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Âðîæäåííàÿ àíèðèäèÿ (OMIM #106210) (ÂÀ) — ìîíîãåííûé âðîæäåííûé ïîðîê ðàçâèòèÿ ñ àóòîñîìíî-äîìèíàíòíûì òèïîì íà-
ñëåäîâàíèÿ, âñòðå÷àþùèéñÿ â ïîïóëÿöèè ñ ÷àñòîòîé 1:45 000—1:100 000 íàñåëåíèÿ. Âåäóùèìè äèàãíîñòè÷åñêèìè ïðèçíàêàìè ÿâëÿ-
þòñÿ âðîæäåííîå îòñóòñòâèå òêàíè ðàäóæêè, ãèïîïëàçèÿ öåíòðàëüíîé ÿìêè è íèñòàãì. Ïîäàâëÿþùåå áîëüøèíñòâî ñëó÷àåâ ÂÀ îáó-
ñëîâëåíî ãåòåðîçèãîòíûìè ìóòàöèÿìè â ãåíå PAX6, ðàñïîëîæåííîì â ðåãèîíå 11ð13, à òàêæå õðîìîñîìíûìè ïåðåñòðîéêàìè, çàòðà-
ãèâàþùèìè ýòîò ðåãèîí. Ðàíåå â ëàáîðàòîðèè ãåíåòè÷åñêîé ýïèäåìèîëîãèè ïðîâåäåí ìîëåêóëÿðíî-ãåíåòè÷åñêèé àíàëèç â ãðóïïå èç
110 áîëüíûõ èç 84 íåðîäñòâåííûõ ñåìåé ñ êëèíè÷åñêèì äèàãíîçîì âðîæäåííîé àíèðèäèÿ èç Ðîññèè, âêëþ÷àâøèé ñåêâåíèðîâàíèå è
àíàëèç âàðèàöèè ÷èñëà êîïèé ãåíîâ â ðåãèîíå 11ð13. Â îáùåé ñëîæíîñòè íàéäåí 81 âàðèàíò íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè,
çíà÷èòåëüíóþ ÷àñòü êîòîðûõ (13,6%) ñîñòàâëÿþò èíòðîííûå ìóòàöèè, ëîêàëèçóþùèåñÿ êàê â êàíîíè÷åñêèõ ñàéòàõ ñïëàéñèíãà, òàê è
ãëóáîêî â èíòðîííûõ îáëàñòÿõ (11 ðàçëè÷íûõ ìóòàöèé ó 18 áîëüíûõ). Äàííûå âàðèàíòû íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè áûëè ïðî-
àíàëèçèðîâàíû ñ èñïîëüçîâàíèåì ïðîãðàìì HSF v. 3.0 (Human Splicing Finder) è IntSplice. Èõ ïàòîãåííûé ñòàòóñ, êàê è äðóãèõ îáíàðó-
æåííûõ ìóòàöèé, óñòàíàâëèâàëñÿ â ñîîòâåòñòâèè ñ ðåêîìåíäàöèÿìè ACMG äëÿ èíòåðïðåòàöèè âàðèàíòîâ ïîñëåäîâàòåëüíîñòåé ÄÍÊ.
Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà äîêàçàòåëüñòâó âëèÿíèÿ âûÿâëåííîãî â ñïîðàäè÷åñêîì ñëó÷àå âðîæäåííîé àíèðèäèè èíòðîííîãî âà-
ðèàíòà íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè ñ íåèçâåñòíûì êëèíè÷åñêèì çíà÷åíèåì NG_008679.1(PAX6_v001):c.142-14C>G íà ïàòòåðí
ñïëàéñèíãà. Ôóíêöèîíàëüíûé àíàëèç ñ èñïîëüçîâàíèåì ñèñòåìû ýêñïðåññèè ìèíèãåíîâ in vitro ïîêàçàë, ÷òî äàííàÿ çàìåíà âåäåò
ê âîçíèêíîâåíèþ íîâîãî àêöåïòîðíîãî ñàéòà ñïëàéñèíãà èíòðîíà 5, â ðåçóëüòàòå ÷åãî ïðîèñõîäèò óäëèíåíèå ýêçîíà 6 íà 13 íóêëåî-
òèäîâ è ñäâèã îòêðûòîé ðàìêè ñ÷èòûâàíèÿ (NM_000280.4(PAX6_v001):c.141_142insTTCCCCTATGCAG, p.Val48PhefsTer12) ñ ðàçðóøå-
íèåì àáåððàíòíîé ìÐÍÊ ïî íîíñåíñ-îïîñðåäîâàííîìó ìåõàíèçìó äåãðàäàöèè (NMD). Òàêèì îáðàçîì, èññëåäóåìàÿ èíòðîííàÿ çà-
ìåíà ïðîäóöèðóåò íóëåâîé àëëåëü è âåäåò ê ãàïëîíåäîñòàòî÷íîñòè ôóíêöèè ãåíà PAX6, ÷òî ïðèâîäèò ê ðàçâèòèþ çàáîëåâàíèÿ.

