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Óáèêâèòèíëèãàçà MDM2 ÿâëÿåòñÿ îñíîâíûì íåãàòèâíûì ðåãóëÿòîðîì îíêîñóïðåññîðà ð53 è ïîýòî-
ìó ÷àñòî îâåðýêñïðåññèðóåòñÿ ðàçëè÷íûìè îïóõîëÿìè, âêëþ÷àÿ êàðöèíîìó ìîëî÷íîé æåëåçû. Ïîìèìî
ýòîãî, MDM2 ìîæåò èãðàòü êëþ÷åâóþ ðîëü â ðàçëè÷íûõ áèîëîãè÷åñêèõ ïðîöåññàõ íåçàâèñèìî îò p53.
Ïðè ýòîì êðàéíå ìàëî èçâåñòíî î ðîëè MDM2 â îíêîàññîöèèðîâàííîì ìåòàáîëèçìå. Ðàíåå ïîêàçàíî,
÷òî MDM2 èíãèáèðóåò àêòèâíîñòü äèãèäðîôîëàò ðåäóêòàçû — îäíîãî èç îñíîâíûõ ôåðìåíòîâ ôîëàòíî-
ãî öèêëà, òåñíî ñâÿçàííîãî áèîõèìè÷åñêè ñ ïðîöåññîì áèîñèíòåçà íóêëåîòèäîâ. Â íàñòîÿùåì èññëåäî-
âàíèè ìû îöåíèëè âëèÿíèå îâåðõýêñïðåññèè MDM2 íà êîëè÷åñòâî è èíòåíñèâíîñòü áèîñèíòåçà íóêëåî-
òèäîâ â êëåòî÷íîé ìîäåëè êàðöèíîìû ìîëî÷íîé æåëåçû ÷åëîâåêà. Ìû ïîêàçàëè, ÷òî îâåðýêñïðåññèÿ
MDM2 ïðèâîäèò ê äèñáàëàíñó êîëè÷åñòâåííîãî ñîîòíîøåíèÿ íóêëåîòèäîâ çà ñ÷åò ïîâûøåíèÿ êîëè÷å-
ñòâà ÒÌÔ è ÓÌÔ. Ïðè ýòîì èç ëèòåðàòóðíûõ äàííûõ èçâåñòíî, ÷òî íàðóøåíèå êîëè÷åñòâåííîãî ñîîò-
íîøåíèÿ íóêëåîòèäîâ ïðèâîäèò ê ìíîãî÷èñëåííûì ìóòàöèÿì è, ñëåäîâàòåëüíî, ñïîñîáñòâóåò ãåíîìíîé
íåñòàáèëüíîñòè. Òàêèì îáðàçîì, âîçìîæíî, èíèöèèðóåìûé MDM2 äèñáàëàíñ íóêëåîòèäíîãî ñîñòàâà
ìîæåò ñïîñîáñòâîâàòü óñèëåíèþ çëîêà÷åñòâåííîñòè îïóõîëè è åå ïðîãðåññèè.

Ê ë þ ÷ å â û å ñ ë î â à: óáèêâèòèíëèãàçà, MDM2, ôîëàòíûé öèêë, áèîñèíòåç íóêëåîòèäîâ, êàðöèíîìà
ìîëî÷íîé æåëåçû

Ï ð è í ÿ ò û å ñ î ê ð à ù å í è ÿ: ÀÌÔ — àäåíîçèí-ìîíîôîñôàò, ÃÌÔ — ãóàíîçèí-ìîíîôîñôàò,
ÖÌÔ — öèòîçèí-ìîíîôîñôàò, ÒÌÔ — òèìèäèí-ìîíîôîñôàò, ÓÌÔ — óðàöèë-ìîíîôîñôàò, DHFR —
äèãèäðîôîëàòðåäóêòàçà (dihydrofolate reductase), MDM2 — óáèêâèòèíëèãàçà (mouse double minute).

