäèâèäà ìóæñêîãî ïîëà ñ íîðìàëüíûì êàðèîòèïîì
(#5190-4240, Agilent Technologies, ÑØÀ). Ëèçèñ êëåòîê è
ïîëíîãåíîìíóþ àìïëèôèêàöèþ (ÏÃÀ) èññëåäóåìûõ è
êîíòðîëüíûõ îáðàçöîâ ïðîâîäèëè ñ ïîìîùüþ êîììåð-
÷åñêîãî íàáîðà REPLI-g MiniKit (#150023, Qiagen,
ÑØÀ) ñ ìîäèôèêàöèÿìè. Äëÿ CGH îáðàçöû ñîîòâåòñò-
âóþùèì îáðàçîì ìåòèëè ôëþîðåñöåíòíûìè êðàñèòåëÿ-
ìè (Fluorescein, TAMRA) â õîäå ðåàêöèè íèê-òðàíñëÿ-
öèè. Êà÷åñòâî ìå÷åíèÿ îöåíèâàëè ïóòåì ýëåêòðîôîðåçà
â àãàðîçíîì ãåëå.

Ïðåïàðàòû ìåòàôàçíûõ õðîìîñîì áûëè ïîëó÷åíû èç
ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè èíäèâèäà ìóæñêîãî
ïîëà ñ íîðìàëüíûì êàðèîòèïîì. Ãèáðèäèçàöèÿ ïîëó÷åí-
íûõ ÄÍÊ-áèáëèîòåê íà ìåòàôàçíûå ïëàñòèíêè ïðîâîäè-
ëàñü â ãèáðèäèçàöèîííîé êàìåðå «ThermoBrite» («Abbott
Molecular», ÑØÀ) â òå÷åíèå 72 ÷àñîâ ïðè 37°Ñ ñ 50x èç-
áûòêîì C0t-1 ÄÍÊ (# 5190-3393, Agilent Technologies,
ÑØÀ). Ïðåïàðàòû õðîìîñîì îêðàøèâàëèñü DAPI. Äåòåê-
öèþ ãèáðèäèçàöèîííûõ ñèãíàëîâ ïðîâîäèëè íà ëþìèíåñ-
öåíòíîì ìèêðîñêîïå «AxioImager.Z2» («Ñarl Zeiss», Ãåðìà-
íèÿ). Äëÿ êîìïüþòåðíîé îáðàáîòêè è àíàëèçà ðåçóëüòàòîâ
CGH èñïîëüçîâàëè ïðîãðàììíûé ïðîäóêò «Isis — CGH
Software» («Metasystems», Ãåðìàíèÿ).

Ðåçóëüòàòû è îáñóæäåíèå

Â òàáëèöå ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà òêàíåé
è âíÄÍÊ áëàñòîöèñò. Àíàëèç ÂÊÌ è ÒÝ 14 áëàñòîöèñò
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Òàáëèöà
Ðåçóëüòàòû CGH-àíàëèçà âíåêëåòî÷íîé ÄÍÊ

èç âíóòðèïîëîñòíîé æèäêîñòè, êëåòîê ýìáðèîáëàñòà è òðîôýêòîäåðìû áëàñòîöèñò ÷åëîâåêà

Ýìáðèîí âíÄÍÊ ÂÊÌ ÒÝ

1 ish cgh dim(16,19) ish cgh enh(1,16,19,20,22), dim(4) ish cgh dim(19,22)

2 ish cgh enh(4), dim(16,17,19,22) ish cgh enh(16,19,22) ish cgh enh(14,16),dim(Õ)

3 ish cgh dim(16,17,19) ish cgh enh(16,17,19,22) ish cgh dim(16, 19)

4 Îòñóòñòâèå ïðîäóêòà ÏÃÀ ish cgh enh(17,19,22), dim(13) ish cgh enh(17),dim(12)

5 ish cgh enh(4,Õ),dim(7,16) ish cgh (1-22) õ 2,(XY) õ 1 ish cgh (1-22) õ 2,(XY) õ 1