Êëþ÷åâûå ñëîâà: âðîæäåííàÿ àíèðèäèÿ; ãàïëîíåäîñòàòî÷íîñòü; PAX6; ìóòàöèè; ïðèâîäÿùèå ê íàðóøåíèþ ñïëàéñèíãà; ôóí-
êöèîíàëüíûé àíàëèç; êëîíèðîâàíèå; ñèñòåìà ýêñïðåññèè ìèíèãåíîâ in vitro; ÎÒ-ÏÖÐ; HEK293.

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà èíòåðåñîâ.
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Congenital aniridia (OMIM #106210) (ÂÀ) is a Mendelian autosomal dominant panocular disorder with complete penetrance and
variable expressivity. The incidence of aniridia is 1 in 45,000-100,000 births. Aniridia is characterized by congenital absence of the iris
with foveal hypoplasia and other eye abnormalities. The most cases of aniridia is caused by heterozygous mutations in the PAX6 gene or
chromosome 11p13 rearrangements. Molecular analysis (including Sanger sequencing as well as MLPA analysis and the loss of
heterozygosity analysis) of 110 patients referred with congenital aniridia from 84 unrelated families identifies causative PAX6 mutations
in all except 3 patients (81/84). A significant proportion of point PAX6 mutations affecting canonical splicing sites and deeper intronic se-
quences (13,6%) (11 different mutations in 18 patients) have been revealed. Intron sequence variants pathogenic status is established in
accordance with ACMG recommendations for interpretation of sequence variants. The manuscript gives consideration to the functional



evidence of a revealed in patient with congenital aniridia VUS (variant of unknown clinical significance)
NG_008679.1(PAX6_v001):c.142-14C>G effect on the splicing pattern. We used a minigene system to determine the effect of investi-
gated mutation in vitro in human cell line HEK293. Our analysis has shown that this single nucleotide substitution leads to a splicing dis-
ruption due to the use of the new acceptor-site of intron 5. That leads to exon 6 elongation by 13 nucleotides, open reading frame shift-
ing (NM_000280.4(PAX6_v001):c.141_142insTTCCCCTATGCAG, p.Val48PhefsTer12) and aberrant mRNA degradation by NMD (non-
sense-mediated mRNA decay) mechanism. Thus, the intron sequence variant produces a null allele, leading to a haploinsufficiency of
the PAX6-function and the development of disease.

Key words: congenital aniridia, PAX6, haploinsufficiency, splicing mutations, variant of unknown clinical significance, functional evi-
dence, cloning, in vitro mini-gene expression system, RT-PCR, HEK293.

Ââåäåíèå

Âðîæäåííàÿ àíèðèäèÿ (OMIM #106210) (ÂÀ) — ìî-
íîãåííûé âðîæäåííûé ïîðîê ðàçâèòèÿ ñ àóòîñîìíî-äî-
ìèíàíòíûì òèïîì íàñëåäîâàíèÿ, âñòðå÷àþùèéñÿ â ïî-
ïóëÿöèè ñ ÷àñòîòîé 1:45 000—1:100 000 íàñåëåíèÿ. Âåäó-
ùèìè äèàãíîñòè÷åñêèìè ñèìïòîìàìè ÿâëÿþòñÿ âðîæ-
äåííîå îòñóòñòâèå òêàíè ðàäóæêè, ãèïîïëàçèÿ öåíòðàëü-
íîé ÿìêè, ñîïðîâîæäàþùèåñÿ íèñòàãìîì. Êðîìå îñíîâ-
íûõ ïðèçíàêîâ, ïðè ÂÀ ìîãóò ðàçâèâàòüñÿ êåðàòîïàòèÿ è
ïåðâè÷íàÿ è/èëè îñëîæíåííàÿ êàòàðàêòà, êîòîðûå íà-
áëþäàþòñÿ ó 80% ïàöèåíòîâ, ðåæå âñòðå÷àþòñÿ ãëàóêîìà
è ãèïîïëàçèÿ çðèòåëüíîãî íåðâà. ÂÀ ñîïðîâîæäàåòñÿ çíà-
÷èòåëüíûì ñíèæåíèåì îñòðîòû çðåíèÿ è èíâàëèäèçà-
öèåé ïàöèåíòîâ è ÿâëÿåòñÿ ñîöèàëüíî çíà÷èìîé ïðîáëå-
ìîé. Ïîäàâëÿþùåå áîëüøèíñòâî ñëó÷àåâ ÂÀ îáóñëîâëåíî
ìóòàöèÿìè â ãåíå PAX6 â ãåòåðîçèãîòíîì ñîñòîÿíèè
(OMIM *607108), ðàñïîëîæåííîì â ðåãèîíå 11ð13, à
òàêæå õðîìîñîìíûìè ïåðåñòðîéêàìè, çàòðàãèâàþùèìè
ýòîò ðåãèîí [1, 2].

