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Íåãàòèâíûå ðåãóëÿòîðû îíêîñóïðåññîðà p53 â êîíòåêñòå íàïðàâëåííîé ïðîòèâîîïóõîëåâîé òåðàïèè

Áåëîê ð53 ïî ïðàâó ñ÷èòàåòñÿ ãëàâíûì îíêîñóïðåññîðîì ÷åëîâåêà. Æèçíåäåÿòåëüíîñòü ðàêîâûõ
êëåòîê íåñîâìåñòèìà ñ ôóíêöèîíèðîâàíèåì ð53-îïîñðåäóåìûõ ñèãíàëüíûõ ïóòåé. Ïðè ýòîì îêîëî ïî-
ëîâèíû âñåõ çëîêà÷åñòâåííûõ îïóõîëåé ýêñïðåññèðóþò ð53 äèêîãî òèïà. Îñíîâíîé ïðè÷èíîé ýòîãî ÿâ-
ëÿåòñÿ ïîâûøåííàÿ ýêñïðåññèÿ â òàêèõ îïóõîëÿõ ð53-ñïåöèôè÷íûõ Å3-ëèãàç — íåãàòèâíûõ ðåãóëÿòîðîâ
áåëêà ð53: Mdm2, MdmX, Pirh2 è Ñop1. Ôàðìàêîëîãè÷åñêîå èíãèáèðîâàíèå áåëêîì ð53 áåëîê-áåëêîâûõ
âçàèìîäåéñòâèé ñ ýòèìè íåãàòèâíûìè ðåãóëÿòîðàìè ïðåäñòàâëÿåòñÿ ïåðñïåêòèâíûì òåðàïåâòè÷åñêèì
íàïðàâëåíèåì äëÿ îïóõîëåé, ñîõðàíÿþùèõ ð53 äèêîãî òèïà. Â íàñòîÿùåå âðåìÿ óæå ðàçðàáîòàí öåëûé
ðÿä õèìè÷åñêèõ èíãèáèòîðîâ äëÿ ïîäàâëåíèÿ âçàèìîäåéñòâèÿ ð53 ñ Å3-ëèãàçàìè Mdm2 è MdmX. ×àñòü
èç íèõ óæå íàõîäèòñÿ íà íà÷àëüíûõ ñòàäèÿõ êëèíè÷åñêèõ èñïûòàíèé. Íåñìîòðÿ íà òî ÷òî â ðàçëè÷íûõ
èññëåäîâàíèÿõ in vitro è in vivo ïîêàçàíà õîðîøàÿ ýôôåêòèâíîñòü ýòèõ èíãèáèòîðîâ äëÿ ïîäàâëåíèÿ çëî-
êà÷åñòâåííîãî ðîñòà, èõ êëèíè÷åñêîå ïðèìåíåíèå ìîæåò áûòü çàòðóäíåíî èëè îãðàíè÷åíî çà ñ÷åò ðàç-
ëè÷íûõ ìîëåêóëÿðíûõ ìåõàíèçìîâ. Ýòè áèîõèìè÷åñêèå ìåõàíèçìû, îñíîâàííûå íà áèîëîãèè ð53 è åãî
íåãàòèâíûõ ðåãóëÿòîðîâ, ÿâëÿþòñÿ ïðåäìåòîì ðàññìîòðåíèÿ íàñòîÿùåãî îáçîðà.

Ê ë þ ÷ å â û å ñ ë î â à: p53, E3-óáèêâèòèíëèãàçû, óáèêâèòèíçàâèñèìàÿ äåãðàäàöèÿ, èíãèáèòîðû áå-
ëîê-áåëêîâûõ âçàèìîäåéñòâèé.

Çà ïîñëåäíèå 30 ëåò äîñòèãíóò ñóùåñòâåííûé ïðî-
ãðåññ â ïîíèìàíèè ìåõàíèçìîâ ðàçâèòèÿ îïóõîëåâûõ çà-
áîëåâàíèé. Îäíàêî, íåñìîòðÿ íà áîëüøèå äîñòèæåíèÿ â
ñîçäàíèè íîâûõ õèìèîïðåïàðàòîâ, îíêîëîãè÷åñêèå çàáî-
ëåâàíèÿ ïî ñåé äåíü çàíèìàþò ëèäèðóþùåå ïîëîæåíèå
ïî ïîêàçàòåëÿì ñìåðòíîñòè ñðåäè íàñåëåíèÿ â ýêîíîìè-
÷åñêè ðàçâèòûõ ñòðàíàõ. Áåñêîíòðîëüíîå äåëåíèå êëåòîê,
êîòîðîå ïðèâîäèò ê çëîêà÷åñòâåííûì íîâîîáðàçîâàíèÿì,
÷àñòî ñâÿçàíî ñ ïîòåðåé ôóíêöèé áåëêîâ-îíêîñóïðåññî-
ðîâ. Âàæíåéøèì îíêîñóïðåññîðîì ÷åëîâåêà ÿâëÿåòñÿ áå-
ëîê ð53, êîòîðûé ôóíêöèîíèðóåò êàê ôàêòîð òðàíñêðèï-
öèè (Marouco et al., 2013). ×èñëî ðàáîò, ïîñâÿùåííûõ
p53, ñ êàæäûì ãîäîì íåóêëîííî ðàñòåò.

Íîðìàëüíîå ôóíêöèîíèðîâàíèå ð53 ëåòàëüíî äëÿ ðà-
êîâûõ êëåòîê. Òåì íå ìåíåå îêîëî ïîëîâèíû âñåõ ðàêî-
âûõ îïóõîëåé ýêñïðåññèðóåò ð53 äèêîãî òèïà. Ýòî ñòà-
íîâèòñÿ âîçìîæíûì áëàãîäàðÿ ïîâûøåííîé ýêñïðåññèè
íåãàòèâíûõ ðåãóëÿòîðîâ ð53, èíãèáèðóþùèõ åãî òðàíñàê-
òèâàöèîííóþ àêòèâíîñòü, à òàêæå âûçûâàþùèõ åãî ïðî-
òåàñîìíóþ äåãðàäàöèþ (Levav-Cohen et al., 2014). Òðàíñ-
êðèïöèîííûé ôàêòîð p53 ÿâëÿåòñÿ êîðîòêîæèâóùèì áåë-
êîì, êîòîðûé ïîñòîÿííî ðàñùåïëÿåòñÿ ñ ïîìîùüþ
ïðîòåàñîì. Äåãðàäàöèÿ ð53 ïðîòåêàåò â îñíîâíîì ïî
óáèêâèòèíçàâèñèìîìó ìåõàíèçìó, õîòÿ îïèñàíû è óáèê-
âèòèííåçàâèñèìûå ìåõàíèçìû åãî ðàçðóøåíèÿ (Tsvetkov
et al., 2010; Fedorova et al., 2011). Ïî ýòîé ïðè÷èíå èçó÷å-

íèå ìåõàíèçìîâ ðåãóëÿöèè ñòàáèëüíîñòè áåëêà p53 çà
ñ÷åò ñïåöèôè÷åñêèõ óáèêâèòèíëèãàç ÿâëÿåòñÿ îäíèì èç
àêòóàëüíûõ íàïðàâëåíèé ôóíäàìåíòàëüíîé ìåäèöèíû.
Â íàñòîÿùåå âðåìÿ èçâåñòåí ðÿä ðàçëè÷íûõ E3-óáèêâè-
òèíëèãàç, ñïåöèôè÷íûõ äëÿ áåëêà p53, îñíîâíûìè èç êî-
òîðûõ ÿâëÿþòñÿ Mdm2, MdmX, Pirh2 è Cop1 (Äàêñ è äð.,
2013).

Çà ïîñëåäíèå íåñêîëüêî ëåò èíòåíñèâíîãî èçó÷åíèÿ
ýòèõ E3-óáèêâèòèíëèãàç íàêîïèëèñü äàííûå î òîì, ÷òî
îíè õàðàêòåðèçóþòñÿ äåéñòâèåì íà ìíîãèå ìèøåíè, ò. å.
ïîìèìî ð53 èõ ìèøåíÿìè ÿâëÿåòñÿ òàêæå áîëüøîå êîëè-
÷åñòâî äðóãèõ áåëêîâ, ñðåäè êîòîðûõ åñòü êàê îíêîãåíû,
òàê è îíêîñóïðåññîðû. Òàêèì îáðàçîì, ïðè îïðåäåëåííûõ
óñëîâèÿõ ð53-ñïåöèôè÷íûå Å3-ëèãàçû ìîãóò îáëàäàòü
êàê îíêîãåííûìè, òàê è îíêîñóïðåññîðíûìè ñâîéñòâàìè.
Ñèòóàöèÿ åùå áîëåå îñëîæíÿåòñÿ ÷àñòûì ïðèñóòñòâèåì â
ðàêîâûõ êëåòêàõ ñïëàéñ-èçîôîðì âñåõ îñíîâíûõ íåãàòèâ-
íûõ ðåãóëÿòîðîâ ð53. Ïðè ýòîì äî ñèõ ïîð ó èññëåäîâàòå-
ëåé íåò ÷åòêîãî ïîíèìàíèÿ ðîëè ðàçëè÷íûõ èçîôîðì â
ðåãóëÿöèè êëåòî÷íûõ ïðîöåññîâ. Ïîñêîëüêó êîíêðåòíûé
ðåçóëüòàò äåÿòåëüíîñòè ð53 ìîæåò çàâèñåòü îò êëåòî÷íî-
ãî êîíòåêñòà, èìåþùèåñÿ â ëèòåðàòóðå äàííûå, ïîëó÷åí-
íûå íà îïóõîëÿõ ðàçíîé ýòèîëîãèè, ÿâëÿþòñÿ âåñüìà ïðî-
òèâîðå÷èâûìè.

