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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ìîëåêóëÿðíî-ãåíåòè÷åñêîãî îáñëåäîâàíèÿ 180 ïðîáàíäîâ ñ äèàãíîçîì «ôåíèëêåòî-
íóðèÿ», íàïðàâëåííûõ â ëàáîðàòîðèþ ÄÍÊ-äèàãíîñòèêè ÔÃÁÍÓ «ÌÃÍÖ» â ïåðèîä ñ 10.01.2015 ïî 01.02.2016. Äëÿ ÄÍÊ-äèà-
ãíîñòèêè èñïîëüçîâàëèñü âíåäðåííûå â ïðàêòè÷åñêóþ äåÿòåëüíîñòü ÔÃÁÍÓ «ÌÃÍÖ» íîâûå ìåäèöèíñêèå òåõíîëîãèè. Óñòà-
íîâëåíî, ÷òî èñïîëüçîâàíèå äàííûõ òåõíîëîãèé äåëàåò áîëåå ýôôåêòèâíûì ìåäèêî-ãåíåòè÷åñêîå êîíñóëüòèðîâàíèå îòÿãî-
ùåííûõ ñåìåé, ïîçâîëÿåò ñ íàèìåíüøèìè âðåìåííûìè è ìàòåðèàëüíî-òåõíè÷åñêèìè çàòðàòàìè ïðîâåñòè ÄÍÊ-äèàãíîñòèêó
ôåíèëêåòîíóðèè, â òîì ÷èñëå äèàãíîñòèêó íîñèòåëüñòâà äëÿ ðîäñòâåííèêîâ ïðîáàíäà è ïðåíàòàëüíóþ äèàãíîñòèêó â îòÿãî-
ùåííûõ ñåìüÿõ.
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Ââåäåíèå

Ôåíèëêåòîíóðèÿ (ÔÊÓ, MIM# 261600) — íàèáîëåå
÷àñòîå âðîæäåííîå íàðóøåíèå ìåòàáîëèçìà àìèíîêèñëîò
ñðåäè åâðîïåéöåâ, îñíîâíûì êëèíè÷åñêèì ñèìïòîìîì
êîòîðîãî ÿâëÿåòñÿ íàðóøåíèå ïñèõîðå÷åâîãî è ôèçè÷å-
ñêîãî ðàçâèòèÿ è, êàê ñëåäñòâèå, ñëàáîóìèå, âåäóùåå ê òÿ-
æåëîé ïñèõè÷åñêîé èíâàëèäíîñòè. Ðàçëè÷àþò ñëåäóþùèå
êëèíè÷åñêèå ôîðìû: êëàññè÷åñêàÿ, ñðåäíåòÿæåëàÿ, ëåãêàÿ
ÔÊÓ, ëåãêàÿ ãèïåðôåíèëàëàíèíåìèÿ (ÃÔÀ). Â 98% ñëó÷à-
åâ çàáîëåâàíèÿ ðàçâèâàåòñÿ èç-çà äåôèöèòà ôåðìåíòà ôå-
íèëàëàíèíãèäðîêñèëàçû (ÔÀÃ, EC 1.14.16.1), îñóùåñòâëÿ-
þùåãî ïðåâðàùåíèå ôåíèëàëàíèíà. Ôåíèëàëàíèí (ÔÀ)
— íåçàìåíèìàÿ àìèíîêèñëîòà, êîòîðàÿ ïîñòóïàåò ñ áåëêà-
ìè ïèùè è ïðåòåðïåâàåò ðÿä ïðåâðàùåíèé â îðãàíèçìå
çäîðîâîãî ÷åëîâåêà. Îñíîâíàÿ åãî ÷àñòü â ðåçóëüòàòå ðåàê-
öèè ãèäðîêñèëèðîâàíèÿ îêèñëÿåòñÿ â äðóãóþ àìèíîêèñ-
ëîòó — òèðîçèí ñ ïîìîùüþ ôåíèëàëàíèíãèäðîêñèëàçíîé
ñèñòåìû ïå÷åíè. Ïðè íàðóøåíèè ðàáîòû ôåðìåíòà ÔÀÃ
ïðîèñõîäèò íàêîïëåíèå ÔÀ, à òàêæå åãî ïðîèçâîäíûõ
(ôåíèëïèðîâèíîãðàäíàÿ, ôåíèëìîëî÷íàÿ, ôåíèëóêñóñíàÿ
êèñëîòû è äð.) â êëåòêàõ, ÷òî îêàçûâàåò òîêñè÷åñêîå âîç-
äåéñòâèå íà ãîëîâíîé ìîçã, è ïóòåì óãíåòåíèÿ ðÿäà ôåð-
ìåíòîâ ïðèâîäèò ê âòîðè÷íîìó íàðóøåíèþ îáìåíà äðóãèõ
âàæíåéøèõ àìèíîêèñëîò [1].

×àñòîòà ÔÊÓ ñðåäè íîâîðîæäåííûõ ïî äàííûì ìàñ-
ñîâîãî ñêðèíèíãà â ðàçëè÷íûõ ñòðàíàõ ñîñòàâëÿåò
â ñðåäíåì 1:10000, îäíàêî çíà÷èòåëüíî âàðüèðóåò â çàâè-

ñèìîñòè îò ïîïóëÿöèè: îò 1:2600 â Òóðöèè äî 1:100000

â ßïîíèè [2—5]. Ñðåäíÿÿ ÷àñòîòà âñòðå÷àåìîñòè ôåíèë-

êåòîíóðèè â ÐÔ ñîñòàâëÿåò 1:7000 íîâîðîæäåííûõ [6].