Ðàíåå â ëàáîðàòîðèè ãåíåòè÷åñêîé ýïèäåìèîëîãèè
ïðîâåäåíà ìîëåêóëÿðíî-ãåíåòè÷åñêàÿ äèàãíîñòèêà
â îáøèðíîé âûáîðêå ïàöèåíòîâ ñ ÂÀ èç Ðîññèè. Àíà-
ëèç ìóòàöèé â ãåíå PAX6 è äåòàëüíîå êëèíè÷åñêîå îá-
ñëåäîâàíèå ïðîâåäåíû â ãðóïïå èç 110 áîëüíûõ èç
84 íåðîäñòâåííûõ ñåìåé ñ êëèíè÷åñêèì äèàãíîçîì ÂÀ.
Áîëåå ïîëîâèíû ñëó÷àåâ (62 ïàöèåíòà — 73,81%) ïðåä-
ñòàâëåíû åäèíè÷íûìè áîëüíûìè áåç îòÿãîùåííîãî ñå-
ìåéíîãî àíàìíåçà. Ïîèñê ìóòàöèé â ãåíå PAX6 ïðîâî-
äèëè ìåòîäîì ñåêâåíèðîâàíèÿ ïî Ñýíãåðó, ïîñëåäóþ-
ùåé ìóëüòèïëåêñíîé ëèãàçîçàâèñèìîé àìïëèôèêàöèè
ïðîá (MLPA) è àíàëèçà ïîòåðè ãåòåðîçèãîòíîñòè ó ïðî-
áàíäà (LOH) ñ èñïîëüçîâàíèåì 12 êîðîòêèõ òàíäåìíûõ
ïîâòîðîâ (STR ìàðêåðîâ) [3]. Â îáùåé ñëîæíîñòè íàé-
äåíà 81 ðàçëè÷íàÿ ìóòàöèÿ (58 âíóòðèãåííûõ ìóòàöèé
â ãåíå PAX6 è 23 õðîìîñîìíûå äåëåöèè ñ âîâëå÷åíèåì
ðåãèîíà 11p13). Ñðåäè 48 óíèêàëüíûõ âíóòðèãåííûõ
ìóòàöèé â ãåíå PAX6 27 íîâûõ è 21 ðàíåå îïèñàííàÿ ìó-
òàöèÿ [4]. Çíà÷èòåëüíóþ äîëþ ñðåäè âûÿâëåííûõ âàðè-
àíòîâ íóêëåîòèäíîé ïîñëåäîâàòåëüíîñòè (13,6%) ñî-
ñòàâëÿþò èíòðîííûå ìóòàöèè, ëîêàëèçóþùèåñÿ êàê
â êàíîíè÷åñêèõ ñàéòàõ ñïëàéñèíãà, òàê è ãëóáîêî â èí-
òðîííûõ îáëàñòÿõ (11 ðàçëè÷íûõ ìóòàöèé ó 18 áîëü-
íûõ). Âñå îáíàðóæåííûå âàðèàíòû ïîñëåäîâàòåëüíîñòè
(SNV) ñîãëàñíî êðèòåðèÿì Àìåðèêàíñêîãî êîëëåäæà
ìåäèöèíñêîé ãåíåòèêè (ACMG) êëàññèôèöèðîâàíû