Ñðåäè ðàçëè÷íûõ òåðàïåâòè÷åñêèõ ñòðàòåãèé (Âà-
ñèëüåâà è äð., 2015; Shuvalov et al., 2015; Vasileva et al.,
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2015) ðàçðàáîòêà ïóòåé èñïîëüçîâàíèÿ íèçêîìîëåêóëÿð-
íûõ èíãèáèòîðîâ âçàèìîäåéñòâèÿ ð53 ñî ñâîèìè îñíîâ-
íûìè íåãàòèâíûìè ðåãóëÿòîðàìè çàíèìàåò âàæíîå ìåñòî
â ñîâðåìåííîé ïðîòèâîðàêîâîé òåðàïèè è ïðåäñòàâëÿåòñÿ
âåñüìà ïåðñïåêòèâíîé ñ ôàðìàêîëîãè÷åñêîé òî÷êè çðå-
íèÿ. Â íàñòîÿùåå âðåìÿ óæå ñåìü ìîëåêóë-êàíäèäàòîâ,
ïîòåíöèàëüíûõ èíãèáèòîðîâ âçàèìîäåéñòâèÿ Mdm2 ñ
p53, ïðîõîäÿò êëèíè÷åñêèå èñïûòàíèÿ (Zhao et al., 2014).
Îäíàêî, íåñìîòðÿ íà òî ÷òî ïåðâûé èíãèáèòîð ýòîãî âçàè-
ìîäåéñòâèÿ áûë ñîçäàí åùå â 2004 ã., íè îäèí èç èìåþ-
ùèõñÿ ïîêà íå ïðîøåë äàëåå ïåðâîé ñòàäèè êëèíè÷åñêèõ
èñïûòàíèé. Îäíèìè èç ïîòåíöèàëüíûõ ïðè÷èí ÿâëÿþòñÿ
ñëîæíîñòü è íåäîñòàòî÷íàÿ èçó÷åííîñòü êëåòî÷íûõ ïðî-
öåññîâ, ïðîòåêàþùèõ ñ ó÷àñòèåì ð53 è åãî îñíîâíûõ íå-
ãàòèâíûõ ðåãóëÿòîðîâ.

Â íàñòîÿùåì îáçîðå êðàòêî îáñóæäàþòñÿ ñèñòåìà ðå-
ãóëÿöèè îíêîñóïðåññîðà ð53, à òàêæå ó÷àñòèå ñïåöèôè÷-
íûõ äëÿ íåãî Å3-óáèêâèòèíëèãàç â ïðîòåêàíèè ðàçëè÷íûõ
êëåòî÷íûõ ïðîöåññîâ. Ðàññìàòðèâàþòñÿ òàêæå âîçìîæ-
íûå áèîõèìè÷åñêèå ïðè÷èíû, îãðàíè÷èâàþùèå ýôôåê-
òèâíîñòü ïðèìåíåíèÿ ñóùåñòâóþùèõ â íàñòîÿùåå âðåìÿ
íèçêîìîëåêóëÿðíûõ èíãèáèòîðîâ âçàèìîäåéñòâèÿ ð53 ñ
Å3-óáèêâèòèíëèãàçàìè Mdm2 è MdmX.

ð53 — îñíîâíîé îíêîñóïðåññîð ÷åëîâåêà

Èññëåäîâàíèÿ, ïðîâîäèìûå â òå÷åíèå áîëåå 30 ëåò,
íàãëÿäíî äåìîíñòðèðóþò, ÷òî ð53 ÿâëÿåòñÿ îñíîâíûì îí-
êîñóïðåññîðîì ÷åëîâåêà. Áåëîê p53, ÿâëÿÿñü òðàíñêðèï-
öèîííûì ôàêòîðîì, ïðåäîõðàíÿåò îðãàíèçì îò ðàçâèòèÿ
ðàêîâûõ êëåòîê çà ñ÷åò àêòèâàöèè ýêñïðåññèè ðàçëè÷íûõ
ãåíîâ, ïðîäóêòû êîòîðûõ ó÷àñòâóþò â ðåãóëÿöèè êëåòî÷-
íîãî öèêëà, ðåïàðàöèè ÄÍÊ, èíèöèàöèè ñòàðåíèÿ è àïîï-
òîçà (×óìàêîâ, 2007).

Â íîðìàëüíûõ óñëîâèÿõ ð53 ÿâëÿåòñÿ êîðîòêîæèâó-
ùèì áåëêîì, êîòîðûé ïðåòåðïåâàåò óáèêâèòèíçàâèñèìûé
ïðîòåîëèç â ïðîòåàñîìàõ (Mittenberg et al., 2007). Ïðè
ðàçëè÷íûõ ôîðìàõ ñòðåññà, êîãäà ïîâðåæäàåòñÿ ÄÍÊ, àê-
òèâèðóþòñÿ îíêîãåíû, âîçíèêàåò ãèïîêñèÿ è ò. ä., áåëîê
ð53 ïðåòåðïåâàåò ðÿä êîâàëåíòíûõ ìîäèôèêàöèé, âêëþ-
÷àÿ ìåòèëèðîâàíèå è àöåòèëèðîâàíèå (Morgunkova, Bar-
lev, 2006; Ivanov et al., 2007), ÷òî âåäåò ê ñòàáèëèçàöèè è
íàêîïëåíèþ ð53 â ÿäðå êëåòêè çà ñ÷åò ïîòåðè âçàèìîäåé-
ñòâèÿ ð53 ñî ñâîèìè íåãàòèâíûìè ðåãóëÿòîðàìè. Èíòå-
ðåñíî, ÷òî, íàïðèìåð, â îòâåò íà ãåíîòîêñè÷åñêèé ñòðåññ
ñàìè ïðîòåàñîìû ïîäâåðãàþòñÿ óáèêâèòèíèðîâàíèþ, ÷òî
ñíèæàåò èõ ïðîòåîëèòè÷åñêóþ àêòèâíîñòü (Moiseeva
et al., 2013). Íåäàâíî áûëî ïîêàçàíî, ÷òî ïðè ãåíîòîêñè-
÷åñêîì ñòðåññå ð53 ðåãóëèðóåò êëåòî÷íûé îòâåò íå òîëü-
êî çà ñ÷åò àêòèâàöèè ýêñïðåññèè êîäèðóþùèõ ãåíîâ-ìè-
øåíåé (ð21, PUMA, BAX è äð.), íî è çà ñ÷åò íåêîäèðóþ-
ùèõ ìàëûõ ÐÍÊ (Barlev et al., 2010; Lezina et al., 2013).

Îñíîâíûå íåãàòèâíûå ðåãóëÿòîðû ð53

Á å ë î ê M d m 2. Ïðîäóêò ãåíà MDM2 (murine double
minute) áûë âïåðâûå îáíàðóæåí êàê áåëîê, àìïëèôèöèðî-
âàííûé â ñïîíòàííî òðàíñôîðìèðîâàííîé ìûøèíîé êëå-
òî÷íîé ëèíèè BALB/c (3T3-DM) (Fakharzadeh et al.,
1991). Âñêîðå ïîñëå èäåíòèôèêàöèè MDM2 â êà÷åñòâå
ïðîòîîíêîãåíà åãî òðàíñôîðìèðóþùóþ ñïîñîáíîñòü ñâÿ-
çàëè ñ íåãàòèâíûì âëèÿíèåì íà îíêîñóïðåññîð ð53. Òàê,
ìûøè, íîêàóòíûå ïî mdm2, ïîãèáàëè â ýìáðèîãåíåçå åùå

äî ñòàäèè èìïëàíòàöèè. Îäíàêî ýôôåêò ïîëíîñòüþ íèâå-
ëèðîâàëñÿ ïðè ñîçäàíèè äâîéíûõ íîêàóòîâ (mdm2–/p53–),
÷òî ñâèäåòåëüñòâîâàëî â ïîëüçó àêòèâàöèè ð53 â êà÷åñòâå
ïðè÷èíû ýìáðèîíàëüíîé ëåòàëüíîñòè íîêàóòíûõ ïî
mdm2 ìûøåé (Jones et al., 1995).

Â íàñòîÿùåå âðåìÿ èçâåñòíî, ÷òî áåëîê Mdm2 ÿâëÿ-
åòñÿ îñíîâíîé ð53-ñïåöèôè÷íîé Å3-ëèãàçîé è îñóùåñò-
âëÿåò íåãàòèâíóþ ðåãóëÿöèþ ð53 çà ñ÷åò íåñêîëüêèõ
ìåõàíèçìîâ. Âî-ïåðâûõ, Mdm2 ÿâëÿåòñÿ Å3-óáèêâèòèí-
ëèãàçîé, ñïåöèôè÷åñêè ìîäèôèöèðóþùåé ð53, ÷òî ñïî-
ñîáñòâóåò åãî äåãðàäàöèè çà ñ÷åò 26S ïðîòåàñîìíîãî êîì-
ïëåêñà (Honda, Yasuda, 2000). Âî-âòîðûõ, Mdm2 ñâÿçûâà-
åòñÿ ñ àìèíîêîíöåâûì ó÷àñòêîì ð53 è áëîêèðóåò åãî
òðàíñàêòèâàöèîííóþ àêòèâíîñòü (Bond et al., 2005). Êðî-
ìå òîãî, ñâÿçûâàÿñü ñ ð53, Mdm2 áëîêèðóåò ñàéòû âçàè-
ìîäåéñòâèÿ ð53 ñ åãî ðàçëè÷íûìè òðàíñêðèïöèîííûìè
êîàêòèâàòîðàìè (Wadgaonkar, Collins, 1999).

Mdm2 è ð53 êîíòðîëèðóþò ýêñïðåññèþ äðóã äðóãà
ïîñðåäñòâîì àâòîðåãóëÿòîðíîé ïåòëè îáðàòíîé ñâÿçè.
Ïðè ðàçëè÷íûõ òèïàõ ñòðåññà àêòèâèðîâàííûé ð53, ÿâëÿ-
ÿñü òðàíñêðèïöèîííûì ôàêòîðîì, ñâÿçûâàåòñÿ ñ ïðîìî-
òîðíîé îáëàñòüþ ãåíà MDM2 è èíèöèèðóåò åãî ýêñïðåñ-
ñèþ (Saucedo et al., 1998). Â ñâîþ î÷åðåäü Mdm2 âçàèìî-
äåéñòâóåò ñ ð53, ÷òî ïðèâîäèò ê åãî ïðîòåàñîìíîé
äåãðàäàöèè.

