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Àêòóàëüíîñòü. Ðàê ïðåäñòàòåëüíîé æåëåçû (ÐÏÆ) — êëèíè÷åñêè è ãåíåòè÷åñêè ãåòåðîãåííîå çàáîëåâàíèå, õàðàêòåðèçóþ-
ùååñÿ âûñîêîé ðàñïðîñòðàíåííîñòüþ è ñìåðòíîñòüþ. Öåëü. Àíàëèç ãåðìèíàëüíûõ ìóòàöèé ó ïàöèåíòîâ ñ ÐÏÆ. Ìàòåðèàë è
ìåòîäû. Îáðàçöû ÄÍÊ, âûäåëåííûå èç ïåðèôåðè÷åñêîé êðîâè è íîðìàëüíîé òêàíè ïðåäñòàòåëüíîé æåëåçû 8 ïàöèåíòîâ
ñ ÐÏÆ. Àíàëèç ìóòàöèé ïðîâîäèëñÿ ìåòîäîì ïîëíîãî ñåêâåíèðîâàíèÿ ýêçîìà. Ðåçóëüòàòû. Ó ïàöèåíòîâ ñ ÐÏÆ âûÿâëåí ðÿä
ïàòîãåííûõ ìóòàöèé â ãåíàõ ñèñòåìû ðåïàðàöèè ÄÍÊ. Âûâîäû. Ïîëó÷åííûå äàííûå äîïîëíÿþò èíôîðìàöèþ î ìîëåêóëÿð-
íî-ãåíåòè÷åñêîé õàðàêòåðèñòèêå ÐÏÆ è âíîñÿò âêëàä â ðàçðàáîòêó àëãîðèòìîâ ãåíåòè÷åñêîãî êîíñóëüòèðîâàíèÿ ñåìåé è
îïðåäåëåíèÿ òàêòèêè ëå÷åíèÿ çàáîëåâàíèÿ.