êàê ïàòîãåííûå è âåðîÿòíî ïàòîãåííûå [5]. Èñêëþ÷å-
íèå ñîñòàâèëè äâå âûÿâëåííûå âïåðâûå èíòðîííûå ìó-
òàöèè: îäíîíóêëåîòèäíàÿ çàìåíà â èíòðîíå 5 ãåíà PAX6

NG_008679.1(PAX6_v001):c.142-14C>G è îäíîíóêëåî-
òèäíàÿ äóïëèêàöèÿ, âáëèçè ñàéòà ñïëàéñèíãà íåêîäè-
ðóþùåãî ýêçîíà 3 â 5`-UTR ïîñëåäîâàòåëüíîñòè ãåíà
PAX6 NG_008679.1(PAX6_v001):c.-125dupG, ïîëó÷èâ-
øèå ñòàòóñ âàðèàíòîâ ñ íåèçâåñòíûì êëèíè÷åñêèì çíà-
÷åíèåì.

Ìàòåðèàëû è ìåòîäû

Ïîèñê ìóòàöèé ó áîëüíûõ âðîæäåííîé àíèðèäèåé
ïðîâåäåí ñîãëàñíî ðàçðàáîòàííîìó ðàíåå ïðîòîêîëó â ëà-
áîðàòîðèè ãåíåòè÷åñêîé ýïèäåìèîëîãèè [3, 6]. Èíòðîí-
íûå âàðèàíòû ïðîàíàëèçèðîâàíû ñ èñïîëüçîâàíèåì ïðî-
ãðàìì HSF v. 3.0 (Human Splicing Finder) [7] è IntSplice
[8]. Èõ ïàòîãåííûé ñòàòóñ, êàê è äëÿ äðóãèõ îáíàðóæåí-
íûõ ìóòàöèé, óñòàíàâëèâàëñÿ â ñîîòâåòñòâèè ñ ðåêîìåí-
äàöèÿìè ACMG äëÿ èíòåðïðåòàöèè âàðèàíòîâ ïîñëåäî-
âàòåëüíîñòåé ÄÍÊ [5].

Äëÿ ôóíêöèîíàëüíîãî àíàëèçà âëèÿíèÿ âûÿâëåííîé
îäíîíóêëåîòèäíîé çàìåíû â èíòðîíå 5 ãåíà PAX6

NG_008679.1(PAX6_v001):c.142-14C>G íà ïàòòåðí
ñïëàéñèíãà èñïîëüçîâàíà ñèñòåìà ýêñïðåññèè ìèíèãå-
íîâ in vitro.

Ñîçäàíèå êîíñòðóêöèé, ñîäåðæàùèõ ìèíèãåíû

Ôðàãìåíò ãåíîìíîé ÄÍÊ ïàöèåíòà îò 5 äî 7 ýêçîíà ãåíà
PAX6 áûë àìïëèôèöèðîâàí ñ èñïîëüçîâàíèåì ïðàéìåðîâ:
PAX6-ex5F
(5`-TTAAGATCTTTGTAGAGCTAGCTCACAGC-3`) è
PAX6-ex7R
(5`-TTAGTCGACCATGCCGTCTGCGCCCATCT-3`). Ïî-
ëó÷åííûé ÏÖÐ-ïðîäóêò áûë êëîíèðîâàí ïî ñàéòàì ðåñò-
ðèêöèè BglII è SalI â âåêòîð pSplPIG [9]. Êëîíû, ñîäåðæà-
ùèå ìèíèãåí äèêîãî òèïà èëè âàðèàíò ñ ìóòàöèåé
c.142-14C>G, îòáèðàëè ñ èñïîëüçîâàíèåì ñåêâåíèðîâàíèÿ
ïî Ñýíãåðó.

