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Ïðîòÿæåííûå õðîìîñîìíûå àáåððàöèè ÷àñòî ÿâëÿþòñÿ ïðè÷èíîé çàäåðæêè ïñèõîìîòîðíîãî ðàçâèòèÿ, èíòåëëåêòóàëüíûõ
íàðóøåíèé è âðîæäåííûõ ïîðîêîâ ðàçâèòèÿ. Íåñìîòðÿ íà âûñîêóþ ÷àñòîòó ìóòàöèé, âîâëåêàþùèõ, êàê ïðàâèëî, íåñêîëüêèõ ãå-
íîâ, à òàêæå áîëüøîå ðàçíîîáðàçèå ñàìèõ õðîìîñîìíûõ àíîìàëèé, â íàñòîÿùåå âðåìÿ íå ñóùåñòâóåò ñïîñîáîâ ýôôåêòèâíîãî
ëå÷åíèÿ òàêèõ ïàöèåíòîâ. Öåëü — èçó÷åíèå ñïîíòàííîé õðîìîñîìíîé íåñòàáèëüíîñòè ó ïàöèåíòîâ ñ êîëüöåâûìè õðîìîñîìàìè
â äèôôåðåíöèðîâàííûõ è èíäóöèðîâàííûõ ïëþðèïîòåíòíûõ ñòâîëîâûõ êëåòêàõ (ÈÏÑÊ). Ó ïàöèåíòîâ ñ èíòåëëåêòóàëüíûìè íà-
ðóøåíèÿìè è àíîìàëèÿìè ðàçâèòèÿ â õîäå ñòàíäàðòíîãî êàðèîòèïèðîâàíèÿ âûÿâëåíû êîëüöåâûå õðîìîñîìû 13 è 22. Ñ èñïîëü-
çîâàíèåì ìèêðî÷èïîâ Agilent 860K â êàðèîòèïå ïðîáàíäîâ èäåíòèôèöèðîâàí ðÿä äîïîëíèòåëüíûõ õðîìîñîìíûõ ìóòàöèé. ÈÏÑÊ
ïîëó÷åíû ïóòåì ýêçîãåííîé ýêñïðåññèè òðàíñêðèïöèîííûõ ôàêòîðîâ (KLF4, OCT4, SOX2 è ñ-MYC ÷åëîâåêà) èç ôèáðîáëàñòîâ
êîæè. Ó ïàöèåíòîâ èäåíòèôèöèðîâàíû òåðìèíàëüíûå äåëåöèè 13q34 è 22q13.32-q13.33, îáóñëîâèâøèå îáðàçîâàíèå êîëüöåâûõ
õðîìîñîì 13 è 22, ñîîòâåòñòâåííî. Ìåòîäîì FISH-àíàëèçà ïîäòâåðæäåíî íàëè÷èå êîëüöåâûõ õðîìîñîì è óñòàíîâëåíî, ÷òî äîëÿ
ëèìôîöèòîâ ñ ìîíîñîìèåé ïî õðîìîñîìå 13 ñîñòàâèëà 47%, ïî õðîìîñîìå 22 — 8%. Íà ïåðâîì ïàññàæå 50% è 24% ôèáðîáëà-
ñòîâ îêàçàëèñü ìîíîñîìíûìè ïî õðîìîñîìàì 13 è 22 ñîîòâåòñòâåííî. Íà 9 ïàññàæå çàðåãèñòðèðîâàíî 56% ôèáðîáëàñòîâ
ñ ìîíîñîìèåé ïî õðîìîñîìå 13. Ñðåäè ëèìôîöèòîâ è ôèáðîáëàñòîâ íà 9 ïàññàæå 1,8% è 1% êëåòîê ñîîòâåòñòâåííî èìåëè íîð-
ìàëüíûé êàðèîòèï. Ê 33 ïàññàæó ÷èñëî ôèáðîáëàñòîâ ñ ìîíîñîìèåé ïî õðîìîñîìå 22 äîñòèãëî 44% è ñòàòèñòè÷åñêè çíà÷èìî
ïðåâûñèëî èñõîäíûé óðîâåíü (ð<0,05). Äîëÿ ÈÏÑÊ, ìîíîñîìíûõ ïî õðîìîñîìå 22, âàðüèðîâàëà â ïðåäåëàõ 6,3—17% äëÿ ðàç-
íûõ êëîíîâ. Íàëè÷èå ìîíîñîìíûõ êëåòîê ó ïàöèåíòîâ ñ êîëüöåâîé õðîìîñîìîé óêàçûâàåò íà õðîìîñîìíóþ íåñòàáèëüíîñòü óæå
in vivo. In vitro íàáëþäàåòñÿ ñòàòèñòè÷åñêè çíà÷èìîå óâåëè÷åíèå ÷èñëà êëåòîê ñ ìîíîñîìèåé ïî õðîìîñîìå 22. Êëåòêè ñ íîð-
ìàëüíûì êàðèîòèïîì ìîãóò ÿâëÿòüñÿ ñâèäåòåëüñòâîì ïðîöåññîâ êîððåêöèè õðîìîñîìíîãî äåôåêòà, ÷òî ëåæèò â îñíîâå íà÷èíà-
þùåé ðàçðàáàòûâàòüñÿ òàê íàçûâàåìîé «õðîìîñîìíîé òåðàïèè» ãåíåòè÷åñêèõ çàáîëåâàíèé.

Êëþ÷åâûå ñëîâà: èíòåëëåêòóàëüíûå ðàññòðîéñòâà, êîëüöåâûå õðîìîñîìû, èíäóöèðîâàííûå ïëþðèïîòåíòíûå ñòâîëîâûå
êëåòêè, õðîìîñîìíàÿ íåñòàáèëüíîñòü, õðîìîñîìíàÿ òåðàïèÿ.

Àâòîðû äåêëàðèðóþò îòñóòñòâèå êîíôëèêòà èíòåðåñîâ.
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Introduction: Extensive chromosomal aberrations are often associated with psychomotor development delay, intellectual disability,
and congenital malformations. Despite the high frequency of mutations and due to the involvement, as a rule, of several genes, as well as
the wide variety of chromosomal abnormalities themselves, there are currently no ways to effectively treat such patients. Aim: To study
spontaneous chromosomal instability in patients with ring chromosomes in differentiated and induced pluripotent stem cells (iPSC). Ma-
terials and methods: In patients with intellectual disability and developmental abnormalities, ring chromosomes 13 and 22 were identified
during standard karyotyping. A number of additional chromosomal mutations in their karyotype were identified using Agilent 860K
microarrays. FISH analysis confirmed ring chromosomes and found mosaicism for them in lymphocytes, fibroblasts, and iPSCs of the
patients. iPSCs were obtained from skin fibroblasts by exogenous expression of transcription factors (KLF4, OCT4, SOX2, and human
c-MYC). Results: Terminal 13q34 and 22q13.32-q13.33 deletions were identified in patients, resulting in the formation of ring chromo-
somes 13 and 22, respectively. FISH analysis confirmed the presence of ring chromosomes and found that 47% and 8% of lymphocytes
of the patients had monosomies 13 and 22, respectively. At the first passage 50% and 24% of the fibroblasts were monosomic for chro-
mosomes 13 and 22, respectively. On the 9th passage 56% of fibroblasts demonstrated monosomy 13. Among the lymphocytes and
fibroblasts at the 9th passage, 1.8% and 1% of the cells, respectively, had a normal karyotype. By the 33rd passage, the number of
fibroblasts with monosomy 22 reached 44% and statistically significantly exceeded the initial level (P < 0.05). The proportion of iPSC
monosomic for chromosome 22 varied between 6.3—17% for different clones. Conclusion: The presence of monosomic cells in patients
with a ring chromosome indicates chromosomal instability already in vivo. In vitro a statistically significant increase in the number of cells
with monosomy 22 is observed. Cells with normal karyotype can be evidence of chromosomal defect correction processes, which are
the basis of the chromosomal therapy of genetic diseases that is beginning to be developed.