Íàðóøåíèå ôóíêöèîíèðîâàíèÿ äàííîé ïåòëè âåäåò ê
çëîêà÷åñòâåííîé òðàíñôîðìàöèè êëåòîê. Òàê, íàïðèìåð,
ýêñïåðèìåíòû íà ìûøàõ ïîêàçàëè, ÷òî ñâåðõýêñïðåññèÿ
Mdm2, âûçûâàåìàÿ àìïëèôèêàöèåé ñîîòâåòñòâóþùåãî
ãåíà (Momand et al., 1998), îäíîíóêëåîòèäíûì ïîëèìîð-
ôèçìîì â ïðîìîòîðíîé îáëàñòè (Lind et al., 2006) ëèáî
ïîâûøåííûì óðîâíåì òðàíñêðèïöèè èëè òðàíñëÿöèè
(Trotta et al., 2003), âåäåò ê íåéòðàëèçàöèè îíêîñóïðåñ-
ñîðíûõ ñâîéñòâ ð53 è êàê ñëåäñòâèå — ê îïóõîëåîáðàçî-
âàíèþ. Àìïëèôèêàöèÿ MDM2 âñòðå÷àåòñÿ ñ ÷àñòîòîé 7 %
â ðàçëè÷íûõ îïóõîëÿõ (Momand et al., 1998) è, êàê ïðàâè-
ëî, àññîöèèðîâàíà ñ íåáëàãîïðèÿòíûì ïðîãíîçîì äëÿ ïà-
öèåíòîâ (Onel, Cordon-Cardo, 2004).

Êðîìå òîãî, Mdm2 îáëàäàåò è äðóãèìè ð53-íåçàâèñè-
ìûìè îíêîãåííûìè ñâîéñòâàìè. Íàïðèìåð, èçâåñòíî, ÷òî
Ìdm2 âçàèìîäåéñòâóåò c ðÿäîì áåëêîâ ñ îíêîñóïðåññîð-
íîé ôóíêöèåé, òàêèìè êàê Rb (ðåòèíîáëàñòîìà) (Uchida
et al., 2005), Mtbp (Boyd et al., 2000), Pml (Wei et al., 2003)
è ð73 (ãîìîëîã îíêîñóïðåññîðà ð53; Zeng et al., 1999), è
ñïîñîáñòâóåò èõ íåãàòèâíîé ðåãóëÿöèè, íî â òî æå âðåìÿ
àêòèâèðóåò ïðîëèôåðàòèâíûå ýôôåêòû, îïîñðåäîâàííûå,
íàïðèìåð, òðàíñêðèïöèîííûìè ôàêòîðàìè-ïðîòîíêîãå-
íàìè E2f1/Dp1 (Zhang et al., 2005) è ð65 (Gu et al., 2002).
Êðîìå òîãî, Mdm2 îò÷àñòè âîâëå÷åí â íåãàòèâíûé êîíò-
ðîëü ðåïàðàöèè ÄÍÊ (Bouska et al., 2008; Lezina et al.,
2015).

Á å ë î ê M d m X. Áåëîê Mdm4 (mouse double minu-
te 4), èçâåñòíûé òàêæå êàê MdmX (ãîìîëîã áåëêà ÷åëîâå-
êà — HdmX (Hdm4)), ÿâëÿåòñÿ ïàðòíåðîì è ãîìîëîãîì
áåëêà Mdm2 è òîæå ïðèíèìàåò ó÷àñòèå â íåãàòèâíîé ðå-
ãóëÿöèè ð53 (Schvarts et al., 1996). Åãî ðîëü â ðåãóëÿöèè
ñòàáèëüíîñòè áåëêà p53 áûëà èçíà÷àëüíî íåäîîöåíåíà.
Ñ÷èòàëîñü, ÷òî äëÿ ðåãóëÿöèè óðîâíÿ áåëêà p53 äîñòàòî÷-
íî îäíîé E3-óáèêâèòèíëèãàçû Mdm2. Îäíàêî ñïóñòÿ íå-
êîòîðîå âðåìÿ áûëî ïîêàçàíî, ÷òî ìûøè, íîêàóòíûå ïî
Mdm4, ïîãèáàþò â ýìáðèîãåíåçå èç-çà âûñîêîãî óðîâíÿ
ýêñïðåññèè p53. Ýòè äàííûå óêàçûâàþò íà âàæíóþ ðîëü
Mdm4 â ðåãóëÿöèè àêòèâíîñòè p53 (Wade at al., 2010).

Ñòðóêòóðà áåëêîâ Mdm2 è MdmX âî ìíîãîì ÿâëÿåòñÿ
ñõîæåé. Êàê è Mdm2, MdmX ñâÿçûâàåòñÿ ñâîèì àìè-
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íîêîíöåâûì ó÷àñòêîì ñ ãèäðîôîáíûì àìèíîêîíöåâûì
ó÷àñòêîì p53 (Bottger et al., 1999). Ïîìèìî ýòîãî, âûñîêàÿ
ñòåïåíü ãîìîëîãèè íàáëþäàåòñÿ â êàðáîêñèêîíöåâîì
RING-äîìåíå è äîìåíå òèïà «öèíêîâûé ïàëåö». Ïîêàçà-
íî, ÷òî Mdm2 è Mdm4 ìîãóò îáðàçîâûâàòü êàê ãîìî-, òàê
è ãåòåðîäèìåðû (Tanimura et al., 1999). Íî òîãäà êàê
Mdm2 ÿâëÿåòñÿ Å3-óáèêâèòèíëèãàçîé, êîòîðàÿ óáèêâèòè-
íèðóåò p53 çà ñ÷åò ñâîåãî êàðáîêñèêîíöåâîãî RING-äî-
ìåíà, MdmX íå ìîæåò âûïîëíÿòü ýòó ôóíêöèþ, ïîñêîëü-
êó åãî RING-äîìåí íå îáëàäàåò êàòàëèòè÷åñêîé àêòèâíî-
ñòüþ (Kawai et al., 2007). Îäíàêî ïîêàçàíî, ÷òî ñàì ïî
ñåáå Mdm2 îñóùåñòâëÿåò òîëüêî ìóëüòèìîíîóáèêâèòè-
íèðîâàíèå p53, ïîñêîëüêó ÿâëÿåòñÿ ìîíîóáèêâèòèíëèãà-
çîé. Îäíàêî ïðè ãåòåðîäèìåðèçàöèè ñ Mdm4 Mdm2 ïðè-
îáðåòàåò ñïîñîáíîñòü ê ïîëèóáèêâèòèíèðîâàíèþ ð53, ÷òî
ÿâëÿåòñÿ ñèãíàëîì ê åãî äåãðàäàöèè.

Ïîìèìî ýòîé ôóíêöèè Mdm4 ìîæåò ñâÿçûâàòüñÿ ñ
àìèíîêîíöåâûì äîìåíîì p53 ïðè òàêîé æå àôôèííîñòè,
÷òî è Mdm2, è, òàêèì îáðàçîì, ïîäàâëÿòü åãî òðàíñêðèï-
öèîííóþ àêòèâíîñòü (Shvarts et al., 1996). Êðîìå ýòîãî,
MdmX ïðåïÿòñòâóåò âçàèìîäåéñòâèþ ð53 ñ àêòèâàòîðîì
ãèñòîíàöåòèëòðàíñôåðàçîé p300 (Sabbatini, McCormick,
2002). Êàê è Mdm2, MdmX ÷àñòî ñâåðõýêñïðåññèðîâàí â
ðÿäå îïóõîëåé, îñîáåííî â ðåòèíîáëàñòîìàõ, îñòðûõ ëèì-
ôîáëàñòíûõ ëåéêîçàõ è ìåëàíîìàõ (Berberich, 2014).

Á å ë ê è P i r h 2 è C o p 1. Âàæíûìè ð53-ñïåöèôè÷å-
ñêèìè E3-óáèêâèòèíëèãàçàìè ÿâëÿþòñÿ òàêæå áåëêè
Pirh2 (p53-induced RING-H2 domain protein, òàêæå èçâåñò-
íûé êàê Rchy1) (Leng et al., 2003) è Cop1 (constitutively
photomorphogenic protein) (Dornan et al., 2004). Êàê è â
ñëó÷àå Mdm2, ð53 ñâÿçûâàåòñÿ ñ ïðîìîòîðíûìè îáëàñòÿ-
ìè ãåíîâ PIRH2 è COP1, ÷åì ñïîñîáñòâóåò ýêñïðåññèè
ýòèõ áåëêîâ (Dornan et al., 2004; Sheng et al., 2008). Ïðè
ýòîì îáå Å3-óáèêâèòèíëèãàçû (Pirh2 è Cop1) íåãàòèâíî
êîíòðîëèðóþò ð53 çà ñ÷åò åãî ïîëèóáèêâèòèíèðîâàíèÿ ñ
ïîñëåäóþùåé ïðîòåàñîìíîé äåãðàäàöèåé. Òàêèì îáðà-
çîì, ôîðìèðóåòñÿ ïåòëÿ ïîëîæèòåëüíîé îáðàòíîé ñâÿçè.
Â îòëè÷èå îò Mdm2, êîòîðûé èíäóöèðóåò äåãðàäàöèþ íå-
ìîäèôèöèðîâàííîãî ð53 â îòñóòñòâèå ñòðåññà, Pirh2 ïðå-
èìóùåñòâåííî óáèêâèòèíèðóåò êîâàëåíòíî-ìîäèôèöèðî-
âàííûé p53, ò. å. íåãàòèâíî êîíòðîëèðóåò óðîâåíü ð53
ïðè ñòðåññå (Banin et al., 1998).

