
ÌÍÎÃÎÏÀÐÀÌÅÒÐÈ×ÅÑÊÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ

È ÊËÀÑÒÅÐ-ÀÍÀËÈÇ ÏÅÐÅÂÈÂÀÅÌÛÕ ÊÓËÜÒÓÐ ÊËÅÒÎÊ ×ÅËÎÂÅÊÀ

© Þ. À. Ìàãàêÿí,1 Å. Ì. Êàðàëîâà, Ç. À. Êàðàëÿí, Ë. Î. Àáðîÿí, Ë. À. Àêîïÿí,
Ì. Ã. Ãàñïàðÿí, Í. Ã. Äæàãàöïàíÿí, Ç. Á. Ñåìåðäæÿí, Ç. Ð. Òåð-Ïîãîñÿí

Þ. À. Ìàãàêÿí, Å. Ì. Êàðàëîâà è äð.
Ìíîãîïàðàìåòðè÷åñêîå èññëåäîâàíèå è êëàñòåð-àíàëèç ïåðåâèâàåìûõ êóëüòóð êëåòîê ÷åëîâåêà

Èíñòèòóò ìîëåêóëÿðíîé áèîëîãèè ÍÀÍ ÐÀ, Åðåâàí;
1 ýëåêòðîííûé àäðåñ: tigmag@sci.am

Ìåòîäàìè ñêàíèðóþùåé öèòîôîòîìåòðèè, öèòîõèìèè è öèòîìîðôîìåòðèè ïðîâåäåíî ìíîãîïàðà-
ìåòðè÷åñêîå èññëåäîâàíèå êëåòîê ãåïàòîêàðöèíîìû (HEp-G2), àäåíîêàðöèíîìû òîëñòîãî îòäåëà êèøå÷-
íèêà (Caco-2), ýìáðèîíàëüíîé ïî÷êè (HEK-293), íåéðîáëàñòîìû (SH-SY5Y), ðàáäîìèîñàðêîìû (RD) è
ðàêà ãîðòàíè (Hep-2), ÷åðåç 48, 72 è 96 ÷ ïîñëå íà÷àëà êóëüòèâèðîâàíèÿ. Îïðåäåëÿëè çíà÷åíèÿ ïëîòíîñòè
ìîíîñëîÿ, àêòèâíîñòè ïðîëèôåðàöèè, ÷èñëî ìåðòâûõ êëåòîê, êîëè÷åñòâî ÄÍÊ â ÿäðàõ è ðàñïðåäåëåíèå
êëåòîê â ïîïóëÿöèÿõ ïî ýòîìó ïàðàìåòðó, ñóììàðíóþ ìàññó ÄÍÊ â ÿäðûøêàõ (îêîëîÿäðûøêîâîì õðîìà-
òèíå), ÷èñëî ÿäðûøåê â ÿäðàõ è ðàñïðåäåëåíèå êëåòîê â ïîïóëÿöèÿõ ïî ýòîìó ïàðàìåòðó, îáúåì è ïëî-
ùàäü ïîâåðõíîñòè ÿäðà, ñóììàðíûé îáúåì è ïëîùàäü ïîâåðõíîñòè ÿäðûøåê. Ïîëó÷åííûå äàííûå èñïî-
ëüçîâàëè äëÿ äðåâîâèäíîãî êëàñòåð-àíàëèçà ïî êîððåëÿöèè Ïèðñîíà, â ðåçóëüòàòå êîòîðîãî êóëüòóðó
SH-SY5Y âûäåëèëè â îòäåëüíûé êëàñòåð, à êóëüòóðû Caco-2, HEp-G2, HEK-293, Hep-2 è RD ðàñïîëîæè-
ëèñü íà äðåâå äðóãîãî êëàñòåðà. Îêàçàëîñü òàêæå, ÷òî íàèìåíåå òðàíñôîðìèðîâàííàÿ êóëüòóðà íåéðîáëà-
ñòîìû (SH-SY5Y) íå èìååò ñðîäñòâà ñ îñòàëüíûìè êóëüòóðàìè, ïðîÿâëÿþùèìè ðàçíóþ ñòåïåíü áëèçî-
ñòè ìåæäó ñîáîé. Áëèçêèìè ïî âñåì ïàðàìåòðàì îêàçàëèñü êóëüòóðû HEK-293, Hep-2 è RD. Çíà÷èìîñòü
ïàðàìåòðîâ â ôîðìèðîâàíèè îáùåãî îáðàçà êëåòî÷íûõ êóëüòóð íåîäèíàêîâà. Íàèáîëüøèé «âåñ» èìåëè
ïàðàìåòðû, õàðàêòåðèçóþùèå ïîïóëÿöèþ â öåëîì: ïëîòíîñòü ìîíîñëîÿ, ìèòîòè÷åñêèé êîýôôèöèåíò è
÷èñëî ìåðòâûõ êëåòîê; çà íèìè ñëåäóþò ñîäåðæàíèå ÄÍÊ â ÿäðàõ, ñóììàðíàÿ ïëîùàäü ÿäðûøåê, îòíî-
øåíèå ñîäåðæàíèÿ ÄÍÊ ÿäðûøåê ê ñîäåðæàíèþ ÄÍÊ ÿäðà è îòíîøåíèå ñóììàðíîé ïëîùàäè ÿäðûøåê ê
ïëîùàäè ÿäðà. Îñòàëüíûå ïàðàìåòðû áûëè íå ñòîëü ñóùåñòâåííû.

Ê ë þ ÷ å â û å ñ ë î â à: êóëüòóðà êëåòîê, ÿäðûøêè, ÄÍÊ, êëàñòåð-àíàëèç.

