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Íåéðîãåííàÿ äèôôåðåíöèðîâêà ìåçåíõèìíûõ ñòâîëîâûõ êëåòîê

Ìåçåíõèìíûå ñòâîëîâûå êëåòêè (ÌÑÊ) ïîìèìî òðàäèöèîííûõ îñòåîãåííîãî, õîíäðîãåííîãî è àäè-
ïîãåííîãî ïóòåé äèôôåðåíöèðîâêè, ïî äàííûì ìíîãèõ èññëåäîâàòåëåé, ñïîñîáíû è ê äèôôåðåíöèðîâêå
â íåéðîíàëüíîì íàïðàâëåíèè. Â íàñòîÿùåì îáçîðå ðàññìàòðèâàþòñÿ ãåííî-èíæåíåðíûå ïîäõîäû ê äàí-
íîìó íàïðàâëåíèþ, âêëþ÷àþùèå â ñåáÿ ýêñïðåññèþ â ÌÑÊ íåéðîòðîôíûõ ôàêòîðîâ, ñèãíàëüíûõ ìîëå-
êóë è ïðî÷èõ òðàíñãåíîâ ñ íåéðîãåííûìè ñâîéñòâàìè.

Ê ë þ ÷ å â û å ñ ë î â à: ìåçåíõèìíûå ñòâîëîâûå êëåòêè, íåéðîãåííàÿ äèôôåðåíöèðîâêà, òðàíñãåí,
òðàíñäóêöèÿ.

Ñòâîëîâûå êëåòêè, èãðàþùèå êëþ÷åâóþ ðîëü â ôîð-
ìèðîâàíèè è ôóíêöèîíèðîâàíèè îðãàíèçìà íà ðàçëè÷íûõ
ñòàäèÿõ ðàçâèòèÿ, ÿâëÿþòñÿ îäíèì èç íàèáîëåå àêòèâíî
èçó÷àåìûõ îáúåêòîâ ñîâðåìåííîé ýìáðèîëîãèè, ôèçèîëî-
ãèè è ãåíåòèêè. Â ÷àñòíîñòè, ñòâîëîâûå êëåòêè âçðîñëîãî
îðãàíèçìà ïðèâëåêàþò âíèìàíèå èññëåäîâàòåëåé áëàãîäà-
ðÿ ñâîåé óíèêàëüíîé ðîëè êëåòî÷íîãî ðåçåðâóàðà äëÿ ïîä-
äåðæàíèÿ è âîññòàíîâëåíèÿ ôóíêöèè îðãàíîâ è òêàíåé.
Ñðåäè ïëþðèïîòåíòíûõ ïîïóëÿöèé âçðîñëîãî îðãàíèçìà
íàèáîëåå èññëåäîâàíû ìåçåíõèìíûå ñòâîëîâûå êëåòêè
(ÌÑÊ), âûäåëÿåìûå èç êîñòíîãî ìîçãà (ÊÌ), ïóïîâèííîé
è ïåðèôåðè÷åñêîé êðîâè è äðóãèõ èñòî÷íèêîâ. ÌÑÊ ÿâëÿ-
þòñÿ ïîïóëÿöèåé ñòâîëîâûõ êëåòîê, ñïîñîáíûõ ê äèôôå-
ðåíöèðîâêå â ðàçëè÷íûå òèïû òêàíåé — îñòåîáëàñòû,
õîíäðîöèòû, àäèïîöèòû, ìèîáëàñòû, ãåïàòîöèòû è äð.
(Friedenstein et al., 1976; Freshney et al., 2007). ÌÑÊ ÷åëî-
âåêà ñîõðàíÿþò ñïîñîáíîñòü ê ïðîëèôåðàöèè è äèôôå-
ðåíöèðîâêå ïðè êóëüòèâèðîâàíèè in vitro, à òàêæå ïðè ðå-
èìïëàíòàöèè, ÷òî îáóñëîâëèâàåò èõ âûñîêóþ çíà÷èìîñòü
â êëèíè÷åñêîé ïðàêòèêå (Bang et al., 2005; Katritsis et al.,
2005; Freshney et al., 2007).

Êðîìå òîãî, åñòü äàííûå î âîçìîæíîñòè ïîëó÷åíèÿ èç
ÌÑÊ íåéðîíàëüíûõ ïðåäøåñòâåííèêîâ ñ ïîñëåäóþùåé
äèôôåðåíöèðîâêîé èõ â êëåòêè íåðâíîé òêàíè (íåéðîíû,
àñòðîöèòû, îëèãîäåíäðîöèòû) (Hermann et al., 2004; Long
et al., 2005; Kim et al., 2006). Íà îñíîâå àíàëèçà ýêñïðåñ-
ñèè â èíäóöèðîâàííûõ ÌÑÊ ìàðêåðîâ, ñïåöèôè÷íûõ äëÿ
íåðâíîé òêàíè, ýëåêòðîõèìè÷åñêèõ ñâîéñòâ êëåòîê è ñåê-
ðåöèè íåéðîòðàíñìèòòåðîâ ìíîãèå èññëåäîâàòåëè äåëàþò
âûâîä î ñïîñîáíîñòè ÌÑÊ-ïðîèçâîäíûõ íåéðîíîïîäîá-
íûõ êëåòîê âûïîëíÿòü ôóíêöèè êëåòîê íåðâíîé ñèñòåìû
(Keene et al., 2003; Ortiz-Gonzalez et al., 2004; Long et al.,
2005).