Èññëåäîâàíèå ñïëàéñèíãà ìèíèãåíîâ

â êëåòî÷íîé ëèíèè HEK293

Òðàíñôåêöèÿ êîíñòðóêöèé, ñîäåðæàùèõ ìèíèãåíû
(äèêîãî òèïà (WT) è ìóòàíòíûé (MUT)), â êëåòî÷íóþ
ëèíèþ HEK293 ïðîâîäèëè ñ èñïîëüçîâàíèåì ðåàãåíòà
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Metafectene (Biontex, Ãåðìàíèÿ) ñîãëàñíî ïðîòîêîëó ïðî-
èçâîäèòåëÿ. ×åðåç 48 ÷àñîâ èç êëåòîê âûäåëÿëè òîòàëü-
íóþ ÐÍÊ ìåòîäîì ôåíîë-õëîðîôîðìíîé ýêñòðàêöèè
ñ ãóàíèäèí-òèîöèàíàòíûì áóôåðîì. Ïîëó÷åííóþ ÐÍÊ
îáðàáàòûâàëè ÄÍÊàçîéI (Thermo Fisher Scientific, ÑØÀ).
Ðåàêöèþ îáðàòíîé òðàíñêðèïöèè ïðîâîäèëè ñ èñïîëüçî-
âàíèåì ImProm-II Reverse Transcription System (Promega,
ÑØÀ). Äëÿ èññëåäîâàíèÿ ïîëó÷åííûõ èçîôîðì ìèíèãå-
íîâ ïðîâîäèëè àìëèôèêàöèþ êÄÍÊ ñ ïëàçìèäî-ñïåöè-
ôè÷íûìè ïðàéìåðàìè:
plF (5`-ACAAAGAGACCTACGTCGAGCA-3`),
plR (5`-AGCTCGATCAGCACGGGCACGAT-3`).

Ïîëó÷åííûå ÏÖÐ-ïðîäóêòû àíàëèçèðîâàëè
ìåòîäîì àãàðîçíîãî ãåëü-ýëåêòðîôîðåçà. Êàæäûé ïî-
ëó÷åííûé ïðîäóêò àìïëèôèêàöèè áûë î÷èùåí èç ãåëÿ
ïðè ïîìîùè Cleanup Standard kit (Åâðîãåí, Ðîññèÿ) è
ñåêâåíèðîâàí ïî Ñåíãåðó ñ èñïîëüçîâàíèåì ïðàéìå-
ðîâ plF è plR.

Ðåçóëüòàòû

Ó ïàöèåíòêè #À-45.03 ñ ÂÀ è íîðìàëüíûì êàðèîòè-
ïîì ïðîâåäåíà ïîäòâåðæäàþùàÿ ÄÍÊ äèàãíîñòèêà ñî-
ãëàñíî ðàçðàáîòàííîìó ïðîòîêîëó [3, 6]. Ïðîâåäåííûé
ìåòîäîì MLPA ïîèñê õðîìîñîìíûõ àíîìàëèé íå âûÿ-

âèë âàðèàöèé ÷èñëà êîïèé â ðåãèîíå 11p13. Ïðè ñåêâå-
íèðîâàíèè ïî Ñýíãåðó ýêçîíîâ è ôëàíêèðóþùèõ èõ
ó÷àñòêîâ èíòðîíîâ ãåíà PAX6 îáíàðóæåíà îäíîíóêëåî-
òèäíàÿ çàìåíà â èíòðîíå 5 ãåíà PAX6

NG_008679.1(PAX6_v001):c.142-14C>G. Äðóãèõ êàíäè-
äàòíûõ âàðèàíòîâ íå íàéäåíî. Èíòðîííûé âàðèàíò íå
îïèñàí ðàíåå, íå çàðåãèñòðèðîâàí â áàçå äàííûõ gno-
mAD è íå îáíàðóæåí ó çäîðîâûõ ðîäèòåëåé. Ñîãëàñíî
êðèòåðèÿì ACMG, äàííàÿ çàìåíà èìååò ñòàòóñ âàðèàíòà
ñ íåèçâåñòíûì êëèíè÷åñêèì çíà÷åíèåì. Òåì íå ìåíåå,
áèîèíôîðìàòè÷åñêèé àíàëèç ñ èñïîëüçîâàíèåì ïðî-
ãðàììíîãî îáåñïå÷åíèÿ Human Splicing Finder ïðåäñêà-
çûâàåò èçìåíåíèå ñïëàéñèíãà âñëåäñòâèå àêòèâàöèè íî-
âîãî êðèïòè÷åñêîãî àêöåïòîðíîãî ñàéòà ñïëàéñèíãà.