Êëþ÷åâûå ñëîâà: ðàê ïðåäñòàòåëüíîé æåëåçû, ìóòàöèÿ, ðåïàðàöèÿ ÄÍÊ

Ââåäåíèå

Ðàê ïðåäñòàòåëüíîé æåëåçû (ÐÏÆ) ñ÷èòàåòñÿ îäíîé

èç ñàìûõ ñåðüåçíûõ ìåäèöèíñêèõ ïðîáëåì ñðåäè ìóæ-

ñêîãî íàñåëåíèÿ. Ðåçóëüòàòû ìîëåêóëÿðíî-ãåíåòè÷åñêèõ

èññëåäîâàíèé ÐÏÆ ñóùåñòâåííî èçìåíèëè ïîíèìàíèå

ìåõàíèçìîâ ðàçâèòèÿ äàííîãî çàáîëåâàíèÿ. Èññëåäîâà-

íèÿ ïîñëåäíèõ ëåò, ïîñâÿùåííûå îöåíêå ìóòàöèîííîãî

ïðîôèëÿ ïðè ïåðâè÷íîì ÐÏÆ, ïîêàçàëè íàëè÷èå ðå-

êóððåíòíûõ ìóòàöèé â ãåíàõ FOXA1, SPOP, TP53, è

PTEN [2]. Êðîìå òîãî, îáíàðóæåíî, ÷òî îêîëî 53% ïåð-

âè÷íûõ îïóõîëåé ïðåäñòàòåëüíîé æåëåçû äåìîíñòðèðó-

þò ñëèÿíèå ãåíîâ ñåìåéñòâà ETS è ãåíà TMPRSS2. Ñ÷è-

òàåòñÿ, ÷òî ñëèÿíèå ãåíîâ TMPRSS2-ERG ìîæåò áûòü

àññîöèèðîâàíî ñ ÷óâñòâèòåëüíîñòüþ ê èíãèáèòîðàì ïî-

ëè(ÀÄÔ-ðèáîçà)-ïîëèìåðàçû (PARP) — ôåðìåíòà ðåïà-

ðàöèè ðàçðóøåííîé ÄÍÊ, ðàñùåïëÿåìîé êàñïàçîé-3

[3]. Ôåðìåíò èãðàåò ìíîãîôóíêöèîíàëüíóþ ðîëü â òàêèõ

ïðîöåññàõ, êàê ðåïëèêàöèÿ ÄÍÊ, ðåïàðàöèÿ, ðåêîìáè-

íàöèÿ, êëåòî÷íàÿ ïðîëèôåðàöèÿ è àïîïòîç. Êðîìå òîãî,

îáíàðóæåíî, ÷òî â 19% ñëó÷àåâ ïåðâè÷íîãî ÐÏÆ èìåþò

ìåñòî ìóòàöèè â ãåíàõ ñèñòåìû ðåïàðàöèè ÄÍÊ, ïðè÷åì

3% ïàöèåíòîâ ÿâëÿþòñÿ íîñèòåëÿìè èíàêòèâèðóþùèõ

ìóòàöèé â ãåíå BRCA2 [3].

Íåñìîòðÿ íà çíà÷èòåëüíûå äîñòèæåíèÿ â îáëàñòè

èññëåäîâàíèé îíêîëîãè÷åñêèõ çàáîëåâàíèé, èõ ðàííÿÿ

äèàãíîñòèêà è ëå÷åíèå, óñòàíîâëåíèå íîâûõ ìàðêåðîâ,

ñîçäàíèå ïàíåëåé ìîëåêóëÿðíûõ ìàðêåðîâ, îáëàäàþùèõ

âûñîêîé òî÷íîñòüþ è ñïåöèôè÷íîñòüþ, ñïîñîáíûõ

ïðåäñêàçàòü àãðåññèâíîñòü îïóõîëè è ïðîãíîç òå÷åíèÿ

çàáîëåâàíèÿ ó êîíêðåòíîãî ïàöèåíòà, ïî-ïðåæíåìó ÿâ-

ëÿþòñÿ àêòóàëüíîé ïðîáëåìîé.

Öåëüþ èññëåäîâàíèÿ áûë àíàëèç ãåðìèíàëüíûõ ìóòà-

öèé ó ïàöèåíòîâ ñ ÐÏÆ íà îñíîâå ïîëíîãî ñåêâåíèðî-

âàíèÿ ýêçîìà.

Ìàòåðèàë è ìåòîäû

Ïðîâåäåíî ïîëíîå ñåêâåíèðîâàíèå ýêçîìà âîñüìè ïà-

öèåíòîâ ñ àäåíîêàðöèíîìîé ïðåäñòàòåëüíîé æåëåçû. ÄÍÊ

èç òêàíåé ïðåäñòàòåëüíîé æåëåçû è ïåðèôåðè÷åñêîé êðî-

âè ïàöèåíòîâ âûäåëÿëè ñòàíäàðòíûì ìåòîäîì ôåíîëü-

íî-õëîðîôîðìíîé ýêñòðàêöèè. Êîëè÷åñòâî ÄÍÊ èçìåðÿ-

ëè íà ôëþîðèìåòðå Qubit 2.0 («Life Technologies», ÑØÀ).