Ïðè íåéðîãåííîé äèôôåðåíöèðîâêå ÌÑÊ, êàê ïðàâè-
ëî, èñïîëüçóþòñÿ êîìáèíàöèè õèìè÷åñêèõ àãåíòîâ, ñïå-
öèôè÷åñêèõ íåéðîãåííûõ ñðåä è ðîñòîâûõ ôàêòîðîâ

(EGF, bFGF, NGF, BDNF, ðåòèíîåâàÿ êèñëîòà è äð.) (Long
et al., 2005; Kim et al., 2006), âûçûâàþùèå çàïóñê ýêñïðåñ-
ñèè ãåíîâ, õàðàêòåðíûõ äëÿ ñòâîëîâûõ êëåòîê íåðâíîé
òêàíè (ÍÑÊ). Â òî æå âðåìÿ íåêîòîðûå àâòîðû (Bertani
et al., 2005; Chen et al., 2006) ñîìíåâàþòñÿ â âîçìîæíîñòè
ïîäîáíîãî ïåðåêëþ÷åíèÿ ñòâîëîâûõ êëåòîê ìåçîäåðìàëü-
íîãî ïðîèñõîæäåíèÿ è ïîëó÷åíèÿ íà èõ îñíîâå ïîëíîöåí-
íûõ íåðâíûõ êëåòîê, óêàçûâàÿ íà âîçìîæíîñòü ëîæíî-ïî-
ëîæèòåëüíûõ ðåçóëüòàòîâ ïðè ïîïûòêàõ íåéðîãåííîé
äèôôåðåíöèðîâêè ÌÑÊ. Îòìå÷àþòñÿ, â ÷àñòíîñòè, íåòè-
ïè÷íûé äëÿ ÍÑÊ õàðàêòåð ðîñòà ÌÑÊ-ïðîèçâîäíûõ íåé-
ðîíîïîäîáíûõ êëåòîê, àáåððàíòíàÿ ëîêàëèçàöèÿ íåéðî-
íàëüíûõ ìàðêåðîâ, à òàêæå âîçìîæíîñòü ïðèñóòñòâèÿ èõ
òðàíñêðèïòîâ íà ôîíîâîì óðîâíå â ñàìèõ ÌÑÊ (Deng
et al., 2006). Ïî äàííûì ìèêðî÷èïîâîãî àíàëèçà 21 000 ãå-
íîâ ïîêàçàíî íåñîâïàäåíèå äèôôåðåíöèðîâàííî ýêñïðåñ-
ñèðîâàííûõ ãåíîâ â ÌÑÊ-ïðîèçâîäíûõ íåéðîíîïîäîá-
íûõ êëåòêàõ è êëåòêàõ ñîáñòâåííî íåðâíûõ òêàíåé (Berta-
ni et al., 2005). Âïðî÷åì, àíàëèç ïðîôèëÿ ýêñïðåññèè ÌÑÊ
â äðóãèõ ïðîòîêîëàõ íåéðîãåííîé äèôôåðåíöèðîâêè ïî-
êàçàë ïàäåíèå óðîâíÿ ýêñïðåññèè ãåíîâ, ó÷àñòâóþùèõ â
îñòåî-, õîíäðî- è àäèïîãåíåçå ïðè ïîâûøåíèè óðîâíÿ ýêñ-
ïðåññèè ãåíîâ, çàäåéñòâîâàííûõ â íåéðîãåíåçå (Yamagu-
chi et al., 2006; Tondreau et al., 2008).