Key words: intellectual disability, ring chromosomes, induced pluripotent stem cells, chromosomal instability, chromosomal therapy.

Èíòåëëåêòóàëüíûå ðàññòðîéñòâà â äåòñêîì âîçðàñòå

â ñðåäíåì â ðàçíûõ ïîïóëÿöèÿõ âñòðå÷àþòñÿ ñ ÷àñòîòîé

1—3% [1]. Ïðè÷èíàìè äàííîé ïàòîëîãèè ÿâëÿþòñÿ êàê

ñðåäîâûå, òàê è ãåíåòè÷åñêèå ôàêòîðû. Ïîñëåäíèå îáó-

ñëîâëèâàþò çàáîëåâàíèå ó 50-60% ïàöèåíòîâ. Íåñìîòðÿ

íà çíà÷èòåëüíûé ïðîãðåññ â îáëàñòè êëèíè÷åñêîé è ìî-

ëåêóëÿðíîé äèàãíîñòèêè èíòåëëåêòóàëüíûõ íàðóøåíèé,

îïðåäåëåíèå ãåíåòè÷åñêèõ ïðè÷èí çàáîëåâàíèÿ âñå åùå

îñòàåòñÿ ïðîáëåìíûì âñëåäñòâèå èõ ãåòåðîãåííîñòè,

â ðåçóëüòàòå êîòîðîé ðàçëè÷íûå ãåíåòè÷åñêèå íàðóøå-

íèÿ ïðèâîäÿò ê êëèíè÷åñêè òðóäíîðàçëè÷èìûì ôåíîòè-

ïàì. Ïî ïîñëåäíèì äàííûì, áîëåå 800 ãåíîâ ó÷àñòâóþò

â ïàòîãåíåçå ñèíäðîìàëüíûõ è íåñèíäðîìàëüíûõ ôîðì

èíòåëëåêòóàëüíûõ ðàññòðîéñòâ, â òî âðåìÿ êàê ïî ïðåä-

âàðèòåëüíûì îöåíêàì â ãåíîìå òàêèõ ãåíîâ ìîæåò íà-

ñ÷èòûâàòüñÿ îêîëî 2000 [2]. Ó÷èòûâàÿ îãðîìíîå êîëè÷å-

ñòâî âîâëå÷åííûõ ãåíîâ è êëèíè÷åñêèé ïîëèìîðôèçì

çàáîëåâàíèé, íà ñåãîäíÿøíèé äåíü äëÿ íèõ íåò ñïåöè-

ôè÷åñêîé òåðàïèè, à ïàöèåíòàì ìîæåò áûòü ïðåäëîæåíî

òîëüêî ñèìïòîìàòè÷åñêîå îáëåã÷åíèå ñîñòîÿíèÿ.

Íåäàâíî áûëà âûñêàçàíà èäåÿ î òàê íàçûâàåìîé

«õðîìîñîìíîé òåðàïèè» çàáîëåâàíèé, îáóñëîâëåííûõ

ïðîòÿæåííûìè õðîìîñîìíûìè ìóòàöèÿìè. Â åå îñíîâó

ëåã ôåíîìåí ïîòåðè êîëüöåâîé õðîìîñîìû ïðè êóëüòè-

âèðîâàíèè èíäóöèðîâàííûõ ïëþðèïîòåíòíûõ ñòâîëî-

âûõ êëåòîê (ÈÏÑÊ), ïîëó÷åííûõ èç ôèáðîáëàñòîâ ïà-

öèåíòîâ ñ ìèêðîäåëåöèîííûìè ñèíäðîìàìè, âîçíèê-

øèìè âñëåäñòâèå òåðìèíàëüíîé õðîìîñîìíîé ìèêðîäå-

ëåöèè ïðè îáðàçîâàíèè êîëüöà [3, 4]. Äàëüíåéøåå óäâî-

åíèå îñòàâøåãîñÿ íîðìàëüíîãî ãîìîëîãà ìîæåò ïðèâåñ-

òè ê íîðìàëèçàöèè ÷èñëà è ñòðóêòóðû õðîìîñîì â êàðè-

îòèïå, à íàïðàâëåííàÿ äèôôåðåíöèðîâêà ÈÏÑÊ ñ ðå-

äàêòèðîâàííûì êàðèîòèïîì â çàäàííûé òèï êëåòîê ìî-

æåò ñîñòàâèòü îñíîâó çàìåñòèòåëüíîé êëåòî÷íîé òåðà-

ïèè. Äàííàÿ èäåÿ èíèöèèðîâàëà íàñòîÿùåå èññëåäîâà-

íèå, öåëüþ êîòîðîãî ÿâèëîñü èçó÷åíèå îñîáåííîñòåé

ñïîíòàííîé õðîìîñîìíîé íåñòàáèëüíîñòè ó ïàöèåíòîâ

ñ êîëüöåâûìè õðîìîñîìàìè â äèôôåðåíöèðîâàííûõ
êëåòêàõ è ÈÏÑÊ.

Ìàòåðèàëû è ìåòîäû

Ëèìôîöèòû ïåðèôåðè÷åñêîé êðîâè è ôèáðîáëàñòû
êîæè áûëè ïîëó÷åíû îò ïðîáàíäîâ ñ èíòåëëåêòóàëüíû-
ìè íàðóøåíèÿìè è àíîìàëèÿìè ðàçâèòèÿ, ó êîòîðûõ ìå-
òîäîì ñòàíäàðòíîãî êàðèîòèïèðîâàíèÿ áûëè âûÿâëåíû
êîëüöåâûå õðîìîñîìû 13 è 22. Ñ èñïîëüçîâàíèåì ìèê-
ðî÷èïîâ Human Genome CGH Microarray Kits 8 õ 60K
(Agilent Technologies, ÑØÀ) ïðîâåäåíî èññëåäîâàíèå
òî÷åê ðàçðûâîâ äåëåöèé, îáóñëîâèâøèõ çàìûêàíèå õðî-
ìîñîì â êîëüöî, à òàêæå ïîëíîãåíîìíûé ïîèñê äðóãèõ
âîçìîæíûõ ãåíåòè÷åñêèõ àíîìàëèé [5]. Èíòåðïðåòàöèÿ
CNVs ïðîâåäåíà ñ èñïîëüçîâàíèåì áàçû äàííûõ ãåíîì-
íûõ âàðèàíòîâ (DGV) [6] è îíëàéí-âåðñèè êàòàëîãà íà-
ñëåäñòâåííûõ áîëåçíåé «Ìåíäåëåâñêîå íàñëåäîâàíèå
ó ÷åëîâåêà» (OMIM) [7]. Ïàòîãåíåòè÷åñêè çíà÷èìûå
CNV ïîäòâåðæäåíû ìåòîäîì ÏÖÐ â ðåàëüíîì âðåìåíè,
è îïðåäåëåíî èõ ïðîèñõîæäåíèå. Ïîñëåäîâàòåëüíîñòè
ïðàéìåðîâ ïðèâåäåíû â òàáë. 1. Â êà÷åñòâå êîíòðîëüíî-
ãî ëîêóñà áûë èñïîëüçîâàí ãåí HEXB (5q13.3).