Àêòèâíî ïðîëèôåðèðóþùèå çëîêà÷åñòâåííûå êëåòêè
íóæäàþòñÿ â ïîñòîÿííîì áèîñèíòåçå íóêëåîòèäîâ äëÿ
ðåïëèêàöèè ÄÍÊ è ñèíòåçà ÐÍÊ. Â ñâÿçè ñ ýòèì èíòåíñè-
ôèêàöèÿ îäíîóãëåðîäíîãî ìåòàáîëèçìà è áèîñèíòåçà
íóêëåîòèäîâ ÿâëÿåòñÿ îáùåé õàðàêòåðèñòèêîé äëÿ íåî-
ïëàçèé ðàçëè÷íîãî ãåíåçèñà (Locasale, 2013).

Áåëîê MDM2 ÿâëÿåòñÿ âàæíåéøåé óáèêâèòèíëèãàçîé
îíêîñóïðåññîðà ð53, âûçûâàÿ åãî äåãðàäàöèþ â 26S ïðîòåà-
ñîìíîì êîìïëåêñå (Øóâàëîâ è äð., 2015). Ïðè ýòîì ãåí, êî-
äèðóþùèé MDM2, ÷àñòî àìïëèôèöèðîâàí â ðàçëè÷íûõ íå-
îïëàçèÿõ. Ýòî ïðèâîäèò ê ñâåðõýêñïðåññèè MDM2 è ÿâëÿåò-
ñÿ îáùèì ìåõàíèçìîì èíàêòèâàöèè ð53 (Äàêñ è äð., 2013).

Ïîìèìî ýòîãî, íà ñåãîäíÿøíèé äåíü èçâåñòíî, ÷òî
MDM2 ìîæåò èãðàòü êëþ÷åâóþ ðîëü â ðàçëè÷íûõ áèîëî-
ãè÷åñêèõ ïðîöåññàõ íåçàâèñèìî îò p53. Äàííàÿ óáèêâè-
òèíëèãàçà âîâëå÷åíà â ðåãóëÿöèþ êëåòî÷íîãî öèêëà, ðå-
ïàðàöèè ÄÍÊ, êëåòî÷íîé àäãåçèè è ò. ä., âëèÿÿ íà ñòà-
áèëüíîñòü òàêèõ áåëêîâ, êàê òåëîìåðàçà (hTERT),
ðåòèíîáëàñòîìà (RB), E2F1, E-êàäõåðèí, òðàíñêðèïöèîí-
íûõ ôàêòîðîâ Snail è Slug è ò. ä. (Manfredi et al., 2010;
Fåhraeu, Olivares-Illana, 2014; Shuvalov et al., 2018). Ïðè
ýòîì êðàéíå ìàëî èçâåñòíî î ðîëè MDM2 â îíêîàññîöèè-
ðîâàííîì ìåòàáîëèçìå.

Èç èìåþùèõñÿ ëèòåðàòóðíûõ äàííûõ èçâåñòíî, ÷òî
MDM2 óáèêâèòèíèëèðóåò îäèí èç êëþ÷åâûõ ôåðìåíòîâ
öèêëà ôîëàòîâ è îäíîóãëåðîäíîãî ìåòàáîëèçìà — äèãèä-
ðîôîëàò ðåäóêòàçó (DHFR), ÷òî ïðèâîäèò ê ñíèæåíèþ êà-
òàëèòè÷åñêîé àêòèâíîñòè äàííîãî ôåðìåíòà áåç åãî äå-
ãðàäàöèè (Maguire et al., 2008). Ôîëàòíûé öèêë îáåñïå÷è-
âàåò â êëåòêàõ îáìåí Ñ1-ãðóïï, íåîáõîäèìûõ â ïåðâóþ
î÷åðåäü äëÿ áèîñèíòåçà íóêëåîòèäîâ è S-àäåíîçèëìåòèî-
íèíà (Shuvalov et al., 2017).