Ôðàãìåíòàöèÿ ÄÍÊ, ïîäãîòîâêà áèáëèîòåê è çàõâàò ýêçî-

ìà áûëè âûïîëíåíû â ñîîòâåòñòâèè ñ èíñòðóêöèÿìè ôèð-

ìû-èçãîòîâèòåëÿ. Cåëåêöèþ ñïåöèôè÷íûõ ôðàãìåíòîâ

ÄÍÊ ïðîâîäèëè ñ ïîìîùüþ ñèñòåìû SureSelect ñ ïîñëåäó-

þùèì ïàðàëëåëüíûì ñåêâåíèðîâàíèåì ïîëó÷åííûõ áèá-

ëèîòåê ïî òåõíîëîãèè Illumina íà ïðèáîðå HiSeq 2000. Âñå

ïîñëåäîâàòåëüíîñòè (ïðî÷òåíèÿ) âûðîâíåíû íà ðåôåðåíñ-

íûé ãåíîì ñ èñïîëüçîâàíèåì ïðîãðàììíîãî ïàêåòà Bur-

rows-Wheeler Alignment (BWA) [4]. Â êà÷åñòâå ðåôåðåíñ-

íîé èñïîëüçîâàëàñü ïîñëåäîâàòåëüíîñòü ãåíîìà ÷åëîâåêà

(Genome Reference Consortium Human Build 37

(GRCh37-hg19). Îïðåäåëåíèå âàðèàíòîâ îñóùåñòâëÿëè

ñ ïîìîùüþ The Genome Analysis Tool Kit (GATK) [5]. Îá-

íàðóæåííûå âàðèàíòû àííîòèðîâàëèñü ñ ïîìîùüþ ïðî-

ãðàììíîãî îáåñïå÷åíèÿ ANNOVAR [6], ïîçâîëÿþùåãî

ñðàâíèâàòü îäíîíóêëåîòèäíûå çàìåíû, ïîëó÷åííûå â ðå-

çóëüòàòå ñåêâåíèðîâàíèÿ, ñ ðÿäîì ñïåöèàëèçèðîâàííûõ

áàç äàííûõ è àííîòèðîâàòü ïðåäñêàçàòåëüíóþ ôóíêöèîíà-

ëüíóþ çíà÷èìîñòü âûÿâëåííûõ èçìåíåíèé ñ èñïîëüçîâà-

íèåì in silico ïðîãðàìì SIFT, PolyPhen-2, LRT, Mutation

Assessor, MutationTaster, phyloP è GERP++.



Ðåçóëüòàòû

Â ðåçóëüòàòå áèîèíôîðìàòè÷åñêîãî àíàëèçà ó ïàöè-
åíòîâ ñ ÐÏÆ îáíàðóæåíû ãåðìèíàëüíûå ìóòàöèè â ãå-
íàõ ATM, BRCA1, BRCA2, MSH6, NBN, PMS2P3,
RAD51C, EXO5, ïîääåðæèâàþùèõ öåëîñòíîñòü ÄÍÊ
(òàáëèöà). Ìóòàöèè â ãåíàõ BRCA1, BRCA2, RAD51C è
EXO5 íå áûëè îáíàðóæåíû â êîíòðîëüíûõ âûáîðêàõ
çäîðîâûõ èíäèâèäîâ ðóññêîé, òàòàðñêîé è áàøêèðñêîé
ýòíè÷åñêîé ïðèíàäëåæíîñòè (N = 150).