Âàæíî îòìåòèòü ôèçè÷åñêîå âçàèìîäåéñòâèå óáèêâè-
òèíëèãàç Pirh2, Cop1 è Mdm2, ÷òî ïðèâîäèò ê èõ ñèíåð-
ãè÷íîìó (ò. å. âçàèìîóñèëèâàþùåìó) íåãàòèâíîìó âëèÿ-
íèþ íà ýêñïðåññèþ p53 (Wang et al., 2009). Êðîìå òîãî,
ïîêàçàíî, ÷òî ñâåðõýêñïðåññèÿ Pirh2 è Cop1, ÷àñòî âñòðå-
÷àþùàÿñÿ ïðè ðàêå ìîëî÷íîé æåëåçû, ÿè÷íèêîâ, ïðîñòà-
òû è ëåãêèõ, àññîöèèðîâàíà ñ íåáëàãîïðèÿòíûì ïðîãíî-
çîì äëÿ ïàöèåíòîâ (Dornan et al., 2004; Logan et al., 2006).

Èíãèáèòîðû âçàèìîäåéñòâèÿ ð53 ñ Mdm2
è Mdm4 êàê ïîòåíöèàëüíûå

ïðîòèâîîïóõîëåâûå ïðåïàðàòû

Ïîñêîëüêó ïîëíîöåííîå ôóíêöèîíèðîâàíèå ð53-îïî-
ñðåäîâàííûõ ñèãíàëüíûõ ïóòåé íåñîâìåñòèìî ñ æèçíåäå-
ÿòåëüíîñòüþ ðàêîâûõ êëåòîê, áåëîê ð53 ìóòèðîâàí ïðè-
ìåðíî â ïîëîâèíå çëîêà÷åñòâåííûõ íîâîîáðàçîâàíèé.
Â äðóãîé ïîëîâèíå îïóõîëåé, ýêñïðåññèðóþùèõ ð53 äè-
êîãî òèïà, ýòîò îíêîñóïðåññîð èíàêòèâèðîâàí çà ñ÷åò
ñâåðõýêñïðåññèè E3-óáèêâèòèíëèãàç, ãëàâíûì îáðàçîì
Mdm2 è MdmX, êîòîðûå àêòèâèðóþò ïðîöåññû äåãðàäà-
öèè p53. Òàêèì îáðàçîì, ðåàêòèâàöèÿ ð53 çà ñ÷åò èíãèáè-

ðîâàíèÿ ñïåöèôè÷íûõ ê íåìó Å3-ëèãàç ÿâëÿåòñÿ ïåðñïåê-
òèâíîé ïðîòèâîðàêîâîé òåðàïåâòè÷åñêîé ñòðàòåãèåé â
ñëó÷àå îïóõîëåé, íåñóùèõ ð53 äèêîãî òèïà (Davidovich
et al., 2015). Ïîñêîëüêó Mdm2 ÿâëÿåòñÿ îñíîâíûì íåãà-
òèâíûì ðåãóëÿòîðîì ð53, èíòåðåñ èññëåäîâàòåëåé ñîñðå-
äîòî÷åí ãëàâíûì îáðàçîì íà èíãèáèðîâàíèè Mdm2-ð53
áåëîê-áåëêîâîãî âçàèìîäåéñòâèÿ. Äàííûé ïîäõîä ïðîäå-
ìîíñòðèðîâàë ñâîþ ýôôåêòèâíîñòü êàê in vitro, òàê è íà
ïîñëåäóþùèõ ýòàïàõ, âêëþ÷àÿ ìîäåëè æèâîòíûõ è íà-
÷àëüíûå ñòàäèè êëèíè÷åñêèõ èñïûòàíèé (Zhao et al., 2013).

Â ñîîòâåòñòâèè ñ êðèñòàëëè÷åñêîé ñòðóêòóðîé âûñî-
êîãî ðàçðåøåíèÿ è ýêñïåðèìåíòàëüíûìè äàííûìè, ôèçè-
÷åñêèé êîíòàêò ð53 è Mdm2 îïðåäåëÿåòñÿ ãèäðîôîáíûì
âçàèìîäåéñòâèåì íåñêîëüêèõ àìèíîêèñëîò áåëêà ð53
(Phe19, Trp23 è Leu26), âõîäÿùèõ â ñîñòàâ æåñòêîé àëü-
ôà-ñïèðàëè, ñ ãèäðîôîáíîé ïîëîñòüþ, îáðàçîâàííîé àìè-
íîêîíöåâûì äîìåíîì Mdm2 (Kussie et al., 1996).

Òàêèì îáðàçîì, áîëüøèíñòâî èíãèáèòîðîâ Mdm2-p53
äåéñòâóåò â ðàìêàõ îäíîé ôàðìàêîôîðíîé ãèïîòåçû è
ðàçëè÷àåòñÿ ïî òèïó áàçîâîãî «ñêåëåòà» — ïðîèçâîäíûå
öèñèìèäàçîëèíîâ (íóòëèíû), ïèððîëèäèíîâ (RG7388),
ñïèðîîêñîèíäîëîâ (SAR405838), ïèïåðèäèíîíîâ (AMG
232) è ò. ä. Çà ñ÷åò ìîäèôèêàöèé íà÷àëüíûõ ñîåäèíåíèé
ïóòåì ââåäåíèÿ ðàçëè÷íûõ ôóíêöèîíàëüíûõ ãðóïï èññëå-
äîâàòåëÿì óäàëîñü çíà÷èòåëüíî ïîâûñèòü èõ ñðîäñòâî ê
Mdm2, ðàñòâîðèìîñòü, áèîäîñòóïíîñòü, à òàêæå ñíèçèòü
èõ òîêñè÷íîñòü. Èç âñåãî ðàçíîîáðàçèÿ ñèíòåçèðîâàííûõ
èíãèáèòîðîâ âçàèìîäåéñòâèÿ Mdm2 ñ p53 íåñêîëüêî
ïðåäñòàâèòåëåé óæå ïðîõîäÿò íà÷àëüíûå ôàçû êëèíè÷å-
ñêèõ èñïûòàíèé (Zhao et al., 2014). Âñå îíè èìåþò âûñîêîå
ñðîäñòâî ê Mdm2 è äåìîíñòðèðóþò âûñîêóþ èçáèðàòåëü-
íîñòü ïî îòíîøåíèþ ê ðàêîâûì êëåòêàì, íåñóùèì ð53 äè-
êîãî òèïà ïî ñðàâíåíèþ ñ ìóòàíòíûì ð53. Íàïðèìåð, áûëî
ïîêàçàíî, ÷òî ïðèìåíåíèå èíãèáèòîðîâ âçàèìîäåéñòâèÿ
Mdm2 ñ p53 ýôôåêòèâíî ïîäàâëÿëî ðîñò êëåòîê ñàðêîì è
ìåëàíîì, à òàêæå ïîâûøàëî èõ âîñïðèèì÷èâîñòü ê õèìèî-
òåðàïèè (Ohnstad et al., 2011; Gembraska et al., 2012).

Ïîòåíöèàëüíûå ïðåïÿòñòâèÿ íà ïóòè
ïðèìåíåíèÿ èíãèáèòîðîâ Mdm2 è Mdm4

â êëèíè÷åñêîé ïðàêòèêå

Î í ê î ñ ó ï ð å ñ ñ î ð í û å ñ â î é ñ ò â à ð 5 3 - ñ ï å ö è -
ô è ÷ í û õ Å 3 - ë è ã à ç. 1. Mdm2. Íåñìîòðÿ íà îáùåïðèç-
íàííûå îíêîãåííûå ñâîéñòâà Mdm2, ýòà Å3-ëèãàçà ìîæåò
èãðàòü òàêæå ðîëü îíêîñóïðåññîðà, î ÷åì ñâèäåòåëüñòâóåò
ðÿä ýêñïåðèìåíòàëüíûõ äàííûõ. Ñîîòâåòñòâåííî èíãèáè-
ðîâàíèå Mdm2 ìîæåò îêàçûâàòü ïëåéîòðîïíûé ýôôåêò
íà ýôôåêòèâíîñòü ïðîòèâîðàêîâîé òåðàïèè. Ïîêàçàíî,
÷òî Mdm2 ÿâëÿåòñÿ Å3-ëèãàçîé äëÿ òðàíñêðèïöèîííûõ
ôàêòîðîâ Snail (Snai1) (Lim et al., 2010) è Slug (Snai2)
(Wang et al., 2009). Ýòè òðàíñêðèïöèîííûå ôàêòîðû çà
ñ÷åò ðåïðåññèè ãåíà Å-êàäõåðèíà àêòèâèðóþò ïðîöåññ
ýïèòåëèàëüíî-ìåçåíõèìíîãî ïåðåõîäà (ÝÌÏ), ëåæàùåãî
â îñíîâå èíèöèàöèè ìåòàñòàçèðîâàíèÿ. Âçàèìîäåéñòâèå
Mdm2 ñî Snail è Slug ïðèâîäèò ê èõ óáèêâèòèíèðîâàíèþ
ñ ïîñëåäóþùåé ïðîòåàñîìíîé äåãðàäàöèåé. Òàêèì îáðà-
çîì, Mdm2 ìîæåò ñïîñîáñòâîâàòü ñîõðàíåíèþ ìåæêëå-
òî÷íûõ êîíòàêòîâ çà ñ÷åò íåãàòèâíîé ðåãóëÿöèè ðåïðåñ-
ñîðîâ Å-êàäõåðèíà, ÷òî ïîòåíöèàëüíî ïðåïÿòñòâóåò ïðî-
öåññó îòêðåïëåíèÿ êëåòîê è ìåòàñòàçèðîâàíèþ.