Áîëåå òîãî, ïîêàçàíî, ÷òî MDM2 ìîäóëèðóåò âîñïðè-
èì÷èâîñòü ðàêîâûõ êëåòîê ê ìåòîòðåêñàòó — èíãèáèòîðó
îäíîóãëåðîäíîãî ìåòàáîëèçìà (Maguire et al., 2008). Òà-
êèì îáðàçîì, ëèòåðàòóðíûå äàííûå êîñâåííî ñâèäåòåëü-
ñòâóþò î ïîòåíöèàëüíîì âëèÿíèè MDM2 íà ôîëàòíûé
öèêë è îäíîóãëåðîäíûé ìåòàáîëèçì, à ñëåäîâàòåëüíî, è
íà áèîñèíòåç íóêëåîòèäîâ, êîòîðîå, îäíàêî, íà óðîâíå
ìåòàáîëèòîâ ïîêàçàíî íå áûëî.

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ ñòàëà îöåíêà âëèÿ-
íèÿ îâåðýêñïðåññèè MDM2 íà êîëè÷åñòâî è èíòåíñèâ-
íîñòü áèîñèíòåçà íóêëåîòèäîâ â êëåòî÷íîé ìîäåëè êàð-
öèíîìû ìîëî÷íîé æåëåçû ÷åëîâåêà.
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Ìàòåðèàë è ìåòîäèêà

Ê ë å ò î ÷ í û å ë è í è è è ó ñ ë î â è ÿ ê ó ë ü ò è â è ð î -
â à í è ÿ. Â íàñòîÿùåì èññëåäîâàíèè èñïîëüçîâàëè êëåòî÷-
íóþ ëèíèþ êàðöèíîìû ìîëî÷íîé æåëåçû ÷åëîâåêà
MDA-MB-231, ñòàáèëüíî ýêñïðåññèðóþùóþ MDM2, à
òàêæå êîíòðîëüíóþ êëåòî÷íóþ ëèíèþ, òðàíñäóöèðî-
âàííóþ ñîîòâåòñòâóþùèì ëåíòèâèðóñíûì âåêòîðîì.
Îâåðýêñïðåññèþ MDM2 âåðèôèöèðîâàëè èììóíîáëî-
òèíãîì.

Â â å ä å í è å ì å ÷ å í î ã î ï ð å ä ø å ñ ò â å í í è ê à
í ó ê ë å î ò è ä î â. Çà 1 ñóò äî àíàëèçà êëåòêè ïàññèðîâàëè
â òðåõ ïîâòîðíîñòÿõ íà êàæäûé îáðàçåö â êîëè÷åñòâå
1.2�106. Â äåíü ýêñïåðèìåíòà êëåòêè èíêóáèðîâàëè â òå-
÷åíèå 1 ÷ â áåññûâîðîòî÷íîé è áåçãëþêîçíîé ñðåäå
DMEM, ïîñëå ÷åãî èíêóáèðîâàëè èõ â áåçãëþêîçíîé ñðå-
äå ñ äîáàâëåíèåì Ñ13-ìå÷åíîé ãëþêîçû (4 ã/ë, 6�Ñ13,
Cambridge, ÑØÀ) â òå÷åíèå 2 è 8 ÷.

Ì å ò à á î ë î ì í û é à í à ë è ç. Ïîñëå èíêóáàöèè ñ ìå-
÷åíîé ãëþêîçîé êëåòêè íåñêîëüêî ðàç ïðîìûâàëè ôîñ-
ôàòíî-ñîëåâûì áóôåðîì, ïîñëå ÷åãî ìåòàáîëèòû ýêñòðà-
ãèðîâàëè 1 ìë ñìåñè ìåòàíîë/àöåòîíèòðèë/âîäà â îáúåì-
íîì ñîîòíîøåíèè 5 : 3 : 2. Ïîñëå öåíòðèôóãèðîâàíèÿ
îñàäîê ðàñòâîðÿëè â 1 ìë ìåòàíîëà ñ ïîñëåäóþùèì äî-
áàâëåíèåì 0.6 ìë õëîðîôîðìà è 0.2 ìë âîäû. Ïîñëå î÷å-
ðåäíîãî öåíòðèôóãèðîâàíèÿ îáúåäèíÿëè îðãàíè÷åñêóþ è
âîäíóþ ôàçû è óïàðèâàëè ñ èñïîëüçîâàíèåì âàêóóìíîãî
èñïàðèòåëÿ. Îñòàâøèåñÿ îáðàçöû ïåðåìåøèâàëè, öåíòðè-
ôóãèðîâàëè è 20 ìêë ñóïåðíàòàíòà èñïîëüçîâàëè äëÿ âû-