Áîëåå 500 ðàçëè÷íûõ ìóòàöèé â ãåíå, êîäèðóþùåì

ÔÀÃ (PAH) áûëè èäåíòèôèöèðîâàíû è îïèñàíû â áàçå

äàííûõ êîíñîðöèóìà ïî èçó÷åíèþ ÔÊÓ [7], êàê ÿâëÿþ-

ùèåñÿ ïðè÷èíîé çàáîëåâàíèÿ. Íàëè÷èå ñóùåñòâåííîé

ãåíåòè÷åñêîé ãåòåðîãåííîñòè ÔÊÓ îòêðûâàåò âîçìîæ-

íîñòè äëÿ ìíîãî÷èñëåííûõ êîìáèíàöèé ìóòàöèé

ó áîëüíûõ, ÷òî âíîñèò ñâîé âêëàä â êëèíè÷åñêèé

ïîëèìîðôèçì. Ìóòàöèè ðàçëè÷àþòñÿ ïî ïðîÿâëåíèþ

àêòèâíîñòè ôåðìåíòà, ïîðîæäàÿ äèàïàçîí êëèíè÷åñêèõ

ôåíîòèïîâ îò òÿæåëîé ÔÊÓ äî ãèïåðôåíèëàëàíèíåìèè

(ÃÔÀ), êîòîðàÿ íå òðåáóåò äèåòîòåðàïèè. Êðîìå òîãî,

äðóãèå ãåíû ìîãóò âëèÿòü íà òðàíñïîðò ÔÀ â ïðåäåëàõ

ìîçãà è ÷åðåç ãåìàòîýíöåôàëè÷åñêèé áàðüåð [8].

Èçìåðåíèå êîíöåíòðàöèè ÔÀ â êðîâè, êîòîðîå ïðî-

âîäèòñÿ äåòÿì íà íåîíàòàëüíîì ñêðèíèíãå, íå ïîçâîëÿ-

åò äèôôåðåíöèðîâàòü ÔÊÓ è ãèïåðôåíèëàëàíèíåìèè,

âûçâàííûå ìóòàöèÿìè â ãåíàõ ñèíòåçà è îáìåíà òåòðà-

ãèäðîáèîïòåðèíà, ïðè òîì, ÷òî ëå÷åíèå ýòèõ íîçîëîãè-

÷åñêèõ ôîðì ñóùåñòâåííî ðàçëè÷àåòñÿ. ÄÍÊ-äèàãíîñ-

òèêà íåîáõîäèìà äëÿ ïîäâåðæäåíèÿ äèàãíîçà ôåíèëêå-

òîíóðèè, âûçâàííîé ìóòàöèÿìè ãåíà PAH, åå ðåçóëüòàòû

òàêæå ìîãóò áûòü èñïîëüçîâàíû äëÿ îïðåäåëåíèÿ ÷óâñò-

âèòåëüíîñòè ïàöèåíòà ê ïðåïàðàòàì òåòðàãèäðîáèîïòå-

ðèíà [4, 6].



Ìàæîðíîé ìóòàöèåé â ãåíå PAH äëÿ æèòåëåé Ðîññèè
ÿâëÿåòñÿ ìèññåíñ-ìóòàöèÿ ýêçîíà 12 —
R408W(p.Arg408Trp), àëëåëüíàÿ ÷àñòîòà êîòîðîé ñîñòàâ-
ëÿåò îêîëî 50%. Îäíàêî äåòåêöèè ëèøü îäíîé ýòîé ìó-
òàöèè íåäîñòàòî÷íî äëÿ ïðîâåäåíèÿ àäåêâàòíîé
ÄÍÊ-äèàãíîñòèêè è îñóùåñòâëåíèÿ ìåäèêî-ãåíåòè÷å-
ñêîãî êîíñóëüòèðîâàíèÿ. ×àñòîòà ìóòàöèé â ãåíå PAH

õàðàêòåðèçóåòñÿ çíà÷èòåëüíûìè ìåæïîïóëÿöèîííûìè
ðàçëè÷èÿìè, ðàçðàáîòêà ñèñòåìû, êîòîðàÿ îõâàòûâàëà
áû øèðîêèé ñïåêòð ìóòàöèé, íåîáõîäèìà â òàêîé ìíî-
ãîíàöèîíàëüíîé ñòðàíå, êàê Ðîññèÿ [9].

Âûñîêàÿ ÷àñòîòà ÔÊÓ, ãåíåòè÷åñêàÿ ãåòåðîãåííîñòü
çàáîëåâàíèÿ è òÿæåñòü êëèíè÷åñêèõ ïðîÿâëåíèé áåç
ñâîåâðåìåííî íà÷àòîãî ëå÷åíèÿ äèêòóþò íåîáõîäèìîñòü
îïðåäåëåíèÿ ãåíåòè÷åñêîé ïðèðîäû ýòîãî çàáîëåâàíèÿ

â êàæäîì êîíêðåòíîì ñëó÷àå. Ñðàâíèòåëüíî áîëüøîé

ðàçìåð ãåíà PAH è íàëè÷èå ÷àñòûõ ìóòàöèé, õàðàêòåð-

íûõ äëÿ ðàçëè÷íûõ ïîïóëÿöèé, îáóñëîâëèâàþò íåîáõî-

äèìîñòü ðàçðàáîòêè äèàãíîñòè÷åñêèõ òåñò-ñèñòåì, ïî-

çâîëÿþùèõ ñ íàèìåíüøèìè ìàòåðèàëüíî-òåõíè÷åñêèìè

è âðåìåííûìè çàòðàòàìè èññëåäîâàòü ìóòàöèè, íà äîëþ

êîòîðûõ ïðèõîäèòñÿ íàèáîëüøåå ÷èñëî ñëó÷àåâ ÔÊÓ.

Ìàòåðèàëû è ìåòîäû

Â ïåðèîä ñ 10.01.2015 ïî 01.02.2016 â ëàáîðàòîðèþ

ÄÍÊ-äèàãíîñòèêè ÔÃÁÍÓ «ÌÃÍÖ» áûëè íàïðàâëåíû

îáðàçöû áèîëîãè÷åñêîãî ìàòåðèàëà 180 íåðîäñòâåííûõ

áîëüíûõ ñ öåëüþ äèàãíîñòèêè ÔÊÓ.
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Òàáëèöà 1
Îëèãîíóêëåîòèäû, ïðèìåíÿâøèåñÿ äëÿ äåòåêöèè ìóòàöèé ãåíà PAH â òåõíîëîãèè ÌÒ_ÔÊÓ9

Íàçâàíèå
îëèãîíóêëåîòèäà

Ïîñëåäîâàòåëüíîñòü îëèãîíóêëåîòèäîâ (5' � 3')