Ñòðóêòóðà êîëüöåâûõ õðîìîñîì è èõ ÷àñòîòà ïðè êó-
ëüòèâèðîâàíèè ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè,
ïåðâè÷íîé êóëüòóðû ôèáðîáëàñòîâ êîæè è ïîëó÷åííûõ
èç íèõ ÈÏÑÊ èññëåäîâàíû FISH-ìåòîäîì ñ çîíäàìè íà
öåíòðîìåðû õðîìîñîì 13/21 (D13Z1/D21Z1), 14/22
(D14Z1/D22Z1), ñóáòåëîìåðíûì çîíäîì 13q è çîíäîì
íà ãåí TBC1D22A, ëîêàëèçîâàííûé â äèñòàëüíîé îáëàñ-
òè äëèííîãî ïëå÷à õðîìîñîìû 22 è ïîïàâøèé â îáëàñòü
ìèêðîäåëåöèè ïðè îáðàçîâàíèè êîëüöåâîé õðîìîñîìû.
Êëîíû E.coli, íåñóùèå ïëàçìèäû ñî âñòàâêàìè öåíòðî-
ìåðîñïåöèôè÷íûõ àëüôà-ñàòåëëèòíûõ ïîñëåäîâàòåëü-
íîñòåé ÄÍÊ, à òàêæå BAC-êëîí bA569D áûëè ëþáåçíî
ïðåäîñòàâëåíû ïðîôåññîðîì Ì. Ðî÷÷è (Resources for
Molecular Cytogenetics, Èíñòèòóò ãåíåòèêè ã. Áàðè, Èòà-
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ëèÿ). Çîíä íà ãåí TBC1D22A áûë ïîëó÷åí â õîäå ÏÖÐ

äëèííûõ ôðàãìåíòîâ (íàáîð BioLabMix, Ðîññèÿ). Ïî-

ñëåäîâàòåëüíîñòè ïðàéìåðîâ ïðèâåäåíû â òàáë. 1. Çîíäû

13q, 14/22 è 13/21, TBC1D22A áûëè ìå÷åíû TAM-

RA-dUTP è Fluorescein-dUTP ñîîòâåòñòâåííî (BioSan,

Ðîññèÿ).

Ôèáðîáëàñòû êîæè ïàöèåíòîâ ñ êîëüöåâûìè õðîìî-

ñîìàìè 13 è 22 òðàíñäóöèðîâàíû â ÈÏÑÊ ïóòåì ýêçî-

ãåííîé ýêñïðåññèè òðàíñêðèïöèîííûõ ôàêòîðîâ KLF4,

OCT4, SOX2 è ñ-MYC ÷åëîâåêà â êëåòêàõ-ìèøåíÿõ

ñ èñïîëüçîâàíèåì ëåíòèâèðóñíûõ âåêòîðîâ LeGO. Ýòè

âåêòîðû ñîäåðæàò òðàíñêðèïöèîííûå ôàêòîðû ÷åëîâåêà

è ðåïîðòåðíûé ãåí çåëåíîãî ôëóîðåñöåíòíîãî áåëêà

(green fluorescent protein, GFP). Èñïîëüçîâàíèå ãåíà GFP

ïîçâîëÿëî îöåíèâàòü ýôôåêòèâíîñòü òðàíñôåêöèè ôèá-

ðîáëàñòîâ ëåíòèâèðóñàìè ïî ñâå÷åíèþ çåëåíîãî ôëóî-

ðåñöåíòíîãî áåëêà. Ïîëó÷åíèå ÈÏÑÊ ïðîâîäèëè ïî

ïðîòîêîëó, ïðåäëîæåííîìó ãðóïïîé ßìàíàêà [8], ñ ìî-

äèôèêàöèÿìè, óâåëè÷èâàþùèìè ýôôåêòèâíîñòü ïåðå-

ïðîãðàììèðîâàíèÿ, â ÷àñòíîñòè ñ èñïîëüçîâàíèåì âàëü-

ïðîåâîé êèñëîòû — èíãèáèòîðà ãèñòîíîâûõ äåàöåòèëàç

è ðÿäà äðóãèõ íèçêîìîëåêóëÿðíûõ èíãèáèòîðîâ.

Ïðîâåäåíèå èññëåäîâàíèÿ îäîáðåíî Êîìèòåòîì ïî

áèîìåäèöèíñêîé ýòèêå ÍÈÈ ìåäèöèíñêîé ãåíåòèêè

Òîìñêîãî ÍÈÌÖ. Èíôîðìèðîâàííîå ñîãëàñèå îò ðîäè-

òåëåé ïðîáàíäîâ ïîëó÷åíî. Èññëåäîâàíèå âûïîëíåíî íà

áàçå Öåíòðà êîëëåêòèâíîãî ïîëüçîâàíèÿ «Ìåäèöèíñêàÿ

ãåíîìèêà» ÍÈÈ ìåäèöèíñêîé ãåíåòèêè Òîìñêîãî

ÍÈÌÖ ñ èñïîëüçîâàíèåì ðåñóðñîâ áèîëîãè÷åñêîé êîë-

ëåêöèè «Áèîáàíê íàñåëåíèÿ Ñåâåðíîé Åâðàçèè».

Ðåçóëüòàòû è îáñóæäåíèå

Ñïåêòð èçâåñòíûõ íà ñåãîäíÿøíèé äåíü ïàòîãåííûõ

õðîìîñîìíûõ âàðèàöèé ÷ðåçâû÷àéíî ðàçíîîáðàçåí; óæå

27 òûñ. ìóòàöèé ïðåäñòàâëåíî â áàçå äàííûõ ãåíîìíûõ

âàðèàíòîâ è ôåíîòèïîâ DECIPHER [9]. Åñëè îáðàòèòü-

ñÿ ê ñïèñêó îñíîâíûõ ñèìïòîìîâ ìèêðîäåëåöèîííûõ è

ìèêðîäóïëèêàöèîííûõ ñèíäðîìîâ, îïèñàííûõ â êàòà-

ëîãå OMIM, äîìèíèðóþùèìè ñðåäè íèõ áóäóò íàðóøå-

íèÿ èíòåëëåêòóàëüíîãî ðàçâèòèÿ, ïîâåäåíèÿ, ðå÷è, àíî-

ìàëèè ôîðìû ÷åðåïà, íåñïåöèôè÷åñêèå ëèöåâûå àíîìà-

ëèè, àíîìàëèè ñêåëåòà è äð. Â ïîäàâëÿþùåì áîëüøèí-

ñòâå ñëó÷àåâ ýòè àíîìàëèè îáóñëîâëåíû ïðîòÿæåííîé

ìóòàöèåé, çàòðàãèâàþùåé ìíîãî ãåíîâ, ôåíîòèïè÷åñêèå

ýôôåêòû êîòîðûõ è ïóòè âçàèìîäåéñòâèè ìîãóò îñòà-

âàòüñÿ íåÿñíûìè. Â ñâÿçè ñ ýòèì, äëÿ îêàçàíèÿ ýôôåê-

òèâíîé ïîìîùè áîëüíîìó êàæåòñÿ öåëåñîîáðàçíûì ðàç-
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Òàáëèöà 1
Ñòðóêòóðà ïðàéìåðîâ äëÿ ÏÖÐ â ðåàëüíîì âðåìåíè è ñèíòåçà çîíäîâ äëÿ FISH-àíàëèçà