Äîñòîèíñòâà è íåäîñòàòêè êóëüòóðàëüíûõ ìåòîäîâ
íåéðîãåííîé èíäóêöèè ÌÑÊ ïîäðîáíî ðàññìîòðåíû â
ðÿäå ñòàòåé, âêëþ÷àÿ îáçîðíûå (Keene et al., 2003; Her-
mann et al., 2004; Ortiz-Gonzalez et al., 2004; Long et al.,
2005; Kim et al., 2006). Â íàøåì îáçîðå ìû ïîïûòàëèñü
îáîáùèòü áèîèíæåíåðíûå ïîäõîäû, ïîäðàçóìåâàþùèå
ââåäåíèå â ÌÑÊ òðàíñãåíà ñ íåéðîãåííîé ôóíêöèåé. Ãåí-
íî-èíæåíåðíàÿ ìîäèôèêàöèÿ îäíèì èëè íåñêîëüêèìè
òðàíñãåíàìè ÿâëÿåòñÿ ïîäõîäîì, ñïîñîáíûì îáåñïå÷èòü
ðàäèêàëüíîå ïåðåêëþ÷åíèå è èçìåíåíèå õàðàêòåðà ôóíê-
öèîíèðîâàíèÿ êëåòîê âçðîñëîãî îðãàíèçìà, ÿðêèì ïðèìå-
ðîì ÷åãî ÿâëÿþòñÿ, â ÷àñòíîñòè, ñîîáùåíèÿ îá èíäóêöèè
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ïëþðèïîòåíòíîñòè òåðìèíàëüíî äèôôåðåíöèðîâàííûõ
êëåòîê (Takahashi et al., 2007). Ýêñïðåññèÿ ïîñðåäñòâîì
âåêòîðíûõ êîíñòðóêöèé èçâåñòíûõ ðåãóëÿòîðîâ òðàíñ-
êðèïöèè, íåéðîãåííûõ è íåéðîòðîôíûõ ôàêòîðîâ ìîæåò
ñïîñîáñòâîâàòü ïîâûøåíèþ ïîòåíöèàëà íåéðîãåííîé
äèôôåðåíöèðîâêè ÌÑÊ. Ôàêòîðû, âëèÿíèå êîòîðûõ íà
ðàçâèòèå íåðâíîé ñèñòåìû äîñòàòî÷íî õîðîøî èçó÷åíî,
ìîãóò êàê íåïîñðåäñòâåííî îáåñïå÷èâàòü äèôôåðåíöè-
ðîâêó ñòâîëîâûõ êëåòîê â íåéðîíàëüíîì íàïðàâëåíèè,
òàê è ñïîñîáñòâîâàòü ïîâûøåíèþ ñòðåññîóñòîé÷èâîñòè
êëåòîê è ñòàáèëèçèðîâàòü èõ ôåíîòèï ïîñëå òðàíñïëàíòà-
öèè (Kohyama et al., 2001; Dezawa et al., 2004).

Ïîòåíöèàëüíûé íàáîð ãåíîâ-êàíäèäàòîâ äëÿ ìîäèôè-
êàöèè ÌÑÊ ÷åëîâåêà ñ öåëüþ ïîâûøåíèÿ èõ íåéðîãåííî-
ãî ïîòåíöèàëà äîñòàòî÷íî øèðîê. Â ïîäõîäàõ ê ðåøåíèþ
ýòîé çàäà÷è ïðèìåíÿëèñü êàê ðåãóëÿòîðû òðàíñêðèïöèè,
ïðåäïîëîæèòåëüíî ñïîñîáíûå èíäóöèðîâàòü òðàíñäèôôå-
ðåíöèðîâêó ÌÑÊ, òàêèå êàê noggin èëè NICD, òàê è íåé-
ðîòðîôíûå ôàêòîðû, îáåñïå÷èâàþùèå æèçíåäåÿòåëü-
íîñòü íåéðîíîâ è ãëèè è ñïîñîáíûå çàïóñêàòü äèôôåðåí-
öèðîâêó íåéðîòðàíñìèòòåðíûõ ôåíîòèïîâ.

Òàê, íåéðîãåííûé ïîòåíöèàë ïðîäóêòà ãåíà noggin,
èìåþùåãî ïëåéîòðîïíûé ýôôåêò, âèäèìî, îáóñëîâëåí
òåì, ÷òî ýòîò ôàêòîð ÿâëÿåòñÿ èíãèáèòîðîì ñèãíàëüíûõ
ìîëåêóë ñåìåéñòâà TGF-b, â ÷àñòíîñòè BMP-4. Íîããèí
ó÷àñòâóåò â ôîðìèðîâàíèè ìîðôîãåííûõ ãðàäèåíòîâ è
ðàçâèòèè íåðâíîé ñèñòåìû â ýìáðèîãåíåçå, ñòèìóëèðóåò
íåéðîãåíåç è ïîäàâëÿåò ãëèàëüíóþ äèôôåðåíöèðîâêó.
Òðàíñôåêöèÿ ÌÑÊ ãåíîì noggin ïðèâîäèëà ê ôîðìèðîâà-
íèþ íåéðîñôåðîïîäîáíûõ àãðåãàòîâ, êîòîðûå ïðè ïîñàä-
êå íà îðíèòèí/ôèáðîíåêòèí ïðåîáðàçîâûâàëèñü â êëåòêè
íåéðîíàëüíîé ìîðôîëîãèè. Ïðè ýòîì ïîñòìèòîòè÷åñêèé
ìàðêåð íåéðîíîâ MAP-2 ýêñïðåññèðîâàëñÿ â 50 % êëåòîê
(Kohyama et al., 2001).