MLPIVS4 N CTCCATGCCAACAGTCGACATC CATCCTACGGGCCATGGAC

MLPIVS4 M CTCCATGCCAACAGTCGACATC GCTCATCCTACGGGCCATGGAA

MLPIVS4 R TCACAGGGTGGTCAGCATCC GATGCGATCCGATGCCTTCATG

MLPR158 N CTCCATGCCAACAGTCGACATC GGCAATGTCAGCAAACTGCTTCC

MLPR158 M CTCCATGCCAACAGTCGACATC GTAGGCAATGTCAGCAAACTGCTTCT

MLPR158 R GTCTTGCACGGTACACAGGATCTTTTCTTG GATGCGATCCGATGCCTTCATG

MLRR252 N CTCCATGCCAACAGTCGACATC GCTGGCCTGCTTTCCTCTC

MLRR252 M CTCCATGCCAACAGTCGACATC CAGGCTGGCCTGCTTTCCTCTT

MLRR252 R GGGATTTCTTGGGTGGCCTGAAACATTATCTTTAATTTACTATTTAATTTTCTTG
GATGCGATCCGATGCCTTCATG

MLPR261 N CTCCATGCCAACAGTCGACATC GATGTACTGTGTGCAGTGGAAGACTC

MLPR261 M CTCCATGCCAACAGTCGACATC GCTGATGTACTGTGTGCAGTGGAAGACTT

MLPR261 R GGAAGGCCAGGCCACCCATTTTCTTTTTCTTTTG GATGCGATCCGATGCCTTCAT

MLPP281 N CTCCATGCCAACAGTCGACATC CAAGCCCATGTATACCTCCGAACC

MLPP281 M CTCCATGCCAACAGTCGACATC GACCAAGCCCATGTATACCTCCGAACT

MLPP281 R GTGAGTACTGTCCTCCAGCTACCAGTTTCTTATCTTACTTTTG GATGCGATCCGATGCCTTCATG

MLPIVS10 N CTCCATGCCAACAGTCGACATC CTGATCCTGATTTAACAGTGATAATAACTTTTCACTTG

MLPIVS10 M CTCCATGCCAACAGTCGACATC GAATACTGATCCTGATTTAACAGTGATAATAACTTTTCACTTA

MLPIVS10 R GGGCCTACAGTACTGCTTATCAGAGAAGTTTCATTATATCTTTG GATGCGATCCGATGCCTTCATG

MLPR408 N CTCCATGCCAACAGTCGACATC GGAACTTTGCTGCCACAATACCTC

MLPR408 M CTCCATGCCAACAGTCGACATC CTTAGGAACTTTGCTGCCACAATACCTT

MLPR408 R GGCCCTTCTCAGTTCGCTACG GATGCGATCCGATGCCTTCATG

MLPIVS12 N CTCCATGCCAACAGTCGACATC GCTTAAGATTTTGGCTGATTCCATTAACAG

MLPIVS12 M CTCCATGCCAACAGTCGACATC GTCAGCTTAAGATTTTGGCTGATTCCATTAACAA

MLPIVS12 R TAAGTAATTTACACCTTACGAGGCCACTCGAAACTAATTTACTTAAACTTATAATACTATG
GATGCGATCCGATGCCTTCATG

MLP5DEL F CTCCATGCCAACAGTCGACATC GTT CCAGGAGCTGGAAAGGGTCAT

MLP5DEL LINKER 1 GGTTAGAAACCTTCCCACATGGAAGAT

MLP5DEL LINKER 2 CTGTATAGTGCATTATCTGTGTGTGTGTTCC

MLP5DEL R CATTCTGTCAGTTGCCTGTTCAC GATGCGATCCGATGCCTTCATG



ÄÍÊ áûëà âûäåëåíà èç öåëüíîé êðîâè, çàáðàííîé
â ïðîáèðêó ñ àíòèêîàãóëÿíòîì ÝÄÒÀ ñ ïîìîùüþ íàáîðà
ðåàêòèâîâ äëÿ âûäåëåíèÿ Wizard® Genomic DNA Purifi-
cation Kit (Promega, USA) ïî ïðîòîêîëó ïðîèçâîäèòåëÿ.

Äëÿ äèàãíîñòèêè ôåíèëêåòîíóðèè, îáóñëîâëåííîé
ìóòàöèÿìè â ãåíå PAH ó ðîññèéñêèõ áîëüíûõ â ïðàêòèêó
ÔÃÁÍÓ «ÌÃÍÖ» áûëè âíåäðåíû äâå ìåäèöèíñêèå òåõ-
íîëîãèè: «Äåòåêöèÿ îñíîâíûõ òî÷êîâûõ ìóòàöèé ãåíà
PAH ìåòîäîì ìóëüòèïëåêñíîé ëèãàçíîé ðåàêöèè» (ìå-
äèöèíñêàÿ òåõíîëîãèÿ ÌÒ_ÔÊÓ9) è «Äåòåêöèÿ äåñÿòè
äîïîëíèòåëüíûõ òî÷êîâûõ ìóòàöèé ãåíà PAH ìåòîäîì
ìóëüòèïëåêñíîé ëèãàçíîé ðåàêöèè» (ìåäèöèíñêàÿ òåõ-
íîëîãèÿ ÌÒ_ÔÊÓ10). Â îñíîâó äàííûõ òåõíîëîãèé ïî-
ëîæåíà ìóëüòèïëåêñíàÿ ïðîáà-çàâèñèìàÿ ëèãàçíàÿ ðå-
àêöèÿ ñ ïîñëåäóþùåé àìïëèôèêàöèåé (Multiplex ligati-
on-dependent probe amplification, MLPA), ïðåäñòàâëåí-
íàÿ âïåðâûå â 2002 ã. êîìïàíèåé-ðàçðàáîò÷èêîì
MRC-Holland [10, 11].

Ïîñëåäîâàòåëüíîñòè îëèãîíóêëåîòèäîâ, âõîäÿùèõ
â ðåàêöèè, âûáèðàëè ñîãëàñíî áàçå äàííûõ GeneBank.
Â ìåäèöèíñêîé òåõíîëîãèè ÌÒ_ÔÊÓ9 èñïîëüçîâàíû
ïîñëåäîâàòåëüíîñòè ãåíà PAH, ôëàíêèðóþùèå ìóòàöèè
EX5del4154ins268 (c.442_509del), IVS12+1G>A
(c.1315+1G>A), IVS10-11G>A (c.1066-11G>A), R252W
(c.754C>T), P281L (c.842C>T), R261Q (c.782G>A),
R158Q (c.473G>A), R408W (c.1222C>T), IVS4+5G>T
(c.441+5G>T) (òàáë. 1).