ñîêîïðîèçâîäèòåëüíîé æèäêîñòíîé õðîìàòîãðàôèè â ñèñ-
òåìå Ultimate 3000 (Thermo). Ðàçäåëåíèå ìåòàáîëèòîâ
ïðîâîäèëè ñ èñïîëüçîâàíèåì êîëîíêè Reprosil C18
(2.0�150 ìì, 2.5 ìêì, Dr Maisch, Ãåðìàíèÿ) ïðè 30 °Ñ ñî
ñêîðîñòüþ ïîòîêà 0.2 ìë/ìèí.

Æ è ä ê î ñ ò í ó þ õ ð î ì à ò î ã ð à ô è þ ïðîâîäèëè â
ñî÷åòàíèè ñ ìàññ-ñïåêòðîìåòðîì Q Exactive (Thermo).
Èäåíòèôèêàöèþ ìåòàáîëèòîâ ïðîâîäèëè ñ èñïîëüçîâàíè-
åì ïðîãðàììíîãî îáåñïå÷åíèÿ Maven (Department of Che-
mistry and Integrative Genomics, ÑØÀ) ïóòåì êîíâåðòàöèè
.raw ôàéëîâ â ôîðìàò .mzXML, ïðèìåíÿÿ MassMatrix
(Cleveland, ÑØÀ).

Ðåçóëüòàòû ïðåäñòàâëåíû â âèäå ñðåäíèõ è ñòàíäàðò-
íûõ îòêëîíåíèé. Còàòèñòè÷åñêóþ îáðàáîòêó ïðîâîäèëè â
ïðîãðàììíîì îáåñïå÷åíèè Exel ñ èñïîëüçîâàíèåì ïàðíî-
ãî t-êðèòåðèÿ.

Ðåçóëüòàòû

Äëÿ îöåíêè âëèÿíèÿ óáèêâèòèíëèãàçû íà êîëè÷åñòâî
è èíòåíñèâíîñòü áèîñèíòåçà íóêëåîòèäîâ èñïîëüçîâàëè
êëåòî÷íóþ ëèíèþ êàðöèíîìû ìîëî÷íîé æåëåçû ÷åëîâåêà
MDA-MB-231, ñòàáèëüíî ýêñïðåññèðóþùóþ MDM2, à
òàêæå êîíòðîëüíóþ êëåòî÷íóþ ëèíèþ, òðàíñäóöèðîâàí-
íóþ ñîîòâåòñòâóþùèì ëåíòèâèðóñíûì âåêòîðîì.

Ýòè êëåòî÷íûå ëèíèè èíêóáèðîâàëè â ñðåäå ñ
6�Ñ13-ìå÷åíîé ãëþêîçîé â òå÷åíèå 2 è 8 ÷ ñîîòâåòñò-
âåííî, ïîñëå ÷åãî ïðîâîäèëè òàðãåòíûé ìåòàáîëîìíûé
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Ðèñ. 1. Âëèÿíèå îâåðýêñïðåññèè MDM2 íà êîëè÷åñòâî è èíòåíñèâíîñòü áèîñèíòåçà ïóðèíîâûõ íóêëåîòèäîâ ÀÌÔ (à) è ÃÌÔ (á),
îöåíåííûå ïî ïëîùàäè ïèêîâ õðîìàòîãðàìì (ÏÕ).

â — èñòî÷íèêè àòîìîâ ïóðèíîâîãî êîëüöà. Çäåñü è íà ðèñ. 2: âåêòîð — êëåòêè, òðàíñäóöèðîâàííûå âåêòîðîì, MDM2 — êëåòêè, ñòàáèëüíî ýêñïðåñ-
ñèðóþùèå MDM2, 13Ñ — âêëþ÷åíèå èçîòîïà óãëåðîäà, öèôðîé îáîçíà÷åíî êîëè÷åñòâî èçîòîïîâ 13C â ìîëåêóëå; äàíû ñðåäíèå è ñòàíäàðòíûå îòêëî-

íåíèÿ.



