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Àêòóàëüíîñòü. Îäíîé èç ãåíåòè÷åñêèõ ïðè÷èí èíòåëëåêòóàëüíûõ ðàññòðîéñòâ (ÈÐ) ÿâëÿþòñÿ âàðèàöèè ÷èñëà êîïèé ó÷à-
ñòêîâ ÄÍÊ (CNV). Íåñìîòðÿ íà òî, ÷òî äëÿ íåêîòîðûõ âàðèàöèé ïîêàçàíà ñâÿçü ñ èçâåñòíûìè ñèíäðîìàìè, áîëüøàÿ èõ ÷àñòü
ÿâëÿåòñÿ ðåäêèìè. Êàê ïðàâèëî, CNVs çàòðàãèâàþò ïðîòÿæåííûå îáëàñòè, âêëþ÷àþùèå íåñêîëüêî ãåíîâ. Â ðÿäå ñëó÷àåâ
ìóòàöèè êàñàþòñÿ åäèíè÷íûõ ãåíîâ, ÷òî äàåò âîçìîæíîñòü ñâÿçàòü èçìåíåíèå èõ äîçû ñ íàáëþäàåìûìè êëèíè÷åñêèìè àíî-
ìàëèÿìè ó ïàöèåíòà. Öåëü. Íàñòîÿùàÿ ðàáîòà íàïðàâëåíà íà õàðàêòåðèñòèêó ñòðóêòóðíîé âàðèàáåëüíîñòè ãåíîìà ÷åëîâåêà
ïðè ÈÐ è êàðòèðîâàíèå êàíäèäàòíûõ ãåíîâ. Ìàòåðèàëû è ìåòîäû. Íà ìèêðî÷èïàõ 44K è 60K (Agilent Technologies) ïðîâåäå-
íî ìîëåêóëÿðíîå êàðèîòèïèðîâàíèå 136 äåòåé â âîçðàñòå îò 3 äî 17 ëåò ñ çàäåðæêîé ðàçâèòèÿ è ÈÐ. Ðåçóëüòàòû. Ó 87 ÷åë.
(64%) êàðèîòèï îêàçàëñÿ óñëîâíî íîðìàëüíûì. Ìîëåêóëÿðíûé äèàãíîç ïîñòàâëåí 18 ïàöèåíòàì (13%). Ó 31 ðåáåíêà (23%)
âûÿâëåíû ïîòåíöèàëüíî ïàòîãåííûå ìóòàöèè. Äëÿ ñèíäðîìîâ ìèêðîäåëåöèé 15q24 è 16p11.2 âûäåëåíû ìèíèìàëüíûå ðå-
ãèîíû ìèêðîäåëåöèè, â êîòîðûõ èäåíòèôèöèðîâàíû ãåíû-êàíäèäàòû. Âïåðâûå îáíàðóæåíû ðåöèïðîêíûå ìèêðîäåëåöèÿ è
ìèïðîäóïëèêàöèÿ åäèíñòâåííîãî ãåíà CNTN6, ýêñïðåññèðóþøåãîñÿ â ìîçãå è ñòàâøåãî êàíäèäàòíûì äëÿ ÈÐ. Âûâîäû.
aCGH-àíàëèç ÿâëÿåòñÿ ýôôåêòèâíûì ìåòîäîì ãåíåòè÷åñêîé äèàãíîñòèêè, êîòîðûé ïðè îáíàðóæåíèè ìîíîãåííûõ ìóòàöèé
ÿâëÿåòñÿ èíôîðìàòèâíûì äëÿ èäåíòèôèêàöèè íîâûõ ãåíîâ-êàíäèäàòîâ ÈÐ.
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Introduction. One of the genetic causes of intellectual disabilities (ID) is copy number variation (CNV). Despite the fact that for
some variations an association with known syndromes has been shown, most of them are rare. Usually CNVs involve extended re-
gions, including several genes. In some cases CNVs include single genes, what enables to directly link a change of their dose with
clinical abnormalities observed in a patient. Aim. This work aims to characterize structural genomic variation in patients with ID and
map candidate genes. Materials and methods. Using Agilent 44K and 60K arrays the molecular karyotyping for 136 children of



3—17 years old with developmental delay, ID and dysmorphic features was performed. Results. Eighty-seven individuals (64%) had
normal karyotype or benign CNVs. Known microdeletion or microduplication syndromes were identified in 18 patients (13%). In the
remaining 31 children (23%) potentially pathogenic mutations were found. For 15q24 and 16p11.2 microdeletion syndromes, diag-
nosed in two and three patients, respectively, using the literature data the minimal deleted regions and candidate genes within them
were identified. In two families the reciprocal microdeletion and miproduplication of single CNTN6 gene were found. This gene is ex-
pressed in the brain and, therefore, is a candidate for ID. Conclusions. aCGH-analysis is an effective method for genetic diagnosis,
which, when mutations in single genes are detected, allows identification of new candidate genes for intellectual disability.