6 ish cgh (1-22)x2,(XY) õ 1 ish cgh enh(16), dim(22,Õ) ish cgh enh(10,18), dim(11,19)

7 ish cgh (1-22)x2,(XY) õ 1 ish cgh enh(1,11,13), dim(4,5,Y) ish cgh dim(Y)

8 ish cgh enh (17,19) ish cgh enh(3,X), dim (17,19,21) ish cgh enh(14,17,19,21), dim(1,13)

9 ish cgh (1-22) õ 2,(XY) õ 1 ish cgh enh(16,17,19,21), ish cgh enh(20,X), dim(15)

10 ish cgh dim(16) ish cgh enh(16), dim(17,19,21) ish cgh enh(3,11,16), dim(17,19,21)

11 ish cgh enh(19,20,21), dim(4,6) ish cgh dim(19) ish cgh (1-22) õ 2,(XX) õ 1

12 Îòñóòñòâèå ïðîäóêòà ÏÃÀ ish cgh dim(19,20,21) ish cgh enh(1,4,19)

13 ish cgh enh(19,21) ish cgh enh(4), dim(17,19,21) ish cgh enh(16,18), dim(8)

14 ish cgh enh(19) Îòñóòñòâèå ïðîäóêòà ÏÃÀ ish cgh enh(3,13), dim(19)

Ïðèìå÷àíèå. ÂÊÌ — âíóòðåííÿÿ êëåòî÷íàÿ ìàññà, ÒÝ — òðîôýêòîäåðìà



ïîêàçàë, ÷òî ìîçàèöèçì â êàæäîì ýìáðèîíå íàáëþäà-
åòñÿ â ñðåäíåì ïî 5 õðîìîñîìàì (îò 1 äî 11 õðîìîñîì íà
ýìáðèîí). Ïðè ýòîì äîïîëíèòåëüíîå èñïîëüçîâàíèå
âíÄÍÊ ïðèâîäèò ê óâåëè÷åíèþ ñïåêòðà ìîçàè÷íûõ
õðîìîñîìíûõ àíîìàëèé äî 7 íà îáðàçåö (îò 4 äî 11 õðî-
ìîñîì íà ýìáðèîí). Â çíà÷èòåëüíîé ñòåïåíè óâåëè÷å-
íèå ñïåêòðà îáóñëîâëåíî ðåãèñòðàöèåé ðåöèïðîêíûõ
àíåóïëîèäèé (òðèñîìèé è ìîíîñîìèé ïî îäíîé è òîé
æå ãîìîëîãè÷íîé õðîìîñîìå) âî âíÄÍÊ áëàñòîöèñòû
ïî îòíîøåíèþ ê àíåóïëîèäèÿì â êëåòêàõ ýìáðèîíà.
Âåðîÿòíî, ÷òî âûÿâëåííûå ðåöèïðîêíûå àíîìàëèè ÿâ-
ëÿþòñÿ ðåçóëüòàòîì îäíîãî ñîáûòèÿ ìèòîòè÷åñêîãî íå-
ðàñõîæäåíèÿ õðîìîñîì â êëåòêå ñ èçíà÷àëüíî íîðìàëü-
íûì êàðèîòèïîì. Ñëåäîâàòåëüíî, èñïîëüçîâàíèå
âíÄÍÊ èç ïîëîñòè áëàñòîöèñòû ïîçâîëÿåò áîëåå äå-
òàëüíî èçó÷èòü ìåõàíèçìû âîçíèêíîâåíèÿ õðîìîñîì-
íîãî ìîçàèöèçìà.