àíàëèç ñ èñïîëüçîâàíèåì æèäêîñòíîé õðîìàòîãðàôèè â
ñî÷åòàíèè ñ ìàññ-ñïåêòðîìåòðèåé.

Âëèÿíèå îâåðýêñïðåññèè MDM2 íè íà êîëè÷åñòâî, íè
íà èíòåíñèâíîñòü áèîñèíòåçà ïóðèíîâûõ íóêëåîòèäîâ íå
ïîêàçàíî (ðèñ. 1, à, á). Êðîìå òîãî, íå äåòåêòèðîâàíî è
âëèÿíèå îâåðýêñïðåññèè MDM2 íà êîëè÷åñòâî è ñêîðîñòü
áèîñèíòåçà ïèðèìèäèíîâîãî íóêëåîòèäà ÖÌÔ (ðèñ. 2, à).
Ïðè ýòîì â êëåòêàõ ñ îâåðýêñïðåññèåé MDM2 îòìå÷àëè
ïîâûøåíèå èíòåíñèâíîñòè áèîñèíòåçà ÒÌÔ (ìåòàáîëè-
òîâ, íåñóùèõ 1, 4 è 5 èçîòîïîâ Ñ13) (ðèñ. 2, á). Â òî æå
âðåìÿ â êëåòêàõ ñ îâåðýêñïðåññèåé MDM2 íàáëþäàëè
çíà÷èòåëüíîå óâåëè÷åíèå îáùåãî êîëè÷åñòâà ÓÌÔ
(ðèñ. 2, â).

Îáñóæäåíèå

Èíòåíñèôèêàöèÿ îäíîóãëåðîäíîãî ìåòàáîëèçìà è
áèîñèíòåçà íóêëåîòèäîâ ÿâëÿåòñÿ îáùåé õàðàêòåðèñòè-
êîé äëÿ íåîïëàñòè÷åñêèõ íîâîîáðàçîâàíèé ðàçëè÷íîãî
ãåíåçèñà (Locasale, 2013). Â ñâÿçè ñ ýòèì èíãèáèòîðû îä-
íîóãëåðîäíîãî ìåòàáîëèçìà è áèîñèíòåçà íóêëåîòèäîâ
(ìåòàòðåêñàò, 5-ôòîðóðàöèë è ãåìöèòàáèí) çàíèìàþò
âàæíîå ìåñòî â õèìèîòåðàïèè ðàçëè÷íûõ çëîêà÷åñòâåí-
íûõ íîâîîáðàçîâàíèé (Shuvalov et al., 2017).

Óáèêâèòèíëèãàçà MDM2 ÷àñòî îâåðýêñïðåññèðóåòñÿ
êëåòêàìè êàðöèíîìû ìîëî÷íîé æåëåçû äëÿ èíàêòèâàöèè
îíêîñóïðåññîðà ð53 (McCann et al., 1995). Ïðè ýòîì ïîêà-
çàíî, ÷òî MDM2 èíãèáèðóåò àêòèâíîñòü DHFR — îäíîãî

èç îñíîâíûõ ôåðìåíòîâ ôîëàòíîãî öèêëà ìåòàáîëèçìà,
òåñíî ñâÿçàííîãî áèîõèìè÷åñêè ñ ïðîöåññîì áèîñèíòåçà
íóêëåîòèäîâ (Maguire et al., 2008).

Â ðàìêàõ íàñòîÿùåãî èññëåäîâàíèÿ ìû ïîêàçàëè, ÷òî
îâåðýêñïðåññèÿ MDM2 â êëåòî÷íîé ìîäåëè êàðöèíî-
ìû ìîëî÷íîé æåëåçû ïðèâîäèò ê èçìåíåíèþ êîëè÷åñòâà
è èíòåíñèâíîñòè áèîñèíòåçà äâóõ íóêëåîòèäîâ ïèðèìè-
äèíîâîãî ðÿäà — ÒÌÔ è ÓÌÔ. Â êîíòåêñòå ÓÌÔ ïðè
îâåðýêñïðåññèè MDM2 íàìè âûÿâëåíî òîëüêî óâåëè÷å-
íèå åãî îáùåãî êîëè÷åñòâà, è, ê ñîæàëåíèþ, íå óäàëîñü
ïðîñëåäèòü ïóòè âêëþ÷åíèÿ ìå÷åíûõ èçîòîïîâ. Âîçìîæ-
íî òàêæå, ÷òî MDM2 èíãèáèðóåò ïðîöåññ äåãðàäàöèè
ÓÌÔ.