Ðåãèîí Ïðàéìåð Ïîñëåäîâàòåëüíîñòü Àíàëèç

3q12.2 ADGRG7ex12 F 5'-TGCAGACAAGTGATGGTGAC-3' ÏÖÐ â ðåàëüíîì âðåìåíè

ADGRG7ex12 R 5'-ATAGTGCAGTAAGGCGGCAA-3'

3q13.31 TUSC7 F 5'-GAGCCAGCTTCACTGGAAAC-3'

TUSC7 R 5'-CCCTGTGGCTCTACAAGAGG-3'

5q13.3 HEXB F 5'-CCGGGCACAATAGTTGAAGT-3'

HEXB R 5'-TCCTCCAATCTTGTCCATAGC-3'

13q34 CHAMP1 F 5'-CCACCAGAACTCCGAAAGAC-3'

CHAMP1 R 5'-TTGCGAAGCTCTGGAGACA-3'

22q13.32-q13.33 FAM19A5ex4 F 5'-TGAGGTTGGGTTTGTCATCA-3'

FAM19A5ex4 R 5'-CTGCCCTCGAAGGTGTCTAC-3'

SHANK3ex2 F 5'-CAGGACGCGCTCAACTATG-3'

SHANK3ex2 R 5'-GGTTGGGCGGGTACTCCT-3'

ACRex2 F 5'-GGTTACGGTTCAGGCAAAAC-3'

ACRex2 R 5'-AGTGAGCACCCATCGTGAAT-3'

22q13.31 TBC1D22A F1 5'-TTGTGGTGGAGCACCTGTTT-3' FISH

TBC1D22A R1 5'-AAGCAGCCAATGACCCTCTC-3'

TBC1D22A F2 5'-TGACCACCATCCTCATGCAC-3'

TBC1D22A R2 5'-AGATTCAGCAGACGCACCAA-3'

TBC1D22A F3 5'-CAATCCTCCCGTGCTATCCC-3'

TBC1D22A R3 5'-AGGCGAGATGACGCATAAGG-3'

TBC1D22A F4 5'-CCTTTGTGGGATGGGATGCT-3'

TBC1D22A R4 5'-GCGCCTCCCTTAGTGATACC-3'



ðàáîòàòü óíèâåðñàëüíûé ìåòîä êîððåêöèè õðîìîñîìíûõ
äåôåêòîâ. Â îñíîâó òàêîãî ìåòîäà ìîæåò ëå÷ü îïèñàí-
íûé íåäàâíî ôåíîìåí ïîòåðè êîëüöåâîé õðîìîñîìû
ïðè êóëüòèâèðîâàíèè ÈÏÑÊ, ïîëó÷åííûõ èç ôèáðîáëà-
ñòîâ ñàìîãî ïàöèåíòà, ñ ïîñëåäóþùåé äóïëèêàöèåé íîð-
ìàëüíîãî ãîìîëîãà è âîññòàíîâëåíèåì õðîìîñîìíîãî
íàáîðà [3, 4, 10].

Íàìè â ðàìêàõ ðàçðàáîòêè òåõíîëîãèé õðîìîñîìíîé
òåðàïèè âåäåòñÿ èçó÷åíèå ñïîíòàííîé õðîìîñîìíîé íå-
ñòàáèëüíîñòè ó ïàöèåíòîâ ñ êîëüöåâûìè õðîìîñîìàìè
13 è 22 â äèôôåðåíöèðîâàííûõ êëåòêàõ (ëèìôîöèòû ïå-
ðèôåðè÷åñêîé êðîâè è ôèáðîáëàñòû êîæè) è ÈÏÑÊ.
Íèæå ìû ïðèâîäèì ðåçóëüòàòû êëèíè÷åñêèõ è ìîëåêó-
ëÿðíî-öèòîãåíåòè÷åñêèõ èññëåäîâàíèé äâóõ ïàöèåíòîâ.

Ñëó÷àé 1. Ïàöèåíò Ã. ñ êîëüöåâîé õðîìîñîìîé 13.
Âîçðàñò 17 ëåò. Íà ìîìåíò îñìîòðà âåñ 93 êã (97 ïðîöåí-
òèëü), ðîñò 178 ñì (50—75 ïðîöåíòèëü), îêðóæíîñòü ãî-
ëîâû 58 ñì (98 ïðîöåíòèëü). Îòìå÷åíû ãëóáîêî ïîñà-
æåííûå ãëàçà, èçîãíóòàÿ âåðõíÿÿ ãóáà, àíîìàëüíûé ðîñò
âîëîñ íà ìàêóøêå, âîëîñû æåñòêèå, ñâåòëûå, èçáûòî÷-
íûé ðîñò âîëîñ íà ïðåäïëå÷üÿõ, ìèêðîîðõèäèçì, ñàíäà-
ëåâèäíàÿ ùåëü ñòîïû. Â ñâÿçè ñ çàäåðæêîé ïîëîâîãî
ðàçâèòèÿ ñîñòîèò íà ó÷åòå ó ýíäîêðèíîëîãà è àíäðîëîãà
ñ äèàãíîçîì ãèïîòàëàìè÷åñêèé ñèíäðîì ïóáåðòàòíîãî ïå-

ðèîäà íà ôîíå ðåçèäóàëüíî-îðãàíè÷åñêîãî çàáîëåâàíèÿ ãî-

ëîâíîãî ìîçãà ñ çàäåðæêîé ïîëîâîãî ðàçâèòèÿ, ñðåäíÿÿ

ñòåïåíü òÿæåñòè, ïåðìàíåíòíîå òå÷åíèå; îæèðåíèå âòî-

ðîé ñòåïåíè [11].

Â âîçðàñòå 9 ëåò ïðîáàíä áûë íàïðàâëåí íà öèòîãåíå-
òè÷åñêîå èññëåäîâàíèå, â ðåçóëüòàòå êîòîðîãî â ïåðèôå-
ðè÷åñêîé êðîâè ðåáåíêà âûÿâëåíà êîëüöåâàÿ õðîìîñîìà
13 (êàðèîòèï — 46,XY,r(13)(p13q34)) (ðèñ. 1). Äëÿ óòî÷-
íåíèÿ ãðàíèö äåëåöèè, ïîâëåêøåé çà ñîáîé îáðàçîâàíèå
êîëüöà, íàìè ïðîâåäåí aCGH-àíàëèç è äîïîëíèòåëüíî
âûÿâëåíû ìèêðîäåëåöèÿ â îáëàñòè 13q34
(1,924 ìëí ï.í.) è òðèïëèêàöèÿ 3q12.2 (74 ò.ï.í.) (ðèñ. 2).
Êëèíè÷åñêàÿ çíà÷èìîñòü àìïëèôèêàöèè îáëàñòè 3q12.2
íà ñåãîäíÿøíèé äåíü íå ÿñíà. Îíà âûÿâëÿåòñÿ êàê ó îò-
íîñèòåëüíî çäîðîâûõ ëþäåé, òàê è ó îíêîëîãè÷åñêèõ
áîëüíûõ [12]. Äàííàÿ òðèïëèêàöèÿ ïðèâîäèò ê îáðàçî-
âàíèþ õèìåðíîãî òðàíñêðèïòà TFG-GPR128. Ìóòàöèè
â ãåíå TFG (OMIM 602498) àññîöèèðîâàíû ñ íàðóøåíè-
åì áåëêîâûõ ñåêðåòîðíûõ ïóòåé è ôóíêöèé ïåðèôåðè-
÷åñêîé íåðâíîé ñèñòåìû. Ìåòîäîì ÏÖÐ â ðåàëüíîì
âðåìåíè ïîêàçàíî, ÷òî ìèêðîäåëåöèÿ âîçíèêëà de novo,
à òðèïëèêàöèÿ èìååò îòöîâñêîå ïðîèñõîæäåíèå
(ðèñ. 3). Â ïåðâè÷íîé êóëüòóðå ôèáðîáëàñòîâ êîæè
aCGH òàêæå âûÿâèë ìèêðîäåëåöèþ 13q34
(2,099 ìëí ï.í.), íî äîïîëíèòåëüíî åùå è ìîíîñîìèþ ïî
õðîìîñîìå 13 (ðèñ. 4). Ìåòîäîì FISH ñ çîíäàìè íà öåí-
òðîìåðíûå ðåãèîíû õðîìîñîì 13 è 21 è ñóáòåëîìåðíóþ
îáëàñòü äëèííîãî ïëå÷à õðîìîñîìû 13 ïîäòâåðæäåíî
íàëè÷èå êîëüöåâîé õðîìîñîìû è îáíàðóæåíî, ÷òî 50%
ôèáðîáëàñòîâ ìîíîñîìíû ïî õðîìîñîìå 13 (òàáë. 2,
ðèñ. 5). Äàëåå ìîíîñîìèÿ 13 íàìè áûëà òàêæå âûÿâëåíà