Îáñóæäåíèå

Âàæíûì ôàêòîðîì ðèñêà ðàçâèòèÿ çëîêà÷åñòâåííûõ
íîâîîáðàçîâàíèé ÿâëÿåòñÿ èíäèâèäóàëüíàÿ íàñëåäñòâåí-
íàÿ ïðåäðàñïîëîæåííîñòü, ôîðìèðîâàíèå êîòîðîé îáó-
ñëîâëåíî ðàçëè÷íûìè ñî÷åòàíèÿìè ìóòàöèé ãåíåòè÷å-
ñêèõ ñèñòåì, çàäåéñòâîâàííûõ â ïðîöåññå êàíöåðîãåíåçà,
â ÷àñòíîñòè, ãåíîâ ñèñòåìû ðåïàðàöèè ÄÍÊ. Èìåþòñÿ
èññëåäîâàíèÿ, ïîñâÿùåííûå èçó÷åíèþ ãåíîâ ðåïàðàöèè
ÄÍÊ ïðè ÐÏÆ. Òàê, Castro E. et al. îáíàðóæèëè, ÷òî
22,7% îáðàçöîâ áèîïñèè ÐÏÆ èìåëè äåôåêòû â ãåíàõ ðå-
ïàðàöèè ÄÍÊ, â òîì ÷èñëå 8% — ãåðìèíàëüíûå ìóòàöèè
â ãåíàõ BRCA1/2, ATM, CDK12, FANCA, RAD51B è
RAD51C. Ñîìàòè÷åñêèå èçìåíåíèÿ â ãåíå BRCA2 áûëè
âûÿâëåíû â 12,7% ñëó÷àåâ, ãåðìèíàëüíûå — â 5,3% ñëó-
÷àåâ [7]. Õîòÿ ÷àñòîòà ìóòàöèé â ãåíàõ BRCA1/2 äîñòàòî÷-
íî õîðîøî èçó÷åíà, èõ âëèÿíèå íà ïðîãíîç çàáîëåâàíèÿ è
òåðàïåâòè÷åñêèé îòâåò îñòàþòñÿ íåÿñíûìè. Ñastro et al.
ïðè èññëåäîâàíèè 2019 ïàöèåíòîâ ñ ÐÏÆ, 18 èç êîòîðûõ
ÿâëÿëèñü íîñèòåëÿìè ìóòàöèé â ãåíå BRCA1, 61 — â ãåíå
BRCA2, 1940 — ïàöèåíòû áåç ìóòàöèé, ïîêàçàëè, ÷òî ãåð-
ìèíàëüíûå ìóòàöèè â ãåíàõ BRCA1/2 àññîöèèðîâàíû

ñ íåáëàãîïðèÿòíûì ïðîãíîçîì. Àâòîðû ïîêàçàëè, ÷òî íî-

ñèòåëè ìóòàöèé â ãåíàõ BRCA1/2 ÷àùå èìåþò èíäåêñ

Ãëèñîíà íå ìåíåå 8, ñòàäèþ çàáîëåâàíèÿ T3/T4, ïîðàæå-

íèå ëèìôîóçëîâ, ìåòàñòàçû íà ìîìåíò ïîñòàíîâêè äèà-

ãíîçà â îòëè÷èå îò ïàöèåíòîâ, íå èìåþùèõ ìóòàöèé

â äàííûõ ãåíàõ. Ïðè ëîêàëèçîâàííîì ÐÏÆ 5-ëåòíÿÿ âû-

æèâàåìîñòü áåç ìåòàñòàçèðîâàíèÿ áûëà çíà÷èòåëüíî âû-

øå (93%) ó ïàöèåíòîâ áåç ìóòàöèé â ãåíàõ BRCA1/2 ïî

ñðàâíåíèþ ñ íîñèòåëÿìè ìóòàöèé (77%) [7]. Îäíàêî ïî-

íèìàíèå ïðîãíîñòè÷åñêîé çíà÷èìîñòè ìóòàöèé â äðóãèõ

ãåíàõ ðåïàðàöèè ÄÍÊ (ATM, RAD51B, RAD51C è äð.) òðå-

áóåò äîëãîñðî÷íûõ èññëåäîâàíèé íà áîëüøîé êîãîðòå ïà-

öèåíòîâ ÐÏÆ.