Àóòîêëàñòåðèçàöèÿ — ôóíäàìåíòàëüíîå ñâîéñòâî ïî-
ïóëÿöèé âñåõ æèâûõ îðãàíèçìîâ, èãðàþùåå îãðîìíóþ
ðîëü â ôîðìèðîâàíèè è ñîõðàíåíèè èõ ñïåöèôè÷åñêèõ õà-
ðàêòåðèñòèê â ýâîëþöèè (Sneath, Sokal, 1973). Êëàñ-
òåð-àíàëèç ïåðåâèâàåìûõ êóëüòóð, êîòîðîìó äîëæíî
ïðåäøåñòâîâàòü íàêîïëåíèå ôàêòîâ, ðàçíîñòîðîííå õà-
ðàêòåðèçóþùèõ ïîïóëÿöèè, ÿâëÿåòñÿ íàèáîëåå îáîñíî-
âàííûì ìåòîäîì âûÿâëåíèÿ çàêîíîìåðíîñòåé, ñêðûâàþ-
ùèõñÿ â ìàññå äàííûõ, ïîëó÷åííûõ ïðè èññëåäîâàíèè
(Ñîëîìîí, 1980). Òðàíñôîðìèðîâàííûì êóëüòóðàì, êàê
èçâåñòíî (Ìàìàåâà, 1984), ñâîéñòâåííà àíåóïëîèäèÿ, ÷òî
íå èñêëþ÷àåò ñîõðàíåíèÿ ó íåêîòîðûõ èç íèõ ïîòåíöèé ê
äèôôåðåíöèðîâêå. Êëåòêè àäåíîêàðöèíîìû, íàïðèìåð,
ïðè äëèòåëüíîì êóëüòèâèðîâàíèè íà ïîëóïðîíèöàåìûõ
ìåìáðàíàõ ìîãóò ïðåâðàùàòüñÿ â ýíòåðîöèòû è ôîðìèðî-
âàòü òðåõñëîéíóþ ñòðóêòóðó íàïîäîáèå ñòåíêè êèøå÷íè-
êà (Mariadasson et al., 2000). Ñïîñîáíîñòè ê äèôôåðåíöè-
ðîâêå ïðîÿâëÿþò êëåòêè íåéðîáëàñòîìû è íåêîòîðûõ
äðóãèõ êóëüòóð (Ôðèäëÿíñêàÿ, 1984). Âìåñòå ñ òåì ñâåäå-
íèÿ î êîëè÷åñòâå ÄÍÊ è ÷èñëå ÿäðûøåê â ÿäðàõ êëåòîê
òðàíñôîðìèðîâàííûõ êóëüòóð îãðàíè÷åíû, à âåäü èìåí-
íî ýòè ïàðàìåòðû èìåþò ïðÿìîå îòíîøåíèå ê âàðèàáåëü-
íîñòè ÷èñëà õðîìîñîì è, ïî ìíåíèþ íåêîòîðûõ àâòîðîâ
(Ìàìàåâ, Ìàìàåâà, 1992; Êóíàôèíà è äð., 2005), ìîãóò
ñëóæèòü ïîêàçàòåëÿìè ñòåïåíè òðàíñôîðìèðîâàííîñòè

êëåòîê. Â ñâÿçè ñ ýòèì, ïðåäïðèíèìàÿ äàííîå ìíîãîïà-
ðàìåòðè÷åñêîå èññëåäîâàíèå ðÿäà ïåðåâèâàåìûõ ëèíèé
÷åëîâåêà, íà÷àëî êîòîðîìó áûëî ïîëîæåíî íàøèìè ðàáî-
òàìè íà êëåòêàõ Caco-2 (Karalyan et al., 2004; Êàðàëîâà
è äð., 2006), ìû íàðÿäó ñ âûÿâëåíèåì õàðàêòåðíûõ ÷åðò
èõ ïîâåäåíèÿ â ïðîöåññå êóëüòèâèðîâàíèÿ è óðîâíÿ ôåíî-
òèïè÷åñêèõ èçìåíåíèé (ïëåéîòðîïèè) îñîáîå âíèìàíèå
óäåëèëè îïðåäåëåíèþ ñîäåðæàíèÿ ÄÍÊ è ÷èñëà ÿäðûøåê
â ÿäðàõ. Ïðè ýòîì ïðåäïîëàãàëîñü, ÷òî íàøå èññëåäîâà-
íèå ïîïîëíèò ñâåäåíèÿ î òðàíñôîðìèðîâàííûõ êóëüòóðàõ
è ðàñøèðèò âîçìîæíîñòè èõ èñïîëüçîâàíèÿ â êà÷åñòâå ýê-
ñïåðèìåíòàëüíûõ ìîäåëåé.

Ìàòåðèàë è ìåòîäèêà

Îáúåêòàìè ñëóæèëè êóëüòóðû êëåòîê ãåïàòîêàðöèíî-
ìû (HEp-G2), àäåíîêàðöèíîìû òîëñòîãî îòäåëà êèøå÷íè-
êà (Caco-2), ýìáðèîíàëüíîé ïî÷êè (HEK-293) è íåéðîáëà-
ñòîìû (SH-SY5Y), ïðåäñòàâëåííûå ä-ðîì Pascale Galea
(Trophos, Ìàðñåëü), à òàêæå ðàáäîìèîñàðêîìû (RD) è
ðàêà ãîðòàíè (HEp-2), ïîëó÷åííûå èç Èíñòèòóòà ïîëèîìè-
åëèòà (Ìîñêâà). Îòìåòèì, ÷òî íåêîòîðûå öèòîãåíåòè÷å-
ñêèå ñâåäåíèÿ îá ýòèõ êóëüòóðàõ ïðèâîäÿòñÿ â ðÿäå ñîîá-
ùåíèé (Moore, 1955, 1958; McAlister, 1969; Graham, 1977;
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Biedler, 1978; Knowles, 1980; Ross, 1983; Jumarie, Malo,
1991; Xie, 1996). Òàê, ïîêàçàíî, ÷òî ÷èñëî õðîìîñîì â
êëåòêàõ êóëüòóðû SH-SY5Y ðàâíî 47, HEp-G2 — 55, Ca-
co-2 — 96, à äëÿ êëåòîê HEK-293 õàðàêòåðíà ãèïîòðèïëî-
èäèÿ (Graham, 1977; Xie, 1996),