â 47% êóëüòèâèðîâàííûõ ëèìôîöèòîâ è 56% ôèáðîáëà-
ñòîâ íà 9 ïàññàæå (òàáë. 2). Ïîëó÷åííûå ðåçóëüòàòû óêà-
çûâàþò íà òî, ÷òî â õîäå êëåòî÷íîãî äåëåíèÿ òåðÿåòñÿ
èìåííî êîëüöåâàÿ õðîìîñîìà. Ñóäÿ ïî âûñîêîìó ïðî-
öåíòó ìîíîñîìíîãî êëîíà, ìîæíî ïðåäïîëîæèòü, ÷òî
ïîòåðÿ êîëüöà ïðîèçîøëà äîâîëüíî äàâíî, ÷òî ïðèâåëî
ê äàëüíåéøåé ïðîëèôåðàöèè äâóõ êëîíîâ — äèñîìíîãî
è ìîíîñîìíîãî. Êðîìå òîãî, îáðàùàåò íà ñåáÿ âíèìàíèå
íàëè÷èå íåáîëüøîãî êîëè÷åñòâà êëåòîê ñ íîðìàëüíûì
êàðèîòèïîì — 1,8% â ëèìôîöèòàõ è 1% â ôèáðîáëàñòàõ
íà ïàññàæå 9, ÷òî ìîæåò áûòü ðåçóëüòàòîì ïîòåðè êîëü-
öåâîé õðîìîñîìû 13, àìïëèôèêàöèè íîðìàëüíîãî ãî-
ìîëîãà è, ñëåäîâàòåëüíî, êîððåêöèè êàðèîòèïà. Èìåííî
ýòîò ñïîíòàííûé ïðîöåññ è ìîæåò ëå÷ü â îñíîâó ðàçðà-
áàòûâàåìîé õðîìîñîìíîé òåðàïèè.
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Ðèñ. 1. Êàðèîãðàììà ïàöèåíòà 1. Ñòðåëêîé îòìå÷åíà êîëüöåâàÿ õðî-
ìîñîìà 13.

Ðèñ. 2. aCGH ïðîôèëè õðîìîñîì 3 è 13 â ëèìôîöèòàõ ïàöèåíòà 1.
Ñòðåëêàìè îòìå÷åíû òðèïëèêàöèÿ 3q12.2 è ìèêðîäåëåöèÿ 13q34.



Ñëó÷àé 2. Ïàöèåíòêà Ç. ñ êîëüöåâîé õðîìîñîìîé 22.

Âîçðàñò 4 ãîäà. Âåñ — 14,5 êã (25 ïðîöåíòèëü), ðîñò —

108 ñì (95 ïðîöåíòèëü). Òåëîñëîæåíèå àñòåíè÷íîå, óç-

êîå òóëîâèùå. Èç ôåíîòèïè÷åñêèõ îñîáåííîñòåé îòìå-

÷àþòñÿ ìèêðîöåôàëèÿ (îêðóæíîñòü ãîëîâû 45,5 ñì,

<2 ïðîöåíòèëÿ), âûñòóïàþùèå ëîáíûå áóãðû, ñêîøåí-

íûé çàòûëîê, ïðÿìûå áðîâè, ìîíãîëîèäíûé ðàçðåç ãëàç,

ýïèêàíò, òåëåêàíò, øèðîêàÿ, çàïàâøàÿ ïåðåíîñèöà, ìÿ-

ñèñòûé êîí÷èê íîñà, ñãëàæåííûé ôèëüòð, òîíêàÿ âåðõ-

íÿÿ ãóáà, êîðîòêàÿ øåÿ, øèðîêîå ïóïî÷íîå êîëüöî, áðà-
õèäàêòèëèÿ I è V ïàëüöåâ êèñòåé ðóê è âñåõ ïàëüöåâ íîã,
óòîëùåííàÿ äèñòàëüíàÿ ôàëàíãà áîëüøèõ ïàëüöåâ êèñ-
òåé è ñòîï, ïëîñêî-âàëüãóñíàÿ ñòîïà, êðåñòöîâîêîï÷è-
êîâàÿ ÿìêà. Îáñëåäîâàíèå çàòðóäíåíî èç-çà áåñïîêîéñò-
âà è âûðàæåííîé àêòèâíîñòè äåâî÷êè. Íà ÌÐÒ ãîëîâíî-
ãî ìîçãà âèçóàëèçèðîâàíà êàðòèíà âàðèàíòà Äåí-
äè—Óîëêåðà [13].

Â âîçðàñòå äâóõ ëåò ðåáåíîê áûë íàïðàâëåí íà öèòîãå-
íåòè÷åñêîå èññëåäîâàíèå. Áûëà âûÿâëåíà êîëüöåâàÿ õðî-
ìîñîìà 22 (êàðèîòèï — 46,XX,r(22)) (ðèñ. 6). Ïîçäíåå íà-
ìè áûë ïðîâåäåí aCGH-àíàëèç è èäåíòèôèöèðîâàíà
ìèêðîäåëåöèÿ 22q13.32-q13.33 (ðèñ. 7), îáóñëîâèâøàÿ îá-
ðàçîâàíèå êîëüöåâîé õðîìîñîìû 22. Äåëåöèÿ ïîäòâåðæäå-
íà â õîäå ÏÖÐ â ðåæèìå ðåàëüíîãî âðåìåíè; îíà âîçíèêëà
de novo (ðèñ. 8). Äëÿ ïîäòâåðæäåíèÿ êîëüöåâîé ñòðóêòóðû
õðîìîñîìû 22 áûë ïðîâåäåí FISH-àíàëèç ñ çîíäîì ê öåí-
òðîìåðîîñïåöèôè÷íîé àëüôà-ñàòåëëèòíîé ïîñëåäîâàòåëü-
íîñòè õðîìîñîìû 22. Îäíàêî, àíàëèçèðóÿ ðåçóëüòàò ãèá-
ðèäèçàöèè, ìû îáíàðóæèëè äâà íåîäèíàêîâûõ ïî âåëè÷è-
íå è èíòåíñèâíîñòè ñèãíàëà: îäèí ñèãíàë áûë êðóïíûé è
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Òàáëèöà 2
Ðåçóëüòàòû èíòåðôàçíîãî FISH-àíàëèçà ëèìôîöèòîâ è ôèáðîáëàñòîâ êîæè