Êðîìå òîãî, Mdm2 íåãàòèâíî êîíòðîëèðóåò ýêñïðåññèþ
êàòàëèòè÷åñêîé ñóáúåäèíèöû ôåðìåíòà òåëîìåðàçû
(hTert) (Oh et al., 2010). Òåëîìåðàçà ïîääåðæèâàåò ñòðóê-
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òóðó òåëîìåð, ÷òî íåîáõîäèìî àêòèâíî ïðîëèôåðèðóþ-
ùèì ðàêîâûì êëåòêàì äëÿ ïðåäîòâðàùåíèÿ ïðîöåññà ðåï-
ëèêàòèâíîãî ñòàðåíèÿ. Mdm2 âûçûâàåò óáèêâèòèíèðîâà-
íèå è ïðîòåàñîìíóþ äåãðàäàöèþ hTert, ÷òî ïðèâîäèò ê
ñíèæåíèþ àêòèâíîñòè òåëîìåðàçû â ðàêîâûõ êëåòêàõ è
ïðåïÿòñòâóåò èõ àêòèâíîìó äåëåíèþ. Mdm2 òàêæå ÿâëÿåò-
ñÿ Å3-ëèãàçîé äëÿ òðàíñêðèïöèîííîãî ôàêòîðà Foxo3A
(Yang et al., 2008), âûïîëíÿþùåãî ôóíêöèè îíêîñóïðåñ-
ñîðà. Àêòèâàöèÿ ñèãíàëüíîãî ïóòè Ras/Raf/Mek/Erk ïðè-
âîäèò ê ôîñôîðèëèðîâàíèþ Foxo3A, ÷òî äàëåå âåäåò ê åãî
Mdm2-îïîñðåäóåìîìó ôîñôîðèëèðîâàíèþ è ïðîòåàñîìíîé
äåãðàäàöèè. Òàêèì îáðàçîì, íóæíî ó÷èòûâàòü âîçìîæíûå
îòðèöàòåëüíûå ýôôåêòû òåðàïåâòè÷åñêîãî ïðèìåíåíèÿ
èíãèáèòîðîâ Mdm2 êàê â îòíîøåíèè ÝÌÏ, òàê è â îòíî-
øåíèè ïðîëèôåðàöèîííîãî ïîòåíöèàëà ðàêîâûõ êëåòîê.

2. MdmX. Êàê è Mdm2, Mdm4 òîæå ìîæåò îáëàäàòü
îíêîñóïðåññîðíûìè ñâîéñòâàìè. Íàïðèìåð, íà ìûøèíûõ
ìîäåëÿõ áûëî ïîêàçàíî, ÷òî äåëåöèÿ ãåíà MDM4 óñèëè-
âàåò Mdm2-îïîñðåäîâàííûé îíêîãåíåç (Matijasevic et al.,
2008). Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî Mdm4 ìîæåò îáëà-
äàòü îíêîñóïðåññîðíûìè ñâîéñòâàìè ïðè ñâåðõýêñïðåñ-
ñèè Mdm2. Êðîìå òîãî, ïîêàçàíî, ÷òî íîêäàóí MdmX â
ð53-äåôèöèòíûõ êëåòêàõ è ìûøàõ ñïîñîáñòâóåò òðàíñ-
ôîðìàöèè êëåòîê çà ñ÷åò èíäóêöèè ÷èñëà ìóëüòèïîëÿð-
íûõ ìèòîçîâ ñ ïîñëåäóþùåé óòðàòîé õðîìîñîì (Matijase-
vic et al., 2008). Òàêèì îáðàçîì, ñíèæåíèå ýêñïðåññèè
Mdm4 ìîæåò ñïîñîáñòâîâàòü õðîìîñîìíîé íåñòàáèëüíî-
ñòè â êëåòêàõ ñ ð53-íåãàòèâíûì ñòàòóñîì. Ïîìèìî ýòîãî,
ïîêàçàíî, ÷òî íîêäàóí ãåíà Mdm4 ïîâûøàåò óñòîé÷è-
âîñòü êëåòîê ðàêà øåéêè ìàòêè ê ãåíîòîêñè÷åñêîìó àãåí-
òó öèñïëàòèíó (Matijasevic et al., 2008).

Ñïëàéñ-èçîôîðìû îñíîâíûõ íåãàòèâíûõ
ðåãóëÿòîðîâ ð53 Mdm2 è MdmX

Ïîìèìî àìïëèôèêàöèè ãåíà MDM2, âûÿâëåííîé â
19 ðàçëè÷íûõ òèïàõ îïóõîëåé, â ðàêîâûõ êëåòêàõ ÷àñòî
äåòåêòèðóþò ñïëàéñ-èçîôîðìû Mdm2. Â òî âðåìÿ êàê
ñðåäíÿÿ ÷àñòîòà àìïëèôèêàöèè ñîñòàâëÿåò 7 % (Momand
et al., 1998), ÷àñòîòà âñòðå÷àåìîñòè ñïëàéñ-èçîôîðì
Mdm2 ñîñòàâëÿåò îò 30 äî 90 % â çàâèñèìîñòè îò òèïà
îïóõîëè (Rosso et al., 2014). Ïðè ýòîì èõ ïðèñóòñòâèå, êàê
ïðàâèëî, íå êîððåëèðóåò ñ ïðèñóòñòâèåì (îòñóòñòâèåì)
èëè ìóòàöèÿìè ð53. Â öåëîì îõàðàêòåðèçîâàíî áîëåå
40 ðàçëè÷íûõ èçîôîðì Mdm2, îäíàêî áîëüøèíñòâî èç
íèõ âûÿâëåíî òîëüêî ïðè îïðåäåëåííûõ òèïàõ ðàêà è â
ðàìêàõ êîíêðåòíîãî èññëåäîâàíèÿ (Bartel et al., 2002).
Îñíîâíûìè æå ÿâëÿþòñÿ òðè èçîôîðìû, âîçíèêàþùèå â
ðåçóëüòàòå êàíîíè÷åñêîãî ñïëàéñèíãà: Mdm2-A, Mdm2-B
è Mdm2-C, ðåãóëÿðíî äåòåêòèðóåìûå â ñàìûõ ðàçëè÷íûõ
îïóõîëÿõ (Rosso et al., 2014) (ñì. ðèñóíîê, à). Èõ îáùåé
õàðàêòåðèñòèêîé ÿâëÿåòñÿ îòñóòñòâèå ó÷àñòêà áåëêà, êî-
äèðóþùåãî á*îëüøóþ ÷àñòü ð53-ñâÿçûâàþùåãî äîìåíà, à
òàêæå öåíòðàëüíîãî «êèñëîòíîãî» äîìåíà, êîòîðûé îñó-
ùåñòâëÿåò áîëüøèíñòâî ìåæáåëêîâûõ âçàèìîäåéñòâèé
(Rosso et al., 2014).

Â ðàçëè÷íûõ èññëåäîâàíèÿõ ïîêàçàíî, ÷òî ïðèñóòñò-
âèå ñïëàéñ-èçîôîðì, êàê ïðàâèëî, àññîöèèðîâàíî ñ ìåòà-
ñòàçèðóþùèìè, ìàëîäèôôåðåíöèðîâàííûìè îïóõîëÿìè
è êîððåëèðóåò ñ íåáëàãîïðèÿòíûì ïðîãíîçîì äëÿ ïàöèåí-
òîâ (Harris, 2005). Â ðÿäå ýêñïåðèìåíòîâ ïîêàçàíà ïîçè-
òèâíàÿ ðåãóëÿöèÿ ð53 ïðè ýêñïðåññèè ñïëàéñ-èçîôîðì
Mdm2 (Fridman et al., 2003; Rosso et al., 2014). Ýòî îáúÿñ-
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íÿåòñÿ òåì, ÷òî ñïëàéñ-èçîôîðìû áëàãîäàðÿ äåëåöèè
ñâîåãî àìèíîêîíöåâîãî ð53-ñâÿçûâàþùåãî ó÷àñòêà òåðÿ-
þò ñïîñîáíîñòü âçàèìîäåéñòâîâàòü ñ ð53. Ïðè ýòîì îíè
ñîõðàíÿþò ñâÿçûâàíèå ñ îñíîâíîé èçîôîðìîé Mdm2 ÷å-
ðåç ñâîè êàðáîêñèëüíûå RING-äîìåíû, ÷òî ïðèâîäèò ê
äåãðàäàöèè ïîëíîðàçìåðíîé ôîðìû çà ñ÷åò åå óáèêâèòè-
íèðîâàíèÿ.

Îòñóòñòâèå äîìåíà âçàèìîäåéñòâèÿ ñ ð53 ó èçîôîðì
Mdm2 äåëàåò èõ íå÷óâñòâèòåëüíûìè ê îáðàáîòêå èíãèáè-
òîðàìè âçàèìîäåéñòâèÿ ð53 ñ Mdm2, ÷òî âíîñèò äîïîëíè-
òåëüíûå íåÿñíîñòè â âîçìîæíîñòü àêêóðàòíîãî ïðåäñêà-
çàíèÿ òåðàïåâòè÷åñêîãî ýôôåêòà ýòèõ ñîåäèíåíèé (Bozzi
et al., 2013).

Äëÿ áåëêà MdmÕ òîæå èçâåñòíû èçîôîðìû. Îïèñàíî
øåñòü åãî ñòðóêòóðíûõ èçîôîðì. Èç íèõ íàèáîëåå èíòå-
ðåñíû äâå — Mdmx-S, ó êîòîðîé îòñóòñòâóþò öåíòðàëü-
íûé è êàðáîêñèëüíûé RING-äîìåíû (Bartel et al., 2005),
íî ïðè ýòîì ñîõðàíÿåòñÿ äîìåí ñâÿçûâàíèÿ ñ p53, è
Mdmx211, ó êîòîðîé, íàîáîðîò, îòñóòñòâóåò äîìåí ñâÿçû-
âàíèÿ ñ p53, íî ñîõðàíÿåòñÿ îñòàëüíàÿ ÷àñòü áåëêà. Ýêñïå-
ðèìåíòû ïîêàçàëè, ÷òî ýêñïðåññèÿ Mdmx-S èíãèáèðóåò
òðàíñêðèïöèîííóþ àêòèâíîñòü p53, òàê êàê ñðîäñòâî
MdmX-S ê ð53 â 10 ðàç âûøå, ÷åì ó ïîëíîðàçìåðíîãî
MdmX (Rallapalli et al., 2003). Âûñîêàÿ ýêñïðåññèÿ
MdmX-S âûÿâëåíà â ðàçëè÷íûõ òèïàõ ðàêà è, êàê ïðàâè-
ëî, ÿâëÿåòñÿ ïîêàçàòåëåì íåáëàãîïðèÿòíîãî ïðîãíîçà äëÿ
ïàöèåíòîâ (Berberich, 2014).