Â ñëó÷àå ÒÌÔ íàìè äåòåêòèðîâàíî ïîâûøåíèå êîëè-
÷åñòâà ìåòàáîëèòîâ, íåñóùèõ 1, 4 è 5 èçîòîïîâ Ñ13.
Ïðåäøåñòâåííèêàìè ïèðèìèäèíîâ ÿâëÿþòñÿ êàðáàìî-
èë-ôîñôàò, àñïàðòàò è ãëóòàìèí (ðèñ. 2, ã). Êðîìå òîãî,
ñèíòåç ÒÌÔ èç ÓÌÔ ïðîèñõîäèò çà ñ÷åò ìåòèëèðîâàíèÿ
ÓÌÔ òèìèäèëàò-ñèíòàçîé. Äëÿ ýòîãî èñïîëüçóåòñÿ
Ñ1-ãðóïïà, ïåðåíîñèìàÿ ñ ìåòèëåíòåòðàãèäðîôîëàòà, îá-
ðàçóþùåãîñÿ â ðåçóëüòàòå öèêëà ôîëàòîâ (Shuvalov et al.,
2017). Òàêèì îáðàçîì, ìîæíî ïðåäïîëîæèòü, ÷òî MDM2
âëèÿåò íà áèîñèíòåç ÒÌÔ íà íåñêîëüêèõ åãî ýòàïàõ. Ïðè
ýòîì, íåñìîòðÿ íà òî ÷òî èñòî÷íèêîì äâóõ óãëåðîä-
íûõ àòîìîâ ïóðèíîâîãî êîëüöà ÿâëÿåòñÿ ôîëàòíûé
öèêë (ðèñ. 1, â), ìû íå âûÿâèëè âëèÿíèÿ îâåðýêñïðåññèè
MDM2 íà êîëè÷åñòâî ïóðèíîâûõ íóêëåîòèäîâ.

Òàêèì îáðàçîì, ìû ïîêàçàëè, ÷òî îâåðýêñïðåññèÿ
MDM2 â êëåòî÷íîé ìîäåëè ðàêà ìîëî÷íîé æåëåçû ÷åëî-
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Ðèñ. 2. Âëèÿíèå îâåðýêñïðåññèè MDM2 íà êîëè÷åñòâî è èíòåíñèâíîñòü áèîñèíòåçà ïèðèìèäèíîâûõ íóêëåîòèäîâ ÖÌÔ (à), ÒÌÔ
(á) è ÓÌÔ (â), ðàññ÷èòàííûå ïî ïëîùàäè ïèêîâ õðîìàòîãðàìì (ÏÕ).

ã — èñòî÷íèêè àòîìîâ ïèðèìèäèíîâîãî êîëüöà; çâåçäî÷êîé óêàçàíà äîñòîâåðíîñòü ðàçëè÷èé (Ð < 0.05).



âåêà ïðèâîäèò ê äèñáàëàíñó êîëè÷åñòâåííîãî ñîîòíîøå-
íèÿ íóêëåîòèäîâ. Â ñâîþ î÷åðåäü MDM2-îïîñðåäîâàííîå
ïîâûøåíèå êîëè÷åñòâà ÓÌÔ è ÒÌÔ ìîæåò îêàçûâàòü
âàæíîå âëèÿíèå íà îïóõîëåâûå êëåòêè.