ïàöèåíòà 1 ñ êîëüöåâîé õðîìîñîìîé 13

Òèï êëåòîê/
Ïðîäîëæèòåëüíîñòü

êóëüòèâèðîâàíèÿ
èëè íîìåð ïàññàæà

×èñëî è ñî÷åòàíèå
ñèãíàëîâ

×èñëî
êëåòîê

Èíòåðïðåòàöèÿ %

Ëèìôîöèòû/72 ÷ CEN13/21 õ 2, 13q õ 1 3 Ìîíîñîìèÿ 13 è 21 èëè êîëüöåâàÿ õðîìîñîìà 13 è íóëèñîìèÿ 21 1,76

CEN13/21 õ 3, 13q õ 1 80 Ìîíîñîìèÿ 13 47,06

CEN13/21 õ 4, 13q õ 1 80 Êîëüöåâàÿ õðîìîñîìà 13 47,06

CEN13/21 õ 5, 13q õ 1 3 Êîëüöåâàÿ õðîìîñîìà 13 è òðèñîìèÿ 21 èëè äâå êîëüöåâûõ
õðîìîñîìû 13

1,76

CEN13/21 õ 3, 13q õ 2 1 Ìîíîñîìèÿ 21 0,59

CEN13/21 õ 4, 13q õ 2 3 Íîðìàëüíûé êàðèîòèï 1,76

Âñåãî 170

Ôèáðîáëàñòû/Ï1 CEN13/21 õ 2, 13q õ 1 3 Ìîíîñîìèÿ 13 è 21 èëè êîëüöåâàÿ õðîìîñîìà 13 è íóëèñîìèÿ 21 2,27

CEN13/21 õ 3, 13q õ 1 66 Ìîíîñîìèÿ 13 50,00

CEN13/21 õ 4, 13q õ 1 61 Êîëüöåâàÿ õðîìîñîìà 13 46,21

CEN13/21 õ 5, 13q õ 1 1 Êîëüöåâàÿ õðîìîñîìà 13 è òðèñîìèÿ 21 èëè äâå êîëüöåâûõ
õðîìîñîìû 13

0,76

CEN13/21 õ 3, 13q õ 0 1 Êîëüöåâàÿ õðîìîñîìà 13 è îòñóòñòâèå íîðìàëüíîãî ãîìîëîãà
õðîìîñîìû 13

0,76

Âñåãî 132

Ôèáðîáëàñòû/Ï9 CEN13/21 õ 2, 13q õ 1 6 Ìîíîñîìèÿ 13 è 21 èëè êîëüöåâàÿ õðîìîñîìà 13 è íóëèñîìèÿ 21 2,97

CEN13/21 õ 3, 13q õ 1 113 Ìîíîñîìèÿ 13 55,94

CEN13/21 õ 4, 13q õ 1 78 Êîëüöåâàÿ õðîìîñîìà 13 38,61

CEN13/21 õ 5, 13q õ 1 2 Êîëüöåâàÿ õðîìîñîìà 13 è òðèñîìèÿ 21 èëè äâå êîëüöåâûõ
õðîìîñîìû 13

0,99

CEN13/21 õ 3, 13q õ 2 1 Ìîíîñîìèÿ 21 0,49

CEN13/21 õ 4, 13q õ 2 2 Íîðìàëüíûé êàðèîòèï 0,99

Âñåãî 202

Ðèñ. 3. Ðåçóëüòàòû ÏÖÐ â ðåàëüíîì âðåìåíè ñåìüè ïàöèåíòà 1 ñ ïðàé-
ìåðàìè íà ãåíû ADGRG7ex12 (trip3q12.1), CHAMP1 (del13q34).



ÿðêèé, à âòîðîé — î÷åíü ìåëêèé, ïðàêòè÷åñêè íåâèäè-
ìûé. Îêàçàëîñü, ÷òî ïðè÷èíîé äàííîãî ýôôåêòà ìîæåò
áûòü ÷àñòûé ãåòåðîìîðôèçì ãîìîëîãîâ õðîìîñîìû 22 ïî
ñîäåðæàíèþ äàííûõ àëüôà-ñàòåëëèòîâ [14]. Îá ýòîé áèî-
ëîãè÷åñêîé îñîáåííîñòè õðîìîñîìû 22 ñëåäóåò ïîìíèòü
ïðè èñïîëüçîâàíèè äàííîãî çîíäà âî èçáåæàíèå ëîæíîïî-
ëîæèòåëüíîãî ðåçóëüòàòà. Â ñëó÷àå ñ íàøåé ïàöèåíòêîé
çîíä, ñïåöèôè÷íûé èñêëþ÷èòåëüíî ê öåíòðîìåðå õðîìî-
ñîìû 22, áûë íåèíôîðìàòèâåí, ïîýòîìó â äàëüíåéøåì íà-
ìè áûë èñïîëüçîâàí çîíä, ãèáðèäèçóþùèéñÿ íà öåíòðî-
ìåðàõ õðîìîñîì 14 è 22 (ðèñ. 9).

Êðîìå òîãî, ïðè ïðîâåäåíèè aCGH ó äåâî÷êè áûëà
îáíàðóæåíà ìèêðîäåëåöèÿ 3q13.31 (ðèñ. 7), çàòðàãèâà-
þùàÿ ðåãèîí ñèíäðîìà ìèêðîäåëåöèè 3q13.31 (OMIM
615433). Ïî äàííûì ÏÖÐ â ðåàëüíîì âðåìåíè, äàííàÿ
ìèêðîñòðóêòóðíàÿ õðîìîñîìíàÿ àíîìàëèÿ áûëà óíà-
ñëåäîâàíà ïðîáàíäîì îò çäîðîâîé ìàòåðè, êîòîðàÿ,
â ñâîþ î÷åðåäü, óíàñëåäîâàëà åå îò ñâîåé ìàòåðè
(ðèñ. 10). Â ôèáðîáëàñòàõ ðåáåíêà ïðè èñïîëüçîâàíèè
aCGH òàêæå âûÿâëåíà ìèêðîäåëåöèÿ 22q13.32-q13.33.
Ïðè ïîäòâåðæäåíèè êîëüöåâîé õðîìîñîìû 22 ìåòîäîì
FISH â ôèáðîáëàñòàõ íà ïåðâîì ïàññàæå íàìè áûëî îá-
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Ðèñ. 7. aCGH ïðîôèëè õðîìîñîì 3 è 22 â ëèìôîöèòàõ ïàöèåíòêè 2.
Ñòðåëêàìè îòìå÷åíû ìèêðîäåëåöèè 3q13.31 è 22q13.32-q13.33.

Ðèñ. 6. Êàðèîãðàììà ïàöèåíòêè 2. Ñòðåëêîé îòìå÷åíà êîëüöåâàÿ
õðîìîñîìà 22.

Ðèñ. 5. FISH-àíàëèç ôèáðîáëàñòîâ êîæè ïàöèåíòà 1. Êîëüöåâàÿ õðî-
ìîñîìà 13 (ñëåâà) è ìîíîñîìèÿ 13 (ñïðàâà). Èñïîëüçîâàíû öåíòðî-
ìåðîñïåöèôè÷íûé çîíä D13Z1/D21Z1 (çåëåíûé) è ñóáòåëîìåðíûé
çîíä 13q (êðàñíûé).