Ê òàêîìó æå ðåçóëüòàòó, íî ïî äðóãîìó ìåõàíèçìó
ïðèâîäèò ñâåðõýêñïðåññèÿ MdmX211. Ýòà èçîôîðìà ôè-
çè÷åñêè âçàèìîäåéñòâóåò ñ Mdm2, ïðåïÿòñòâóÿ äåãðàäà-
öèè ð53 (Giglio et al., 2005). Ïðè ýòîì ð53 ñòàíîâèòñÿ
òðàíñêðèïöèîííî íåàêòèâíûì, òàê êàê ôèçè÷åñêè àññîöè-
èðóåòñÿ ñ Mdm2 â êîìïëåêñå ñ MdmX. Ñîîòâåòñòâåííî
áûëî ýêñïåðèìåíòàëüíî ïîêàçàíî, ÷òî íóòëèí-3 (èíãèáè-
òîð âçàèìîäåéñòâèÿ ð53 ñ Mdm2) íåýôôåêòèâåí â êëåò-
êàõ, ñâåðõýêñïðåññèðóþùèõ MdmX (Hu et al., 2006; Patton
et al., 2006). Íåñìîòðÿ íà âûñîêîå ñðîäñòâî ê Mdm2, íóò-
ëèí íåñïîñîáåí èíãèáèðîâàòü îáðàçîâàíèå êîìïëåêñîâ
MdmX—ð53 è, òàêèì îáðàçîì, ïðè ïîâûøåííîé ýêñïðåñ-
ñèè MdmX ð53 ïðî÷íî àññîöèèðîâàí ñ ýòèì áåëêîì (Hu
et al., 2006; Patton et al., 2006).

Èñïîëüçîâàíèå ìàëûõ øïèëå÷íûõ ÐÍÊ, íàïðàâëåí-
íûõ ïðîòèâ HDMX211 (Giglio et al., 2005), çíà÷èòåëüíî
ñíèæàëî âûæèâàåìîñòü êëåòîê ARO ðàêà ùèòîâèäíîé
æåëåçû è ïîâûøàëî èõ ÷óâñòâèòåëüíîñòü ê õèìèîòåðà-
ïèè. Î êëèíè÷åñêîé âàæíîñòè îíêîãåííûõ ñâîéñòâ
HdmX211 ñâèäåòåëüñòâóþò òàêæå ðåçóëüòàòû áèîïñèè
ëåãî÷íûõ êàðöèíîì, â êîòîðûõ âûÿâëåíî ñîâìåñòíîå ïðè-
ñóòñòâèå ýòîé èçîôîðìû â îáðàçöàõ, ñâåðõýêñïðåññèðóþ-
ùèõ Mdm2 (Giglio et al., 2005).

Èçâåñòíû äâå äðóãèå èçîôîðìû MdmX —
MdmX-Alt1 è MdmX-Alt2 (Ñhandler et al., 2006), êîòîðûå
îáðàçóþòñÿ â ðåçóëüòàòå àëüòåðíàòèâíîãî ñïëàéñèíãà â
îòâåò íà óëüòðàôèîëåòîâîå îáëó÷åíèå (ñì. ðèñóíîê, á).
Áèîëîãè÷åñêàÿ çíà÷èìîñòü ýòèõ äâóõ èçîôîðì ïîêà îñòà-
åòñÿ ãèïîòåòè÷åñêîé.

Òàêèì îáðàçîì, ýôôåêòèâíîñòü òåðàïåâòè÷åñêèõ ïðå-
ïàðàòîâ, íàïðàâëåííûõ íà ðàçðóøåíèå âçàèìîäåéñòâèÿ
ð53 ñ Mdm2, áóäåò îïðåäåëÿòüñÿ íå òîëüêî ñîäåðæàíèåì
Mdm2, íî è ïðèñóòñòâèåì èçîôîðì MdmX.

Çàêëþ÷åíèå

Âñå âûøåîïèñàííûå äàííûå ìîãóò îãðàíè÷èâàòü òå-
ðàïåâòè÷åñêóþ ýôôåêòèâíîñòü èíãèáèòîðîâ âçàèìîäåé-
ñòâèÿ ð53 ñ Mdm2 è MdmX. Âî-ïåðâûõ, êàê äëÿ Mdm2,
òàê è äëÿ MdmX õàðàêòåðíû êàê îíêîãåííûå, òàê è îíêî-
ñóïðåññîðíûå ñâîéñòâà, ÷òî, ïî-âèäèìîìó, çàâèñèò îò
áèîõèìè÷åñêîãî êëåòî÷íîãî êîíòåêñòà. Ïîýòîìó èíãèáè-
ðîâàíèå ýòèõ Å3-ëèãàç òåîðåòè÷åñêè íå âñåãäà îáÿçàòåëü-
íî äîëæíî âûçûâàòü àíòèïðîëèôåðàòèâíûå ýôôåêòû.
Êðîìå òîãî, èíãèáèòîðû âçàèìîäåéñòâèÿ ð53 ñ Mdm2 íå
òîëüêî ðàçðóøàþò ýòó ìåæáåëêîâóþ ñâÿçü, íî è ïðåïÿòñò-
âóþò öåëîìó ðÿäó áåëîê-áåëêîâûõ âçàèìîäåéñòâèé
Mdm2 ñ äðóãèìè âàæíûìè ðåãóëÿòîðàìè êëåòî÷íîãî öèê-
ëà, ïðîëèôåðàöèè è àïîïòîçà (Nicholson et al., 2012).
Íàðóøåíèå ýòèõ áåëîê-áåëêîâûõ âçàèìîäåéñòâèé ìîæåò
âûçûâàòü â êëåòêàõ ñàìûå ðàçëè÷íûå ýôôåêòû è òðåáóåò
îòäåëüíîãî èçó÷åíèÿ. Ïîñêîëüêó äëÿ âñåõ ð53-ñïåöèôè÷-
íûõ Å3-ëèãàç õàðàêòåðíî íàëè÷èå ìíîãèõ ìèøåíåé, öåëî-
ñòíîå ïîíèìàíèå ôóíêöèé íåãàòèâíûõ ðåãóëÿòîðîâ ð53 â
ðàçëè÷íûõ òèïàõ îïóõîëåé ÿâëÿåòñÿ àêòóàëüíîé ñîâðå-
ìåííîé çàäà÷åé.

Âî-âòîðûõ, êàê óæå ðàññìàòðèâàëîñü âûøå, ðàêîâûå
êëåòêè õàðàêòåðèçóþòñÿ ðàçíîîáðàçèåì èçîôîðì îñíîâ-
íûõ íåãàòèâíûõ ðåãóëÿòîðîâ ð53. Ïðè ýòîì ïðèñóòñòâèå
èçîôîðì îñíîâíûõ ð53-ñïåöèôè÷åñêèõ Å3-ëèãàç, êàê
ïðàâèëî, êîððåëèðóåò ñ íåáëàãîïðèÿòíûì ïðîãíîçîì âû-
æèâàíèÿ ïàöèåíòîâ. Íàïðèìåð, âûäâèãàåòñÿ ãèïîòåçà î
òîì, ÷òî ãåòåðîãåííûé îòâåò ëèïîñàðêîì ÷åëîâåêà íà îá-
ðàáîòêó íóòëèíîì-3 ìîæåò çàâèñåòü îò ñîîòíîøåíèÿ
óðîâíåé ýêñïðåññèè èçîôîðì Mdm2 è MdmX, ïîñêîëüêó
íóòëèí-3 íå îêàçûâàåò çíà÷èìîãî âîçäåéñòâèÿ íè íà
ñïëàéñ-èçîôîðìû Mdm2, íè íà MdmX è MdmX-S (Bozzi
et al., 2013). Ïðè ýòîì ñîîòíîøåíèå èçîôîðì â èçó÷åííûõ
îáðàçöàõ ëèïîñàðêîì êîëåáëåòñÿ îò 0.1 äî 5.6 (Bozzi
et al., 2013), ÷òî êîñâåííî ñâèäåòåëüñòâóåò â ïîëüçó ýòîé
ãèïîòåçû.

Òàêèì îáðàçîì, íà ïðèìåðå íóòëèíà ïîíÿòíî, ÷òî òå-
ðàïåâòè÷åñêîå âëèÿíèå èíãèáèòîðîâ Mdm2 è MdmX íà
ðàêîâûå êëåòêè ìîæåò áûòü ïîòåíöèàëüíî îãðàíè÷åíî
êàê íàëè÷èåì ó äàííûõ Å3-ëèãàç îíêîñóïðåññîðíûõ
ñâîéñòâ, òàê è êîëè÷åñòâåííûì ñîîòíîøåíèåì èõ èçî-
ôîðì, îòðàæàþùèì ñëîæíîñòü ñèñòåìû ðåãóëÿöèè ñ ó÷à-
ñòèåì ýòèõ óáèêâèòèíëèãàç. Ïîìèìî ýòèõ ôàêòîðîâ íåîá-
õîäèìî òàêæå ó÷èòûâàòü ïðèñóòñòâèå â êëåòêàõ äðóãèõ
ð53-íàïðàâëåííûõ Å3-óáèêâèòèíëèãàç (Pirh2 è Cop1), êî-
òîðûå ìîãóò ìîäóëèðîâàòü àêòèâíîñòü Mdm2 è MdmX è
ñîîòâåòñòâåííî âëèÿòü íà òåðàïåâòè÷åñêóþ ýôôåêòèâ-
íîñòü èõ èíãèáèòîðîâ.

