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Àñèììåòðè÷íîå äåëåíèå, íàáëþäàþùååñÿ âî ìíîãèõ ãðóïïàõ îðãàíèçìîâ, èìååò ñõîäíûå ìåõàíèç-
ìû, ÷òî ãîâîðèò î êîíñåðâàòèâíîñòè ýòîãî ïðîöåññà. Àñèììåòðè÷íîå äåëåíèå ñòâîëîâûõ êëåòîê, íàõîäÿ-
ùèõñÿ â íèøàõ, íàïðàâëåíî íà ðåãóëÿöèþ ïðîëèôåðàöèè è íà ïîääåðæàíèå ñòàáèëüíîñòè ãåíîìà. Â òî
æå âðåìÿ ñòâîëîâûå êëåòêè ìîãóò â çàâèñèìîñòè îò ñèòóàöèè äåëèòüñÿ è ñèììåòðè÷íî. Íàðóøåíèå ìå-
õàíèçìà àñèììåòðè÷íîãî äåëåíèÿ ñòâîëîâûõ êëåòîê ìîæåò áûòü îäíèì èç ôàêòîðîâ íåîïëàñòè÷åñêîãî
ðîñòà.
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Â ïðîöåññå ýâîëþöèè ñëîæèëèñü äâà îñíîâíûõ ñïîñî-
áà äèôôåðåíöèàöèè êëåòîê ìíîãîêëåòî÷íûõ îðãàíèçìîâ.
Â îäíîì ñëó÷àå ïðîèñõîäèò àñèììåòðè÷íîå äåëåíèå, êî-
òîðîå ìîæåò áûòü àâòîíîìíûì èëè îïðåäåëÿòüñÿ âíåøíè-
ìè ñèãíàëàìè. Â ðåçóëüòàòå òàêîãî äåëåíèÿ ìàòåðèíñêàÿ
êëåòêà äàåò íà÷àëî äâóì äî÷åðíèì êëåòêàì, êîòîðûå ðàç-
ëè÷àþòñÿ ñ ìîìåíòà îáðàçîâàíèÿ. Äðóãîé ïóòü çàêëþ-
÷àåòñÿ â òîì, ÷òî ñíà÷àëà îáðàçóåòñÿ íåêîòîðîå ÷èñëî
îäèíàêîâûõ êëåòîê, êîòîðûå â äàëüíåéøåì ìîãóò âûáè-
ðàòü ðàçíûå ïóòè äèôôåðåíöèàöèè. Îáà âàðèàíòà äèôôå-
ðåíöèàöèè êëåòîê è ñòðàòåãèè ðàçâèòèÿ îðãàíèçìîâ ìîæ-
íî îáíàðóæèòü ó áëèçêîðîäñòâåííûõ íåìàòîä (Schieren-
berg, 2001). Ó Caenorhabditis elegans è Acrobeloides nanus
ðàííåå ðàçâèòèå íà÷èíàåòñÿ ñ àñèììåòðè÷íûõ ìèòîçîâ, è
îáðàçîâàâøèåñÿ êëåòêè èìåþò ñòðîãî äåòåðìèíèðîâàí-
íóþ ñóäüáó: èç 949 ìèòîçîâ, êîòîðûå ïðîèñõîäÿò ïðè ðàç-
âèòèè C. elegans, 807 ÿâëÿþòñÿ àñèììåòðè÷íûìè. À ó íå-
ìàòîäû Enoplus brevis â íà÷àëå îáðàçóþòñÿ îäèíàêîâûå
áëàñòîìåðû, êîòîðûå â äàëüíåéøåì ðàçâèòèè äèôôåðåí-
öèðóþòñÿ â ðåçóëüòàòå àñèììåòðè÷íûõ äåëåíèé. Àñèì-
ìåòðè÷íîå äåëåíèå ÿâëÿåòñÿ êîíñåðâàòèâíûì ìåõàíèç-
ìîì, îáåñïå÷èâàþùèì âîçìîæíîñòü ðàçâèòèÿ äî÷åðíèõ
êëåòîê â ðàçíûõ íàïðàâëåíèÿõ, ïîýòîìó ïðîáëåìà àñèì-
ìåòðè÷íîãî äåëåíèÿ èìååò ôóíäàìåíòàëüíîå çíà÷åíèå
äëÿ áèîëîãèè ðàçâèòèÿ, â ÷àñòíîñòè äëÿ áèîëîãèè ñòâîëî-
âûõ êëåòîê (Wolpert, 1988; Horvitz, Herskovitz, 1992;
Knoblich, 2001).

Àñèììåòðè÷íîå äåëåíèå âñòðå÷àåòñÿ â ðàçíûõ ãðóï-
ïàõ îðãàíèçìîâ: ó áàêòåðèé (Newton, Ohta, 1990; Lawler,
Brun, 2006), äðîææåé (Horvitz, Herskovitz, 1992), âîëüâîê-
ñà (Kirk et al., 1991), íåìàòîä (Strome, 1989), äðîçîôèëû
(Lin, Chagat, 1997), ïîçâîíî÷íûõ æèâîòíûõ (Shen et al.,
2002; Roegiers, Jan, 2004) è ðàñòåíèé (Gallagher, Smith,
1996). Ìåõàíèçìû àñèììåòðè÷íîãî äåëåíèÿ ó ðàçíûõ
ãðóïï îðãàíèçìîâ èìåþò êàê ñõîäíûå, òàê è ðàçëè÷àþùè-
åñÿ ÷åðòû. Íåñêîëüêî îáúåêòîâ õîðîøî èçó÷åíû è ñ÷èòà-
þòñÿ êëàññè÷åñêèìè. Ê èõ ÷èñëó îòíîñÿòñÿ äåëÿùèåñÿ
íåéðîáëàñòû äðîçîôèëû (Lin, Chagat, 1997) è äåëåíèÿ

ïåðâûõ áëàñòîìåðîâ ó C. elegans (Strome, 1989; Guo, Kem-
phues, 1996). Ïðåäïîñûëêè äëÿ àñèììåòðè÷íîãî äåëåíèÿ
êëåòîê, ïî-âèäèìîìó, ñóùåñòâóþò ó âñåõ îðãàíèçìîâ, íî
îíè íå âñåãäà ðåàëèçóþòñÿ.

Äëÿ àñèììåòðè÷íîãî äåëåíèÿ êëåòêè íåîáõîäèìà êî-
îðäèíàöèÿ íåñêîëüêèõ ñîáûòèé. Âî-ïåðâûõ, äîëæíà óñòà-
íîâèòüñÿ ïîëÿðèçàöèÿ ìàòåðèíñêîé êëåòêè â ðåçóëüòàòå
íåðàâíîìåðíîãî ðàñïðåäåëåíèÿ êàêèõ-ëèáî äåòåðìèíàíò
â êîðòåêñå è öèòîïëàçìå. Âî-âòîðûõ, âäîëü îñè ïîëÿðèçà-
öèè äîëæíî ðàñïîëîæèòüñÿ ìèòîòè÷åñêîå âåðåòåíî.
Â-òðåòüèõ, îáðàçîâàâøèåñÿ äî÷åðíèå êëåòêè äîëæíû ñî-
äåðæàòü ðàçíûå äåòåðìèíàíòû, îò êîòîðûõ çàâèñèò ñóäü-
áà êëåòîê. Ôåíîìåí ïîëÿðèçàöèè êëåòêè øèðîêî ðàñ-
ïðîñòðàíåí è ó îäíîêëåòî÷íûõ, è ó ìíîãîêëåòî÷íûõ îðãà-
íèçìîâ (Drubin, Nelson, 1996). Òèïè÷íûì ïðèìåðîì
ïîëÿðèçîâàííûõ êëåòîê ÿâëÿþòñÿ ýïèäåðìàëüíûå êåðàòè-
íîöèòû ìëåêîïèòàþùèõ. Áàçàëüíûå êåðàòèíîöèòû, ñðåäè
êîòîðûõ íàõîäÿòñÿ ñòâîëîâûå êëåòêè, èìåþò õîðîøî âû-
ðàæåííóþ àïèêàëüíî-áàçàëüíóþ àñèììåòðèþ, âîçíèêàþ-
ùóþ â ðåçóëüòàòå àäãåçèè êëåòîê ê áàçàëüíîé ìåìáðàíå è
ê ñîñåäíèì êëåòêàì.