Ðèñ. 4. aCGH ïðîôèëü, äåìîíñòðèðóþùèé ìîíîñîìèþ õðîìîñîìû
13 â ôèáðîáëàñòàõ êîæè ïàöèåíòà 1. Ñòðåëêîé îòìå÷åíà ìèêðîäå-
ëåöèÿ 13q34.



íàðóæåíî, ÷òî 24% êëåòîê áûëè ìîíîñîìíûìè ïî õðî-
ìîñîìå 22 (òàáë. 3, ðèñ. 11). Äàëåå íàáëþäàëîñü óâåëè-
÷åíèå ÷èñëà ìîíîñîìíûõ êëåòîê ñ ðîñòîì ÷èñëà ïàññà-
æåé, êîòîðîå ê 33 ïàññàæó äîñòèãëî 44%. Ñ èñïîëüçîâà-

íèåì êðèòåðèÿ �2 ïîêàçàíî ñòàòèñòè÷åñêè çíà÷èìîå
óâåëè÷åíèå óðîâíÿ ìîíîñîìíûõ êëåòîê îò 5 ïàññàæà

ê 25 ïàññàæó (�2 = 6,649, ð<0,05). Îäíàêî ïðè êóëüòèâè-

ðîâàíèè êëîíîâ ÈÏÑÊ, ïîëó÷åííûõ èç ôèáðîáëàñòîâ
ïðîáàíäà, äîëÿ ìîíîñîìíûõ êëåòîê áûëà íåñêîëüêî
ìåíüøå è ñîñòàâèëà äëÿ êëîíà iTAF29 17% íà ïàññàæå 7
è 12,5% íà ïàññàæå 11; à äëÿ êëîíà iTAF32 — 6,3% íà
ïàññàæå 9. Óìåíüøåíèå óðîâíÿ ìîíîñîìíûõ êëåòîê äëÿ
iTAF29 ñ P7 äî P11 íå ÿâëÿëîñü ñòàòèñòè÷åñêè çíà÷è-

ìûì (�2 = 0,437, ð>0,05).

ÎÐÈÃÈÍÀËÜÍÛÅ ÈÑÑËÅÄÎÂÀÍÈß
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Òàáëèöà 3
Ðåçóëüòàòû èíòåðôàçíîãî FISH-àíàëèçà ëèìôîöèòîâ, ôèáðîáëàñòîâ êîæè è ÈÏÑÊ

ïàöèåíòà 2 ñ êîëüöåâîé õðîìîñîìîé 22

Òèï êëåòîê/ïðîäîëæèòåëüíîñòü êóëüòèâèðîâàíèÿ
èëè íîìåð ïàññàæà

FISH

D14Z1/D22Z1 õ 3 D14Z1/D22Z1 õ 4 Âñåãî % êëåòîê ñ ìîíî-
ñîìèåé 22

Ëèìôîöèòû/72 ÷ 41 438 479 8,56

Ôèáðîáëàñòû/Ï1 27 86 113 23,89

Ôèáðîáëàñòû/Ï3 59 237 296 19,93

Ôèáðîáëàñòû/Ï5 56 120 176 31,81

Ôèáðîáëàñòû/Ï15 98 140 238 41,18

Ôèáðîáëàñòû/Ï25 88 110 198 44,44

Ôèáðîáëàñòû/Ï33 84 108 192 43,75

ÈÏÑÊ29/Ï7 9 44 53 16,98

ÈÏÑÊ29/Ï11 7 49 56 12,50

Ðèñ. 8. Ðåçóëüòàòû ÏÖÐ â ðåàëüíîì âðåìåíè äëÿ ñåìüè ïàöèåíòêè 2 ñ ïðàéìåðàìè íà ãåíû FAM19A5, SHANK3, ACR (del22q13.32-q13.33).

Ðèñ. 9. FISH-àíàëèç äëÿ ëèìôîöèòîâ ïàöèåíòêè 2. Êîëüöåâàÿ õðîìîñîìà 22 îòìå÷åíà ñòðåëêîé. Èñïîëüçîâàíû öåíòðîìåðîñïåöèôè÷íûé
çîíä D14Z1/D22Z1 (êðàñíûé) è çîíä íà ãåí TBC1D22A (çåëåíûé).



Âàæíî îòìåòèòü, ÷òî ìîíîñîìèè ó ïðåäñòàâëåííûõ
ïàöèåíòîâ âïåðâûå áûëè çàðåãèñòðèðîâàíû òîëüêî
â ôèáðîáëàñòàõ ìåòîäîì FISH è íå îáíàðóæåíû â ëèì-
ôîöèòàõ ïðè ñòàíäàðòíîì êàðèîòèïèðîâàíèè. Ýòî ïîä-
÷åðêèâàåò âàæíîñòü èññëåäîâàíèÿ áîëåå ÷åì îäíîé òêà-
íè â ñëó÷àå, åñëè ôåíîòèï ïàöèåíòà íåâîçìîæíî îáúÿñ-
íèòü óæå îáíàðóæåííûìè ìóòàöèÿìè èëè íè îäíîé àíî-
ìàëèè íå áûëî âûÿâëåíî â ëèìôîöèòàõ ïåðèôåðè÷åñêîé
êðîâè. Êðîìå òîãî, ÷òî îñîáåííî âàæíî äëÿ ðàçðàáîòêè
òåõíîëîãèé õðîìîñîìíîé òåðàïèè, íàëè÷èå ìîíîñîìíî-
ãî êëîíà óêàçûâàåò íà íåñòàáèëüíîñòü êîëüöåâîé õðîìî-
ñîìû óæå in vivo è äàåò íàäåæäó íà ýôôåêòèâíóþ åå êîð-
ðåêöèþ â ÈÏÑÊ.