Âñåãî â ðàáîòå âûÿâëåíî 110 àíåóïëîèäèé, âî âíÄÍÊ
çàðåãèñòðèðîâàíî 25 àáåððàöèé (23%), â ÂÊÌ — 47
(43%), à â ÒÝ — 38 (34%). Âî âíÄÍÊ îêàçàëîñü áîëüøå
ìîíîñîìèé, ÷åì òðèñîìèé (14:11), à â ÂÊÌ è ÒÝ, íà-
ïðîòèâ, ïðåîáëàäàëè òðèñîìèè (27:20 è 21:17 ñîîòâåòñò-
âåííî). Ïðè ýòîì âíÄÍÊ è ÂÊÌ õàðàêòåðèçîâàëèñü áî-
ëåå âûñîêîé ÷àñòîòîé ñîâïàäåíèÿ ïî ñïåêòðó õðîìîñîì,
âîâëå÷åííûõ â àíåóïëîèäèþ, ïî ñðàâíåíèþ ñ âíÄÍÊ è
ÒÝ (21% è 3% ñîîòâåòñòâåííî). Âåðîÿòíî, ìåíåå æèçíå-
ñïîñîáíûå ìîíîñîìíûå êëåòêè ÂÊÌ ïîäâåðãàþòñÿ
àïîïòîçó, è ÄÍÊ èç íèõ ïîïàäàåò â ïîëîñòü áëàñòîöè-
ñòû. Â ïîëüçó ýòîãî ñâèäåòåëüñòâóþò ðåçóëüòàòû Bolton
ñ ñîàâòîðàìè, ïðîäåìîíñòðèðîâàâøèå, ÷òî â ìûøèíûõ
ìîçàè÷íûõ ýìáðèîíàõ àïîïòîçó ïîäâåðãàþòñÿ â îñíîâ-
íîì àíåóïëîèäíûå êëåòêè â ÂÊÌ, â òî âðåìÿ êàê â ÒÝ
ïðàêòè÷åñêè îòñóòñòâóåò àïîïòîç [6]. Êðîìå òîãî, àâòî-
ðû ïîêàçàëè, ÷òî ìîçàè÷íûå ýìáðèîíû (äî 50% àíåóï-
ëîèäíûõ êëåòîê) èìåþò ïðàêòè÷åñêè òàêîé æå ïîòåíöè-
àë äëÿ íîðìàëüíîãî ðàçâèòèÿ, êàê è ïîëíîñòüþ ýóïëîèä-
íûå ýìáðèîíû.

Âûâîäû

Ïîëó÷åííûå äàííûå ñâèäåòåëüñòâóþò î òîì, ÷òî èñ-
ïîëüçîâàíèå âíÄÍÊ èç âíóòðèïîëîñòíîé æèäêîñòè áëàñ-
òîöèñòû ïîòåíöèàëüíî ìîæåò ïîâûñèòü ÷àñòîòó ðåãèñò-
ðàöèè àíåóïëîèäèé, ïðåäñòàâëåííûõ â ÂÊÌ, íåäîñòóï-
íîé äëÿ ïðîâåäåíèÿ ïðåèìïëàíòàöèîííîé ãåíåòè÷åñêîé
äèàãíîñòèêè. Äàëüíåéøåå èçó÷åíèå ìîëåêóëÿðíîãî êàðè-
îòèïà âíÄÍÊ è ñîïîñòàâëåíèå ïîëó÷åííûõ äàííûõ ñ ðå-
çóëüòàòàìè êàðèîòèïèðîâàíèÿ êëåòîê ÒÝ ìîæåò ïðîÿñ-
íèòü ïðåäñòàâëåíèÿ íå òîëüêî î ÷àñòîòå õðîìîñîìíîãî
ìîçàèöèçìà, íî è î ìåõàíèçìàõ åãî âîçíèêíîâåíèÿ.

Àâòîðû äåêëàðèðóþò îòñóòñòâèå êîíôëèêòà èíòåðåñîâ.

Èññëåäîâàíèå âûïîëíåíî ïðè ïîääåðæêå ãðàíòà ÐÔÔÈ
¹ 15_04_08265 è â ðàìêàõ Ïðîãðàììû «Íàó÷íûé ôîíä
èì. Ä.È. Ìåíäåëååâà Òîìñêîãî ãîñóäàðñòâåííîãî óíèâåðñè-
òåòà» â 2015 ã.
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