Íåñìîòðÿ íà òî ÷òî àñèììåòðè÷íîå äåëåíèå êëåòîê
áûëî èçâåñòíî äàâíî, ïîíèìàíèå ìîëåêóëÿðíûõ ìåõàíèç-
ìîâ íà÷àëîñü ñðàâíèòåëüíî íåäàâíî. Õîðîøî èçó÷åííûì
îáúåêòîì ïîëÿðèçàöèè êëåòîê è àñèììåòðè÷íîãî äåëåíèÿ
ÿâëÿþòñÿ íåéðàëüíûå ïðîãåíèòîðíûå êëåòêè äðîçîôèëû,
íàçûâàåìûå íåéðîáëàñòàìè, êîòîðûå, ñòðîãî ãîâîðÿ,
ñòâîëîâûìè êëåòêàìè íå ÿâëÿþòñÿ, ïîñêîëüêó ïðîõîäÿò â
ñðåäíåì òîëüêî 5 äåëåíèé. Íà îïðåäåëåííîé ñòàäèè ýìá-
ðèîãåíåçà íåéðîáëàñòû äåëàìèíèðóþò èç âåíòðàëüíîé ýê-
òîäåðìû è îáðàçóþò ñóáýïèäåðìàëüíûé äâóõìåðíûé ðÿä
íåéðàëüíûõ ñòâîëîâûõ êëåòîê. Äëÿ íåéðîáëàñòîâ äðîçî-
ôèëû èìåþòñÿ ñâåäåíèÿ î íåêîòîðûõ áåëêàõ, íåïîñðåäñò-
âåííî ó÷àñòâóþùèõ â ïîëÿðèçàöèè êëåòêè è îïðåäåëåíèè
ïîçèöèè ìèòîòè÷åñêîãî âåðåòåíà. Àñèììåòðè÷íàÿ ñåãðå-
ãàöèÿ áåëêà Numb, èãðàþùåãî êëþ÷åâóþ ðîëü â ðåãóëÿ-
öèè àñèììåòðè÷íîãî äåëåíèÿ, âñòðå÷àåòñÿ ó ïðåäñòàâèòå-
ëåé ðàçíûõ ãðóïï ýâîëþöèîííî äàëåêèõ îðãàíèçìîâ
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(Cayouette et al., 2002). Ôàêòîðû Numb è Prospero ëîêàëè-
çóþòñÿ â âèäå ñåðïà â áàçàëüíîé ÷àñòè íåéðîáëàcòà íàä
îäíîé èç öåíòðîñîì, ïðè÷åì ýòè ñîáûòèÿ ïðîèñõîäÿò íå-
çàâèñèìî äðóã îò äðóãà (Knoblich et al., 1995). Äëÿ ëîêàëè-
çàöèè áåëêà Prospero â áàçàëüíîì äîìåíå êëåòî÷íîé ìåì-
áðàíû íåîáõîäèì àäàïòîðíûé áåëîê Miranda (Shen et al.,
1997). Áåëîê Inscuteable òàêæå ëîêàëèçîâàí àñèììåòðè÷-
íî, íî â àïèêàëüíîé ÷àñòè íåéðîáëàñòà — íàïðîòèâ Numb
è Prospero (Kraut, Campos-Ortega, 1996). Ìóòàíòû ins-
cuteable èìåþò íåïðàâèëüíóþ îðèåíòàöèþ ìèîòîòè÷å-
ñêîãî âåðåòåíà è íåïðàâèëüíóþ ëîêàëèçàöèþ Numb è Pro-
spero.

Àñèììåòðè÷íàÿ ëîêàëèçàöèÿ áåëêà Inscuteable ïðîèñ-
õîäèò äî íà÷àëà ìèòîçà è ïðåäøåñòâóåò ëîêàëèçàöèè
Numb è Prospero. Ìîæíî ïðåäïîëîæèòü, ÷òî Inscuteable
îáåñïå÷èâàåò ïîçèöèîííóþ èíôîðìàöèþ, íåîáõîäèìóþ
äëÿ îðèåíòàöèè âåðåòåíà è àñèììåòðè÷íîãî ðàñïîëîæå-
íèÿ áåëêîâ âî âðåìÿ ìèòîçà (Kraut et al., 1996). Ðÿä äåòåð-
ìèíàíò ó÷àñòâóåò â ñåãðåãàöèè ÐÍÊ íà ïðîòÿæåíèè êëå-
òî÷íîãî öèêëà íåéðîáëàñòà, ÷òî ÿâëÿåòñÿ ðàñïðîñòðàíåí-
íûì ìåõàíèçìîì ïîëÿðèçàöèè ìíîãèõ êëåòî÷íûõ òèïîâ.
Íàïðèìåð, Inscuteable è Staufen âçàèìîäåéñòâóþò ñ èÐÍÊ
ãåíà prospero è ñîâìåñòíî ëîêàëèçóþòñÿ íà àïèêàëüíîì
äîìåíå íåéðîáëàñòà â èíòåðôàçå (Li et al., 1997). Â îðãà-
íèçàöèè àñèììåòðè÷íîãî äåëåíèÿ íåéðîáëàñòà ó÷àñòâóþò
è äðóãèå ãåíû. Ïî-âèäèìîìó, àñèììåòðè÷íîå äåëåíèå
íåéðîáëàñòà îïðåäåëÿåòñÿ âíóòðåííèìè ñèãíàëàìè, íî
âîçìîæåí è âíåøíèé ñèãíàë äëÿ àñèììåòðè÷íîãî äåëå-
íèÿ.

Íåéðîýïèòåëèàëüíûå êëåòêè, èç êîòîðûõ ïðîèñõîäÿò
íåéðîáëàñòû, ïîëÿðèçîâàíû òàêæå âäîëü àïèêàëüíî-áàçà-
ëüíîé îñè, íî ïðè ýòîì äåëÿòñÿ ñèììåòðè÷íî (Lu et al.,
2001). Â íåéðîýïèòåëèè â ïðîöåññå äåëåíèÿ âåðåòåíî ðàñ-
ïîëàãàåòñÿ âäîëü ïëàíàðíîé îñè êëåòêè è ïåðïåíäèêóëÿð-
íî îñè ïîëÿðèçàöèè, â ðåçóëüòàòå ÷åãî äî÷åðíèå êëåòêè
îêàçûâàþòñÿ îäèíàêîâûìè. Â íåéðîýïèòåëèè, òàê æå êàê
è â íåéðîáëàñòàõ, èìååòñÿ íåîáõîäèìàÿ èíôîðìàöèÿ äëÿ
îñóùåñòâëåíèÿ àïèêàëüíî-áàçàëüíîé ïîëÿðèçàöèè è
àñèììåòðè÷íîãî äåëåíèÿ, íî â íåéðîýïèòåëèàëüíûõ êëåò-
êàõ äîìèíèðóåò ñèãíàë, îáåñïå÷èâàþùèé ïëàíàðíîå ïî-
ëîæåíèå âåðåòåíà è ïðåäîòâðàùàþùèé àñèììåòðè÷íîå
äåëåíèå. Ýòîò ñèãíàë ñîçäàåòñÿ àäãåçèâíûìè ñîåäèíåíèÿ-
ìè, êîãäà â íèõ ðåêðóòèðóåòñÿ ñóïðåññîðíûé áåëîê îïó-
õîëåé (APC) ñîâìåñòíî ñ áåëêîì ÅÂ1 (Lu et al., 2001).

Ìèòîòè÷åñêîå âåðåòåíî àêòèâíî ó÷àñòâóåò â ïðîöåññå
îáðàçîâàíèÿ àñèììåòðè÷íîãî äåëåíèÿ. Äëÿ äðîææåé Sac-
charomyces cerevisiae áûëà ïðåäëîæåíà «ìîäåëü êîìïàñà»
(Kusch et al., 2003; Liakopouls et al., 2003), êîòîðàÿ ñîñòî-
èò â òîì, ÷òî ìèòîòè÷åñêîå âåðåòåíî ïîäîáíî ìàãíèòíîé
ñòðåëêå êîìïàñà ðàñïîëàãàåòñÿ â êëåòêå íå ïàññèâíî, à ðå-
àãèðóåò íà ñèãíàëû êîðòèêàëüíîãî ñëîÿ öèòîïëàçìû. Ïðè
ïî÷êîâàíèè äî÷åðíåé êëåòêè áåëîê Kar9, íåîáõîäèìûé
äëÿ ïðàâèëüíîé îðèåíòàöèè âåðåòåíà, ðàñïîëàãàåòñÿ íà
ïîëþñå, êîòîðûé áóäåò íàïðàâëåí â ñòîðîíó äî÷åðíåé
êëåòêè. Çàòåì Kar9 ïåðåõîäèò îò ïîëþñà íà ìèêðîòðóáî÷-
êè, êîòîðûå íàïðàâëÿþòñÿ â äî÷åðíþþ êëåòêó ê îïðåäå-
ëåííûì ó÷àñòêàì êîðòèêàëüíîãî ñëîÿ öèòîïëàçìû. Ýòà
ìîäåëü ïðåäïîëàãàåò, ÷òî àñèììåòðèÿ âåðåòåíà íåîáõîäè-
ìà äëÿ òîãî, ÷òîáû îíî ìîãëî ðåàãèðîâàòü íà ñèãíàëû
êîðòåêñà è çàíèìàòü ñîîòâåòñòâóþùåå ïîëîæåíèå â äåëÿ-
ùåéñÿ êëåòêå. Â íåéðîáëàñòàõ äðîçîôèëû (Kaltschmidt
et al., 2000) è ýìáðèîíàëüíîì êîðòåêñå ìîçãà ìûøè (Hay-
dar et al., 2003) àñèììåòðè÷íîå äåëåíèå êëåòêè ñîïðîâîæ-
äàåòñÿ àêòèâíûì äâèæåíèåì ìèòîòè÷åñêîãî âåðåòåíà. Îä-
íàêî â ãåðìèíàòèâíûõ ñòâîëîâûõ êëåòêàõ äðîçîôèëû óæå

â èíòåðôàçå öåíòðîñîìû çàíèìàþò ñîîòâåòñòâóþùóþ ïî-
çèöèþ è ïðîòåêàíèå àñèììåòðè÷íîãî äåëåíèÿ ïðîèñõîäèò
ïðè ïîñòîÿííîì ïîëîæåíèè âåðåòåíà (Yamashita et al.,
2003).