Íàñëåäñòâåííûå äåôåêòû â ãåíàõ ðåïàðàöèè ÄÍÊ ÿâ-

ëÿþòñÿ êëþ÷åâûìè ìåõàíèçìàìè â âîçíèêíîâåíèè çëîêà-

÷åñòâåííûõ îïóõîëåé. Îáíàðóæåíèå ìóòàöèé â ãåíàõ, îò-

âå÷àþùèõ çà öåëîñòíîñòü ãåíîìà, ïîçâîëÿåò âûÿâèòü èí-

äèâèäîâ è ñåìüè ñ ïðåäðàñïîëîæåííîñòüþ ê îíêîëîãè÷å-

ñêèì çàáîëåâàíèÿì è ñïîñîáíûõ îòâå÷àòü íà êîíêðåòíóþ

òåðàïèþ [8]. Èäåíòèôèêàöèÿ ãåðìèíàëüíûõ ìóòàöèé â ãå-

íàõ ñèñòåìû ðåïàðàöèè ÄÍÊ ó ìóæ÷èí ñ ÐÏÆ èìååò íå-

ñêîëüêî âàæíûõ êëèíè÷åñêèõ ïîñëåäñòâèé. Óãëóáëåííîå

èçó÷åíèå ìåõàíèçìîâ êàíöåðîãåíåçà è âîçìîæíûõ ïóòåé

âîçäåéñòâèÿ íà åãî ýòàïû ïðèâåëî íå òîëüêî ê ïîÿâëåíèþ

íîâûõ âûñîêîýôôåêòèâíûõ ïðåïàðàòîâ, íî è öåëîãî íà-

ïðàâëåíèÿ — òàê íàçûâàåìîé ìîëåêóëÿðíî-íàïðàâëåííîé

òåðàïèè. Íåäàâíî îáíàðóæåíî, ÷òî ôàðìàêîëîãè÷åñêèå

èíãèáèòîðû PARP1 âûçûâàþò çíà÷èòåëüíûé îòâåò ó ïàöè-

åíòîâ ñ ìåòàñòàòè÷åñêèì ÐÏÆ, ýêñïðåññèðóþùèõ ãîìîëî-

ãè÷íóþ ðåêîìáèíàöèþ äåôåêòîâ ðåïàðàöèè ÄÍÊ, ÷òî ïî-

çâîëÿåò ïðèìåíÿòü îïðåäåëåííóþ ñòðàòåãèþ ëå÷åíèÿ [9].
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Òàáëèöà
Ãåðìèíàëüíûå âàðèàíòû, îáíàðóæåííûå ó ïàöèåíòîâ ñ ÐÏÆ, â ãåíàõ ñèñòåìû ðåïàðàöèè ÄÍÊ

Õðî-
ìîñî-

ìà

Íàçâà-
íèå ãåíà

rs Èçìåíåíèå
â êîäèðóþ-
ùåé ÷àñòè

Èçìåíåíèå
â áåëêå

×àñòîòà
ïî áàçå
äàííûõ

1000 Ge-
nomes
(EUR)

Îöåíêà ôóíêöèîíàëüíîé çíà÷èìîñòè
ïî ðàçëè÷íûì áàçàì äàííûõ

SnpEff1 SIFT2 Mutation
Taster3

Mutation
Assessor4

PolyP-
hen25

chr11 ATM rs3218711 — — 0,007 MD NA — — —

chr17 BRCA1 — c.4394_4396
del

p.1465_1466
del

— M NA —

chr13 BRCA2 — c.8174delG p.W2725fs — H NA —

chr2 MSH6 — c.T2227A p.L743M — M 0.00, D 1,1.0,D 3.035,
0.745,M

1.0,D

chr8 NBN — — — — MD NA — — —

chr7 PMS2P3 — — — — MD — — — —

chr17 RAD51C rs142735413 — — 0,0099 L NA — — —

chr1 EXO5 rs143142866 c.792_793del p.S264fs 0,001 H — — — —

Ïðèìå÷àíèå. 1 — SnpEff: MD(Modifier) — ìîäèôèöèðóþùèé; M — óìåðåííûé (ñðåäíèé), H — âûñîêèé, L — íèçêèé; 2 —
Sift: D-disease causing; 3 — MutationTaster: D-disease causing; 4 — MutationAssessor: M-medium; 5 — PolyPhen2: D-Probably
damaging (>=0.957)