Â ìåäèöèíñêîé òåõíîëîãèè ÌÒ_ÔÊÓ10 èñïîëüçîâàíû
ïîñëåäîâàòåëüíîñòè ãåíà PAH, ôëàíêèðóþùèå ìóòàöèè
L48S(c.143T>C), A403V (c.1208C>T), Y414C (c.1241A>G),
E280K (c.838G>A), E390G (c.1169A>G), R243Q (c.728G>A),
R243X (c.727C>T), R261Õ (c.781C>T), IVS2+5G>A
(c.168+5G>À), IVS2+5G>C (c.168+5G>C) (òàáë. 2).

Äëèíà àìïëèôèöèðîâàííûõ ôðàãìåíòîâ ñèñòåìû
ÌÒ_ÔÊÓ9 ñîñòàâëÿåò îò 83 äî 149 ï.í., ñèñòåìû
ÌÒ_ÔÊÓ10 — îò 80 äî 144 ï.í.
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Òàáëèöà 2
Îëèãîíóêëåîòèäû, ïðèìåíÿâøèåñÿ äëÿ äåòåêöèè ìóòàöèé ãåíà PAH â òåõíîëîãèè ÌÒ_ÔÊÓ10

Íàçâàíèå
îëèãîíóêëåîòèäà

Ïîñëåäîâàòåëüíîñòü îëèãîíóêëåîòèäîâ (5' � 3')

MLP48 N CTCCATGCCAACAGTCGACATC GTTTAA CTCACTCAAAGAAGAAGTTGGTGCATT

MLP48 M CTCCATGCCAACAGTCGACATC GATA CACTCAAAGAAGAAGTTGGTGCATC

MLP48IVS2 L GGCCAAAGTATTGCGCTTATTTGAGGTCA

MLPIVS2 RN GTGCTACAATCATGTTTGTCTTGGATAATG GATGCGATCCGATGCCTTCATG

MLPIVS2 RM ATGCTACAATCATGTTTGTCTTGGATAATGTC TC GATGCGATCCGATGCCTTCATG

MLPIVS2 RMC CTGCTACAATCATGCTTGTCTTGGATAA ATTTATTTTC GATGCGATCCGATGCCTTCATG

MLP243 N CTCCATGCCAACAGTCGACATC GCACTGGTTTCCGCCTCC

MLP243 M CTCCATGCCAACAGTCGACATC CTTGCACTGGTTTCCGCCTCT

MLP243 RN GACCTGTGGCTGGCCTGC GATGCGATCCGATGCCTTCATG

MLP243 RM AACCTGTGGCTGGCCTGCTTTC TC GATGCGATCCGATGCCTTCATG

MLP261 N CTCCATGCCAACAGTCGACATC GGGTGGCCTGGCCTTCC

MLP261 M CTCCATGCCAACAGTCGACATC CTTGGGTGGCCTGGCCTTCT

MLP261 R GAGTCTTCCACTGCACACAGTACATC TTC GATGCGATCCGATGCCTTCATG

MLP280 N CTCCATGCCAACAGTCGACATC GTTATCTTT CAAGCCCATGTATACCCCCG

MLP280 M CTCCATGCCAACAGTCGACATC GTTATCTTTAT CCAAGCCCATGTATACCCCCA

MLP280 R AACCGTGAGTACTGTCCTCCAGC TTTATTAC GATGCGATCCGATGCCTTCATG

MLP390 N CTCCATGCCAACAGTCGACATC T CAGCCCCTCTATTACGTGGCAGA

MLP390 M CTCCATGCCAACAGTCGACATC GCCCCTCTATTACGTGGCAGG

MLP390 NN CTCCATGCCAACAGTCGACATC T CAGCCCCTGTATTACGTGGCAGA

MLP390 MN CTCCATGCCAACAGTCGACATC GCCCCTGTATTACGTGGCAGG

MLP390 R GAGTTTTAATGATGCCAAGGAGAAAGTAAG TC GATGCGATCCGATGCCTTCATG

MLP403 N CTCCATGCCAACAGTCGACATC GTGGTTTTGGTCTTAGGAACTTTGC

MLP403 M CTCCATGCCAACAGTCGACATC TT CTGTGGTTTTGGTCTTAGGAACTTTGT

MLP403414 L TGCCACAATACCTCGGCCCTTCTCAGTTCGCT

MLP414 RN ACGACCCATACACCCAAAGGATT GATGCGATCCGATGCCTTCATG

MLP414 RM GCGACCCATACACCCAAAG GATGCGATCCGATGCCTTCATG

MLP414 RMN GCGACCCATACACCCAAA GATGCGATCCGATGCCTTCATG



Ëèãàçíóþ ðåàêöèþ ïðîâîäèëè íà ïðîãðàììèðóåìîì
òåðìîöèêëåðå Òåðöèê (ÄÍÊ-òåõíîëîãèÿ, Ðîññèÿ) ñ èñ-
ïîëüçîâàíèåì ÄÍÊ-ëèãàçû Pfu («Stratagene»).

Ëèãèðîâàíèå ïðîâîäèëè â 5 ìêë ðåàêöèîííîé ñìåñè,
ñîäåðæàùåé 1õ ðåàêöèîííûé áóôåð (20 mM Tris-HCl
(pH 7.5), 20 mM KCl, 10 mM MgCl2, 0,1% Igepal,
0,01 mMrATP, 1 mM DTT), 28 ñïåöèôè÷íûõ ïðîá,
0,04 åäèíèöû àêòèâíîñòè òåðìîôèëüíîé ÄÍÊ-ëèãàçû,
0,1—1 ìêã ãåíîìíîé ÄÍÊ.

Ëèãàçíóþ ðåàêöèþ îñóùåñòâëÿëè â ñëåäóþùåì ðå-
æèìå: ïåðâîíà÷àëüíàÿ äåíàòóðàöèÿ ïðè 95°Ñ — 5 ìèí,
çàòåì ëèãèðîâàíèå ïðè 59°Ñ — 3 ÷àñà.

Ïîëèìåðàçíóþ öåïíóþ ðåàêöèþ (ÏÖÐ) ïðîâîäèëè
íà ïðîãðàììèðóåìîì òåðìîöèêëåðå Òåðöèê (ÄÍÊ-òåõ-
íîëîãèÿ, Ðîññèÿ) ñ èñïîëüçîâàíèåì ÄÍÊ-ïîëèìåðàçû
Biotaq («ÁèîÌàñòåð») è ïàðû óíèâåðñàëüíûõ ïðàéìåðîâ
(òàáë. 3).