Ñòâîëîâûå êëåòêè õàðàêòåðèçóþòñÿ äâóìÿ ïðèíöèïè-
àëüíûìè ñâîéñòâàìè: îíè ìîãóò ñàìîïîääåðæèâàòüñÿ,
ò. å. îñòàâàòüñÿ ñòâîëîâûìè, è ïðè ýòîì ïðîäóöèðîâàòü
äî÷åðíèå êëåòêè, êîììèòèðîâàííûå ê äèôôåðåíöèàöèè.
Äëÿ òîãî ÷òîáû ñîâìåñòèòü îáà ýòè ñâîéñòâà, áûëî ïðåä-
ïîëîæåíî, ÷òî ñòâîëîâûå êëåòêè ìîãóò äåëèòüñÿ àñèììåò-
ðè÷íî, è ýòîé ãèïîòåçû ïðèäåðæèâàåòñÿ ðÿä àâòîðîâ
(Wolpert, 1988; Lin, Schagat, 1997; Watt, Hogan, 2000).

Ïîñêîëüêó ñòâîëîâûå êëåòêè ñàìîïîääåðæèâàþòñÿ è
â òî æå âðåìÿ ïðîäóöèðóþò äèôôåðåíöèðîâàííûå êëåòêè,
âîçìîæíû ïî êðàéíåé ìåðå äâà âàðèàíòà êëåòî÷íîé êèíå-
òèêè. Âî-ïåðâûõ, ñòâîëîâàÿ êëåòêà ìîæåò âñòóïèòü â
àñèììåòðè÷íûé ìèòîç, â ðåçóëüòàòå êîòîðîãî âîçíèêíóò
äâå äî÷åðíèå êëåòêè ñ ðàçíûìè ñâîéñòâàìè: îäíà èç íèõ
îñòàíåòñÿ ñòâîëîâîé, à äðóãàÿ áóäåò êîììèòèðîâàíà ê
äèôôåðåíöèàöèè. Äðóãàÿ âîçìîæíîñòü çàêëþ÷àåòñÿ â
òîì, ÷òî ñòâîëîâûå êëåòêè ìîãóò äåëèòüñÿ ñèììåòðè÷íî,
íî â äàëüíåéøåì, ïîïàäàÿ â ðàçíîå ìèêðîîêðóæåíèå, îíè
ìîãóò ïîéòè ïî ðàçíûì ïóòÿì ðàçâèòèÿ. Â ðåàëüíîñòè
êàðòèíà ìîæåò áûòü áîëåå ñëîæíîé. Íàïðèìåð, â òåõ ñëó-
÷àÿõ, êîãäà ïî êàêîé-ëèáî ïðè÷èíå èìååòñÿ äåôèöèò ñòâî-
ëîâûõ êëåòîê, îíè ìîãóò ñìåíèòü àñèììåòðè÷íûé òèï äå-
ëåíèÿ íà ñèììåòðè÷íûé. Ýòî ïîçâîëÿåò âîñïîëíèòü ÷èñëî
ñòâîëîâûõ êëåòîê â ðåçóëüòàòå èõ âçàèìîäåéñòâèÿ äðóã ñ
äðóãîì, ñ ñîñåäíèìè êëåòêàìè è ñ äèôôóíäèðóþùèìè
ôàêòîðàìè (Lin, Spradling , 1997; Morrison, Kimble, 2006).

×èñëî ñòâîëîâûõ êëåòîê â òêàíÿõ ìíîãîêëåòî÷íûõ
îðãàíèçìîâ î÷åíü íåâåëèêî è îíè ìîãóò áûòü èäåíòèôè-
öèðîâàíû íå âî âñåõ òêàíÿõ, îäíàêî â íåêîòîðûõ ñëó÷àÿõ
èõ ìîæíî òî÷íî ëîêàëèçîâàòü è îïðåäåëèòü, êàêèì îáðà-
çîì ïðîèñõîäèò äåëåíèå. Â testis äðîçîôèëû ðåãóëÿòîð-
íûì êîìïîíåíòîì íèøè ãåðìèíàòèâíûõ ñòâîëîâûõ êëå-
òîê ÿâëÿåòñÿ ãðóïïà àïèêàëüíûõ ñîìàòè÷åñêèõ êëåòîê
(hub). Â ýòèõ êëåòêàõ ýêñïðåññèðóåòñÿ ëèãàíä Unpaired,
àêòèâèðóþùèé ñèãíàëüíûé ïóòü JAK—STAT (Janus Kina-
se—Signal Transducer and Activator of Transcription), êîòî-
ðûé íåîáõîäèì äëÿ ïîääåðæàíèÿ ñòâîëîâûõ êëåòîê â
íèøå (Kiger et al., 2001; Tulina, Matunis, 2001). Äëÿ ïîä-
äåðæàíèÿ áàëàíñà ìåæäó ÷èñëîì ñòâîëîâûõ êëåòîê è
òðàíçèòîðíûìè äèôôåðåíöèðóþùèìèñÿ êëåòêàìè â ãåð-
ìèíàòèâíûõ ñòâîëîâûõ êëåòêàõ èñïîëüçóåòñÿ âíóòðèêëå-
òî÷íûé ìåõàíèçì ðåãóëÿöèè òèïà äåëåíèÿ (Yamashita
et al., 2003). Ãåðìèíàòèâíûå ñòâîëîâûå êëåòêè íàõîäÿòñÿ
â òåñíîì êîíòàêòå ñ êëåòêàìè hub, íà ãðàíèöå ìåæäó íèìè
ñêîíöåíòðèðîâàíû ìîëåêóëû DE-êàäãåðèíà è Armadillo
(àíàëîã â-êàòåíèíà), êîòîðûå îáåñïå÷èâàþò íàêîïëåíèå
ìîëåêóë ÀÐÑ2 (àíàëîã ãåíà ìëåêîïèòàþùèõ îïóõîëåâîãî
ñóïðåññîðà Adenomatous Polyposis Coli). APC2 îáåñïå÷è-
âàåò ëîêàëèçàöèþ öåíòðîñîìû â ðàííåé èíòåðôàçå â êîð-
òèêàëüíîé îáëàñòè ÑÊ íà ãðàíèöå ñ hub. Ïîñëå óäâîåíèÿ
îäíà öåíòðîñîìà îñòàåòñÿ íà ñâîåì ìåñòå, à äðóãàÿ ìèãðè-
ðóåò òàêèì îáðàçîì, ÷òî îáðàçóþùååñÿ ìèòîòè÷åñêîå âå-
ðåòåíî óñòàíàâëèâàåòñÿ ïåðïåíäèêóëÿðíî ê îáëàñòè hub.
Èç äâóõ îáðàçóþùèõñÿ êëåòîê îäíà (áëèæàéøàÿ ê hub)
îñòàåòñÿ ñòâîëîâîé, à äèñòàëüíàÿ êëåòêà ñòàíîâèòñÿ ãî-
íèîáëàñòîì (ïåðâè÷íûì ñïåðìàòîãîíèåì). Â äàííîì ñëó-
÷àå èìååò çíà÷åíèå îðèåíòèðîâêà äåëÿùåéñÿ êëåòêè ïî
îòíîøåíèþ ê íèøå: ïî-âèäèìîìó, òà äî÷åðíÿÿ êëåòêà, êî-
òîðàÿ íàõîäèòñÿ äàëüøå îò hub, íå ïîëó÷àåò èëè ïîëó÷àåò
â íåäîñòàòî÷íîì êîëè÷åñòâå ñèãíàë JAK—STAT è ïîýòî-
ìó íå ìîæåò ñîõðàíèòü ñâîéñòâà ñòâîëîâîé êëåòêè.
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Àñèììåòðè÷íîå äåëåíèå ñòâîëîâûõ êëåòîê íàáëþäà-
åòñÿ â ãåðìàðèè ÿè÷íèêà äðîçîôèëû (Lin, Spradling, 1997).
Â êàæäîì ãåðìàðèè íàõîäÿòñÿ 2—3 ãåðìèíàòèâíûå ñòâî-
ëîâûå êëåòêè, êîòîðûå êîíòàêòèðóþò ñ áàçàëüíîé ìåìá-
ðàíîé è ñîìàòè÷åñêèìè êëåòêàìè òåðìèíàëüíîãî ôèëà-
ìåíòà. Äåëåíèå ïðîèñõîäèò òàêèì îáðàçîì, ÷òî ìèòîòè÷å-
ñêîå âåðåòåíî ðàñïîëàãàåòñÿ ïàðàëëåëüíî îñè ãåðìàðèÿ è
îäíà äî÷åðíÿÿ êëåòêà (ñòâîëîâàÿ) ñîõðàíÿåò êîíòàêò ñ
êëåòêàìè òåðìèíàëüíîãî ôèëàìåíòà, à äðóãàÿ äî÷åðíÿÿ
êëåòêà (öèñòîáëàñò) íàõîäèòñÿ íà ðàññòîÿíèè îäíîãî êëå-
òî÷íîãî äèàìåòðà îò òåðìèíàëüíîãî ôèëàìåíòà. Â äàëü-
íåéøåì öèñòîáëàñò äåëèòñÿ è îáðàçóåòñÿ öèñòà, ñîäåðæà-
ùàÿ 15 ïèòàþùèõ êëåòîê è 1 îîöèñò. Â àñèììåòðè÷íîì
äåëåíèè ãåðìèíàòèâíûõ ñòâîëîâûõ êëåòîê öåíòðàëüíóþ
ðîëü èãðàåò ñïåêòðîñîìà-îðãàíåëëà, îáðàçîâàííàÿ ìåìá-
ðàííûìè ñêåëåòíûìè áåëêàìè, êîòîðàÿ âî âðåìÿ ìèòîçà
àññîöèèðîâàíà ñ àïèêàëüíûì ïîëþñîì ìèòîòè÷åñêîãî âå-
ðåòåíà è ïîñëå îêîí÷àíèÿ ìèòîçà îñòàåòñÿ òîëüêî â ñòâî-
ëîâîé êëåòêå, êîíòàêòèðóþùåé ñ ñîìàòè÷åñêèìè êëåòêà-
ìè òåðìèíàëüíîãî ôèëàìåíòà (Deng, Lin, 1997a). Ïðî-
ñòðàíñòâåííîå ðàçäåëåíèå êëåòîê, îáðàçóþùèõ íèøó, è
öèñòîáëàñòà ïðèâîäèò ê òîìó, ÷òî ïîñëåäíèé óæå íå ïîëó-
÷àåò âíåêëåòî÷íûõ ñèãíàëîâ îò àïèêàëüíûõ ñîìàòè÷åñêèõ
êëåòîê. Â ñîñòàâå ñïåêòðîñîìû èìåþòñÿ áåëêè HULITA-
ISHAO (Hts), ñïåêòðèí è àíêèðèí. Ýëèìèíàöèÿ ñïêòðîñî-
ìû â ðåçóëüòàòå ìóòàöèè ãåíà hts1 ïðèâîäèò ê ñëó÷àéíî-
ìó ðàñïîëîæåíèþ ìèòîòè÷åñêîãî âåðåòåíà è íàðóøåíèþ
àñèììåòðè÷íîãî äåëåíèÿ (Deng, Lin, 1997b). Òàêèì îáðà-
çîì, ãåðìèíàòèâíûå ñòâîëîâûå êëåòêè äðîçîôèëû ïîä-
äåðæèâàþò ñâîþ ïîëÿðèçàöèþ áëàãîäàðÿ ñîõðàíåíèþ
ñïåêòðîñîìû, êîòîðàÿ îáåñïå÷èâàåò ïðàâèëüíóþ îðèåíòà-
öèþ ìèòîòè÷åñêîãî âåðåòåíà.