Ðàáîòà áûëà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå
Ðîññèéñêîãî íàó÷íîãî ôîíäà íà ðàçâèòèå îðãàíèçà-
öèé (ïðîåêò 14-50-00068, Î. Þ. Øóâàëîâ, À. Â. Ïåòó-
õîâ, À. À. Äàêñ, Å. À. Âàñèëüåâà, Í. À. Áàðëåâ) è Ðîññèé-
ñêîãî ôîíäà ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðî-
åêò 14-04-32242, Î. À. Ôåäîðîâà).

Ñ ï è ñ î ê ë è ò å ð à ò ó ð û

Âàñèëüåâà Å. À., Ìåëèíî Ä., Áàðëåâ Í. À. 2015. Ïðèìåíåíèå
ñèñòåìû íàïðàâëåííîãî ãåíîìíîãî ðåäàêòèðîâàíèÿ CRISPR/
Cas ê ïëþðèïîòåíòíûì ñòâîëîâûì êëåòêàì. Öèòîëîãèÿ. 57 (1) :
19—30. (Vasilieva E. A., Melino G., Barlev N. A. 2015. CRISPR/
Cas system for genome editing in pluripotent stem cells. Tsitolo-
giya. 57 (1) : 19—30.)

Íåãàòèâíûå ðåãóëÿòîðû îíêîñóïðåññîðà p53 â êîíòåêñòå íàïðàâëåííîé ïðîòèâîîïóõîëåâîé òåðàïèè 851



Äàêñ À. À., Ìåëèíî Ä., Áàðëåâ Í. À. 2013. Ðîëü ðàçëè÷íûõ
E3-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 regula-
tion of the P53 tumor suppressor protein. Tsitologiya. 55 (10) :
673—687.)

×óìàêîâ Ï. Ì. 2007. Áåëîê ð53 è åãî óíèâåðñàëüíûå ôóíê-
öèè â ìíîãîêëåòî÷íîì îðãàíèçìå. Óñïåõè áèîë. õèìèè. 47 (1) :
3—52. (Chumakov P. M. 2007. Ð53 protein and its universal functi-
ons in the multicellular organism. Advances in Biol. Chem. 47 (1) :
3—52.)

Banin S., Moyal L., Shieh S. Y., Taya Y., Anderson C. W.,
Chessa L., Ziv Y. 1998. Enhanced phosphorylation of p53 by
ATM in response to DNA damage. Science. 281 (5383) : 1674—
1677.

Barlev N. A., Sayan B. S., Candi E., Okorokov A. L. 2010. The
microRNA and p53 families join forces against cancer. Cell Death
Differentiation. 17 : 373—375.

Bartel F., Schulz J., Böhnke A., Blümke K., Kappler M., Ba-
che M., Schmidt H., Würl P., Taubert H., Hauptmann S. 2005. Sig-
nificance of HDMX?S (or MDM4) mRNA splice variant overexp-
ression and HDMX gene amplification on primary soft tissue sar-
coma prognosis. Int. J. Cancer. 117 : 469—475.

Bartel F., Taubert H., Harris L. C. 2002. Alternative and aber-
rant splicing of MDM2 mRNA in human cancer. Cancer Ñell. 2 :
9—15.

Berberich S. J. 2014. Mdm2 and MdmX involvement in hu-
man cancer. Subcellular Biochem. 85 : 263—280.

Boettger V., Boettger A., Garcia-Echeverria C., Ramos Y. F.,
van der Eb A. J., Jochemsen A. G., Lane D. P. 1999. Comparative
study of the p53-mdm2 and p53-MDMX interfaces. Oncogene. 18 :
189—199.

Bond G. L., Hu W., Levine A. J. 2005. MDM2 is a central node
in the p53 pathway: 12 years and counting. Curr. Cancer Drug Tar-
gets. 5 : 3—8.

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

Boyd M. T., Vlatkovic N., Haines D. S. 2000. A novel cellular
protein (MTBP) binds to MDM2 and induces a G1 arrest that is
suppressed by Mdm2. J. Biol. Chem. 275 : 31 883—31 890.

Bozzi F., Conca E., Laurini E., Posocco P., Sardo A. L., Jocol-
le G., Pilotti S. 2013. In vitro and in silico studies of Mdm2/MdmX
isoforms predict Nutlin-3A sensitivity in well/de-differentiated li-
posarcomas. Lab. Invest. 93 : 1232—1240.

Chandler D. S., Singh R. K., Caldwell L. C., Bitler J. L., Loza-
no G. 2006. Genotoxic stress induces coordinately regulated alter-
native splicing of the p53 modulators Mdm2 and Mdm4. Cancer
Res. 66 : 9502—9508.

Davidovich P., Aksenova V., Petrova V., Tentler D., Orlo-
va D., Smirnov S., Tribulovich V. 2015. Discovery of novel isa-
tin-based p53 inducers. ACS Med. Chem. Lett. 6 : 856—860.

Dornan D., Wertz I., Shimizu H., Arnott D., Frantz G. D.,
Dowd P., Dixit V. M. 2004. The ubiquitin ligase Cop1 is a critical
negative regulator of p53. Nature. 429 : 86—92.

Fakharzadeh S. S., Trusko S. P., George D. L. 1991. Tumori-
genic potential associated with enhanced expression of a gene that
is amplified in a mouse tumor cell line. EMBO J. 10 : 1565 —
1569.

Fedorova O. A., Moiseeva T. N., Nikiforov A. A., Tsimo-
kha A. S., Livinskaya V. A., Hodson M., Barlev N. A. 2011. Proteo-
mic analysis of the 20S proteasome (PSMA3)-interacting proteins
reveals a functional link between the proteasome and mRNA meta-
bolism. Biochem. Biophys. Res. Commun. 416 : 258—265.

Fridman J. S., Hernando E., Hemann M. T., de Stanchina E.,
Cordon-Cardo C., Lowe S. W. 2003. Tumor promotion by Mdm2
splice variants unable to bind p53. Cancer Res. 63 : 5703—5706.

Gembarska A., Luciani F., Fedele C., Russell E. A., Dewae-
le M., Villar S., Marine J. C. 2012. MDM4 is a key therapeutic tar-
get in cutaneous melanoma. Nature Med. 18 : 1239—1247.

Giglio S., Mancini F., Gentiletti F., Sparaco G., Felicioni L.,
Barassi F., Moretti F. 2005. Identification of an aberrantly spliced

form of HDMX in human tumors: a new mechanism for HDM2 sta-
bilization. Cancer Res. 65 : 9687—9694.

Gu L., Findley H. W., Zhou M. 2002. MDM2 induces
NF-kB/p65 expression transcriptionally through Sp1-binding sites:
a novel, p53-independent role of MDM2 in doxorubicin resistance
in acute lymphoblastic leukemia. Blood. 99 : 3367—3375.

Harris L. C. 2005. MDM2 splice variants and their therapeutic
implications. Curr. Cancer Drug Targets. 5 : 21—26.

Honda R., Yasuda H. 2000. Activity of MDM2, a ubiquitin li-
gase, toward p53 or itself is dependent on the RING finger domain
of the ligase. Oncogene. 19 : 1473—1476.

Hu B., Gilkes D. M., Farooqi B., Sebti S. M., Chen J. 2006.
MDMX overexpression prevents p53 activation by the MDM2 in-
hibitor Nutlin. J. Biol. Chem. 281 : 33 030—33 035.

Ivanov G., Ivanova T., Kurash J., Ivanov A., Chuikov S., Giza-
tullin F., Barlev N.A. 2007. Methylation-acetylation interplay acti-
vates p53 in response to DNA damage. Mol. Cell. Biol. 27 :
6756—6769.

Jones S. N., Roe A. E., Donehower L. A., Bradley A. 1995. Res-
cue of embryonic lethality in Mdm2-deficient mice by absence of
p53. Nature. 378 : 206—208.

Kawai H., Lopez-Pajares V., Kim M. M., Wiederschain D.,
Yuan Z. M. 2007. RING domain-mediated interaction is a require-
ment for MDM2’s E3 ligase activity. Cancer Res. 67 : 6026—6030.

Kussie P. H., Gorina S., Marechal V., Elenbaas B., Moreau J.,
Levine A. J., Pavletich N. P. 1996. Structure of the MDM2 oncop-
rotein bound to the p53 tumor suppressor transactivation domain.
Science. 274 : 948—953.

Leng R. P., Lin Y., Ma W., Wu H., Lemmers B., Chung S., Ben-
chimol S. 2003. Pirh2, a p53-induced ubiquitin-protein ligase, pro-
motes p53 degradation. Cell. 112 : 779—791.

Levav-Cohen Y., Goldberg Z., Alsheich-Bartok O., Zucker-
man V., Haupt S., Haupt Y. 2010. The p53-Mdm2 loop: a critical
juncture of stress response. In: Mutant p53 and MDM2 in cancer.
Netherlands: Springer. 161—186.

Lezina L., Aksenova V., Fedorova O., Malikova D., Shuva-
lov O., Antonov A. V., Barlev N. A. 2015. KMT Set7/9 affects geno-
toxic stress response via the Mdm2 axis. Oncotarget. 6 : 25 843—
25 855.

Lezina L., Purmessur N., Antonov A. V., Ivanova T., Karpo-
va E., Krishan K., Barlev N. A. 2013. miR-16 and miR-26a target
checkpoint kinases Wee1 and Chk1 in response to p53 activation
by genotoxic stress. Cell Death Disease. 4 : e953.

Lim S. O., Kim H., Jung G. 2010. p53 inhibits tumor cell inva-
sion via the degradation of snail protein in hepatocellular carcino-
ma. FEBS Lett. 584 : 2231—2236.

Lind H., Zienolddiny S., Ekstrom P. O., Skaug V., Haugen A.
2006. Association of a functional polymorphism in the promoter of
the MDM2 gene with risk of nonsmall cell lung cancer. Int. J. Can-
cer. 119 : 718—721.