ÏÖÐ ïðîâîäèëè ïî ñëåäóþùåé ñõåìå: â 15 ìêë ðåàê-
öèîííîé ñìåñè, ñîäåðæàùåé 1õ ðåàêöèîííûé áóôåð
(67 ìÌTris-HCl, 16,6 ìÌ (NH4)2SO4, 0,01% Twin-20),
0,25 ìêÌ êàæäîãî îëèãîïðàéìåðà, 250 ìêÌ êàæäîãî

äåçîêñèíóêëåîçèäòðèôîñôàòà, 1,5 åäèíèöû òåðìîôèëü-
íîé ÄÍÊ-ïîëèìåðàçû, äîáàâëÿëè 5 ìêë ëèãàòà.

ÏÖÐ ïðîâîäèëè â ñëåäóþùåì ðåæèìå: ïåðâîíà÷àëü-
íàÿ äåíàòóðàöèÿ ïðè 95°Ñ — 5 ìèí, çàòåì 25 öèêëîâ ñìå-
íû òåìïåðàòóð: 94°Ñ — 2 ñ, òåìïåðàòóðà îòæèãà ïðàéìå-
ðîâ 66°Ñ — 2 ñ, ýëîíãàöèÿ öåïè 72°Ñ — 2 ñ; çàêëþ÷èòåëü-
íàÿ ýëîíãàöèÿ 72°Ñ — 7 ìèí. Äëÿ ïðîâåäåíèÿ ÏÖÐ èñ-
ïîëüçîâàëè ðåæèì òî÷íîé ðåãóëÿöèè.

Ïðîäóêò ðåàêöèè äåòåêòèðîâàëñÿ ìåòîäîì âåðòè-
êàëüíîãî ýëåêòðîôîðåçà â 8% ÏÀÀÃ (ñîîòíîøåíèå àê-
ðèëàìèäà/áèñàêðèëàìèäà 19/1). Ðåçóëüòàòû ýëåêòðîôî-
ðåçà âèçóàëèçèðîâàëè ïîñëå îêðàøèâàíèÿ ãåëÿ ðàñòâî-
ðîì áðîìèñòîãî ýòèäèÿ ñ ïîìîùüþ äîêóìåíòèðóþùåé
ñèñòåìû GelDoc ôèðìû BIO-RAD (ÑØÀ) â ÓÔ-èçëó÷å-
íèè ñ äëèíîé âîëíû 312 íì. Ýëåêòðîôîðåãðàììà ïðåä-
ñòàâëÿåò èç ñåáÿ ïîëîñû, ñîîòâåòñòâóþùèå ðàçëè÷íûì
íîðìàëüíûì èëè ìóòàíòíûì àëëåëÿì ãåíà. Ïî íàëè-
÷èþ/îòñóòñòâèþ ïîëîñ ñ äëèíàìè, ñîîòâåòñòâóþùèõ
íîðìàëüíîé/ìóòàíòíîé ïîñëåäîâàòåëüíîñòè ñóäèëè î
íàëè÷èè/îòñóòñòâèè êîíêðåòíîé ìóòàöèè â ãåíîòèïå
ïðîáàíäà (òàáë. 4, 5).
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Òàáëèöà 3
Óíèâåðñàëüíûå ïðàéìåðû è óñëîâèÿ àìïëèôèêàöèè, ïðèìåíÿåìûå â òåõíîëîãèÿõ ÌÒ_ÔÊÓ9 è ÌÒ_ÔÊÓ10

Ïîñëåäîâàòåëüíîñòü ïðàéìåðîâ, 5' � 3' t îòæèãà

F: CTCCATGCCAACAGTCGACATC
R: CATGAAGGCATCGGATCGCATC

66°C

Òàáëèöà 4
Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÄÍÊ-äèàãíîñòèêè ÔÊÓ,

ïîëó÷åííûõ ñ èñïîëüçîâàíèåì ìåäèöèíñêîé òåõíîëîãèè ÌÒ_ÔÊÓ9

Äåòåêòèðóåìàÿ ìóòàöèÿ Ïîëîæåíèå íóêëåîòèäà Äëèíà ôðàãìåíòà Èíòåðïðåòàöèÿ

EX5del4154ins268 c.442_509del 149 Ìóòàöèÿ

N Íå äåòåêòèðóåòñÿ Íîðìà

IVS12+1G>A (c.1315+1G>A) c.1315+1A 139 Ìóòàöèÿ

c.1315+1G 135 Íîðìà

IVS10-11G>A (c.1066-11G>A) c.1066-11A 131 Ìóòàöèÿ

c.1066-11G 126 Íîðìà

R252W (c.754C>T) c.754T 121 Ìóòàöèÿ

c.754C 118 Íîðìà

P281L (c.842C>T) c.842T 114 Ìóòàöèÿ

c.842C 111 Íîðìà

R261Q (c.782G>A) c.782A 107 Ìóòàöèÿ

c.782G 104 Íîðìà

R158Q (c.473G>A) c.473A 100 Ìóòàöèÿ

c.473G 97 Íîðìà

R408W (c.1222C>T) c.1222T 93 Ìóòàöèÿ

c.1222C 89 Íîðìà

IVS4+5G>T (c.441+5G>T) c.441+5T 86 Ìóòàöèÿ

c.441+5G 83 Íîðìà



Ðåçóëüòàòû è îáñóæäåíèå

Âñåì 180 ïðîáàíäàì áûë ïðîâåäåí ïîèñê ìóòàöèé

â ãåíå PAH ñ ïðèìåíåíèåì íîâûõ ìåäèöèíñêèõ òåõíîëî-

ãèé. Íà ðèñ. 1 è 2 ïðåäñòàâëåíû ýëåêòðîôîðåãðàììû,

âèçóàëèçèðóþùèå ðåçóëüòàòû äåòåêöèè ìóòàöèé ñ èñ-

ïîëüçîâàíèåì ìåäèöèíñêèõ òåõíîëîãèé ÌÒ_ÔÊÓ9 è

ÌÒ_ÔÊÓ10. Â ñèñòåìû áûëè âêëþ÷åíû ìóòàöèè, âñòðå-

÷àþùèåñÿ ñ íàèáîëüøèìè ÷àñòîòàìè ó áîëüíûõ ÔÊÓ,

ïðîæèâàþùèõ íà òåððèòîðèè ÐÔ [9]. Ñ öåëüþ ïîâûøå-

íèÿ èíôîðìàòèâíîñòè òåõíîëîãèé áûë ïðîâåäåí ðåòðî-

ñïåêòèâíûé àíàëèç ðåçóëüòàòîâ ïðÿìîãî àâòîìàòè÷åñêî-

ãî ñåêâåíèðîâàíèÿ ãåíà PAH ó ïðîáàíäîâ, îáðàòèâøèõñÿ

â ëàáîðàòîðèþ ÄÍÊ-äèàãíîñòèêè ÔÃÁÍÓ «ÌÃÍÖ»