Â ïðèâåäåííûõ âûøå ñëó÷àÿõ ÷åòêî ïîêàçàíî, ÷òî
ñòâîëîâûå êëåòêè ïîëÿðèçîâàíû è äåëÿòñÿ àñèììåòðè÷íî,
îäíàêî èìååòñÿ õîðîøî èçó÷åííûé ïðèìåð ãåðìèíàòèâ-
íûõ ñòâîëîâûõ êëåòîê íåìàòîäû Caenorhabditis elegans, â
êîòîðûõ àñèììåòðè÷íîãî äåëåíèÿ íå îáíàðóæåíî (Kadyk,
Kimble, 1998), è ïîýòîìó ìîæíî ñ÷èòàòü, ÷òî ãîíàäû ó
ýòîé íåìàòîäû ïðåäñòàâëÿþò ñîáîé íèøó, â êîòîðîé ñà-
ìîïîääåðæàíèå ñòâîëîâûõ êëåòîê ðåãóëèðóåòñÿ íà ïîïó-
ëÿöèîííîì óðîâíå.

Âîïðîñ îòíîñèòåëüíî àñèììåòðè÷íîãî äåëåíèÿ ñòâî-
ëîâûõ êëåòîê ó ìëåêîïèòàþùèõ îñòàåòñÿ ïîêà íåäîñòà-
òî÷íî èçó÷åííûì, íî íåêîòîðûå êîñâåííûå äàííûå ïîçâî-
ëÿþò ïðåäïîëîæèòü òàêóþ âîçìîæíîñòü. Íàïðèìåð, àñèì-
ìåòðè÷íûå äåëåíèÿ ïðîèñõîäÿò â êëåòêàõ öåðåáðàëüíîãî
êîðòåêñà õîðüêà (Chenn, McConnell, 1995) è ñòâîëîâûõ
êëåòêàõ öåðåáðàëüíîãî êîðòåêñà è íåéðîáëàñòàõ ìûøè
(Shen et al., 2002), è äëÿ èõ ðåàëèçàöèè, òàê æå êàê è â íåé-
ðîáëàñòàõ äðîçîôèëû, íåîáõîäèìî àñèììåòðè÷íîå ðàñ-
ïðåäåëåíèå ôàêòîðà Numb.

Ëàìïðåõò (Lamprecht, 1990) ïîêàçàë, ÷òî â áàçàëüíûõ
êëåòêàõ ýïèòåëèÿ ðîãîâèöû êðûñû âñòðå÷àþòñÿ êàê ñèì-
ìåòðè÷íûå, òàê è àñèììåòðè÷íûå ìèòîçû. Ïðè ñèììåò-
ðè÷íûõ ìèòîçàõ îáå êëåòêè îêàçûâàþòñÿ ìîðôîëîãè÷åñêè
îäèíàêîâûìè è ðàñïîëàãàþòñÿ íà áàçàëüíîé ìåìáðàíå, à
ïðè àñèììåòðè÷íîì ìèòîçå äî÷åðíèå êëåòêè ìîðôîëîãè-
÷åñêè ðàçëè÷àþòñÿ, ïðè÷åì îäíà èç íèõ ñðàçó ïåðåõîäèò â
ñóïðàáàçàëüíûé ñëîé. Ýòî ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî
ïðè ñèììåòðè÷íîì è àñèììåòðè÷íîì äåëåíèÿõ ìîãóò
áûòü ðàçíûå ìåõàíèçìû ìèãðàöèè êëåòîê â ñóïðàáàçàëü-
íûé ñëîé ýïèòåëèÿ ðîãîâèöû. Â áàçàëüíûõ êëåòêàõ ýïè-
òåëèÿ ïèùåâîäà ÷åëîâåêà òàêæå îïèñàíî àñèììåòðè÷íîå
äåëåíèå (Seery, Watt, 2000), ïðè êîòîðîì ìèòîòè÷åñêîå
âåðåòåíî ðàñïîëàãàåòñÿ ïåðïåíäèêóëÿðíî áàçàëüíîé ìåì-

áðàíå, ïîýòîìó îäíà äî÷åðíÿÿ êëåòêà ñîõðàíÿåò êîíòàêò ñ
áàçàëüíîé ìåìáðàíîé, à äðóãàÿ îêàçûâàåòñÿ â ñóïðàáàçà-
ëüíîì ñëîå ýïèòåëèÿ. Àâòîðû ïðåäïîëàãàþò, ÷òî òàêèì
ñïîñîáîì äåëÿòñÿ ñòâîëîâûå êëåòêè. Â ýïèäåðìèñå ìûøè
÷åðåç 12.5 ñóò ýìáðèîíàëüíîãî ðàçâèòèÿ á *îëüøàÿ ÷àñòü
ýïèäåðìèñà îäíîñëîéíà è ïîäàâëÿþùåå ÷èñëî êëåòî÷íûõ
äåëåíèé îñóùåñòâëÿåòñÿ â ïëîñêîñòè ýïèòåëèÿ, ò. å. îíè
ñèììåòðè÷íû, îäíàêî íåêîòîðûå êëåòêè äåëÿòñÿ ïåðïåí-
äèêóëÿðíî ïëîñêîñòè áàçàëüíîé ìåìáðàíû. Ïî ìåðå ïîÿâ-
ëåíèÿ ìíîãîñëîéíîãî ýïèäåðìèñà ïîñëå 15.5 ñóò áîëåå
70 % êëåòîê èìåþò âåðòèêàëüíî ðàñïîëîæåííîå âåðåòåíî.
Ýòî ìîæåò ãîâîðèòü î òîì, ÷òî ñòðàòèôèêàöèÿ â çíà÷èòå-
ëüíîé ìåðå ïðîèñõîäèò çà ñ÷åò àñèììåòðè÷íûõ ìèòîçîâ
(Lechler, Fuchs, 2005).