Key words: undifferentiated intellectual disability, array comparative genomic hybridization, DNA copy number variation, candidate
genes

Ââåäåíèå

Îñíîâíûìè ïðè÷èíàìè èíòåëëåêòóàëüíûõ ðàñ-
ñòðîéñòâ (ÈÐ), ïîìèìî ñðåäîâûõ ôàêòîðîâ, ÿâëÿþòñÿ
ãåíåòè÷åñêèå, ñðåäè êîòîðûõ íåìàëîâàæíàÿ ðîëü â íà-
ñòîÿùåå âðåìÿ îòâîäèòñÿ ìèêðîñòðóêòóðíûì õðîìîñîì-
íûì ìóòàöèÿì (âàðèàöèÿì ÷èñëà êîïèé ó÷àñòêîâ ÄÍÊ,
CNV). Ïîêàçàíî, ÷òî ïàòîãåííûå õðîìîñîìíûå ìóòàöèè
ó ïàöèåíòîâ ñ ÈÐ îáíàðóæèâàþòñÿ â 12% ñëó÷àåâ [1].
Ìóòàöèè, àññîöèèðîâàííûå ñ äàííîé ïàòîëîãèåé, èäåí-
òèôèöèðîâàíû áîëåå ÷åì â 700 ãåíàõ [2]. Âàæíî, ÷òî, íå-
ñìîòðÿ íà äîêàçàííóþ ñâÿçü íåñêîëüêèõ äåñÿòêîâ CNVs
ñ èçâåñòíûìè ñèíäðîìàìè, áîëüøàÿ èõ ÷àñòü ÿâëÿåòñÿ
ðåäêèìè, ÷òî çàòðóäíÿåò èíòåðïðåòàöèþ èõ êëèíè÷å-
ñêîé çíà÷èìîñòè [3, 4]. Îñîáóþ ðîëü â âûÿâëåíèè ãåíîâ
ÈÐ èìåþò ñëó÷àè ìîíîãåííûõ ðåöèïðîêíûõ CNVs, êîã-
äà çíà÷èòåëüíî ïðîùå ïðîâåñòè êîððåëÿöèè ìåæäó èç-
ìåíåíèåì ÷èñëà êîïèé êîíêðåòíîãî ãåíà è êëèíè÷åñêè-
ìè îñîáåííîñòÿìè ïàöèåíòà.

Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ õàðàêòåðèñòèêà ñòðóê-
òóðíîé âàðèàáåëüíîñòè ãåíîìà ÷åëîâåêà ïðè èíòåëëåê-
òóàëüíûõ ðàññòðîéñòâàõ è êàðòèðîâàíèå ãåíîâ-êàíäè-
äàòîâ.

Ìàòåðèàëû è ìåòîäû

Îáñëåäîâàíî 136 äåòåé â âîçðàñòå îò 3 äî 17 ëåò ñ çà-
äåðæêîé ðàçâèòèÿ (äî 5 ëåò) è ÈÐ (IQ<70). Ïðîâåäåíèå
èññëåäîâàíèÿ îäîáðåíî Êîìèòåòîì ïî áèîìåäèöèíñêîé
ýòèêå ÔÃÁÍÓ «ÍÈÈÌÃ». Èíôîðìèðîâàííîå ñîãëàñèå
îò ðîäèòåëåé ïðîáàíäîâ ïîëó÷åíî.