Êëåòêè êóëüòèâèðîâàëè â ïåíèöèëëèíîâûõ ôëàêîíàõ
ñ ïîêðîâíûìè ñòåêëàìè: HEp-2 è RD — â ñðåäå Eagle
MEM ñ 10%-íîé ôåòàëüíîé áû÷üåé ñûâîðîòêîé (ÔÁÑ) â
äîçå 1�105 êë./ìë, Caco-2 — â ñðåäå Eagle + 20 % ÔÁÑ
(2�105 êë./ìë), HEp-G2 — â ñðåäå DMEM + 10 % ÔÁÑ
(1�105 êë./ìë), SH-SY5Y — â ñìåñè ñðåä (1 : 1) Eagle
DMEM è F12 + 10 % ÔÁÑ (1�105 êë./ìë) è HEK-293 — â
ñðåäå Eagle DMEM + 15 % ÔÁÑ (1�105 êë./ìë). Ñòåêëà èç-
âëåêàëè ÷åðåç 48, 72 è 96 ÷ êóëüòèâèðîâàíèÿ è ôèêñèðîâà-
ëè â 96%-íîì ýòàíîëå. Äëÿ âûÿâëåíèÿ ÄÍÊ ïðåïàðàòû
îêðàøèâàëè ïî Ô¸ëüãåíó â íàøåé ìîäèôèêàöèè (Ìàãà-
êÿí, Êàðàëîâà, 1989), äëÿ öèòîìîðôîìåòðèè — ãåìàòîê-
ñèëèíîì ïî Ìàéåðó è ýîçèíîì (Ðîìåéñ, 1953), äëÿ âûÿâ-
ëåíèÿ õðîìàòèíà è ÿäðûøåê — ìåòèëîâûì çåëåíûì—ïè-
ðîíèíîì (Kurnick, 1950). Èçìåðåíèÿ ìàññû ÄÍÊ
(ã = 575 íì) è öèòîìîðôîìåòðèþ ïðîèçâîäèëè íà òåëåâè-
çèîííîì ñêàíèðóþùåì àíàëèçàòîðå èçîáðàæåíèé (óâåë.
100 � 1.30), ñîçäàííîì íà áàçå ìèêðîñêîïà-ôîòîìåòðà
SMP-05 (Opton, ÔÐÃ), ïî ðàçðàáîòàííîé â íàøåé ëàáîðà-
òîðèè (Þ. À. Ìàãàêÿí, Ò. Þ. Ìàãàêÿí è À. Ë. Êàïàíöÿí)
ïðîãðàììå UPIAM-2000 (Universal Program of Image Ana-
lysis of Microobjects). Äèïëîèäíûì ýêâèâàëåíòîì ñëóæè-
ëè çíà÷åíèÿ ìàññû ÄÍÊ â ÿäðàõ ëèìôîöèòîâ ÷åëîâåêà
(76 óñë. åä.). Âî âñåõ ñëó÷àÿõ èçìåðÿëè íå ìåíåå 100 êëå-
òîê. Âû÷èñëÿëè ñðåäíèå àðèôìåòè÷åñêèå è ñðåäíèå âçâå-
øåííûå (Òåéëîð, 1985) ñëåäóþùèõ ïàðàìåòðîâ: ïëîòíî-
ñòè ìîíîñëîÿ (÷èñëî êëåòîê íà 0.01 ìì2 ïîëÿ çðåíèÿ),
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Ò à á ë è ö à 1

Èçìåíåíèå ïëîòíîñòè ìîíîñëîÿ,
ìèòîòè÷åñêîé àêòèâíîñòè è ÷èñëà ìåðòâûõ êëåòîê

â ïðîöåññå êóëüòèâèðîâàíèÿ êëåòîê ðàçëè÷íûõ ëèíèé
(x sx± )

Êëåòî÷íàÿ
êóëüòóðà

Ñðîêè
êóëüòè-
âèðîâà-
íèÿ, ÷

×èñëî êëåòîê
íà 0.01 ìì2

ïëîùàäè
ìîíîñëîÿ

Äîëÿ äåëÿ-
ùèõñÿ êëåòîê
(ìèòîçû), ‰

Äîëÿ ìåðòâûõ
êëåòîê, %

SH-SY5Y 48 36.8 � 0.9 1.90 � 0.30 1.60 � 0.50

72 41.6 � 1.2 1.20 � 0.10 4.60 � 0.20

96 53.5 � 1.6 0.70 � 0.01 6.50 � 0.70

HEp-G2 48 24.0 � 1.8 2.80 � 0.20 5.20 � 0.30

72 28.1 � 2.1 1.20 � 0.30 15.20 � 2.20

96 28.4 � 2.1 1.40 � 0.50 16.80 � 1.50

Caco-2 48 10.1 � 0.8 0.50 � 0.05 1.00 � 0.10

72 24.6 � 1.1 1.20 � 0.07 1.60 � 0.20

96 38.2 � 1.2 1.40 � 0.08 2.50 � 0.20

RD 48 12.5 � 0.6 1.80 � 0.02 5.10 � 0.50

72 12.9 � 1.0 3.30 � 0.02 6.20 � 0.60

96 14.8 � 1.1 3.40 � 0.03 6.50 � 0.30

Hep-2 48 14.1 � 0.3 4.70 � 0.30 1.30 � 0.06

72 18.3 � 0.4 3.30 � 0.60 1.80 � 0.06

96 22.9 � 0.5 2.90 � 0.40 2.10 � 0.07

HEK-293 48 21.9 � 0.6 3.60 � 0.40 3.80 � 0.40

72 23.4 � 0.5 2.40 � 0.40 5.50 � 0.80

96 23.6 � 0.7 1.40 � 0.10 10.80 � 0.90

Ò à á ë è ö à 2

Èçìåíåíèå ïàðàìåòðîâ ÿäåð è ÿäðûøåê
â ïðîöåññå êóëüòèâèðîâàíèÿ êëåòîê ðàçëè÷íûõ ëèíèé (x sx± )

Êëåòî÷íàÿ
êóëüòóðà

Ñðîê
êóëüòè-
âèðîâà-
íèÿ, ÷

ßäðà ßäðûøêè

ìàññà ÄÍÊ,
óñë. åä.