ÌÑÊ, òðàíñôèöèðîâàííûå ãåíîì NICD (êîäèðóåò
âíóòðèêëåòî÷íûé äîìåí Notch), ìîãóò áûòü ïðåîáðàçîâà-
íû â íåéðîíîïîäîáíûå êëåòêè ïðè ó÷àñòèè êîìáèíàöèè
ðîñòîâûõ ôàêòîðîâ bFGF, CNTF è ôîðñêîëèíà â òå÷åíèå
5 ñóò (Dezawa et al., 2004). Ïîëó÷åííûå òàêèì îáðàçîì
òðàíñãåííûå êëåòêè ÿâëÿëèñü ïîñòìèòîòè÷åñêèìè, äåìîí-
ñòðèðîâàëè õàðàêòåðíûå ýëåêòðîõèìè÷åñêèå ñâîéñòâà è
ýêñïðåññèþ ìàðêåðà MAP-2, à ïðè äàëüíåéøåì âîçäåéñò-
âèè íåéðîòðîôíîãî ôàêòîðà GDNF ãåíåðèðîâàëè òèðîçè-
íàçà-ïîçèòèâíûå êëåòêè, ñïîñîáíûå ê ñåêðåöèè äîïàìèíà
(Dezawa et al., 2004).

Ãåí NT-3 (NTF3) êîäèðóåò íåéðîòðîôèí-3, ñõîäíûé
ïî ôóíêöèè ñ ôàêòîðîì ðîñòà íåðâîâ (NGF) è êîíòðîëè-
ðóþùèé æèçíåñïîñîáíîñòü è äèôôåðåíöèðîâêó íåéðî-
íîâ. Íåéðîòðîôèí-3 ó÷àñòâóåò â îáåñïå÷åíèè êàê ðàçâè-
òèÿ íåéðîíîâ â ýìáðèîãåíåçå, òàê è ôóíêöèîíèðîâàíèÿ
âçðîñëîé íåðâíîé ñèñòåìû. ÌÑÊ, òðàíñäóöèðîâàííûå ãå-
íîì NT-3 ïîñðåäñòâîì àäåíîâèðóñíîãî âåêòîðà, äåìîíñò-
ðèðîâàëè ïîâûøåííóþ ýêñïðåññèþ íåéðîíàëüíûõ ìàðêå-
ðîâ NF è MAP-2 (â 19 % êëåòîê ïðîòèâ 5 % â êîíòðîëå),
îñîáåííî âûðàæåííóþ â ïðèñóòñòâèè ðåòèíîåâîé êèñëî-
òû (ñâûøå 46 % êëåòîê). Ñî÷åòàíèå òðàíñãåíà NT-3 è ðå-
òèíîåâîé êèñëîòû ïîçâîëèëî òàêæå äîáèòüñÿ ýêñïðåññèè
â 22 % êëåòîê PSD95 — ìàðêåðà ñèíàïòîãåíåçà, ÷òî ìî-
æåò ñâèäåòåëüñòâîâàòü î òåðìèíàëüíîé äèôôåðåíöèðîâêå
ÌÑÊ â íåéðîíû (Zhang et al., 2006).

Ãåí BDNF òàêæå êîäèðóåò ïðîòåèí ñåìåéñòâà ôàêòî-
ðîâ ðîñòà íåðâîâ. BDNF íåîáõîäèì äëÿ ïîääåðæàíèÿ
æèçíåñïîñîáíîñòè íåéðîíîâ ãîëîâíîãî ìîçãà, ó÷àñòâóåò â
ðåãóëÿöèè îòâåòà íà ñòðåññîâûå ðàçäðàæèòåëè; ñíèæåíèå
åãî ýêñïðåññèè èãðàåò ðîëü â ïàòîãåíåçå áîëåçíåé Õàí-

òèíãòîíà è Àëüöãåéìåðà. Ðåòðîâèðóñíàÿ òðàíñäóêöèÿ
ÌÑÊ ãåíîì BDNF ñ ïîñëåäóþùèì êóëüòèâèðîâàíèåì â
ïðèñóòñòâèè ðåòèíîåâîé êèñëîòû ïîçâîëèëà ïîëó÷èòü
êëåòêè, îáëàäàþùèå ôåíîòèïîì è ïðîôèëåì ýêñïðåñ-
ñèè, ñîîòâåòñòâóþùèì ðàçëè÷íûì òèïàì íåðâíîé òêàíè.
Â ÷àñòíîñòè, áûëà ïîêàçàíà ýêñïðåññèÿ ïðîãåíèòîðíîãî
ìàðêåðà íåñòèíà, íåéðîíàëüíîãî ìàðêåðà NeuN, ìàðêåðà
îëèãîäåíäðîöèòîâ Î4 è ìàðêåðà àñòðîöèòîâ GFAP; ýëåêò-
ðîõèìè÷åñêèå ñâîéñòâà òðàíñãåííûõ êëåòîê áûëè ïîä-
òâåðæäåíû ìåòîäîì ïàò÷-êëàìï (Zhao et al., 2004).

Àäåíîâèðóñíàÿ òðàíñäóêöèÿ ÌÑÊ ãåíàìè RB è
RB2/p130, ó÷àñòâóþùèìè â êîíòðîëå êëåòî÷íîãî öèêëà è
íåéðîãåíåçå (Lee et al., 1992; LeCouter et al., 1998), òàêæå
ïîêàçàëà èõ ñïîñîáíîñòü ê ñòèìóëÿöèè íåéðîãåííîé äèô-
ôåðåíöèðîâêè, ÷òî ïîäòâåðæäàëîñü ïîâûøåíèåì ýêñïðåñ-
ñèè NSE (íåéðîí-ñïåöèôè÷íîé ýíîëàçû) è íåéðîôèëà-
ìåíòîâ. Ïðè ýòîì ãåí RB2/p130 ñòèìóëèðîâàë íåéðîãåíåç
â öåëîì, òîãäà êàê RB — ïðåèìóùåñòâåííî õîëèíåðãè÷å-
ñêóþ äèôôåðåíöèðîâêó (Jori et al., 2005).