Äëÿ îïðåäåëåíèÿ âëèÿíèÿ èññëåäóåìîé ìóòàöèè íà
ñïëàéñèíã ïðå-ìÐÍÊ èñïîëüçîâàíà ñèñòåìà ýêñïðåññèè
ìèíèãåíà â ìîäåëüíîé êëåòî÷íîé ëèíèè. Äëÿ ñîçäàíèÿ
âåêòîðîâ, ñîäåðæàùèõ ìèíèãåíû äèêîãî òèïà (WT) è
ñ ìóòàöèåé c.142-14C>G (MUT), ìû àìïëèôèöèðîâàëè
ó÷àñòîê ãåíîìíîé ÄÍÊ ïðîáàíäà îò 5 äî 7 ýêçîíà ãåíà
PAX6 è êëîíèðîâàëè åãî â âåêòîð pSpl. Êàæäàÿ èç äâóõ
ïîëó÷åííûõ êîíñòðóêöèé áûëà òðàíñôèöèðîâàíà â êëå-
òî÷íóþ ëèíèþ ýìáðèîíàëüíîé ïî÷êè ÷åëîâåêà
(HEK293). ×åðåç 48 ÷àñîâ èç îáðàáîòàííûõ êëåòîê âûäå-
ëÿëè òîòàëüíóþ ÐÍÊ, äàëåå ïðîâîäèëè ðåàêöèþ îáðàò-
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Ôóíêöèîíàëüíûé àíàëèç îäíîíóêëåîòèäíîé çàìåíû NG_008679.1(PAX6_v001):c.142-14C>G. (À) (ñëåâà) Ñõåìà êîíñòðóêöèè ñîäåðæàùåé ìè-
íèãåí ñ îáîçíà÷åíèåì èññëåäóåìîé çàìåíû è ïëàçìèäîñïåöèôè÷íûõ ïðàéìåðîâ äëÿ àìïëèôèêàöèè êÄÍÊ. Öèôðàìè îáîçíà÷åíû íîìåðà ýê-
çîíîâ ìÐÍÊ PAX6 ïî NM_000280.4. Íèæå ïðèâåäåíû ñõåìû ïîëó÷åííûõ ÏÖÐ-ïðîäóêòîâ; (ñïðàâà) ýëåêòðîôîðåãðàììà ïðîäóêòîâ àìïëèôèêà-
öèè ñ ïðàéìåðàìè plF è plR äëÿ êÄÍÊ èç êëåòîê, ýêñïðåññèðóþùèõ ìèíèãåí äèêîãî òèïà (WT) è ìèíèãåí ñ çàìåíîé (MUT). (Á) ðåçóëüòàòû ñåê-
âåíèðîâàíèÿ ïî Ñýíãåðó ïîëó÷åííûõ ÏÖÐ-ïðîäóêòîâ. (Â) (ñâåðõó) ïîçèöèîííî-âåñîâàÿ ìàòðèöà (ÏÂÑ) ïî âñåì êàíîíè÷åñêèì àêöåïòîðíûì
ñàéòàì ñïëàéñèíãà ÷åëîâåêà. Âûñîòà êàæäîé áóêâû ïðîïîðöèîíàëüíà ÷àñòîòå íàõîæäåíèÿ ñîîòâåòñòâóþùåãî íóêëåîòèäà â äàííîì ïîëîæå-
íèè [14]; (ñíèçó) âûðàâíèâàíèå ñàéòà ñïëàéñèíãà èíòðîíà 5 äèêîãî òèïà è êðèïòè÷åñêîãî (âîçíèêøåãî â ðåçóëüòàòå èññëåäóåìîé çàìåíû).
Êðàñíûì âûäåëåíî ìåñòî çàìåíû. (Ã) Ñõåìà âîçìîæíîãî ïàòîãåííîãî âëèÿíèÿ èññëåäóåìîé çàìåíû â ãåíå PAX6 ñ ïðèâëå÷åíèåì ìåõàíèçìà
íîíñåíñ îïîñðåäîâàííîé äåãðàäàöèè ìÐÍÊ (NMD). Ïîÿñíåíèÿ â òåêñòå.



íîé òðàíñêðèïöèè. Ïîëó÷åííóþ êÄÍÊ àìïëèôèöèðîâà-
ëè, èñïîëüçóÿ ïëàçìèäî-ñïåöèôè÷åñêèå ïðàéìåðû. Â ðå-
çóëüòàòå áûëî âûÿâëåíî èçìåíåíèå ýëåêòðîôîðåòè÷åñêîé
ïîäâèæíîñòè ÏÖÐ-ïðîäóêòà, ïîëó÷åííîãî äëÿ ìèíèãåíà
ñ ìóòàöèåé, îòíîñèòåëüíî äèêîãî òèïà (ðèñ. À). Àíàëèç
ïîëó÷åííûõ ôðàãìåíòîâ ïðÿìûì ñåêâåíèðîâàíèåì ïî
Ñýíãåðó ïîêàçàë, ÷òî íàëè÷èå ìóòàöèè c.142-14C>G ïðè-
âîäèò ê ïåðåêëþ÷åíèþ àêöåïòîðíîãî ñàéòà ñïëàéñèíãà
èíòðîíà 5, ÷òî ïðèâîäèò ê óäëèíåíèþ ýêçîíà 6 íà 13 íóê-
ëåîòèäîâ (ðèñ. À, Á).