îáúåì,
ìêì3

ïîëíàÿ
ïîâåðõíîñòü,

ìêì2

ñóììàðíàÿ
ìàññà ÄÍÊ â
ÎßÕ, óñë. åä.

ñóììàðíûé
îáúåì, ìêì3

ñóììàðíàÿ
ïîëíàÿ ïî-
âåðõíîñòü,

ìêì2

SH-SY5Y 48 161.0 � 4.7 234.8 � 7.2 83.6 � 2.1 14.7 � 0.6 6.9 � 0.6 4.6 � 0.2

72 133.0 � 2.0 206.3 � 5.5 73.6 � 1.0 13.4 � 0.7 4.3 � 0.3 2.4 � 0.2

96 127.9 � 2.5 198.3 � 5.5 72.4 � 1.4 10.0 � 0.4 3.3 � 0.2 1.4 � 0.2

Caco-2 48 211.1 � 8.9 359.8 � 17.8 119.9 � 3.6 14.9 � 0.8 6.1 � 0.5 7.2 � 0.5

72 203.7 � 7.0 304.1 � 10.2 106.7 � 2.1 16.7 � 1.1 6.3 � 0.5 9.0 � 0.6

96 175.2 � 4.9 226.6 � 9.0 91.0 � 2.4 19.2 � 1.2 7.5 � 0.6 11.0 � 0.8

HEp-G2 48 207.5 � 9.9 381.1 � 16.8 116.2 � 3.0 14.5 � 0.9 5.5 � 0.3 8.3 � 0.5

72 167.6 � 9.8 381.9 � 18.6 111.4 � 3.0 16.4 � 1.0 6.0 � 0.4 8.6 � 0.5

96 149.0 � 8.0 379.0 � 30.5 102.0 � 4.6 16.9 � 1.4 8.4 � 0.5 12.6 � 1.0

RD 48 146.2 � 7.1 345.9 � 10.8 121.7 � 2.4 15.1 � 0.8 9.2 � 0.5 10.4 � 0.6

72 167.5 � 6.6 362.7 � 12.6 127.4 � 3.1 20.3 � 1.1 9.9 � 0.6 17.2 � 0.7

96 172.3 � 5.8 372.9 � 12.1 128.1 � 4.6 21.7 � 2.1 11.5 � 0.7 17.9 � 0.9

Hep-2 48 164.9 � 5.8 355.8 � 29.8 118.6 � 1.8 21.0 � 1.2 13.9 � 0.6 17.0 � 0.8

72 139.3 � 4.6 349.7 � 10.8 116.2 � 2.4 15.9 � 0.4 11.1 � 0.4 15.2 � 0.5

96 123.0 � 2.5 329.8 � 11.8 103.2 � 2.2 14.3 � 0.8 7.9 � 0.4 9.6 � 0.5

HEK-293 48 222.0 � 8.1 548.3 � 34.7 126.1 � 3.2 23.5 � 1.3 11.9 � 0.6 16.1 � 0.9

72 164.5 � 6.3 429.7 � 17.2 114.0 � 3.6 19.8 � 0.9 7.2 � 0.4 7.7 � 0.5

96 145.1 � 5.9 451.7 � 15.6 117.4 � 3.1 16.5 � 1.0 5.9 � 0.4 7.0 � 0.4



äîëè ìåðòâûõ êëåòîê (%), àêòèâíîñòè ïðîëèôåðàöèè
(÷èñëî ìèòîçîâ, ‰), êîëè÷åñòâà ÿäðûøåê â ÿäðàõ, ðàñïðå-
äåëåíèÿ êëåòîê ïî ÷èñëó ÿäðûøåê (%), ìàññû ÄÍÊ
(óñë. åä.) â ÿäðå, îáúåìà ÿäðà (V = 4/3pR3, ìêì3), ïëîùàäè
ïîâåðõíîñòè ÿäðà (P = 4pR2, ìêì2), ñóììàðíîãî îáúåìà
âñåõ ÿäðûøåê â ÿäðå, ïîëíîé ïëîùàäè ïîâåðõíîñòè ÿäðû-
øåê, ñóììàðíîé ìàññû ÄÍÊ â ÿäðûøêàõ (îêîëîÿäðûøêî-
âûé õðîìàòèí, ÎßÕ). Äëÿ êëàññèôèêàöèè êóëüòóð ïðèìå-
íèëè âàðèàíò äðåâîâèäíîãî êëàñòåð-àíàëèçà ïî êîððåëÿ-
öèè Ïèðñîíà (Äóáíîâ, 2004), â ïðîãðàììó êîòîðîãî áûëè
ââåäåíû çíà÷åíèÿ âñåõ ïåðå÷èñëåííûõ ïàðàìåòðîâ. Çíà-
÷èìîñòü («âåñ») êàæäîãî èç ïàðàìåòðîâ â êëàñòåðå îïðå-
äåëÿëè ïî ïðîãðàììå K-means (Äóáíîâ, 2004). Äëÿ ñòàòè-
ñòè÷åñêîé îáðàáîòêè ïîëó÷åííûõ äàííûõ èñïîëüçîâàëè
t-êðèòåðèé Ñòüþäåíòà.