Ñâîéñòâà ãèïåðýêñïðåññèðîâàííûõ â ÌÑÊ íåéðîòðî-
ôèíîâ íå îãðàíè÷èâàþòñÿ èõ ó÷àñòèåì â íåéðîãåíåçå.
Òðàíñïëàíòàöèÿ æèâîòíûì ÌÑÊ ÷åëîâåêà, òðàíñäóöèðî-
âàííûõ ãåíîì íåéðîòðîôíîãî ôàêòîðà ìîçãà (BDNF), ïî-
êàçàëà ïîâûøåííûé çàùèòíûé ýôôåêò òðàíñãåííûõ ÌÑÊ
â îòíîøåíèè èøåìè÷åñêèõ ïîâðåæäåíèé ìîçãà (Hamada
et al., 2005). Àíàëîãè÷íûé ýôôåêò ïîêàçàëà èíòðîäóêöèÿ
â ÌÑÊ ÷åëîâåêà òðàíñãåíà GDNF, íî íå CNTF ëèáî NT-3
(Kurozumi et al., 2005). Òðàíñäóêöèÿ ÌÑÊ ÷åëîâåêà ãåíîì
PlGF, êîäèðóþùèì ðîñòîâîé ôàêòîð ïëàöåíòû, ïîêàçàëà
ðîëü ýòîãî ôàêòîðà â íåéðîïðîòåêöèè ïðè öåðåáðàëüíîé
èøåìèè (Liu et al., 2006).

Ïåðñïåêòèâíûì ìîæåò îêàçàòüñÿ ââåäåíèå â ãåíîì
èíäóöèðîâàííûõ â íåéðîíàëüíîì íàïðàâëåíèè ÌÑÊ
òðàíñãåíîâ, ðàíåå çàðåêîìåíäîâàâøèõ ñåáÿ ïîòåíöèàëüíî
ïîëåçíûìè â îòíîøåíèè òåðàïèè çàáîëåâàíèé íåðâíîé
ñèñòåìû. Òàê, ýêñïðåññèÿ â òðàíñïëàíòèðóåìûõ ñòâîëî-
âûõ êëåòêàõ ãåíà ngn2 (êîäèðóåò íåéðîãåíèí-2) ïîêàçàëà
êëþ÷åâóþ ðîëü äàííîãî ðåãóëÿòîðà â ñòàáèëèçàöèè ôóíê-
öèè íåéðîíîâ ïðè òåðàïèè òðàâì ñïèííîãî ìîçãà (Hofstet-
ter et al., 2005). Ýêñïðåññèÿ äâóõ îñíîâíûõ áåëêîâ êîíóñà
ðîñòà, GAP-43 è CAP-23, ìîæåò ñóùåñòâåííî ñòèìóëèðî-
âàòü ðîñò àêñîíîâ òðàíñãåííûõ íåéðîíîâ, ÷òî ìîæåò ñïî-
ñîáñòâîâàòü âîññòàíîâëåíèþ ñïèííîãî ìîçãà (Bomze
et al., 2001). Òðàíñôåêöèÿ ãåíîâ ngn1 è MASH1 òàêæå ìî-
æåò ñïîñîáñòâîâàòü íåéðîãåíåçó (Tang, Low, 2007).

Ïåðñïåêòèâû èñïîëüçîâàíèÿ âûøåïðèâåäåííûõ ãåí-
íî-èíæåíåðíûõ ïîäõîäîâ îáóñëîâëèâàþò íåîáõîäèìîñòü
îöåíêè ñòàáèëüíîñòè ýêñïðåññèè òðàíñãåíà â ÌÑÊ êîñò-
íîãî ìîçãà ÷åëîâåêà â íåéðîãåííûõ óñëîâèÿõ. Ïîëó÷åí-
íûå íàìè äàííûå ïî òðàíñäóêöèè ÌÑÊ ÊÌ ÷åëîâåêà âåê-
òîðàìè íà îñíîâå ðåêîìáèíàíòíûõ ëåíòèâèðóñîâ è àäå-
íî-àññîöèèðîâàííûõ âèðóñîâ (Øàõáàçîâ è äð., 2009), à
òàêæå ðåçóëüòàòû êîëëåã (Gordon et al., 2008) ñâèäåòåëü-
ñòâóþò î ñîõðàíåíèè ñòàáèëüíîé ýêñïðåññèè òðàíñãåíà
ïðè íåéðîãåííîé èíäóêöèè ÌÑÊ. Áîëåå òîãî, òðàíñäóê-
öèÿ ÌÑÊ êàòàëèòè÷åñêîé ñóáúåäèíèöåé òåëîìåðàçû ÷å-
ëîâåêà hTERT ïîçâîëÿåò, èììîðòàëèçóÿ ÌÑÊ áåç ïðèçíà-
êîâ íåîïëàñòè÷åñêîé òðàíñôîðìàöèè, ñîõðàíèòü ïîòåíöè-
àë ê íåéðîãåííîé äèôôåðåíöèðîâêå íà ïðîòÿæåíèè êàê
ìèíèìóì 40 óäâîåíèé ïîïóëÿöèè (Kobune et al., 2003).