Logan I. R., Gaughan L., McCracken S. R., Sapountzi,V., Le-
ung H. Y., Robson C. N. 2006. Human PIRH2 enhances andro-
gen receptor signaling through inhibition of histone deacetylase 1
and is overexpressed in prostate cancer. Mol. Ñell. Biol. 26 :
6502— 6510.

Marouco D., Garabadgiu A. V., Melino G., Barlev N. A. 2013.
Lysine-specific modifications of p53 : a matter of life and death?
Oncotarget. 4 : 1556—1571.

Matijasevic Z., Steinman H. A., Hoover K., Jones S. N. 2008.
MdmX promotes bipolar mitosis to suppress transformation and tu-
morigenesis in p53-deficient cells and mice. Mol. Cell. Biol. 28 :
1265—1273.

Mittenberg A. G., Moiseeva T. N., Barlev N. A. 2007. Role
of proteasomes in transcription and their regulation by covalent
modifications. Frontiers in Biosci.: J. Virtual Library. 13 : 7184—
7192.

Moiseeva T., Bottrill A., Melino G., Barlev N. A. 2013. DNA
damage-induced ubiquitylation of proteasome controls its proteoly-
tic activity. Oncotarget. 4 : 1338—1348.

Momand J., Jung D., Wilczynski S., Niland J. 1998. The
MDM2 gene amplification database. Nucl. Acids Res. 26 : 3453—
3459.

852 Î. Þ. Øóâàëîâ è äð.



Morgunkova A., Barlev N. A. 2006. Lysine methylation goes
global. Cell Cycle. 5 : 1308—1312.

Nicholson J., Neelagandan K., Huart A. S., Ball K., Mol-
loy M. P., Hupp T. 2012. An iTRAQ proteomics screen reveals the
effects of the MDM2 binding ligand Nutlin-3 on cellular proteosta-
sis. J. Proteome Res. 11 : 5464—5478.

Oh W., Lee E. W., Lee D., Yang M. R., Ko A., Yoon C. H.,
Song J. 2010. Hdm2 negatively regulates telomerase activity by
functioning as an E3 ligase of hTERT. Oncogene. 29 : 4101—
4112.

Ohnstad H. O., Paulsen E. B., Noordhuis P., Berg M., Lot-
he R. A., Vassilev L. T., Myklebost O. 2011. MDM2 antagonist Nut-
lin-3a potentiates antitumour activity of cytotoxic drugs in sarcoma
cell lines. BMC Cancer. 11 : 211 —222.

Onel K., Cordon-Cardo C. 2004. MDM2 and prognosis. Mol.
Cancer Res. 2 : 1—8.

Patton J. T., Mayo L. D., Singhi A. D., Gudkov A. V.,
Stark G. R., Jackson M. W. 2006. Levels of HdmX expression dic-
tate the sensitivity of normal and transformed cells to Nutlin-3.
Cancer Res. 66 : 3169—3176.

Rallapalli R., Strachan G., Tuan R. S., Hall D. J. 2003. Identi-
fication of a domain within MDMX-S that is responsible for its
high affinity interaction with p53 and high-level expression in
mammalian cells. J. Cell. Biochem. 89 : 563—575.

Rosso M., Okoro D. E., Bargonetti J. 2014. Splice variants of
MDM2 in oncogenesis. In: Mutant p53 and MDM2 in cancer. Ne-
therlands. Springer: 247—261.

Sabbatini P., McCormick F. 2002. MDMX inhibits the
p300/CBP-mediated acetylation of p53. DNA Ñell Biol. 21 : 519—
525.

Saucedo L. J., Carstens B. P., Seavey S. E., Albee L. D., 2nd,
Perry M. E. 1998. Regulation of transcriptional activation of mdm2
gene by p53 in response to UV radiation. Cell Growth Diff.: Mol.
Biol. J. Amer. Assoc. Cancer Res. 9 : 119—130.

Sheng Y., Laister R. C., Lemak A., Wu B., Tai E., Duan S., Ar-
rowsmith C. H. 2008. Molecular basis of Pirh2-mediated p53 ubi-
quitylation. Nature Struct. Mol. Biol. 15 : 1334—1342.

Shuvalov O., Petukhov A., Daks A., Fedorova O., Ermakov A.,
Melino G., Barlev N. A. 2015. Current genome editing tools in gene
therapy: new approaches to treat cancer. CGT. 15:511—529.

Shvarts A., Steegenga W. T., Riteco N., Van Laar T., Dek-
ker P., Bazuine M., Jochemsen A. G. 1996. MDMX: a novel
p53-binding protein with some functional properties of MDM2.
EMBO J. 15 : 5349.

Tanimura S., Ohtsuka S., Mitsui K., Shirouzu K., Yoshimu-
ra A., Ohtsubo M. 1999. MDM2 interacts with MDMX through
their RING finger domains. FEBS Lett. 447 : 5—9.

Trotta R., Vignudelli T., Candini O., Intine R. V., Pecorari L.,
Guerzoni C., Calabretta B. 2003. BCR/ABL activates mdm2
mRNA translation via the La antigen. Cancer Cell. 3 : 145—160.

Tsvetkov P., Reuven N., Shaul Y. 2010. Ubiquitin-independent
p53 proteasomal degradation. Cell Death Differentiation. 17 :
103—108.

Uchida C., Miwa S., Kitagawa K., Hattori T., Isobe T., Ota-
ni S., Kitagawa M. 2005. Enhanced Mdm2 activity inhibits pRB
function via ubiquitin-dependent degradation. EMBO J. 24 : 160—
169.

Vasileva E. A., Shuvalov O. U., Garabadgiu A. V., Melino G.,
Barlev N. A. 2015. Genome-editing tools for stem cell biology.Cell
Death Disease. 6 : e1831.

Wade M., Wang Y. V., Wahl G. M. 2010. The p53 or-
chestra: Mdm2 and Mdmx set the tone. Trends Cell Biol. 20 :
299—309.

Wadgaonkar R., Collins T. 1999. Murine double minute
(MDM2) blocks p53-coactivator interaction, a new mechanism for
inhibition of p53-dependent gene expression. J. Biol. Chem. 274 :
13 760—13 767.

Wang L., He G., Zhang P., Wang X., Jiang M., Yu L. 2011. In-
terplay between MDM2, MDMX, Pirh2 and COP1 : the negative
regulators of p53. Mol. Biol Reports. 38 : 229—236.

Wang S. P., Wang W. L., Chang Y. L., Wu C. T., Chao Y. C.,
Kao S. H., Yang P. C. 2009. p53 controls cancer cell invasion by in-
ducing the MDM2-mediated degradation of Slug. Nature Cell Biol.
11 : 694—704.

Wei X., Yu Z. K., Ramalingam A., Grossman S. R., Jiang H. Y.,
Bloch D. B., Maki C. G. 2003. Physical and functional interacti-
ons between PML and MDM2. J. Biol. Chem. 278 : 29 288—
29 297.

Yang J. Y., Zong C. S., Xia W., Yamaguchi H., Ding Q., Xie X.,
Hung M. C. 2008. ERK promotes tumorigenesis by inhibiting FO-
XO3a via MDM2-mediated degradation. Nature Cell Biol. 10 :
138—148.

Zeng X., Chen L., Jost C. A., Maya R., Keller D., Wang X.,
Lu H. 1999. MDM2 suppresses p73 function without promoting
p73 degradation. Mol. Cell. Biol. 19 : 3257—3266.

Zhang Z., Wang H., Li M., Rayburn E. R., Agrawal S.,
Zhang R. 2005. Stabilization of E2F1 protein by MDM2 thro-
ugh the E2F1 ubiquitination pathway. Oncogene. 24 : 7238—
7247.

Zhao Y., Aguilar A., Bernard D., Wang S. 2014. Small-mole-
cule inhibitors of the MDM2-p53 protein-protein interaction
(MDM2 inhibitors) in clinical trials for cancer treatment: miniper-
spective. J. Med. Chem. 58 : 1038—1052.

Zhao Y., Bernard D., Wang S. 2013. Small molecule inhibitors
of MDM2-p53 and MDMX-p53 interactions as new can cancer the-
rapeutics. BioDiscovery. 8 : 1—15.

Ïîñòóïèëà 25 IX 2015

NEGATIVE REGULATORS OF TUMOR SUPPRESSOR P53

IN THE CONTEXT OF ANTICANCER THERAPY

O. Yu. Shuvalov,1 O. A. Fedorova,1 A. V. Petukhov,1, 2 A. A. Daks,1 E. A. Vasilieva,1

T. A. Grigorieva,3 G. S. Ivanov,1 N. A. Barlev1, *

1 Institute of Cytology RAS, St. Petersburg, 194064,
2 Institute of Hematology of Federal North-West Medical Research Centre, St. Petersburg, 197341,

and 3 St. Petersburg State Technological Institute, St. Petersburg, 190013;

* e-mail: nick.a.barlev@gmail.com

P53 protein is considered to be the major tumor suppressor in human cells. Cancer cells do not survive if
the p53-mediated signaling pathways function properly. However, about half of all malignancies still express
wild type p53. One of the explanations to this is that p53 is suppressed by overexpression of p53-specific
E3-ubiquitin ligases: Mdm2, MdmX, Pirh2 and Cop1. Pharmacological inhibition of protein-protein interacti-
ons between p53 and these negative regulators is a promising therapeutic approach to treat cancers retaining
wild type p53. To date, a series of chemical inhibitors of p53 interactions with Mdm2 and MdmX E3-ubiquitin
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ligases have been discovered and characterized. Several of them are in the early stages of clinical trials. Despite
this fact, their clinical efficacy may be hampered by a number of reasons, including tumor-specific expression
of multiple isoforms of the target E3-ligases, which become inert to treatment with small molecules. This and
other biochemical mechanisms of possible resistance of tumor cells with wild type p53 to small molecules aga-
inst its negative regulators will be discussed in this review.

K e y w o r ds: p53, E3-ubiquitin ligases, ubiquitin-dependent degradation, inhibitors of protein-protein in-
teractions.
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