Ðåçóëüòàòû è îáñóæäåíèå

Âî âñåõ êóëüòóðàõ ìîíîñëîé ôîðìèðîâàëñÿ ê 48 ÷
êóëüòèâèðîâàíèÿ, íî ïëîòíîñòü åãî áûëà ðàçëè÷íîé
(òàáë. 1). Íàèáîëüøåé ïëîòíîñòüþ îáëàäàë ìîíîñëîé
êóëüòóðû SH-SY5Y, à ñàìîé íèçêîé — êóëüòóðû Caco-2.
Íåñìîòðÿ íà òî ÷òî äîçà âíîñèìûõ êëåòîê Caco-2 ïðè ïî-
ñåâå áûëà â 2 ðàçà áîëüøå, ÷åì â êóëüòóðå SH-SY5Y, èí-
òåíñèâíîñòü ðîñòà ìîíîñëîÿ Caco-2 áûëà íàìíîãî âûøå,
è ê 96 ÷ åãî ïëîòíîñòü âîçðàñòàëà ïî÷òè â 4 ðàçà, à â êóëü-
òóðå SH-SY5Y — âñåãî â 1.5 ðàçà. Äèíàìèêà ðîñòà ïëîò-
íîñòè ìîíîñëîÿ â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿåòñÿ àê-
òèâíîñòüþ ïðîëèôåðàöèè êëåòîê ýòèõ êóëüòóð. Â êóëüòó-
ðå SH-SY5Y ê 96 ÷ ÷èñëî äåëÿùèõñÿ êëåòîê ñîêðàòèëîñü â
1.5 ðàçà, â òî âðåìÿ êàê â êóëüòóðå Caco-2, íàïðîòèâ, ïî-
âûñèëîñü âòðîå. Caco-2 îòëè÷àåòñÿ îò âñåõ äðóãèõ êóëü-
òóð, â êîòîðûõ àêòèâíîñòü ðàçìíîæåíèÿ ïî ìåðå ðîñòà ïî-
íèæàåòñÿ (òàáë. 1). Èçìåíåíèÿ â çíà÷åíèÿõ ýòèõ ïàðàìåò-
ðîâ òåñíî ñâÿçàíû ñ ãèáåëüþ êëåòîê ÷èñëî êîòîðûõ ïî
ìåðå êóëüòèâèðîâàíèÿ, êàê è ñëåäîâàëî îæèäàòü ðàñòåò,
íî è ýòîò ïðîöåññ èäåò ñ íåîäèíàêîâîé ñêîðîñòüþ â ðàç-
íûõ êóëüòóðàõ. Â êóëüòóðå SH-SY5Y êîëè÷åñòâî ìåðòâûõ
êëåòîê ïî ñðàâíåíèþ ñ äðóãèìè íåâåëèêî, íî òåìï èõ íà-
êîïëåíèÿ äîñòàòî÷íî âûñîê — çà 3 ñóò èõ ÷èñëî âîçðàñòà-
åò â 4 ðàçà. Â êóëüòóðå Caco-2 ìåðòâûõ êëåòîê ìåíüøå
âñåãî, è ìîæíî ïîëàãàòü, ÷òî ýòî îáúÿñíÿåòñÿ îòíîñèòåëü-
íî íåâûñîêîé ïëîòíîñòüþ ìîíîñëîÿ. Äðóãèå êóëüòóðû ïî
ýòèì ïàðàìåòðàì çàíèìàþò ïðîìåæóòî÷íîå ïîëîæåíèå
(òàáë. 1).

Â òàáë. 2 ïðåäñòàâëåíû çíà÷åíèÿ ïàðàìåòðîâ, îòðàæà-
þùèõ äèíàìèêó ôóíêöèîíèðîâàíèÿ ÿäåð è ÿäðûøåê â
ïðîöåññå êóëüòèâèðîâàíèÿ. Îáðàùàþò íà ñåáÿ âíèìàíèå
âûñîêèå çíà÷åíèÿ ñðåäíåãî ñîäåðæàíèÿ ÄÍÊ â ÿäðàõ êëå-
òîê âñåõ êóëüòóð, ïðåâûøàþùèå çíà÷åíèÿ 2ñ. Íàèáîëåå
âûñîêîå ñîäåðæàíèå ÄÍÊ â ÿäðàõ (4ñ—H4c) íà 48 ÷ êóëü-
òèâèðîâàíèÿ îòìå÷åíî â êëåòêàõ HEK-293, Caco-2 è
HEp-G2. Â îñòàëüíûõ êóëüòóðàõ â ýòî âðåìÿ íàáëþäàåòñÿ
ìàêñèìóì äâóêðàòíîå ïðåâûøåíèå ñîäåðæàíèÿ ÄÍÊ íàä
2ñ. Âî âñåõ êóëüòóðàõ ê 96 ÷ êîëè÷åñòâî ÄÍÊ â ÿäðàõ ñíè-
æàëîñü ïðèìåðíî äî H2c—4c. Ìû ïîëàãàåì, ÷òî îïèñàí-
íàÿ äèíàìèêà ñîäåðæàíèÿ ÄÍÊ ñâÿçàíà ñ êèíåòèêîé ïðî-
ëèôåðàòèâíîé àêòèâíîñòè è ñêîðîñòüþ ïðîõîæäåíèÿ
êëåòêàìè ïîñëåäîâàòåëüíûõ ôàç êëåòî÷íîãî öèêëà.