Îáñóæäåíèå

Ïðîöåññ âûðåçàíèÿ èíòðîíîâ èç ïîñëåäîâàòåëüíîñòè
ïðå-ìÐÍÊ íàïðàâëÿåòñÿ ïîñëåäîâàòåëüíîñòüþ ãåíîìíîé
ÄÍÊ íà ãðàíèöàõ ýêçîíîâ è èíòðîíîâ, ñîäåðæàùèõ âû-
ñîêîêîíñåðâàòèâíûå êàíîíè÷åñêèå ïîñëåäîâàòåëüíîñòè
äîíîðíîãî è àêöåïòîðíîãî ñàéòîâ ñïëàéñèíãà è òî÷êè
âåòâëåíèÿ. Ýòè ìîòèâû ñëóæàò äëÿ ñâÿçûâàíèÿ ñ ðèáî-
íóêëåîïðîòåèíîâûìè ôàêòîðàìè ñïëàéñèíãà, êîòîðûå
âìåñòå ôîðìèðóþò ìàêðîìîëåêóëó ñïëàéñîñîìû. Êðîìå
ñàìèõ êàíîíè÷åñêèõ ïîñëåäîâàòåëüíîñòåé äëÿ ïðàâèëü-
íîãî èõ óçíàâàíèÿ è âûáîðà â õîäå êîíñòèòóòèâíîãî è
àëüòåðíàòèâíîãî ñïëàéñèíãà êðàéíå âàæíû ìíîãî÷èñ-
ëåííûå è ìåíåå ñèëüíûå ñèãíàëû — ìîòèâû ýíõàíñåðîâ
è ñàéëåíñåðîâ ñïëàéñèíãà [10]. Äëÿ íîðìàëüíîãî ïðîöåñ-
ñà ñïëàéñèíãà òàêæå íåîáõîäèìà îïðåäåëåííàÿ, íå íàðó-
øåííàÿ âñëåäñòâèå èíòðîííûõ íóêëåîòèäíûõ çàìåí, âòî-
ðè÷íàÿ ñòðóêòóðà ÐÍÊ òðàíñêðèïòà è äîñòóïíîñòü êðè-
òè÷åñêè âàæíûõ äëÿ ñâÿçûâàíèÿ ñ êîìïîíåíòàìè ñïëàé-
ñîñîìû ìîòèâîâ [11]. Ìóòàöèè âáëèçè ýêçîí-èíòðîííîé
ãðàíèöû è â áîëåå ãëóáîêèõ èíòðîííûõ èëè ýêçîííûõ îá-
ëàñòÿõ ìîãóò çíà÷èòåëüíî èçìåíÿòü ðåãóëÿöèþ ñïëàéñèí-
ãà è ïðîöåññèíã ïðå-ìÐÍÊ: ìîãóò îñòàâàòüñÿ óäåðæàííû-
ìè èíòðîíû, íå óçíàâàòüñÿ è íå âêëþ÷àòüñÿ ýêçîíû èëè
èçìåíÿòüñÿ èõ äëèíà çà ñ÷åò èñïîëüçîâàíèÿ êðèïòè÷å-
ñêèõ ñàéòîâ ñïëàéñèíãà, íàðóøàÿ ïàòòåðí ñïëàéñèíãà è
íîðìàëüíóþ ýêñïðåññèþ ãåíà [12].

Â äàííîé ðàáîòå ïðîâåäåíî ôóíêöèîíàëüíîå èññëåäî-
âàíèå in vitro ðàíåå íå îïèñàííîé îäíîíóêëåîòèäíîé çà-
ìåíû NG_008679.1(PAX6_v001): c.142-14C>G ó ïàöèåíò-
êè ñ ÂÀ. Â ðåçóëüòàòå èññëåäîâàíèÿ îïðåäåëåíî, ÷òî äàí-
íàÿ çàìåíà ïðèâîäèò ê âîçíèêíîâåíèþ êàíîíè÷åñêîãî
äèíóêëåîòèäà è íîâîãî êðèïòè÷åñêîãî àêöåïòîðíîãî ñàé-
òà ñïëàéñèíãà èíòðîíà 5. Ïðè ýòîì äàííûé ñàéò ñïëàé-
ñèíãà îêàçûâàåòñÿ áîëåå ñèëüíûì, ÷åì ñàéò äèêîãî òèïà,
÷òî ïðèâîäèò ê âêëþ÷åíèþ äîïîëíèòåëüíûõ 13 íóêëåî-
òèäîâ â ýêçîí 6 ãåíà PAX6 (ðèñ. Â).