â ïåðèîä ñ 2005 ïî 2014 ãã. Ïî ðåçóëüòàòàì àíàëèçà â òåõ-

íîëîãèþ ÌÒ_ÔÊÓ9 áûëà äîáàâëåíà ìóòàöèÿ

EX5del4154ins268 (c.442_509del), à â òåõíîëîãèþ

ÌÒ_ÔÊÓ10 ìóòàöèè IVS2+5G>C, A403V è R243Q, êî-

òîðûå íåîäíîêðàòíî âñòðåòèëèñü ó ðîññèéñêèõ áîëüíûõ.

Ïðè èñïîëüçîâàíèè òåõíîëîãèè ÌÒ_ÔÊÓ9 ìóòàöèè

áûëè âûÿâëåíû ó 163 ïðîáàíäîâ íà 252 õðîìîñîìàõ.

Äèàãíîç ïîäòâåðæäåí íà ìîëåêóëÿðíî-ãåíåòè÷åñêîì

óðîâíå (âûÿâëåíû äâå ìóòàöèè ãåíà PAH) ó 89 áîëüíûõ,

åùå ó 74 ïðîáàíäîâ áûëà îáíàðóæåíà îäíà ìóòàöèÿ. Òà-

êèì îáðàçîì, èíôîðìàòèâíîñòü äèàãíîñòèêè ÔÊÓ ñ èñ-

ïîëüçîâàíèåì ÌÒ_ÔÊÓ9 ñîñòàâèëà 70% (âûÿâëåíî àë-

ëåëåé ñ ìóòàöèåé èç îáùåãî ÷èñëà èññëåäóåìûõ õðîìî-

ñîì áîëüíûõ). Èíôîðìàòèâíîñòü äàííîé ñèñòåìû îêà-

çàëàñü íåñêîëüêî íèæå îæèäàåìîé íà îñíîâàíèè äàííûõ

î ÷àñòîòàõ âñòðå÷àåìîñòü ìóòàöèé ó æèòåëåé öåíòðàëü-

íîãî ðåãèîíà ÐÔ [9]. Ýòî ìîæåò áûòü ñâÿçàíî ñ òåì, ÷òî

äèàãíîñòèêà ïðîâîäèëàñü ïðîáàíäàì ðàçëè÷íûõ íàöèî-
íàëüíîñòåé èç ðàçëè÷íûõ ðåãèîíîâ Ðîññèè. Èçâåñòíî,
÷òî äëÿ ðåöåññèâíûõ çàáîëåâàíèé ñïåêòðû è ÷àñòîòû
ìóòàöèé â ðàçëè÷íûõ ïîïóëÿöèÿõ ìîãóò ñóùåñòâåííî
âàðüèðîâàòü, ÷òî ñâÿçàíî, êàê ïðàâèëî, ñ ëîêàëüíûìè
ýôôåêòàìè îñíîâàòåëÿ [12].

Âñåì ïðîáàíäàì, ó êîòîðûõ ìóòàöèè íå áûëè äåòåê-
òèðîâàíû íà îáåèõ õðîìîñîìàõ, áûëî ïðîâåäåíî äàëü-
íåéøåå èññëåäîâàíèå ñ èñïîëüçîâàíèåì ìåäèöèíñêîé
òåõíîëîãèè ÌÒ_ÔÊÓ10. Â èòîãå äèàãíîñòèêè ñ èñïîëü-
çîâàíèåì ÌÒ_ÔÊÓ9 è ÌÒ_ÔÊÓ10 ó 117 áîëüíûõ áûëè
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Ðèñ. 1. Ïîèñê ìóòàöèé ãåíà PAH ñ èñïîëüçîâàíèåì ìåäèöèíñêîé
òåõíîëîãèè ÌÒ_ÔÊÓ9. Ãåíîòèïû, çàðåãèñòðèðîâàííûå â îáðàçöàõ,
óêàçàíû ïîä äîðîæêàìè. Äëèíû ôðàãìåíòîâ, ñîîòâåòñòâóþùèõ íîð-
ìàëüíûì è ìóòàíòíûì àëëåëÿì óêàçàíû â òàáë. 4.

Òàáëèöà 5
Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ÄÍÊ-äèàãíîñòèêè ÔÊÓ,

ïîëó÷åííûõ ñ èñïîëüçîâàíèåì ìåäèöèíñêîé òåõíîëîãèè ÌÒ_ÔÊÓ10

Äåòåêòèðóåìàÿ ìóòàöèÿ Ïîëîæåíèå íóêëåîòèäà Äëèíà ôðàãìåíòà Èíòåðïðåòàöèÿ

IVS2+5G>C c.168+5C 144 Ìóòàöèÿ

IVS2+5G>A c.168+5A 140 Ìóòàöèÿ

[L48S]+[IVS2+5] c.168+5G; c.143T 136 Íîðìà

L48S c.143C 132 Ìóòàöèÿ

A403V c.1208T 128 Ìóòàöèÿ

[A403V]+[Y414C] c.1208C; c.1241A 124 Íîðìà

Y414C c.1241G 120 Ìóòàöèÿ

E280K c.838A 107 Ìóòàöèÿ

c.838G 104 Íîðìà

E390G c.1169A 100 Íîðìà

c.1169G 97 Ìóòàöèÿ

R261X c.781T 93 Ìóòàöèÿ

c.781C 90 Íîðìà

R243Q c.728A 86 Ìóòàöèÿ

R243X c.727T 83 Ìóòàöèÿ

[R243Q]+[R243X] c.728G; c.727C 80 Íîðìà



äåòåêòèðîâàíû äâå ìóòàöèè, åùå â 52 ñëó÷àÿõ — îäíà
ìóòàöèÿ. Âñåãî ó 11 ïðîáàíäîâ ïðè èñïîëüçîâàíèè
ÌÒ_ÔÊÓ9 è ÌÒ_ÔÊÓ10 ìóòàöèé âûÿâèòü íå óäàëîñü.
Ñóììàðíàÿ èíôîðìàòèâíîñòü ìåäèöèíñêèõ òåõíîëîãèé
äëÿ ìîëåêóëÿðíî-ãåíåòè÷åñêîé äèàãíîñòèêè ôåíèëêå-