Â òàáë. 1 ïîêàçàíî, ÷òî âûñîêàÿ âíà÷àëå ìèòîòè÷åñêàÿ
àêòèâíîñòü êëåòîê â äàëüíåéøåì â áîëüøèíñòâå êóëüòóð
ïîíèæàåòñÿ áîëåå ÷åì â 2 ðàçà. Ïàðàëëåëüíî ñ ýòèì
óìåíüøàåòñÿ è ñðåäíåå ñîäåðæàíèå ÄÍÊ â ÿäðàõ (òàáë. 2).
Ïðè àêòèâíîé ïðîëèôåðàöèè êëåòêè, íå çàäåðæèâàÿñü â

ôàçå G1, ïåðåõîäÿò â ôàçû S è G2 (Íèêîëüñêèé, 1984).
Â äèïëîèäíûõ ïîïóëÿöèÿõ êîëè÷åñòâî ÄÍÊ â ÿäðàõ ïî-
ñëåäíèõ âàðüèðóåò îò H2c äî 4c, à â èññëåäóåìûõ íàìè, â
îñíîâíîì ãèïåðäèïëîèäíûõ è îêîëîòðèïëîèäíûõ êóëüòó-
ðàõ, ñîäåðæàíèå ÄÍÊ â êëåòêàõ, íàõîäÿùèõñÿ â ôàçàõ S è
G2, ñîîòâåòñòâóåò H4c—8c. Ñîêðàùåíèå ÷èñëà êëåòîê, íà-
õîäÿùèõñÿ â ôàçàõ S è G2, â ñâÿçè ñî ñíèæåíèåì ïðîëèôå-
ðàòèâíîé àêòèâíîñòè è âîçðàñòàíèå ïî òîé æå ïðè÷èíå

22 Þ. À. Ìàãàêÿí, Å. Ì. Êàðàëîâà è äð.

Ðèñ. 1. Ðàñïðåäåëåíèå êëåòîê ðàçëè÷íûõ ëèíèé ïî êîëè÷åñòâó
ÿäðûøåê â ÿäðàõ â ïðîöåññå êóëüòèâèðîâàíèÿ.

I—III — ñðîêè êóëüòèâèðîâàíèÿ 48, 72 è 96 ÷ ñîîòâåòñòâåííî. Ïî ãîðè-
çîíòàëè — êîëè÷åñòâî ÿäðûøåê, ïî âåðòèêàëè — äîëÿ êëåòîê, %.



÷èñëà êëåòîê, çàäåðæèâàþùèõñÿ â ôàçå G1 èëè äàæå â G0,
ïðèâîäÿò ê ïîíèæåíèþ ñðåäíåãî ñîäåðæàíèÿ ÄÍÊ â ÿä-
ðàõ (â íàøåì ñëó÷àå äî 4ñ). Â ýòó ñõåìó íå âïèñûâàþòñÿ
êëåòêè Caco-2, ïðîëèôåðàòèâíàÿ àêòèâíîñòü êîòîðûõ, êàê
óêàçûâàëîñü, âîçðàñòàåò ïðè îäíîâðåìåííîì, ïðàâäà íå-
çíà÷èòåëüíîì, ñíèæåíèè ñðåäíåãî ñîäåðæàíèÿ ÄÍÊ â ÿä-
ðàõ (ñð. òàáë. 1 è 2). Ìû ïîëàãàåì, ÷òî òàêîå ïðîòèâîðå-
÷èå ìîæíî îáúÿñíèòü ïðîïîðöèîíàëüíûì ðàñïðåäåëåíè-
åì êëåòîê ýòîé êóëüòóðû ïî ôàçàì êëåòî÷íîãî öèêëà è
îòíîñèòåëüíî áîëüøåé ïðîäîëæèòåëüíîñòüþ ïðåáûâàíèÿ
êëåòîê ýòîé êóëüòóðû â ôàçå G1. Ìîæåò âîçíèêíóòü âîï-
ðîñ î íåñîîòâåòñòâèè çíà÷åíèé ñðåäíåãî ñîäåðæàíèÿ ÄÍÊ
â ÿäðàõ êëàññàì ïëîèäíîñòè, íî ïðè âûñîêîé âàðèàáåëü-
íîñòè ÷èñëà õðîìîñîì â òðàíñôîðìèðîâàííûõ êëåòêàõ
(Íèêîëüñêèé, 1984) íåëîãè÷íî îæèäàòü ÷åòêîãî ñîîòâåò-
ñòâèÿ êîëè÷åñòâà ÄÍÊ â ÿäðàõ ãðàäàöèÿì 2 : 4 : 8 ... cn.
Ýòî ïîäòâåðæäàåòñÿ è íàøèìè öèòîôîòîìåòðè÷åñêèìè
äàííûìè î ðàñïðåäåëåíèè êëåòîê â ïîïóëÿöèÿõ ïî ñîäåð-
æàíèþ ÄÍÊ â ÿäðàõ (ðèñ. 1). Î÷åâèäíû áîëüøîé ðàçáðîñ
îò 2ñ äî 8ñ ÄÍÊ, íàëè÷èå ïðîìåæóòî÷íûõ çíà÷åíèé ýòîãî
ïàðàìåòðà è îòñóòñòâèå ÷åòêîãî ðàíæèðîâàíèÿ ïî êëàññàì

ïëîèäíîñòè. Ïðàâäà, â êóëüòóðå SH-SY5Y ÷åðåç 48 ÷
êóëüòèâèðîâàíèÿ íàáëþäàåòñÿ ðàçäåëåíèå êëåòîê â ïîïó-
ëÿöèè íà 2ñ- è 4ñ-ýëåìåíòû, íî çàòåì íàðÿäó ñ 2ñ- ïîÿâëÿ-
þòñÿ H2c- è èñ÷åçàþò 4ñ-êëåòêè. Âîîáùå 2c-êëåòêè âñòðå-
÷àþòñÿ ðåæå äðóãèõ, à â êóëüòóðå RD îíè âîîáùå îò-
ñóòñòâóþò. Ñ äðóãîé ñòîðîíû, îêòàïëîèäíûå êëåòêè
îáíàðóæèâàþòñÿ âî âñåõ êóëüòóðàõ, çà èñêëþ÷åíèåì

Ìíîãîïàðàìåòðè÷åñêîå èññëåäîâàíèå è êëàñòåð-àíàëèç ïåðåâèâàåìûõ êóëüòóð êëåòîê ÷åëîâåêà 23

Ðèñ. 2. Ðàñïðåäåëåíèå êëåòîê ðàçëè÷íûõ ëèíèé ïî ïëîèäíîñòè â ïðîöåññå êóëüòèâèðîâàíèÿ.