Õàðàêòåð ðàçìíîæåíèÿ è äèôôåðåíöèàöèè ãåìîïîý-
òè÷åñêèõ ñòâîëîâûõ êëåòîê äî ñèõ ïîð îñòàåòñÿ ìàëî èçó-
÷åííûì. Äëèòåëüíîå âðåìÿ ñ÷èòàëè, ÷òî èõ ïîâåäåíèå ðå-
ãóëèðóåòñÿ íà ïîïóëÿöèîííîì óðîâíå, ïîñêîëüêó íå áûëà
èçó÷åíà ïðîñòðàíñòâåííàÿ îðãàíèçàöèÿ ñòâîëîâûõ êëåòîê.
Âïåðâûå ñòîõàñòè÷åñêóþ ìîäåëü ïîâåäåíèÿ êðîâåòâîð-
íûõ ñòâîëîâûõ êëåòîê ïðåäëîæèëè Òèëë è ñîàâòîðû (Till
et al., 1964), à ïîçäíåå îíà áûëà äåòàëèçèðîâàíà (Korn
et al., 1973). Ýòà ìîäåëü ïðåäïîëàãàåò, ÷òî ïåðåõîä ñòâî-
ëîâîé êëåòêè ê ïðîëèôåðàöèè èëè äèôôåðåíöèàöèè ÿâëÿ-
åòñÿ âåðîÿòíîñòíûì ïðîöåññîì. Ïðè âåðîÿòíîñòè ñîáû-
òèé, ðàâíîé 0.5, ñèñòåìà íàõîäèòñÿ â ñòàöèîíàðíîì ñîñòî-
ÿíèè. Äàííûå Æàíã è ñîàâòîðîâ (Zhang et al., 2003)
ïîçâîëÿþò ãîâîðèòü î ïîëÿðèçàöèè ãåìîïîýòè÷åñêèõ
ñòâîëîâûõ êëåòîê, ïîñêîëüêó áûëî ïîêàçàíî, ÷òî îíè íà-
õîäÿòñÿ â òåñíîì êîíòàêòå ñ îñòåîáëàñòàìè. Â êóëüòèâè-
ðóåìûõ ëèíèÿõ ëèìôîöèòîâ Ò è Â òàêæå îòìå÷åíà ïîëÿ-
ðèçàöèÿ çíà÷èòåëüíîãî ÷èñëà êëåòîê, âûðàæàþùàÿñÿ â
àñèììåòðè÷íîì ðàñïðåäåëåíèè ôëîòèëëèíîâ — áåëêîâ,
ñâÿçàííûõ ñ ëèïèäíûìè ìèêðîäîìåíàìè ìåìáðàí (Rajen-
dran et al., 2003). Â ñâÿçè ñ ýòèì ìîæíî îòìåòèòü, ÷òî Ôî-
áåð è ñîàâòîðû (Faubert et al., 2004) ñ÷èòàþò ïðàâîìåð-
íûì ñòàâèòü âîïðîñ îá àñèììåòðè÷íîì äåëåíèè ãåìîïîý-
òè÷åñêèõ ñòâîëîâûõ êëåòîê, ïîñêîëüêó ïðèìèòèâíûå
ãåìîïîýòè÷åñêèå êëåòêè ýêñïðåññèðóþò âñå êëþ÷åâûå
ãåíû, ðåãóëèðóþùèå ñîìîïîääåðæàíèå ñòâîëîâûõ êëå-
òîê, âêëþ÷àÿ àñèììåòðè÷íîå äåëåíèå. Â ïîëüçó òàêîãî
ïðåäïîëîæåíèÿ ìîæíî ïðèâåñòè äàííûå (Huang et al.,
1999), ïîêàçûâàþùèå, ÷òî îäèíî÷íûå ïðîãåíèòîðíûå ãå-
ìîïîýòè÷åñêèå êëåòêè, âûäåëåííûå èç ôåòàëüíîé ïå÷åíè
÷åëîâåêà, ïðîõîäÿò àñèììåòðè÷íûå äåëåíèÿ. Ýòî âûðàæà-
åòñÿ â òîì, ÷òî êëåòêè CD34+ ïðèáëèçèòåëüíî â 30 % ñëó-
÷àåâ äàâàëè íà÷àëî äâóì äî÷åðíèì êëåòêàì ñ ðàçíûì ïî-
âåäåíèåì. Îäíà êëåòêà îñòàâàëàñü â ñîñòîÿíèè ïîêîÿ
äî 8 ñóò, òîãäà êàê äðóãàÿ íà÷èíàëà ðàçìíîæàòüñÿ ýêñïî-
íåíöèàëüíî ñî âðåìåíåì óäâîåíèÿ, ðàâíûì 12 ÷. Åùå
÷àùå (ïðèáëèçèòåëüíî â 40 % ñëó÷àåâ) àñèììåòðè÷íî äå-
ëèëèñü êëåòêè CD34+ CD38–.

Àñèììåòðè÷íîå äåëåíèå ìîæåò âûïîëíÿòü ðàçíûå
ôóíêöèè, ñâÿçàííûå ñ ñàìîïîääåðæàíèåì ñòâîëîâûõ êëå-
òîê. Íàïðèìåð, ó äðîææåé S. cerevisiae â ðåçóëüòàòå àñèì-
ìåòðè÷íîãî äåëåíèÿ îòïî÷êîâûâàþòñÿ äî÷åðíèå êëåòêè,
êîòîðûå îêàçûâàþòñÿ ìåíüøå è ìîëîæå ìàòåðèíñêèõ
(âîçðàñòíàÿ àñèììåòðèÿ), ÷òî îïðåäåëÿåòñÿ ïî ÷èñëó
äåëåíèé, êîòîðûå îíè ìîãóò ñîâåðøèòü. Â ðåçóëüòàòå òà-
êîãî äåëåíèÿ äî÷åðíèå êëåòêè íå íàñëåäóþò ýêñòðàõðîìî-
ñîìíûõ öèêëè÷åñêèõ ðèáîñîìíûõ ÄÍÊ, êîòîðûå íàêàï-
ëèâàþòñÿ â ìàòåðèíñêèõ êëåòêàõ è âûçûâàþò èõ ðåïëèêà-
òèâíîå ñòàðåíèå (Sinclair, Guarente, 1997). Èìåþòñÿ
äàííûå, ñîãëàñíî êîòîðûì ïðè àñèììåòðè÷íîì äåëåíèè
îáðàçóþòñÿ äî÷åðíèå êëåòêè, êîòîðûå íå ïîëó÷àþò ïî-
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âðåæäåííûõ îêèñëåíèåì áåëêîâ (Aguilaniu et al., 2003)
è íå ïîëó÷àþò ïîâðåæäåííûõ ìèòîõîíäðèé (Lai et al.,
2002).

Â ýìáðèîíàëüíîì ðàçâèòèè ìûøåé àñèììåòðè÷íîå
äåëåíèå íàïðàâëåíî íà ðåãóëèðîâàíèå ÷èñëà íåéðàëüíûõ
ñòâîëîâûõ êëåòîê. Íà ñòàäèè 12—16 ñóò ãåñòàöèè â âåíò-
ðèêóëÿðíîé çîíå ìîçãà îáíàðóæèâàåòñÿ áîëüøîå êîëè÷åñ-
òâî àïîïòîòè÷åñêèõ êëåòîê è îäíîâðåìåííî ïîâûøàåòñÿ
ýêñïðåññèÿ öåðàìèäà. Áèáåðèõ è ñîàâòîðû (Bieberich
et al., 2003) ïîêàçàëè, ÷òî â ýòî âðåìÿ íåéðàëüíûå ïðîãå-
íèòîðíûå êëåòêè äåëÿòñÿ òàêèì îáðàçîì, ÷òî â íèõ ïðîèñ-
õîäèò àñèììåòðè÷íîå ðàñïðåäåëåíèå íåñòèíà è PAR-4
(prostate apoptosis response 4). Â ðåçóëüòàòå òàêîãî äåëå-
íèÿ îäíà äî÷åðíÿÿ êëåòêà îêàçûâàåòñÿ íåñòèí-PAR-4+, â
êîòîðîé ïîâûøåííîå ñîäåðæàíèå öåðàìèäà âûçûâàåò
àïîïòîç, à äðóãàÿ êëåòêà, íå ýêñïðåññèðóþùàÿ PAR-4,
áûëà íåñòèí-ïîëîæèòåëüíîé è íå ïîäâåðãàëàñü àïîïòîçó.

Â ñòâîëîâûõ êëåòêàõ àñèììåòðè÷íîå äåëåíèå ìîæåò
îáåñïå÷èâàòü çàùèòó ãåíîìà â ðåçóëüòàòå êîñåãðåãàöèè
âíîâü ñèíòåçèðîâàííîé ÄÍÊ â äî÷åðíèå êëåòêè, êîììè-
òèðîâàííûå ê äèôôåðåíöèàöèè, è ñîõðàíåíèÿ ìàòðè÷íîé
ÄÍÊ â ñòâîëîâûõ êëåòêàõ (Smith, 2004; Shinin et al., 2006).
Ýòîò ìåõàíèçì ìîæåò çàùèùàòü ñòâîëîâûå êëåòêè îò
îøèáîê ðåïëèêàöèè è îïóõîëåâîé òðàíñôîðìàöèè, êàê
ïðåäïîëîæèë Êåðíñ (Cairns, 1975). Âîçìîæíî, ñîõðàíåíèå
èíòàêòíîé ìàòðè÷íîé ÄÍÊ ÿâëÿåòñÿ íàèáîëåå âàæíîé çà-
äà÷åé àñèììåòðè÷íîãî äåëåíèÿ â ñòâîëîâûõ êëåòêàõ.