Óäëèíåíèå ýêçîíà 6 íà 13 íóêëåîòèäîâ ïðèâîäèò
ê ñäâèãó îòêðûòîé ðàìêè ñ÷èòûâàíèÿ
(NM_000280.4(PAX6_v001):c.141_142insTTCCCCTATG-
CAG, p.Val48PhefsTer12) è âîçíèêíîâåíèþ ïðåæäåâðå-
ìåííîãî ñòîï-êîäîíà. Äàííûé ñòîï-êîäîí ëîêàëèçóåòñÿ
çà 293 íóêëåîòèäà îò ãðàíèöû ýêçîíîâ 6/7. Ðàíåå ïîêàçà-
íî, ÷òî ñòîï-êîäîí, ðàñïîëîæåííûé áîëåå ÷åì çà 50 íóê-
ëåîòèäîâ îò ïîñëåäíåé ýêçîí-ýêçîííîé ãðàíèöû, ðàñïî-

çíàåòñÿ êàê ïðåæäåâðåìåííûé è èíèöèèðóåò íîí-
ñåíñ-îïîñðåäîâàííûé ìåõàíèçì äåãðàäàöèè ìÐÍÊ
(NMD) [13]. Òàêèì îáðàçîì, âàðèàíò èíòðîííîé ïîñëå-
äîâàòåëüíîñòè NG_008679.1(PAX6_v001):c.142-14C>G
ïðîäóöèðóåò íóëåâîé àëëåëü è âåäåò ê ãàïëîíåäîñòàòî÷-
íîñòè ãåíà PAX6 (ðèñ. Ã).

Ïîäòâåðæäåíèå ïàòîãåííîãî õàðàêòåðà è ïðè÷èííîé
ðîëè îäíîãî èç ãëóáîêèõ èíòðîííûõ âàðèàíòîâ ïîñëåäî-
âàòåëüíîñòè ãåíà PAX6 â âîçíèêíîâåíèè ÂÀ ïîä÷åðêèâà-
åò âàæíîñòü ðàñøèðåííîãî ïîèñêà ìóòàöèé â ãåíå PAX6

ó ïàöèåíòîâ. Ðåçóëüòàòû èññëåäîâàíèÿ ìóòàöèé â ãåíå
PAX6 â îáøèðíîé âûáîðêå ïàöèåíòîâ ñ ÂÀ èç Ðîññèè
óêàçûâàþò íà íåäîîöåíêó äîëè ìóòàöèé ñïëàéñèíãà
â ìèðîâûõ áàçàõ äàííûõ. Âûÿâëåíèå ó ïàöèåíòîâ âàðèàí-
òîâ èíòðîííîé ïîñëåäîâàòåëüíîñòè, âëèÿþùèõ íà ñïëàé-
ñèíã, âñåãäà òðåáóåò ôóíêöèîíàëüíîãî ïîäòâåðæäåíèÿ
ïàòîãåííîãî ñòàòóñà îáíàðóæåííîãî âàðèàíòà, êîòîðîå
âñå åùå îñòàåòñÿ ïðîáëåìîé èç-çà òðóäîåìêîñòè è íåòðè-
âèàëüíîñòè ïðîöåäóðû ôóíêöèîíàëüíîãî àíàëèçà in vitro.

Èìåííî ïîýòîìó ïîïîëíåíèå áàç äàííûõ î ïàòîãåííûõ
ìóòàöèÿõ çà ñ÷åò âàðèàíòîâ, ëîêàëèçîâàííûõ âíå êîäèðó-
þùåé ïîñëåäîâàòåëüíîñòè è êîíñåíñóñíûõ äèíóêëåîòè-
äîâ ñàéòîâ ñïëàéñèíãà, ïðîèñõîäèò äîâîëüíî ìåäëåííî è
íå îòðàæàåò èñòèííîé ÷àñòîòû ìóòàöèé, íàðóøàþùèõ
ñïëàéñèíã.
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