Îáîçíà÷åíèÿ òå æå, ÷òî è íà ðèñ. 1.

Ðèñ. 3. Äåíäðîãðàììà èåðàðõè÷åñêîãî êëàñòåð-àíàëèçà êóëüòóð
êëåòîê ïî êîððåëÿöèè Ïèðñîíà ñ èñïîëüçîâàíèåì çíà÷åíèé

âñåõ ïàðàìåòðîâ.



SH-SY5Y. Â îñòàëüíûõ êóëüòóðàõ ïðåäñòàâëåí âåñü
«ñïåêòð», íî ïèê ïðèõîäèòñÿ íà 4ñ- è H4c-êëåòêè. Ïî-
ÿâëåíèå êëåòîê ñ ïðîìåæóòî÷íûìè çíà÷åíèÿìè ñîäåð-
æàíèÿ ÄÍÊ â ÿäðàõ ìîæåò áûòü ñâÿçàíî ñ ïðåáûâàíè-
åì èõ â S-ôàçå èëè ðàçâèòèåì íóêëåîëèçà, î ÷åì ñâèäå-
òåëüñòâóåò áîëüøàÿ äîëÿ (%) â èññëåäóåìûõ êóëüòóðàõ
ìåðòâûõ êëåòîê. Äèíàìèêà çíà÷åíèé îáúåìà è ïîëíîé ïî-
âåðõíîñòè ÿäåð ñîãëàñóåòñÿ ñ èçìåíåíèÿìè ìàññû ÄÍÊ
(òàáë. 2).

Îäíèì èç ïîêàçàòåëåé ñòåïåíè àêòèâíîñòè êëåòîê ÿâ-
ëÿåòñÿ íàëè÷èå ÿäðûøåê â ÿäðàõ. Â êëåòêàõ èññëåäóåìûõ
êóëüòóð â ñðåäíåì íà 1 ÿäðî ïðèõîäèòñÿ 2 ÿäðûøêà, íî â
ïðîöåññå êóëüòèâèðîâàíèÿ âûÿâëÿþòñÿ ðàçëè÷èÿ ìåæäó
íèìè â ðàñïðåäåëåíèè êëåòîê ïî ÷èñëó ÿäðûøåê (ðèñ. 2).
Âî âñåõ êóëüòóðàõ îáíàðóæèâàþòñÿ êëåòêè ñ 3 ÿäðûøêà-
ìè â ÿäðàõ, à â êóëüòóðàõ RD è Hep-2 ê 96 ÷ òàêèå êëåòêè
íå òîëüêî ïðåîáëàäàþò, íî â íèõ ïîÿâëÿþòñÿ êëåòêè äàæå
ñ 5 ÿäðûøêàìè. Ïîêàçàòåëåì àêòèâíîñòè ñàìèõ ÿäðûøåê
ìîãóò ñëóæèòü çíà÷åíèÿ ñóììàðíîé ìàññû ÄÍÊ â ÎßÕ è
ïîëíîé ïîâåðõíîñòè ÿäðûøåê. Ýòè ïàðàìåòðû èçìåíÿþò-
ñÿ â ïðîöåññå êóëüòèâèðîâàíèÿ, à ìåæäó êóëüòóðàìè âû-
ÿâëÿþòñÿ ðàçëè÷èÿ.

Çíà÷åíèÿ âñåõ èññëåäîâàííûõ ïàðàìåòðîâ, õàðàêòåðè-
çóþùèõ ïîâåäåíèå â ïðîöåññå êóëüòèâèðîâàíèÿ ïîïóëÿ-
öèé è êëåòîê, áûëè èñïîëüçîâàíû äëÿ êëàñòåð-àíàëèçà,
ðåçóëüòàòû êîòîðîãî îêàçàëèñü íåñêîëüêî íåîæèäàííû-
ìè. Âûÿñíèëîñü ÷òî êëåòêè SH-SY5Y îáðàçóþò îòäåëü-
íûé êëàñòåð, à êëåòêè Caco-2, HEp-G2, HEK-293, Hep-2
è RD îáúåäèíåíû â äðóãîì êëàñòåðå. Áëèçêèìè ïî âñåì
ïàðàìåòðàì îêàçàëèñü êóëüòóðû HEK-293, Hep-2 è RD
(ðèñ. 3). Ñðàâíåíèå êëàñòåðîâ (ðèñ. 4) ïîêàçàëî, ÷òî çíà-
÷èìîñòü ðàçëè÷íûõ ïàðàìåòðîâ â ôîðìèðîâàíèè îáùåãî
îáðàçà êëåòî÷íûõ êóëüòóð íåîäèíàêîâà. Íàèáîëüøèé
âêëàä â ýòîò îáðàç âíîñÿò ïàðàìåòðû, õàðàêòåðèçóþùèå
ïîïóëÿöèþ â öåëîì, à èìåííî ïëîòíîñòü ìîíîñëîÿ, ìèòî-