Àñèììåòðè÷íîå äåëåíèå ñòâîëîâûõ êëåòîê åùå íå
îçíà÷àåò îêîí÷àòåëüíîãî ðåøåíèÿ ñóäüáû äî÷åðíèõ êëå-
òîê. Äëèòåëüíîå âðåìÿ ñóùåñòâîâàëî óáåæäåíèå â òîì,
÷òî òðàíçèòîðíûå êëåòêè íåîáðàòèìî âûõîäÿò èç êîìïàð-
òìåíòà ñòâîëîâûõ êëåòîê è äâèæåíèå ìîæåò áûòü òîëüêî
â îäíîì íàïðàâëåíèè — îò ñòâîëîâûõ ê òðàíçèòîðíûì è
òåðìèíàëüíî äèôôåðåíöèðîâàííûì êëåòêàì. Îäíàêî ïî-
ñòåïåííî ñòàëè ïîÿâëÿòüñÿ äàííûå î òîì, ÷òî ìåæäó ñòâî-
ëîâûìè è òðàíçèòîðíûìè êëåòêàìè âíà÷àëå íåò ðåçêîé
ãðàíèöû, à, ñêîðåå, èìååòñÿ ïîñòåïåííûé ïåðåõîä. Ïîñëå
òîãî êàê ñòâîëîâûå êëåòêè â ðåçóëüòàòå äåëåíèÿ äàþò íà-
÷àëî òðàíçèòîðíûì êëåòêàì, ïîñëåäíèå åùå íåêîòîðîå
âðåìÿ ìîãóò ñîõðàíÿòü ñâîéñòâà ñòâîëîâûõ êëåòîê. Ïîò-
òåí (Potten, 1998) íàçûâàåò èõ ïîòåíöèàëüíûìè ñòâîëîâû-
ìè êëåòêàìè è ñ÷èòàåò, ÷òî â íîðìå îíè îòíîñÿòñÿ ê òðàí-
çèòîðíîé ïîïóëÿöèè, íî ïðè îïðåäåëåííûõ óñëîâèÿõ, íà-
ïðèìåð ïðè ïîâðåæäåíèè ïðåäñóùåñòâóþùèõ ñòâîëîâûõ
êëåòîê, ìîãóò çàìåñòèòü ïîñëåäíèå. Ïðåäñòàâëÿþò èíòå-
ðåñ ýêñïåðèìåíòàëüíûå äàííûå (Kai, Spradling, 2004), ñî-
ãëàñíî êîòîðûì â ÿè÷íèêå äðîçîôèëû ïðè óñèëåíèè ýêñï-
ðåññèè ãåíà decapentaplegic öèñòîöèòû, ñîñòîÿùèå èç 4 è
äàæå 8 íà÷àâøèõ äèôôåðåíöèðîâàòüñÿ çàðîäûøåâûõ êëå-
òîê è ñîåäèíåííûõ ìåæäó ñîáîé îñîáîé ñòðóêòóðîé —
ôóñîìîé, — ìîãóò ýôôåêòèâíî âîçâðàùàòüñÿ íà ñòàäèþ
îäèíî÷íûõ ñòâîëîâûõ êëåòîê. Ñïåðìàòîãîíèè äðîçîôè-
ëû, êîòîðûå íà÷àëè äèôôåðåíöèàöèþ, ïðè îïðåäåëåííûõ
óñëîâèÿõ òàêæå ìîãóò âåðíóòüñÿ â ñîñòîÿíèå ñòâîëîâûõ
êëåòîê (Brawley, Matunis, 2004). Åùå îäèí ïðèìåð ïðèîá-
ðåòåíèÿ òðàíçèòîðíûìè êëåòêàìè ñâîéñòâ ñòâîëîâûõ êëå-
òîê îïèñàëè Ôåððàðèñ è ñîàâòîðû (Ferraris et al., 2000) íà
ïðèìåðå ðîãîâèöû ãëàçà êðîëèêà. Ýòà ìîäåëü óäîáíà òåì,
÷òî êëåòêè öåíòðàëüíîé ÷àñòè ðîãîâèöû ÿâëÿþòñÿ òðàíçè-
òîðíûìè, òîãäà êàê ñòâîëîâûå êëåòêè ñîñðåäîòî÷åíû â
îáëàñòè ëèìáà. Ôåððàðèñ è ñîàâòîðû îáúåäèíÿëè ýïèòå-
ëèé ðîãîâèöû ãëàçà êðîëèêà ñ äåðìîé ýìáðèîíîâ ìûøè
(äîðñàëüíîé, âåðõíåé ãóáû è ïîäîøâû). Ïîëó÷åííûå ðå-
çóëüòàòû ïîêàçûâàþò, ÷òî êëåòêè ðîãîâèöû ãëàçà âçðîñ-
ëîãî æèâîòíîãî îòâå÷àþò íà ñïåöèôè÷åñêèå ñòèìóëû ýì-

áðèîíàëüíîé äåðìû. Ñíà÷àëà ïîÿâëÿåòñÿ íîâûé áàçàëü-
íûé ñëîé êëåòîê, â êîòîðîì íå ýêñïðåññèðóþòñÿ êåðàòèíû
ðîãîâèöû (â ÷àñòíîñòè, K12) è êëåòêè ïðèîáðåòàþò ñõîä-
ñòâî ñî ñòâîëîâûìè êëåòêàìè ýïèäåðìèñà, à çàòåì ïîÿâëÿ-
þòñÿ ïèëîñåáàöèîííûå åäèíèöû èëè ïîòîâûå æåëåçû (â
çàâèñèìîñòè îò òèïà äåðìû); è íàêîíåö, â âåðõíèõ ó÷àñò-
êàõ ïîÿâëÿåòñÿ ýêñïðåññèÿ êåðàòèíîâ ýïèäåðìàëüíîãî
òèïà (K10). Òàêèì îáðàçîì, â îïðåäåëåííîì ìèêðîîêðó-
æåíèè (ïðè äåéñòâèè âíåøíèõ ñèãíàëîâ) ìîãóò ïðîèñõî-
äèòü äåäèôôåðåíöèàöèÿ òðàíçèòîðíûõ êëåòîê è èõ âîç-
âðàùåíèå â ñîñòîÿíèå ñòâîëîâûõ.

Îáíàðóæåíèå ñòâîëîâûõ êëåòîê â îïóõîëÿõ èçìåíèëî
âçãëÿä íà òóìîðîãåíåç (Al-Hajj, Clarke, 2004; Clarke, Ful-
ler, 2006). Îêàçàëîñü, ÷òî ðîñò îïóõîëåé ïîääåðæèâàåòñÿ
çà ñ÷åò íåáîëüøîé ôðàêöèè ñòâîëîâûõ êëåòîê. Ïåðâûå
äàííûå î ñóùåñòâîâàíèè íåáîëüøîé ñóáïîïóëÿöèè ðàêî-
âûõ ñòâîëîâûõ êëåòîê, êîòîðûå ñïîñîáíû ñàìîïîääåðæè-
âàòüñÿ è äàâàòü âñå êîìïîíåíòû ãåòåðîãåííîé îïóõîëè,
áûëè ïîëó÷åíû ïðè èçó÷åíèè îñòðîé ìèåëîãåííîé ëåéêå-
ìèè. Áûëî ïîêàçàíî, ÷òî ïîïóëÿöèÿ ëåéêåìè÷åñêèõ êëå-
òîê îðãàíèçîâàíà â âèäå èåðàðõèè êëåòîê, êîòîðàÿ âîç-
íèêàåò èç ïðèìèòèâíîé ãåìàïîýòè÷åñêîé êëåòêè (Bonnett,
Dick, 1997). Ýòè àâòîðû ïîêàçàëè, ÷òî ëèøü ìèíîð-
íàÿ ÷àñòü ëåéêåìè÷åñêèõ êëåòîê ñîõðàíÿåò ïëþðèïî-
òåíòíîñòü, íåîáõîäèìóþ äëÿ òîãî, ÷òîáû ïðèâèòü îïó-
õîëü â êîñòíîì ìîçãå ìûøåé NOD-SCID. Â êîæå èñòî÷-
íèêîì êàðöèíîì ÿâëÿþòñÿ ñòâîëîâûå êëåòêè âîëîñÿíîãî
ôîëëèêóëà è ìåæôîëëèêóëÿðíîãî ýïèäåðìèñà (Morris,
2000).