Èç èìåþùèõñÿ ëèòåðàòóðíûõ äàííûõ èçâåñòíî, ÷òî â
êëåòêàõ ñòðîãî ïîääåðæèâàåòñÿ êîëè÷åñòâåííûé áàëàíñ
âñåõ íóêëåîòèäîâ (Lau, 1997). Íàðóøåíèå ýòîãî êîëè÷åñò-
âåííîãî ñîîòíîøåíèÿ ïðèâîäèò ê ìíîãî÷èñëåííûì ìóòà-
öèÿì è, ñëåäîâàòåëüíî, ñïîñîáñòâóåò ãåíîìíîé íåñòà-
áèëüíîñòè (Mathews, 2006; Pai, Kearsey, 2017). Ïðè ýòîì
õîðîøî èçâåñòíî, ÷òî ãåíîìíàÿ íåñòàáèëüíîñòü ÿâëÿåòñÿ
îäíîé èç îñíîâíûõ õàðàêòåðèñòèê ðàêîâûõ êëåòîê, ëåæà-
ùèõ â îñíîâå èõ âûñîêîé ïëàñòè÷íîñòè è ñïîñîáíîñòè
àäàïòèðîâàòüñÿ ê ðàçëè÷íûì ñòðåññîâûì âîçäåéñòâèÿì
(Negrini et al., 2010). Òàêèì îáðàçîì, âîçìîæíî, èíèöèè-
ðóåìûé MDM2 äèñáàëàíñ íóêëåîòèäíîãî ñîñòàâà ìîæåò
ñïîñîáñòâîâàòü óñèëåíèþ çëîêà÷åñòâåííîñòè îïóõîëè è
åå ïðîãðåññèè.

Èíòåðåñíî îòìåòèòü, ÷òî â ëèòåðàòóðå óæå èìåþòñÿ
äàííûå î ðîëè óáèêâèòèíëèãàçû MDM2 â ãåíîìíîé íå-
ñòàáèëüíîñòè. Ïîêàçàíî, ÷òî MDM2 ôèçè÷åñêè âçàèìî-
äåéñòâóåò è èíãèáèðóåò àêòèâíîñòü áåëêà íèáðèíà
(NBN) — êîìïîíåíòà êîìïëåêñà MRE11—RAD50—NBN,
ó÷àñòâóþùåãî â ðåïàðàöèè «ïóòåì íåãîìîëîãè÷íîãî âîñ-
ñîåäèíåíèÿ êîíöîâ» (Bouska et al., 2008).

Ïîëó÷åííûå íàìè äàííûå óêàçûâàþò íà åùå îäèí ïî-
òåíöèàëüíûé ìåõàíèçì âîâëå÷åííîñòè MDM2 â ãåíîì-
íóþ íåñòàáèëüíîñòü îïóõîëåâûõ êëåòîê, îâåðýêñïðåññè-
ðóþùèõ äàííóþ óáèêâèòèíëèãàçó, — äèñáàëàíñ êîëè÷å-
ñòâåííîãî ñîîòíîøåíèÿ íóêëåîòèäîâ.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ðîñ-
ñèéñêîãî íàó÷íîãî ôîíäà (ïðîåêò 14-15-00816).

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Äàêñ À. À., Ìåëèíî Ä., Áàðëåâ Í. À. 2013. Ðîëü ðàçëè÷íûõ
Å3-óáèêâèòèíëèãàç â ðåãóëÿöèè àêòèâíîñòè îíêîñóïðåññîðà
ð53. Öèòîëîãèÿ. 55 (10) : 673—687. (Daks A. A., Melino D., Bar-
lev N. A. 2013. The role of different E3-ubiquitin ligases in the re-
gulation of the activity of the suppressor p53. Tsitologiya. 55 (10) :
673—687.)

Øóâàëîâ Î. Þ., Ôåäîðîâà Î. À., Ïåòóõîâ À. Â., Äàêñ À. À.,
Âàñèëüåâà Å. À., Ãðèãîðüåâà Ò. À., Áàðëåâ Í. À. 2015. Íåãàòèâ-
íûå ðåãóëÿòîðû îíêîñóïðåññîðà ð53 â êîíòåêñòå íàïðàâëåííîé
ïðîòèâîîïóõîëåâîé òåðàïèè. Öèòîëîãèÿ. 57 (12) : 847—854.
(Shuvalov O. Yu., Fedorova O. A., Petukhov A. V., Daks A. A., Va-
silieva E. A., Grigorieva T. A., Barlev N. A. 2015. Negative regula-
tors of the suppressor p53 in the context of a directed antitumor the-
rapy. Tsitologiya. 57 (12) : 847—854.)