òè÷åñêèé êîýôôèöèåíò è ÷èñëî ìåðòâûõ êëåòîê, çà íèìè
ñëåäóþò òàêèå ïàðàìåòðû, êàê ñîäåðæàíèå ÄÍÊ â ÿäðàõ,
ñóììàðíàÿ ïëîùàäü ÿäðûøåê, îòíîøåíèå ñîäåðæàíèÿ
ÄÍÊ ÿäðûøåê ê ñîäåðæàíèþ ÄÍÊ ÿäðà è îòíîøåíèå ñóì-
ìàðíîé ïëîùàäè ÿäðûøåê ê ïëîùàäè ÿäðà. Îñòàëüíûå ïà-
ðàìåòðû èìåþò íå ñòîëü ñóùåñòâåííîå çíà÷åíèå. Ðåçóëü-
òàòû êëàñòåð-àíàëèçà ïîçâîëèëè çàêëþ÷èòü, ÷òî íàèìåíåå
òðàíñôîðìèðîâàííîé êóëüòóðîé ÿâëÿåòñÿ SH-SY5Y, î
÷åì â îïðåäåëåííîé ñòåïåíè ñâèäåòåëüñòâóþò íàèìåíü-
øèé ðàçáðîñ çíà÷åíèé ñîäåðæàíèÿ ÄÍÊ â ÿäðàõ êëåòîê
ýòîé êóëüòóðû (ðèñ. 1) è ñîõðàíåíèå ïîòåíöèé ê äèôôå-
ðåíöèðîâêå, à íàèáîëåå òðàíñôîðìèðîâàííîé — êóëü-
òóðà RD. Íàïîìíèì, ÷òî, êàê áûëî óêàçàíî âûøå, ïîêàçà-
òåëÿìè ñòåïåíè òðàíñôîðìèðîâàííîñòè êëåòîê ìîãóò ñëó-
æèòü êîëè÷åñòâî ÄÍÊ è ÷èñëî ÿäðûøåê â ÿäðàõ êëåòîê
(Ìàìàåâ, Ìàìàåâà, 1992; Êóíàôèíà è äð., 2005), à òàêæå
ñîõðàíåíèå ïîòåíöèé ê äèôôåðåíöèðîâêå, êîòîðûå, ñî-
ãëàñíî ëèòåðàòóðíûì äàííûì (Ôðèäëÿíñêàÿ, 1984; Maria-
dasson et al., 2000), ïðîÿâëÿþò êëåòêè êóëüòóð SH-SY5Y è
Caco-2.
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Ðèñ. 4. Ðàçëè÷èÿ ìåæäó êëàñòåðàìè ïî ðàçëè÷íûì ïàðàìåòðàì.

Ïî âåðòèêàëè — ïåðâè÷íûå çíà÷åíèÿ äëÿ êàæäîé êëàñòåðíîé åäèíèöû; ïî ãîðèçîíòàëè: 1 — ìàññà ÄÍÊ â ÿäðå, 2 — ïëîùàäü ÿäðà, 3 — îáúåì ÿäðà, 4 —
ñóììàðíàÿ ìàññà ÄÍÊ ÿäðûøåê â ÿäðå (ÎßÕ), 5 — ñóììàðíàÿ ïëîùàäü ÿäðûøåê, 6 — ñóììàðíûé îáúåì ÿäðûøåê, 7 — ÷èñëî ÿäðûøåê â ÿäðå, 8 — êî-
ëè÷åñòâî ýóïëîèäíûõ êëåòîê â ïîïóëÿöèè, 9 — ïëîòíîñòü ìîíîñëîÿ, 10 — ìèòîòè÷åñêèé êîýôôèöèåíò, 11 — äîëÿ ìåðòâûõ êëåòîê, 12 — îòíîøåíèå
ñóììàðíîé ìàññû ÄÍÊ ÎßÕ ÿäðûøåê ê ìàññå ÄÍÊ ÿäðà, 13 — îòíîøåíèå ñóììàðíîé ïëîùàäè ÿäðûøåê ê ïëîùàäè ÿäðà, 14 — ìàññà ÄÍÊ â ÎßÕ ÿä-
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SH-SY5Y, øòðèõîâàÿ ëèíèÿ ñ òðåóãîëüíèêàìè — êëàñòåð êóëüòóð HEp-G2, Caco-2, RD, Hep-2 è HEK-293.
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The cells of nepatocarcinoma (HEp-G2), adenocarcinoma of large intestine (Caco-2), embryonal kidney
(HEK-293), neuroblastoma (SH-SY5Y), rabdomyosarcoma (RD), and larynx cancer (Hep-2) were studied by
the methods of scanning cytophotometry, cytochemistry and cytomorphometry during 96 h of cultivation. The
density of monolayers, proliferation activity, the number of dead cells, DNA content in the nuclei and distributi-
on of the cells in the population by this parameter, total DNA content in the nucleoli (circumnucleolar chroma-
tin), the number of nucleoli in the nuclei, distribution of cells by their number, the volume and area of the nucle-
us surface, total volume and area of the nucleoli surface were determined. The data obtained were used in the
treelike cluster analysis of the cultures by Pierson correlation. As a result, the SH-SY5Y culture was put in a se-
parate cluster, while Caco-2, HEp-G2, HEK-293, Hep-2 and RD cultures were placed in the tree of another clus-
ter. The least transformed culture of neuroblastoma (SH-SY5Y) had no relationship with other cultures, which
showed various rate of similarity. The cultured HEK-293, Hep-2 and RD appeared to be close to each other by
all parameters. The parameters studied are of different significance for the formation of general pattern of the
cell cultures. The greatest «weight» is carried by the parameters, which characterize the population as whole: the
density of the monolayer, mitotic coefficient and the number of dead cells. They are followed by the content of
DNA in the nuclei, the total area of the nucleoli surface, and ratios of DNA content in the nucleoli to DNA con-
tent in the nucleus and of total surface of the nucleoli to the surface of the nuclei. Other parameters are not so
significant.

K e y w o r d s: cell culture, nuclei, nucleoli, DNA, cluster-analysis.
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