Êðîìå òîãî, òàêèå îïóõîëè ðåàãèðóþò íà õèìèîòåðàïèþ,
îñíîâàííóþ íà ïðåïàðàòàõ ïëàòèíû, ÷òî áûëî ïîäòâåðæ-
äåíî äëÿ ïàöèåíòîâ ñ ðàêîì ÿè÷íèêîâ è ìîëî÷íîé æåëåçû
— íîñèòåëåé ìóòàöèé â ãåíàõ BRCA1 è BRCA2 [10]. Èäåí-
òèôèêàöèÿ ãåðìèíàëüíûõ ìóòàöèé â ãåíàõ ñèñòåìû ðåïà-
ðàöèè ÄÍÊ ÿâëÿåòñÿ âàæíîé äëÿ ðîäñòâåííèêîâ ïàöèåíòà
îáîèõ ïîëîâ, ïîñêîëüêó ìîæåò áûòü ïîëåçíîé äëÿ ìåäè-
êî-ãåíåòè÷åñêîãî êîíñóëüòèðîâàíèÿ ñåìüè, â òîì ÷èñëå
âûÿâëåíèÿ ïðåäðàñïîëîæåííîñòè ê ðàêó è îïðåäåëåíèÿ
ñòðàòåãèèî ñíèæåíèÿ ðèñêà âîçíèêíîâåíèÿ çàáîëåâàíèÿ.
Îäíàêî íåîáõîäèìî ïðîâåäåíèå ïðîñïåêòèâíûõ èññëåäî-
âàíèé ïî îöåíêå ïðîãíîñòè÷åñêîé çíà÷èìîñòè ìóòàöèé
â ãåíàõ ðåïàðàöèè ÄÍÊ è èõ âëèÿíèÿ íà êëèíè÷åñêèé èñ-
õîä çàáîëåâàíèÿ.

Ñïèñîê ëèòåðàòóðû

1. Jemal A, Bray F, Center MM et al. Global cancer statistics.
CA Cancer J Clin. 2011;61:69 -90.

2. Barbieri CE, Baca SC, Lawrence MS et al. Exome sequencing
identifies recurrent SPOP, FOXA1 and MED12 mutations in prosta-
te cancer. Nat Genet.2012;44:685 -689.

3. Cancer Genome Atlas Research Network. The molecular ta-
xonomy of primary prostate cancer. Cell.2015;163:1011 -1025.

4. Li H, Durbin R. Fast and accurate short read alignment with
Burrows -Wheeler transform. Bioinforma-
tics.2009;25(14):1754-1760.

5. DePristo MA, Banks E, Poplin R et al. A framework for varia-
tion discovery and genotyping using next-generation DNA sequen-
cing data. Nature genetics.2011;43(5):491-498.

6. Yang H, Wang K. Genomic variant annotation and prioritiza-
tion with ANNOVAR and wANNOVAR. Nature proto-
cols.2015;10(10):1556-1566.

7. Castro E, Goh C, Olmos D et al. Germline BRCA mutations
are associated with higher risk of nodal involvement, distant metasta-
sis, and poor survival outcomes in prostate cancer. J Clin Oncol
2013;31: 1748 -1757.

8. Jeggo PA, Pearl LH, Carr AM. DNA repair, genome stabili-
ty and cancer: a historical perspective. Nat Rev Can-
cer.2016;16:35-42.

9. Mateo J, Carreira S, Sandhu S et al. DNA-repair defects and
olaparib in metastatic prostate cancer. N Engl J Med.2015;
373:1697-708.

10. Isakoff SJ, Mayer EL, He L et al. TBCRC009: a multicenter
phase II clinical trial of platinum monotherapy with biomarker asses-
sment in metastatic triplenegative breast cancer. J Clin On-
col.2015;33:1902-9.

Germline mutations in the DNA repair system genes in prostate cancer patients
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Timeliness. Prostate cancer (PC) is clinically and genetically heterogeneous disorder characterized by high prevalence and mor-
tality. The aim. Germline mutations analysis in PC patients. Methods. DNA samples from blood and normal prostate tissues from 8 PC
patients. Analysis of mutations was carried using whole exome sequencing. Results. In PC patients a number of pathogenic mutations
in DNA repair system genes was found. Conclusions. The data supply information on molecular characterization of PC and contribute
to the genetic counseling and treatment strategies of PC.
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