Äîñòàâêà òðàíñãåíà â ÌÑÊ ìîæåò îñóùåñòâëÿòüñÿ
ôèçè÷åñêèìè ìåòîäàìè (íàïðèìåð, ýëåêòðîïîðàöèåé), õè-
ìè÷åñêîé òðàíñôåêöèåé ñ èñïîëüçîâàíèåì ðàçëè÷íûõ
ÄÍÊ-ñâÿçûâàþùèõ àãåíòîâ, à òàêæå ïîñðåäñòâîì âåêòî-
ðîâ íà îñíîâå ðåêîìáèíàíòíûõ âèðóñîâ. Õèìè÷åñêèå è
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ôèçè÷åñêèå ìåòîäû òðàíñôåêöèè ÌÑÊ, êàê ïðàâèëî,
îáåñïå÷èâàþò òðàíçèåíòíûé õàðàêòåð ýêñïðåññèè òðàíñ-
ãåíà è íåðåäêî ñîïðÿæåíû ñ âûñîêîé öèòîòîêñè÷íîñòüþ
(Aluigi et al., 2006). Äëÿ âèðóñíîé òðàíñäóêöèè ÌÑÊ áûëè
óñïåøíî àäàïòèðîâàíû ðàçëè÷íûå ðåêîìáèíàíòíûå âèðó-
ñû. Òàê, ëåíòèâèðóñíûå âåêòîðû îáåñïå÷èâàþò âûñîêóþ
ñòåïåíü òðàíñäóêöèè è ñòàáèëüíóþ ýêñïðåññèþ òðàíñãåíà
(Van Damme et al., 2006), àäåíîâèðóñû õàðàêòåðèçóþòñÿ
òðàíçèåíòíûì õàðàêòåðîì ýêñïðåññèè ïðè âûñîêîé åìêî-
ñòè óïàêîâêè (Zhang et al., 2006), à àäåíî-àññîöèèðîâàí-
íûå âèðóñû (Kim et al., 2007) òðåáóþò äëÿ ýôôåêòèâíîé
òðàíñäóêöèè âåñüìà âûñîêîé ìíîæåñòâåííîñòè èíôåêöèè
(MOI). Èñïîëüçîâàëèñü òàêæå âåêòîðû íà îñíîâå áàêóëî-
âèðóñîâ (Ho et al., 2005) è ðåòðîâèðóñîâ (Lee et al., 2001).

Ðàçâèòèå ãåííî-èíæåíåðíûõ ïîäõîäîâ ê èíäóêöèè
òðàíñäèôôåðåíöèðîâêè ÌÑÊ ïîçâîëèò ñóùåñòâåííî äî-
ïîëíèòü îáëàñòü èõ êëèíè÷åñêîãî ïðèìåíåíèÿ, à òàêæå
óëó÷øèòü ôóíäàìåíòàëüíîå ïîíèìàíèå ïðèíöèïîâ ôóíê-
öèîíèðîâàíèÿ ïîòåíöèàëüíî ïîëåçíûõ ãåíîâ. Ïðè òðàíñ-
ïëàíòàöèè â ÖÍÑ íåéðîòðîôèí-òðàíñãåííûå ÌÑÊ è èõ
ïðîèçâîäíûå ïîìèìî âîññòàíîâëåíèÿ ïîâðåæäåííîé ôóí-
êöèè, âîçìîæíî, ñìîãóò ñïîñîáñòâîâàòü íåéðîïðîòåêöèè
è íåéðîðåãåíåðàöèè ïîñðåäñòâîì ïàðàêðèííîãî âûñ-
âîáîæäåíèÿ íåéðîòðîôíîãî ôàêòîðà. Ðàçðàáîòêà íàäåæ-
íûõ ìåòîäîâ íåéðîãåííîé äèôôåðåíöèðîâêè ïîçâîëèò ñî-
çäàâàòü èç ÌÑÊ ÊÌ êîíêðåòíîãî ïàöèåíòà ïîïóëÿ-
öèè íåéðîíàëüíûõ ïðåäøåñòâåííèêîâ è âïîñëåäñòâèè
çðåëûõ íåéðîíîâ è ãëèàëüíûõ êëåòîê, ÷òî â áóäóùåì ìî-
æåò ïðåäñòàâëÿòü èíòåðåñ äëÿ çàìåñòèòåëüíîé òåðàïèè.
Òðàíñïëàíòàöèÿ àóòîëîãè÷íûõ íåéðîòðîôèí-òðàíñãåí-
íûõ ÌÑÊ ñïîñîáíà ñóùåñòâåííî ðàñøèðèòü ïîòåíöèàë
êëåòî÷íîé òåðàïèè íåéðîäåãåíåðàòèâíûõ çàáîëåâàíèé è
òðàâì íåðâíîé ñèñòåìû.