Â ñâÿçè ñ ýòèì âîçíèêàåò âîïðîñ: êàê â íîðìàëüíûõ
òêàíÿõ ñòâîëîâûå êëåòêè äàþò íà÷àëî îïóõîëåâîìó ðîñ-
òó? Â íåñêîëüêèõ ðàáîòàõ ïîêàçàíà ñâÿçü ìåæäó ïîëÿðèçà-
öèåé ñòâîëîâûõ êëåòîê, àñèììåòðè÷íûì äåëåíèåì è îïó-
õîëåâûì ðîñòîì. Â 1970-å ãîäû ó äðîçîôèëû, îêàçàâøåé-
ñÿ èñêëþ÷èòåëüíî óäîáíûì îáúåêòîì äëÿ èçó÷åíèÿ
òóìîðîãåíåçà, áûëè îòêðûòû ãåíû, êîòîðûå ïîçæå áûëè
îáîçíà÷åíû êàê îïóõîëåâûå ñóïðåññîðû (Gateff, 1978).
Ïåðâûì áûë îòêðûò ãåí l(2)gl (lethal giant larvae), ïîòåðÿ
ôóíêöèè êîòîðîãî âûçûâàëà îáðàçîâàíèå îïóõîëè. Ê íà-
ñòîÿùåìó âðåìåíè îáíàðóæåíû äåñÿòêè ãåíîâ, èíàêòèâà-
öèÿ êîòîðûõ âûçûâàåò îáðàçîâàíèå îïóõîëåé â áîëüøîì
÷èñëå òêàíåé — îò äîáðîêà÷åñòâåííûõ ãèïåðïëàçèé äî
çëîêà÷åñòâåííûõ íåîïëàçì. Ñðåäè íàèáîëåå èçâåñòíûõ
ïðèìåðîâ ìîæíî íàçâàòü èíâàçèâíûå íåéðîáëàñòîìû, êî-
òîðûå èíäóöèðóþòñÿ ìóòàöèÿìè dlg (disc large), scrib
(scribble), l(2)gl è brat, ïðè÷åì èçâåñòíî, ÷òî ýòè ãåíû íå-
îáõîäèìû äëÿ ïîääåðæàíèÿ ïîëÿðèçàöèè êëåòîê è àñèì-
ìåòðè÷íîãî äåëåíèÿ (Bilder, 2000; Ohshiro, 2000), à ïðè èõ
èíàêòèâàöèè îáðàçóþòñÿ îïóõîëè. Â íåéðîáëàñòàõ ëè÷èí-
êè äðîçîôèëû ïðîëèôåðàöèÿ ðåãóëèðóåòñÿ ïóòåì ñåãðåãà-
öèè ôàêòîðà Brat (Brain Tumor) è òðàíñêðèïöèîííîãî
ôàêòîðà Prospero ñîâìåñòíî ñ àäàïòîðíûì áåëêîì Miran-
da òîëüêî â îäíó èç äî÷åðíèõ êëåòîê (Betschinger et al.,
2006; Lee et al., 2006). Îáà ýòè ôàêòîðà íåîáõîäèìû äëÿ
òîãî, ÷òîáû îãðàíè÷èòü ïðîëèôåðàöèþ îäíîé èç äâóõ äî-
÷åðíèõ êëåòîê. Åñëè Prospero ðåãóëèðóåò òðàíñêðèïöèþ
ãåíîâ êëåòî÷íîãî öèêëà, òî Brat äåéñòâóåò êàê ïîñòòðàí-
ñêðèïöèîííûé èíãèáèòîð dMyc. Ó ìóòàíòîâ ïî brat è
prospero îáå äî÷åðíèå êëåòêè âåäóò ñåáÿ êàê íåéðîáëà-
ñòû, ÷òî âñëåäñòâèå èõ íåîãðàíè÷åííîé ïðîëèôåðàöèè
ïðèâîäèò ê îáðàçîâàíèþ îïóõîëåé ìîçãà. Â ñåìåííûõ êà-
íàëüöàõ äðîçîôèëû íàðóøåíèå àñèììåòðè÷íîãî äåëåíèÿ
ãåðìèíàòèâíûõ ñòâîëîâûõ êëåòîê è áåñïîðÿäî÷íîå íà-
êîïëåíèå ñòâîëîâûõ êëåòîê âûçûâàþòñÿ ìóòàöèÿìè ãåíîâ
apcl è apc2 (Yamashita et al., 2003). Ýòè ãåíû ãîìîëîãè÷íû
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ãåíó APC (Adenimatous Polyposis Coli), êîòîðûé ÿâëÿåòñÿ
ñóïðåññîðîì îïóõîëåâîãî ðîñòà. Âîïðîñ î òîì, ó÷àñòâóþò
ëè ãîìîëîãè ãåíîâ, êîíòðîëèðóþùèõ àñèììåòðè÷íîå äå-
ëåíèå ó äðîçîôèëû, ñõîäíûì îáðàçîì â ôîðìèðîâàíèè
àñèììåòðè÷íîãî äåëåíèÿ ó ìëåêîïèòàþùèõ è ïðåäîòâðà-
ùåíèè îïóõîëåâîãî ðîñòà, òðåáóåò èçó÷åíèÿ.

Ïðèâåäåííûå äàííûå ïîçâîëÿþò íàìåòèòü ñâÿçü ìåæ-
äó ïîëÿðèçàöèåé êëåòîê, îðèåíòàöèåé äåëåíèÿ ñòâîëîâûõ
êëåòîê, àðõèòåêòóðîé òêàíè è îáðàçîâàíèåì îïóõîëåé.
Ïðè àñèììåòðè÷íîì äåëåíèè ñòâîëîâûõ êëåòîê òîëüêî
îäíà èç äâóõ äî÷åðíèõ êëåòîê îñòàåòñÿ ñòâîëîâîé, òîãäà
êàê äðóãàÿ êëåòêà äèôôåðåíöèðóåòñÿ è âûïîëíÿåò ñïåöè-
àëèçèðîâàííûå ôóíêöèè. Ïðîëèôåðàöèþ ñòâîëîâîé êëåò-
êè ñòðîãî êîíòðîëèðóåò íèøà, â êîòîðîé ïîääåðæèâàåòñÿ
àñèììåòðè÷íîå äåëåíèå. Íàðóøåíèå àñèììåòðè÷íîãî äå-
ëåíèÿ âûðàæàåòñÿ â òîì, ÷òî îáå ðàçäåëèâøèåñÿ êëåòêè
ñîõðàíÿþò ñïîñîáíîñòü ê ïðîëèôåðàöèè è ñ êàæäûì äåëå-
íèåì ÷èñëî ýòèõ íåäèôôåðåíöèðîâàííûõ êëåòîê óâåëè÷è-
âàåòñÿ, â ðåçóëüòàòå ÷åãî ìîæåò íàðóøèòüñÿ àðõèòåêòóðà
òêàíè è íàñòóïèòü îïóõîëåâûé ðîñò.

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Aguilaniu H., Gustafsson L., Rigoulet M., Nyström T. 2003.
Asymmetric inheritance of oxidatively damaged proteins during cy-
tokinesis. Science. 299: 1751—1753.

Albertson R., Doe C. Q. 2003. Dlg, Scrib and Lgl regulate neu-
roblast cell size and mitotic spindle asymmetry. Nature Cell Biol.
5: 166—170.

Al-Hajj M., Clarke M. F. 2004. Self-renewal and solid tumor
stem cells. Oncogene. 23: 7274—7282.

Betschinger J., Mechtler K., Knoblich J. A. 2006. Asymmetric
segregation of the tumor suppressor Brat regulates self-renewal in
Drosophila neuron stem cells. Cell 124: 1241—1253.

Bieberich E., Mac Kinnon S., Silva J., Noggle S., Condie B. G.
2003. Regulation of cell death in mitotic neuronal progenitor cells
by asymmetric distribution of prostate apoptosis response 4
(PAR-4) and simultaneous elevation of endogenous ceramide.
J. Cell Biol. 162: 469—479.

Bilder D., Li M., Perriman N. 2000. Cooperative regulation of
cell polarity and growth by Drosophila tumor suppressors. Science.
289: 113—116.

Bonnett D., Dick J. E. 1997. Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive hemato-
poietic cell. Nat. Med. 3: 730—737.

Brawley C., Matunis E. 2004. Regeneration of male germline
stem cells by spermatogonial dedifferentiation in vitro. Science.
304: 1331—1334.

Cairns J. 1975. Mutation selection and the natural history of
cancer. Nature. 255: 197—200.

Cayouette M., Raff M., Koster R. W., Fraser S. E. 2002. Asym-
metric segregation of Numb: a mechanism for neural specifica-
tion from Drosophila to mammals. Nature Neurosci. 5: 1265—
1269.

Chenn A., McConnell S. K. 1995. Cleavage orientation and
asymmetric inheritance of Notch1 immunoreactivity in mammalian
neurogenesis. Cell. 82: 631—641.

Clarke M. F., Fuller M. 2006. Stem cells and cancer: two faces
of Eve. Cell. 124: 1111—1115.

Deng W., Lin H. 1997a. Spectrosomes and fusomes anchor mi-
totic spindles during asymmetric germ cell divisions and facilitate
the formation of a polarized microtubule array for oocyte specifica-
tion in Drosophila. Develop. Biol. 189: 79—94.

Deng W., Lin H. 1997b. Spectrosomes and fusomes are essen-
tial for anchoring mitotic spindles during asymmetric germ cell di-
visions and for the microtubule-based RNA transport during oocyte
specification in Drosophila. Develop. Biol. 189: 95—99.

Drubin D. G., Nelson W. J. 1996. Origins of cell polarity. Cell.
84: 335—344.

Faubert A., Lessard J., Sauvageau G. 2004. Are genetic deter-
minants of asymmetric stem cell division active in hematopoietic
stem cells? Oncogene. 23: 7247—7255.

Ferraris C., Chevalier G., Favier B., Jahoda C. A. B., Dhoua-
illy D. 2000. Adult corneal epithelium basal cells possess the capa-
city to activate epidermal, pilosebaceous and sweat gland genetic
programs in response to embryonic dermal stimuli. Development.
127: 5487—5495.

Gallagher K., Smith L. G. 1996. Asymmetric cell division and
cell fate in plants. Curr. Opin. Cell Biol. 9: 842—848.

Gateff E. 1978. Malignant neoplasms of genetic origin in Dro-
sophila melanogaster. Science. 200: 1448—1459.

Guo S., Kempus K. J. 1996. Molecular genetics of asymmetric
cleavage in the early Caemorhabditis elegans embryo. Curr. Opin.
Genet. Develop. 6: 408—415.

Haydar T. F., Ang E. Jr., Rakic P. 2003. Mitotic spindle rotati-
on and mode of cell division in the developing telencephalon. Proc.
Nat. Acad. Sci. USA. 100: 2890—2895.

Horvitz H. R., Herskowitz I. 1992. Mechanisms of asymmetric
cell division: two Bs or not two Bs, that is the question. Cell.
68: 237—255.