òîíóðèè ñîñòàâèëà 79%. Õîòÿ áû îäíà ìóòàöèÿ áûëà äå-

òåêòèðîâàíà ó 94% ïðîáàíäîâ (òàáë. 6).

Áûëî ïîêàçàíî, ÷òî äîáàâëåíèå â ñèñòåìû äåòåêöèè

÷åòûðåõ ìóòàöèé EX5del4154ins268 (c.442_509del),

IVS2+5G>C, A403V è R243Q, ïîâûñèëî èíôîðìàòèâ-

íîñòü ÄÍÊ-äèàãíîñòèêè íà 3%, ò.å. ïîçâîëèëî âûÿâèòü

ìóòàöèþ ãåíà PAH íà 10 õðîìîñîìàõ áîëüíûõ.

Íàèáîëåå ÷àñòî ó áîëüíûõ âñòðå÷àëàñü ìóòàöèÿ

R408W(c.1222C>T), îíà áûëà âûÿâëåíà íà 175 õðîìîñî-

ìàõ (49%). Ñ ÷àñòîòîé 5% áûëè âûÿâëåíû ìóòàöèè

R261Q (c.782G>A)è P281L (c.842C>T) íà 19 è 18 õðîìî-

ñîìàõ. Íà äîëþ ìóòàöèé IVS12+1G>A (c.1315+1G>A),

R158Q (c.473G>A) è IVS10-11G>A (c.1066-11G>A) ïðè-

øëîñü 3,3%, 2,5% è 2,2% ñîîòâåòñòâåííî. Âñå îñòàëüíûå

ìóòàöèè âñòðåòèëèñü ìåíåå ÷åì íà 2% õðîìîñîì. Íåîá-

õîäèìî îòìåòèòü, ÷òî âñå âõîäÿùèå â ìåäèöèíñêèå òåõ-

íîëîãèè ÌÒ_ÔÊÓ9 è ÌÒ_ÔÊÓ10 ìóòàöèè áûëè çàðå-

ãèñòðèðîâàíû õîòÿ áû ó îäíîãî ïðîáàíäà.

Â ðåçóëüòàòå ðàáîòû áûëî óñòàíîâëåíî, ÷òî íîâûå

ìåäèöèíñêèå òåõíîëîãèè äëÿ äèàãíîñòèêè ôåíèëêåòî-

íóðèè îáëàäàþò âûñîêîé èíôîðìàòèâíîñòüþ. Âûñîêàÿ

òî÷íîñòü äåòåêöèè ìóòàöèé îáóñëîâëåíà ïðèìåíåíèåì

âûñîêîñïåöèôè÷íîãî ôåðìåíòà ÄÍÊ-ëèãàçû äëÿ äåòåê-

öèè èçìåíåíèé íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè.
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Ðèñ. 2. Ïîèñê ìóòàöèé ãåíà PAH ñ èñïîëüçîâàíèåì ìåäèöèíñêîé
òåõíîëîãèè ÌÒ_ÔÊÓ10.
Ãåíîòèïû, çàðåãèñòðèðîâàííûå â îáðàçöàõ, óêàçàíû ïîä äîðîæêà-
ìè. Äëèíû ôðàãìåíòîâ, ñîîòâåòñòâóþùèõ íîðìàëüíûì è ìóòàíòíûì
àëëåëÿì, óêàçàíû â òàáë. 5.

Òàáëèöà 6
Ðåçóëüòàòû ÄÍÊ-äèàãíîñòèêè ÔÊÓ ñ èñïîëüçîâàíèåì ìåäèöèíñêèõ òåõíîëîãèé ÌÒ_ÔÊÓ9 è ÌÒ_ÔÊÓ10

Òåõíîëîãèÿ Ìóòàöèÿ ×àñòîòà ó áîëüíûõ
öåíòðàëüíîãî ðåãèîíà

ÐÔ (ïî äàííûì [9])

×àñòîòà âûÿâëåíèÿ â
äàííîì èññëåäîâàíèè

Èíôîðìàòèâíîñòü ñèñòå-
ìû â äàííîé ðàáîòå

Òåõíîëîãèÿ
ÌÒ_ÔÊÓ9

EX5del4154ins268
(c.442_509del)

0 0,003

70%

IVS12+1G>A 0,023 0,033

IVS10-11G>A 0,041 0,022

R252W 0,018 0,017

P281L 0,052 0,050

R261Q 0,033 0,053

R158Q 0,017 0,025

R408W 0,614 0,486

IVS4+5G>T 0,015 0,011

Òåõíîëîãèÿ
ÌÒ_ÔÊÓ10

IVS2+5G>C 0 0,006

9,4%

IVS2+5G>A 0,005 0,003

L48S 0,008 0,017

A403V 0 0,011

Y414C 0,005 0,008

E280K 0,002 0,008

E390G 0,002 0,011

R261X 0,007 0,008

R243Q 0 0,008

R243X 0,008 0,014

ÈÒÎÃÎ 0,850 0,794 79,4%



Ïðèìåíåíèå â äèàãíîñòèêå ÔÊÓ òåõíîëîãèè «Äåòåê-
öèÿ îñíîâíûõ òî÷êîâûõ ìóòàöèé ãåíà PAH ìåòîäîì
ìóëüòèïëåêñíîé ëèãàçíîé ðåàêöèè» è ïîçâîëÿåò âûÿ-
âèòü ìóòàöèþ íå ìåíåå ÷åì íà 70% õðîìîñîì áîëüíûõ, à
äîïîëíèòåëüíîå èñïîëüçîâàíèå òåõíîëîãèè «Äåòåêöèÿ
äåñÿòè äîïîëíèòåëüíûõ òî÷êîâûõ ìóòàöèé ãåíà PAH ìå-
òîäîì ìóëüòèïëåêñíîé ëèãàçíîé ðåàêöèè» ïîçâîëÿåò
ïîâûñèòü èíôîðìàòèâíîñòü ìîëåêóëÿðíî-ãåíåòè÷åñêîé
äèàãíîñòèêè çàáîëåâàíèÿ äî 79%.