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Øàõáàçîâ À. Â., Ñåâåðèí È. Í., Ãðèíåâ Â. Â., Ãîí÷àðî-
âà Í. Â., Êîñìà÷åâà Ñ. Ì., Êàðòåëü Í. À., Ïîòàïíåâ Ì. Ï.
2009. Ñòàáèëüíîñòü ýêñïðåññèè ëåíòèâåêòîðà â ÌÑÊ ÷åëîâåêà
ïðè ðàííåé íåéðîãåííîé äèôôåðåíöèðîâêå. Âåñòè ÍÀÍ Áåëà-
ðóñè. Ñåð. áèîë. íàóê. 2 : 18—21.

Aluigi M., Fogli M., Curti A., Isidori A., Baccarani M., Lemo-
li R. M. 2006. Nucleofection is an efficient nonviral transfection
technique for human bone marrow-derived mesenchymal stem
cells. Stem Cells. 24 : 454—461.

Bang O. Y., Lee J. S., Lee P. H., Lee G. 2005. Autologous me-
senchymal stem cell transplantation in stroke patients. Ann. Neurol.
57 : 874—882.

Bertani N., Malatesta P., Volpi G., Sonego P., Perris R. 2005.
Neurogenic potential of human mesenchymal stem cells revisited:
analysis by immunostaining, time-lapse video and microarray. J.
Cell Sci. 118 : 3925—3936.

Bomze H. M., Bulsara K. R., Iskandar B. J., Caroni P., Ske-
ne J. H. 2001. Spinal axon regeneration evoked by replacing
two growth cone proteins in adult neurons. Nat. Neurosci. 4 :
38—43.

Chen Y., Teng F. Y., Tang B. L. 2006. Coaxing bone marrow
stromal mesenchymal stem cells towards neuronal differentiation:
progress and uncertainties. Cell Mol. Life Sci. 63 : 1649—1657.

Deng J., Petersen B. E., Steindler D. A., Jorgensen M. L., Lay-
well E. D. 2006. Mesenchymal stem cells spontaneously express
neural proteins in culture and are neurogenic after transplantation.
Stem Cells. 24 : 1054—1064.

Dezawa M., Kanno H., Hoshino M. 2004. Specific inducti-
on of neuronal cells from bone marrow stromal cells and applicati-
on for autologous transplantation. J. Clin. Invest. 113 : 1701—
1710.

Freshney R. I., Stacey G. N., Auerbach J. M. (Eds). 2007. Cul-
ture of human stem cells. Hoboken, USA: John Wiley & Sons, Inc.
256 p.

Friedenstein A. J., Gorskaja J. F., Kulagina N. N. 1976. Fib-
roblast precursors in normal and irradiated mouse hematopoietic or-
gans. Exp. Hematol. 4 : 267—274.

Gordon D., Glover C. P., Merrison A. M., Uney J. B., Scol-
ding N. J. 2008. Enhanced green fluorescent protein-expressing hu-
man mesenchymal stem cells retain neural marker expression. J.
Neuroimmunol. 193 : 59—67.

Hamada H., Kobune M., Nakamura K. 2005. Mesenchymal
stem cells (MSC) as therapeutic cytoreagents for gene therapy.
Cancer Sci. 96 : 149—156.

Hermann A., Gastl R., Liebau S. 2004. Efficient generation of
neural stem cell-like cells from adult human bone marrow stromal
cells. J. Cell Sci. 117 : 4411—4422.

Ho Y. C., Chung Y. C., Hwang S. M. 2005. Transgene expressi-
on and differentiation of baculovirus-transduced human mesenchy-
mal stem cells. J. Gene Med. 7 : 860—868.

Hofstetter C. P., Holmstrom N. A., Lilja J. A. 2005. Allodynia
limits the usefulness of intraspinal neural stem cell grafts; directed
differentiation improves outcome. Nat. Neurosci. 8 : 346—353.

Jori F. P., Melone M. A., Napolitano M. A. 2005. RB and
RB2/p130 genes demonstrate both specific and overlapping functi-
ons during the early steps of in vitro neural differentiation of mar-
row stromal stem cells. Cell Death Differ. 12 : 65—77.

Katritsis D. G., Sotiropoulou P. A., Karvouni E. 2005. Trans-
coronary transplantation of autologous mesenchymal stem cells and
endothelial progenitors into infarcted human myocardium. Cathe-
ter. Cardiovasc. Interv. 65 : 321—329.

Keene C. D., Ortiz-Gonzalez X. R., Jiang Y. 2003. Neural dif-
ferentiation and incorporation of bone marrow-derived multipotent
adult progenitor cells after single cell transplantation into blastocyst
stage mouse embryos. Cell Transplant. 12 : 201—213.