Bouska A., Lushnikova T., Plaza S., Eischen C. M. 2008.
Mdm2 promotes genetic instability and transformation independent
of p53. Mol. Ñell. Biol. 28 : 4862—4874.

Fåhraeus R., Olivares-Illana V. 2014. MDM2’s social ne-
twork. Oncogene. 33 : 4365.

Lau C. 1997. Nucleotide pool imbalance. In: Drug toxicity in
embryonic development I. Berlin: Springer. 341—372.

Locasale J. W. 2013. Serine, glycine and one-carbon units:
cancer metabolism in full circle. Nat. Rev. Cancer. 13 : 572.

Maguire M., Nield P. C., Devling T., Jenkins R. E., Park B. K.,
Polanski R., Boyd M. T. 2008. MDM2 regulates dihydrofolate re-
ductase activity through monoubiquitination. Cancer Res. 68 :
3232—3242.

Manfredi J. J. 2010. The Mdm2—p53 relationship evolves:
Mdm2 swings both ways as an oncogene and a tumor suppressor.
Genes Develop. 24 : 1580—1589.

Mathews C. K. 2006. DNA precursor metabolism and genomic
stability. FASEB J. 20 : 1300—1314.

McCann A. H., Kirley A., Carney D. N., Corbally N., Ma-
gee H. M., Keating G., Dervan P. A. 1995. Amplification of the
MDM2 gene in human breast cancer and its association with
MDM2 and p53 protein status. Br. J. Cancer. 71 : 981.

Negrini S., Gorgoulis V. G., Halazonetis T. D. 2010. Genomic
instability — an evolving hallmark of cancer. Nat. Rev. Mol. Cell
biol. 11 : 220.

Pai C. C., Kearsey S. E. 2017. A critical balance: dNTPs and
the maintenance of genome stability. Genes. 8 : 57.

Shuvalov O., Kizenko A., Shakirova A., Fedorova O., Petu-
khov A., Aksenov N., Barlev N. 2018. Nutlin sensitizes lung carci-
noma cells to interferon-alpha treatment in MDM2-dependent but
p53-independent manner. Biochem. Biophys. Re. Commun. 495 :
1233—1239.

Shuvalov O., Petukhov A., Daks A., Fedorova O., Vasileva E.,
Barlev N. A. 2017. One-carbon metabolism and nucleotide biosyn-
thesis as attractive targets for anticancer therapy. Oncotarget. 8 :
23 955.

Ïîñòóïèëà 16 VII 2018

OVEREXPRESSION OF MDM2 UBIQUITINE LIGASE IN CELLULAR MODEL OF HUMAN BREAST

CARCINOMA CAUSES AN IMBALANCE OF NUCLEOTIDES QUANTITATIVE RATIO

O. Yu. Shuvalov,* A. V. Petukhov, O. A. Fedorova, A. A. Daks, N. A. Barlev
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Ubiquitine ligase MDM2 is the main negative regulator of the p53 oncosupressor and therefore it is often
overexpressed in various tumors, including breast carcinoma. In addition, MDM2 can play a key role in various
biological processes, regardless of p53. Very little is known about the role of MDM2 in onco-associated meta-
bolism. It was previously shown that MDM2 inhibits the activity of DHFR — one of the main enzymes of the
folate cycle, closely related biochemically with the biosynthesis of nucleotides. In this study, we evaluated the
effect of overexpression of MDM2 on the quantity and intensity of nucleotide biosynthesis in the human breast
carcinoma cell model. We showed that overexpression of MDM2 leads to an imbalance in the quantitative ratio
of nucleotides due to an increase in the amount of TMP and UMP. It is known from the literature data that the
interruption of the quantitative ratio of nucleotides leads to numerous mutations and, consequently, promotes
genomic instability. Thus, it is possible that the MDM2-induced imbalance of the nucleotide quantitative ratio
may contribute to the malignancy of the tumor and its progression.
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