Èñïîëüçîâàíèå äàííûõ ïðîòîêîëîâ èíôîðìàòèâíî
äëÿ æèòåëåé öåíòðàëüíîãî ðåãèîíà ÐÔ, â òî âðåìÿ êàê
â íåêîòîðûõ ðåñïóáëèêàõ ìîãóò ïðåîáëàäàòü äðóãèå ìó-
òàöèè ãåíà PAH. Íåîáõîäèìîñòü èññëåäîâàíèÿ ñïåêòðà
ìóòàöèé ïðè ÷àñòûõ ðåöåññèâíûõ áîëåçíÿõ â ðàçëè÷íûõ
ðåãèîíàõ ÐÔ è ñîçäàíèå ðåãèîí-àäàïòèðîâàííûõ äèà-
ãíîñòè÷åñêèõ ïðîòîêîëîâôåíèëêåòîíóðèè îñòàåòñÿ àê-
òóàëüíîé íàó÷íîé è ïðàêòè÷åñêîé çàäà÷åé.

Âïåðâûå â Ðîññèè ðàçðàáîòàíû è âíåäðåíû â ïðàêòè-
êó íîâûåìåòîäèêè äåòåêöèè ìóòàöèé ãåíà PAH, îòâåòñò-
âåííîãî çà ðàçâèòèå ôåíèëêåòîíóðèè, íà îñíîâå ìóëüòè-
ïëåêñíîé ïðîáà-çàâèñèìîé ëèãàçíîé ðåàêöèè ñ ïîñëå-
äóþùåé àìïëèôèêàöèåé.

Ïîêàçàíèÿìè ê èñïîëüçîâàíèþ äàííûõ òåõíîëîãèé
ÿâëÿþòñÿ:

1. Äèàãíîñòèêà ôåíèëêåòîíóðèè;

2. Ïðîãíîçèðîâàíèå òÿæåñòè òå÷åíèÿ çàáîëåâàíèÿ;

3. Îïòèìèçàöèÿ äèåòîòåðàïèè â çàâèñèìîñòè îò àã-
ðåññèâíîñòè ìóòàöèé;

4. Äèàãíîñòèêà ãåòåðîçèãîòíîãî íîñèòåëüñòâà ÔÊÓ
ó ðîäñòâåííèêîâ áîëüíîãî;

5. Ïðîâåäåíèå ïðåíàòàëüíîé äèàãíîñòèêè;

6. Ñêðèíèíã ãåòåðîçèãîòíîãî íîñèòåëüñòâà ó äîíî-
ðîâ, ó÷àñòâóþùèõ â ïðîãðàììå ÝÊÎ.

Ïðîòèâîïîêàçàíèÿ äëÿ èñïîëüçîâàíèÿ òåõíîëîãèé
ÌÒ_ÔÊÓ9 è ÌÒ_ÔÊÓ10 îòñóòñòâóþò.

Èñïîëüçîâàíèå äàííûõ òåõíîëîãèé äåëàåò áîëåå ýô-
ôåêòèâíûì ìåäèêî-ãåíåòè÷åñêîå êîíñóëüòèðîâàíèå
îòÿãîùåííûõ ñåìåé, ïîçâîëÿåò ñ íàèìåíüøèìè âðåìåí-
íûìè è ìàòåðèàëüíî-òåõíè÷åñêèìè çàòðàòàìè ïðîâåñòè
ÄÍÊ-äèàãíîñòèêó ôåíèëêåòîíóðèè, â òîì ÷èñëå äèà-
ãíîñòèêó íîñèòåëüñòâà äëÿ ðîäñòâåííèêîâ ïðîáàíäà è
ïðåíàòàëüíóþ äèàãíîñòèêó â îòÿãîùåííûõ ñåìüÿõ. Èñ-
ïîëüçîâàíèå ìóëüòèïëåêñíîé ëèãàçíîé ðåàêöèè ïîçâî-
ëÿåò íàèáîëåå òî÷íî è ñïåöèôè÷íî äåòåêòèðîâàòü âñå
âûáðàííûå ìóòàöèè â îäíîé ïðîáèðêå, ÷òî ñíèæàåò ñòî-
èìîñòü àíàëèçà, âðåìÿ îæèäàíèÿ ðåçóëüòàòà, òðóäîåì-
êîñòü èññëåäîâàíèÿ è âåðîÿòíîñòü ñëó÷àéíûõ îøèáîê.

Çíàíèå ãåíîòèïà ïàöèåíòà â íàñòîÿùåå âðåìÿ íåîáõîäè-
ìî äëÿ ïîäáîðà îïòèìàëüíîé ñèìïòîìàòè÷åñêîé è ïàòî-
ãåíåòè÷åñêîé òåðàïèè ôåíèëêåòîíóðèè.
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Results of the new medical technologies
«Detection of major PAH gene point mutations by multuplex ligase reaction»
and «Detection of ten additional mutations in PAH gene by multuplex ligase reaction»
application in the DNA-diagnostics of phenylketonuria

Gundorova P., Stepanova A.A., Shchagina O.A., Polyakov A.V.
Federal State Budgetary Institution «Research Centre for Medical Genetics»,
115409, Moscow, Moskvorechie 1, e-mail: polyakov@med-gen.ru

The molecular genetic study of 180 probands with phenylketonuria, directed to the DNA-diagnostics laboratory of FSBI «RCMG»
in the period from 10.01.2015 to 01.02.2016. New medical technologies embedded into practice FSBI «RCMG» were used for DNA
diagnostics. It was found that the application of these technologies makes the medical and genetic counseling of families more effec-
tive. It allows to make a diagnosis in a short time and with less logistical costs. Also it is used for carrier diagnostics for the relatives of
the proband and prenatal diagnosis in burdened families.

Keywords: phenylketonuria, DNA diagnostics, medical technology, multiplex ligase reaction
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