Â àíàëîãè÷íîé ðàáîòå Bershteyn ñ ñîàâòîðàìè áûëè
ïîëó÷åíû ÈÏÑÊ èç êëåòîê êîæè ïàöèåíòîâ ñ ìíîæåñò-
âåííûìè âðîæäåííûìè àíîìàëèÿìè, 80—100% ôèá-
ðîáëàñòîâ êîòîðûõ ñîäåðæàëè êîëüöåâóþ õðîìîñîìó 13,
à â îñòàëüíûõ êëåòêàõ íàáëþäàëîñü 45 õðîìîñîì ñ ïîòå-
ðåé êîëüöà èëè íåêëîíàëüíûå àáåððàöèè ñ âîâëå÷åíèåì
r(13) [10]. Àíàëèç êàðèîòèïà ÈÏÑÊ íà øåñòè ïàññàæàõ
ïîêàçàë, ãëàâíûì îáðàçîì, íàëè÷èå êàðèîòèïà
46,XY,r(13); ïðè ýòîì â ÷àñòè êëåòîê êîëüöåâàÿ õðîìî-
ñîìà îòñóòñòâîâàëà. Øåñòü èç äåâÿòè êëîíîâ ïîñëå âîñü-
ìîãî ïàññàæà äåìîíñòðèðîâàëè íîðìàëüíûé êàðèîòèï.
Íàïðèìåð, êëîí 4, ñîäåðæàâøèé ïðåèìóùåñòâåííî
êëåòêè ñ êàðèîòèïîì 46,XY,r(13) íà øåñòîì ïàññàæå, íà
äâåíàäöàòîì ïàññàæå èìåë êàðèîòèï 46,XY. Äàííûå ðå-
çóëüòàòû, ïî ìíåíèþ àâòîðîâ, ïðåäñòàâëÿþò äèíàìè÷-
íûé ìîçàèöèçì ìåæäó êëîíàëüíî-ðîäñòâåííûìè êëåò-
êàìè, ïðèâîäÿ ê ïðåèìóùåñòâåííîìó âûæèâàíèþ êàðè-
îòèïè÷åñêè íîðìàëüíûõ ÈÏÑÊ â òå÷åíèå øåñòè ïàññà-
æåé, ÷åãî íå ïðîèñõîäèò â ôèáðîáëàñòàõ. FISH-àíàëèç
ïîäòâåðäèë íîðìàëüíûé êàðèîòèï â êëîíàõ ÈÏÑÊ.
SNP-ìèêðî÷èïû ïîêàçàëè îòñóòñòâèå äåëåöèé è ïîëíóþ
ãîìîçèãîòíîñòü ïî õðîìîñîìå 13. ÈÏÑÊ ñ èñïðàâëåí-
íûì êàðèîòèïîì ýêñïðåññèðîâàëè ìàðêåðû ñòâîëîâûõ
êëåòîê è äèôôåðåíöèðîâàëèñü â òðè çàðîäûøåâûõ ëèñò-
êà. Ïî ìíåíèþ àâòîðîâ, ôåíîìåí ñïîíòàííîãî âîññòà-
íîâëåíèÿ íîðìàëüíîãî ÷èñëà õðîìîñîì â ñòâîëîâûõ
êëåòêàõ ìîæíî îáúÿñíèòü òåì, ÷òî ðåïðîãðàììèðîâà-
íèå, àêòèâèðóÿ êëåòî÷íîå äåëåíèå, ïîâûøàåò âîçìîæ-
íîñòü ñëó÷àéíîãî íåðàñõîæäåíèÿ õðîìîñîì è êîìïåíñà-
öèþ ïîòåðè êîëüöà. Äàëåå èçîäèñîìíûå êëåòêè èìåþò
ïðåèìóùåñòâî â äåëåíèè è ðîñòå íàä êëåòêàìè ñ êîëüöå-
âîé õðîìîñîìîé, íåñóùåé êðóïíóþ äåëåöèþ, ÷òî â èòîãå
ïðèâîäèò ê ïîÿâëåíèþ êëîíà êëåòîê ñ íîðìàëüíûì êà-
ðèîòèïîì.

Ðàçðàáàòûâàÿ è ïðèìåíÿÿ â äàëüíåéøåì òåõíîëîãèè
õðîìîñîìíîé òåðàïèè, ñëåäóåò ïîìíèòü, ÷òî ïîëó÷åí-
íûå êëåòêè ñ èñïðàâëåííûì êàðèîòèïîì èìåþò îäíîðî-
äèòåëüñêóþ äèñîìèþ ïî âîññòàíîâëåííîé õðîìîñîìå,
÷òî ìîæåò ïðèâîäèòü ê íåæåëàòåëüíûì êëèíè÷åñêèì
ïîñëåäñòâèÿì çà ñ÷åò ãîìîçèãîòèçàöèè ðåöåññèâíûõ ìó-
òàöèé èëè íàðóøåíèÿ èìïðèíòèíãà, åñëè õðîìîñîìà ñî-
äåðæèò èìïðèíòèðîâàííûé ðåãèîí. Êðîìå ïîòåíöèàëü-
íîé âîçìîæíîñòè èñïîëüçîâàíèÿ äàííûõ òåõíîëîãèé

â öåëÿõ îêàçàíèÿ ïîìîùè áîëüíîìó, îíè ìîãóò èìåòü
áîëüøîå çíà÷åíèå è äëÿ íàóêè. Ìåòîäàìè ðåäàêòèðîâà-
íèÿ ãåíîìà âîçìîæíî ïîëó÷åíèå êëåòî÷íûõ ëèíèé ñ èñ-
ïðàâëåííûì êàðèîòèïîì, èçîãåííûõ ïî îòíîøåíèþ
ê ìóòàíòíûì ëèíèÿì, ïðåäñòàâëÿþùèì ñîáîé ìîäåëü
çàáîëåâàíèÿ. Òàêèå ëèíèè áóäóò èìåòü îäèí è òîò æå ãå-
íåòè÷åñêèé ôîí è îòëè÷àòüñÿ òîëüêî íàëè÷èåì èññëåäó-
åìîé ìóòàöèè â ïîñëåäíèõ, ÷òî ïîçâîëèò âûÿâëÿòü ðåà-
ëüíûå ðàçëè÷èÿ, îáóñëîâëåííûå àáåððàöèåé, íà êëåòî÷-
íîì è ìîëåêóëÿðíîì óðîâíÿõ. Òàêèì îáðàçîì, ïîÿâëÿ-
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Ðèñ. 11. FISH-àíàëèç äëÿ ôèáðîáëàñòîâ êîæè ïàöèåíòêè 2. Êîëüöå-
âàÿ õðîìîñîìà 22 îòìå÷åíà áåëîé ñòðåëêîé. Ãîëóáîé è ìàëèíîâîé
ñòðåëêàìè îòìå÷åíû êëåòêà ñ êîëüöåâîé õðîìîñîìîé 22 è ñ ìîíîñî-
ìèåé 22 ñîîòâåòñòâåííî. Èñïîëüçîâàíû öåíòðîìåðîñïåöèôè÷íûé
çîíä D14Z1/D22Z1 (êðàñíûé) è çîíä íà ãåí TBC1D22A (çåëåíûé).

Ðèñ. 10. Ðåçóëüòàòû ÏÖÐ â ðåàëüíîì âðåìåíè äëÿ ñåìüè ïàöèåíòêè
2 ñ ïðàéìåðàìè íà ãåí TUSC7 (del3q13.31).



åòñÿ íîâàÿ âîçìîæíîñòü äëÿ èçó÷åíèÿ ïàòîãåíåçà çàáî-
ëåâàíèé, îáåñïå÷èâàÿ ïîòåíöèàëüíûå òî÷êè ïðèëîæå-
íèÿ òåðàïåâòè÷åñêèõ ïîäõîäîâ â áóäóùåì.

Ðàçâèòèå ìåòîäîâ çàìûêàíèÿ õðîìîñîìû â êîëüöî
â êóëüòóðå êëåòîê îòêðûâàåò íîâûå ïåðñïåêòèâû äëÿ èñ-
ñëåäîâàíèÿ êîëüöåâûõ õðîìîñîì in vitro, ÷òî â íàñòîÿ-
ùåå âðåìÿ íåâîçìîæíî, ïîñêîëüêó ïîäîáíûå õðîìîñî-
ìû êðàéíå íåñòàáèëüíû è áûñòðî òåðÿþòñÿ íà ðàííèõ
ýòàïàõ êóëüòèâèðîâàíèÿ ÈÏÑÊ. Ïîëó÷åíèå êîëüöåâûõ
õðîìîñîì ãåííî-èíæåíåðíûìè ìåòîäàìè ñ èñïîëüçîâà-
íèåì ñòàáèëèçèðóþùèõ èëè äåñòàáèëèçèðóþùèõ ôàêòî-
ðîâ ïîçâîëèò îáåñïå÷èòü ñòàáèëüíîñòü êîëåö äëÿ ïîñëå-
äóþùåãî àíàëèçà èõ ýôôåêòîâ èëè èíäóöèðîâàòü èõ ïî-
òåðþ äëÿ öåëåé òåðàïèè.
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