Huang S., Law P., Francis K., Palsson B. O., Ho A. D. 1999.
Symmetry of initial cell division among primitive hematopoietic
progenitors is independent of ontogenetic age and regulatory mole-
cules. Blood. 94: 2595—2604.

Kadyk L. C., Kimble J. 1998. Genetic regulation of entry into
meiosis in Caenorhabditis elegans. Development. 125: 1803—
1813.

Kai T., Spradling A. 2004. Differentiating germ cells can revert
into functional stem cells in Drosophila melanogaster ovaries. Na-
ture. 428: 564—596.

Kaltschmidt J. A., Davidson C. M., Brown N. H., Brand A. H.
2000. Rotation and asymmetry of the mitotic spindle direct asym-
metric cell division in the developing central nervous system. Natu-
re Cell Biol. 2: 7—12.

Kiger A. A., Jones D. L., Schulz C., Rogers M. B., Fuller M. T.
2001. Stem cell self-renewal specified by JAK-STAT activation in
response to a support cell cue. Science. 294: 2542—2545.

Kirk D., Kaufman M., Keeling R., Stamer K. 1991. Genetic and
cytological control of the asymmetric divisions that pattern the Vol-
vox embryo. Development. 1 (Suppl.): 67—82.

Knoblich J. A. 2001. Asymmetric cell division during animal
development. Nature Rev. Mol. Cell Biol. 2: 11—20.

Knoblich J. A., Jan L. Y., Jan Y. N. 1995. Asymmetric segrega-
tion of Numb and Prospero during cell division. Nature.
377: 624—626.

Korn A. P., Henkelman A., Ottensmeyer F. P., Till J. E. 1973.
Investigations of a stochastic model of haemopoiesis. Eptl. Haema-
tol. 1: 362—375.

Kraut R., Campos-Ortega J. A. 1996. Inscuteable, a neural pre-
cursor gene of Drosophila, encodes a candidate for a cytoskeleton
adaptor protein. Develop. Biol. 174: 65—81.

Kraut R., Chia W., Jan L. Y., Jan Y. N., Knoblech J. A. 1996.
Role of inscuteable in orienting asymmetric cell division in Dro-
sophila. Nature. 383: 50—55.

Kusch J., Liakopoulos D., Barral Y. 2003. Spindle asymmetry:
a compass for the cell. Trends Cell Biol. 13: 562—568.

Lai C.-Y., Jaruga E., Borghouts C., Jazwinski S. M. 2002.
A mutation in the ATP2 gene abrogates the age asymmetry between
mother and daughter cells of the yeast Saccharomyces cerevisiae.
Genetics. 162: 73—87.

Lamprecht J. 1990. Symmetric and asymmetric cell division in
rat corneal epithelium. Cell Tissue Kinet. 23: 203—216.

Lawler M. L., Brun Y. V. 2006. A molecular beacon defines
bacterial cell asymmetry. Cell. 124: 891—893.

Lechler T., Fuchs E. 2005. Asymmetric cell divisions promote
stratification and differentiation of mammalian skin. Nature.
437: 275—280.

Lee C.-Y., Brian D., Wilkinson B. D., Siegrist S. E., Whar-
ton R. P., Doe C. Q. 2006. Brat is a Miranda cargo protein that pro-
motes neuronal differentiation and inhibits neuroblast self-renewal.
Develop. Cell. 10: 441—449.

Ïîëÿðèçàöèÿ è àñèììåòðè÷íîå äåëåíèå ñòâîëîâûõ êëåòîê 937



Li P., Yang X., Wasser M., Cai Y., Chia W. 1997. Inscuteable
and Staufen mediate asymmetric localization and segregation of
prospero RNA during Drosophila neuroblast cell divisions. Cell.
90: 437—447.

Liakopoulos D., Kusch J., Grava S., Vogel J., Barral Y. 2003.
Asymmetric loading of Kar9 onto spindle poles and microtubules
ensures proper spindle alignment. Cell. 112: 561—574.

Lin H., Schagat T. 1997. Neuroblasts: a model for the asym-
metric division of stem cells. Trends in Genet. 13: 33—39.

Lin H., Spradling A. C. 1997. A novel group of pumilio mutati-
ons affects the asymmetric division of germline stem cells in the
Drosophila ovary. Development. 124: 2463—2476.

Lu B., Roegiers F., Jam L. Y., Jan Y. N. 2001. Adherens juncti-
ons inhibit asymmetric division in the Drosophla epithelium. Natu-
re. 409: 522—525.

Morris R. J. 2000. Keratimocyte stem cells: targets for cuta-
neous carcinogens. J. Clin. Invest. 106: 3—8.

Mottison S. J., Kimble J. 2006. Asymmetric and symmetric
stem-cell divisions in development and cancer. Nature. 441: 1068—
1074.

Nelson W. J. 1992. Regulation of cell surface polarity from
bacteria to mammals. Science. 258: 948—955.

Newton A., Ohta N. 1990. Regulation of the cell division cycle
and differentiation in bacteria. Ann. Rev. Microbiol. 44: 689—719.

Ohshiro T., Yagami T., Zhang C., Matsuzaki F. 2000. Role of
cortical tumour-suppressor proteins in asymmetric division of Dro-
sophila neuroblast. Nature. 408: 593—596.

Osgood E. E. 1957. A unifying concept of the etiology of the le-
ukemias, lymphomas and cancers. J. Nat. Cancer Inst. 18: 155—158.

Potten C. S. 1998. Stem cells in gastrointestinal epithelium:
numbers, characteristics, and death. Phil. Trans. Roy. Soc. Lond. B.
353: 821—830.

Rajendran L., Masilamani M., Solomon S., Tikkanen R., Stuer-
mer C. A., Plattner H., Illges H. 2003. Asymmetric localization of
flotillins/reggies in preassembled platforms confers inherent polari-
ty to hematopoietic cells. Proc. Nat. Acad. Sci. USA. 100: 8241—
8246.

Roegiers F., Jan Y. N. 2004. Asymmetric cell division Curr.
Opin. Cell Biol. 16: 195—205.

Schierenberg E. 2001. Three sons of fortune: early embryogene-
sis, evolution and ecology of nematodes. BioEssays. 23: 841—847.

Seery J. P., Watt F. M. 2000. Asymmetric stem-cell divisions
define the architecture of human oesophageal epithelium. Curr.
Biol. 10: 1447—1450.

Shen C.-P., Jan L. Y., Jan Y. N. 1997. Miranda is required for
asymmetric localization of Prospero during mitosis in Drosophila.
Cell. 90: 449—458.

Shen Q., Zhong W., Jan Y. N., Temple S. 2002. Asymmetric
numb distribution is critical for asymmetric cell division of mouse
cerebral cortical stem cells and neuroblasts. Development. 129:
4843—4853.

Shinin V., Gayraud-Morel B., Gomes D., Tajbakhash S. 2006.
Asymmetric division and cosegregation of template DNA strands in
adult muscle satellite cells. Nature Cell Biol. 8: 677—687.

Sinclair D. A., Guarente L. 1997. Extrachromosomal rDNA
circles — a cause of aging in yeast. Cell. 91: 1033—1042.

Smith G. H. 2004. Label-retaining epithelial cells in mouse
mammary gland divide asymmetrically and retain template DNA
strands. Development. 132: 681—687.

Strome S. 1989. Generation of cell diversity during early emb-
ryogenesis in the nematode Caenorhabditis elegans. Int. Rev. Cy-
tol. 114: 81—123.

Till J. E., McCullouch E. A., Siminovitch L. 1964. A stochastic
model of stem cell proliferation based on the growth of spleen-colo-
ny forming cells. Proc. Nat. Acad. Sci. USA. 51: 29—36.

Tulina N., Matunis E. 2001. Control of stem cell self-renewal
in Drosophila spermatogenesis by JAK-STAT signaling. Science.
294: 2546—2549.

Watt F. M., Hogan B. L. M. 2000. Out of Eden: stem cells and
their niches. Science. 287: 1427—1430.

Wolpert L. 1988. Stem cells: a problem in asymmetry. J. Cell
Sci. 10 (Suppl.): 1—9.

Yamashita Y. M., Jones D. L., Fuller M. T. 2003. Orientation
of asymmetric stem cell division by the APC tumor suppressor and
centrosome. Science. 301: 1547—1550.

Yu F., Morin X., Cai Y., Yang X., Chia W. 2000. Analysis of
partner of inscuteable, a novel player of Drosophila asymmetric di-
vision, reveals two distinct steps in Inscuteable apical localization.
Cell. 100: 399—409.

Zhang J., Niu C., Ye L. et al. 2003. Identification of the hema-
topoietic stem cell niche and control of the niche size. Nature.
425: 836—841.

Ïîñòóïèëà 14 III 2007

POLARIZATION AND ASYMMETRIC DIVISION OF STEM CELLS

V. V. Terskikh1, A. V. Vasiliev, E. A. Vorotelyak

N. K. Koltzov Institute of Developmental Biology, Moscow;
1 e-mail:terskikh@bk.ru

Asymmetric cell division observed in many groups of organisms has similar mechanisms suggesting con-
servatism of the process. Asymmetric division of stem cells that reside in their niches is aimed to regulation of
cell proliferation and genome stability maintenance. But stem cells may also divide symmetrically depending on
situation. Alteration of mechanisms of asymmetric division might be one of the factors of neoplasm growth.
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