Kim S., Honmou O., Kato K. 2006. Neural differentiation po-
tential of peripheral blood- and bone-marrow-derived precursor
cells. Brain Res. 1123 : 27—33.

Kim S. J., Lee W. I., Heo H. 2007. Stable gene expression by
self-complementary adeno-associated viruses in human MSCs. Bio-
chem. Biophys. Res. Commun. 360 : 573—579.

Kobune M., Kawano Y., Ito Y., Niitsu Y., Hamada H. 2003. Te-
lomerized human multipotent mesenchymal cells can differentiate
into hematopoietic and cobblestone area-supporting cells. Exp. He-
matol. 31 : 715—722.

Kohyama J., Abe H., Shimazaki T. 2001. Brain from bone: effi-
cient «meta-differentiation» of marrow stroma-derived mature oste-
oblasts to neurons with Noggin or a demethylating agent. Differen-
tiation. 68 : 235—244.

Kurozumi K., Nakamura K., Tamiya T. 2005. Mesenchymal stem
cells that produce neurotrophic factors reduce ischemic damage in the
rat middle cerebral artery occlusion model. Mol. Ther. 11 : 96—104.

LeCouter J. E., Kablar B., Whyte P. F. 1998. Strain-dependent
embryonic lethality in mice lacking the retinoblastoma-related p130
gene. Development. 125 : 4669—4679.

Lee E. Y., Chang C. Y., Hu N. 1992. Mice deficient for Rb are
nonviable and show defects in neurogenesis and haematopoiesis.
Nature. 359 : 288—294.

Lee K., Majumdar M. K., Buyaner D. 2001. Human mesenchy-
mal stem cells maintain transgene expression during expansion and
differentiation. Mol. Ther. 3 : 857—866.

Liu H., Honmou O., Harada K. 2006. Neuroprotection by PlGF
gene-modified human mesenchymal stem cells after cerebral ischa-
emia. Brain. 129 : 2734—2745.

Long X., Olszewski M., Huang W. 2005. Neural cell differenti-
ation in vitro from adult human bone marrow mesenchymal stem
cells. Stem Cells Develop. 14 : 65—69.

Ortiz-Gonzalez X. R., Keene C. D., Verfaillie C. M. 2004. Neu-
ral induction of adult bone marrow and umbilical cord stem cells.
Curr. Neurovasc. Res. 1 : 207—213.

Takahashi K., Tanabe K., Ohnuki M. 2007. Induction of pluri-
potent stem cells from adult human fibroblasts by defined factors.
Cell. 131 : 861—872.

Íåéðîãåííàÿ äèôôåðåíöèðîâêà ìåçåíõèìíûõ ñòâîëîâûõ êëåòîê 303



Tang B. L., Low C. B. 2007. Genetic manipulation of neural
stem cells for transplantation into the injured spinal cord. Cell. Mol.
Neurobiol. 27 : 75—85.

Tondreau T., Dejeneffe M., Meuleman N. 2008. Gene expressi-
on pattern of functional neuronal cells derived from human bone
marrow mesenchymal stromal cells. BMC Genomics. 9 : 166.

Van Damme A., Thorrez L., Ma L. 2006. Efficient lentiviral
transduction and improved engraftment of human bone marrow me-
senchymal cells. Stem Cells. 24 : 896—907.

Yamaguchi S., Kuroda S., Kobayashi H. 2006. The effects of
neuronal induction on gene expression profile in bone marrow stro-

mal cells (BMSC) — a preliminary study using microarray analy-
sis. Brain Res. 1087 : 15—27.

Zhang W., Zeng Y. S., Zhang X. B. 2006. Combination of ade-
noviral vector-mediated neurotrophin-3 gene transfer and retinoic
acid promotes adult bone marrow cells to differentiate into neuronal
phenotypes. Neurosci. Lett. 408 : 98—103.

Zhao L. X., Zhang J., Cao F. 2004. Modification of the bra-
in-derived neurotrophic factor gene: a portal to transform mesenc-
hymal stem cells into advantageous engineering cells for neurorege-
neration and neuroprotection. Exp. Neurol. 190 : 396—406.

Ïîñòóïèëà 6 VII 2009

NEUROGENIC DIFFERENTIATION OF MESENCHYMAL STEM CELLS:

A TRANSGENIC APPROACH

A. V. Shakhbazau,1, * S. M. Kosmacheva,2 N. A. Kartel,1 M. P. Potapnev2

1 Institute of Genetics and Cytology of Natl. Acad. Sci. of Belarus Minsk, Belarus,
2 Republic Centre for Haematology and Transfusiology, Minsk, Belarus;

* e-mail: shakhbazau@gmail.com

Mesenchymal stem cells (MSC), alongside with «traditional» osteogenic, chondrogenic and adipogenic dif-
ferentiation potentials, are considered by many researches as capable of giving rise to neurogenic lineage as
well. We overview transgenic approaches to the study of neurogenic differentiation of MSC, including expressi-
on of neurotrophic factors, signalling molecules and other transgenes with neurogenic properties.
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