Èç ëèìôîöèòîâ ïåðèôåðè÷åñêîé êðîâè ïàöèåíòîâ è
èõ ðîäñòâåííèêîâ âûäåëÿëè ÄÍÊ ýêñòðàêöèåé ñìåñüþ
ôåíîë—õëîðîôîðì. Ïîèñê CNV îñóùåñòâëÿëñÿ
ñ èñïîëüçîâàíèåì ìèêðî÷èïîâ SurePrint G3 Human
CGH 4 x 44K è 8 x 60K (Agilent Technologies, ÑØÀ).
aCGH-àíàëèç ïðîâîäèëñÿ ñîãëàñíî ðåêîìåíäàöèÿì
ïðîèçâîäèòåëÿ [5]. Ðåçóëüòàòû îáðàáîòàíû â ïðîãðàììå
Cytogenomics (v3.0.2.11) (Agilent Technologies, ÑØÀ).
Èíòåðïðåòàöèÿ CNVs ïðîâåäåíà ñ èñïîëüçîâàíèåì Áàçû
äàííûõ ãåíîìíûõ âàðèàíòîâ [6]. Äëÿ ïîòåíöèàëüíî ïà-
òîãåíåòè÷åñêè çíà÷èìûõ CNV ñ èñïîëüçîâàíèåì áàçû
«Gene» [7] áûëè îïðåäåëåíû ãåíû-êàíäèäàòû, íà êîòî-
ðûå ñ ïîìîùüþ ïðîãðàììû Primer3 [8] ïîäîáðàíû ïðàé-
ìåðû äëÿ ÏÖÐ â ðåæèìå ðåàëüíîãî âðåìåíè ñ öåëüþ
ïîäòâåðæäåíèÿ îáíàðóæåííîé CNV ó ïðîáàíäà è îïðå-
äåëåíèÿ åå ïðîèñõîæäåíèÿ.

Ðåçóëüòàòû è îáñóæäåíèå

Ìîëåêóëÿðíûé äèàãíîç áûë ïîñòàâëåí 18 ïàöèåíòàì
(13%), ÷òî ñîãëàñóåòñÿ ñ ëèòåðàòóðíûìè äàííûìè, ñî-
ãëàñíî êîòîðûì ïàòîãåííûå õðîìîñîìíûå ìóòàöèè ó äå-
òåé ñ ÈÐ îáíàðóæèâàþòñÿ â 12% ñëó÷àåâ [1]. Íàìè îáíà-
ðóæåíû ìóòàöèè, àññîöèèðîâàííûå ñ ñèíäðîìàìè ìèê-
ðîäåëåöèè 1q21.1 (OMIM#274000), 1ð36
(OMIM#607872), 7q11.23 (OMIM#194050), 15q11.2-q13.1
(OMIM#176270), 15q24 (OMIM#613406), 16ð11.2-p12.2
(OMIM#611913), 22q11.2 (OMIM#188400) è ìèêðîäóï-
ëèêàöèè 1q21.1, 17ð13.3 (OMIM#247200), 22q11.2
(OMIM#608363). Ó îäíîãî ðåáåíêà âûÿâëåíà êðóïíàÿ
äåëåöèÿ â îáëàñòè ñèíäðîìà êîøà÷üåãî êðèêà. Ó ïÿòè
ïðîáàíäîâ èäåíòèôèöèðîâàíû ïðîòÿæåííûå äóïëèêà-
öèè dup18q11.1q12.1 (12 ìëí ï.í.), dup5p15.2p14.1
(16 ìëí ï.í.), dup2p25.2p23.2 (22 ìëí ï.í.),
dup9p24.2p13.3 (32 ìëí ï.í.), dup13q21.31q21.33
(11 ìëí ï.í.). Äëÿ ñèíäðîìîâ ìèêðîäåëåöèèé 15q24 è
16ð11.2 îïðåäåëåíû ìèíèìàëüíûå ïåðåêðûâàþùèåñÿ
ðåãèîíû (ÌÏÐ) è êàðòèðîâàíû êàíäèäàòíûå ãåíû. Ðàç-
ìåð ÌÏÐ ïðè ñèíäðîìå ìèêðîäåëåöèè 15q24 ñîñòàâëÿåò
0,41 ìëí ï.í. (72,49—72,9 ìëí ï.í., hg18) è âêëþ÷àåò 12
ãåíîâ, èç êîòîðûõ SEMA7A, CLK3, CYP1A1, CYP1A2,

CSK ìîãóò áûòü àññîöèèðîâàíû ñ ÈÐ. Ïðè ñèíäðîìå
ìèêðîäåëåöèè 16ð11.2 ÌÏÐ ðàâåí 0,5 ìëí ï.í.
(29,58—30,08 ìëí ï.í., hg18) è âêëþ÷àåò 27 ãåíîâ, èç êî-
òîðûõ íàèáîëåå çíà÷èìûå — QPRT, KIF22, MAZ, PRRT2,

MVP, SEZ6L2, KCTD13, DOC2A, TAOK2, PPP4C, TBX6.

Ó 87 ïàöèåíòîâ (64%) êàðèîòèï îêàçàëñÿ óñëîâíî íîð-
ìàëüíûì, ò.å. íå áûëè âûÿâëåíû íåñáàëàíñèðîâàííûå õðî-
ìîñîìíûå ìóòàöèè èëè ïîòåíöèàëüíî ïàòîãåííûå CNV.

Ó 31 ïàöèåíòà 23% èäåíòèôèöèðîâàíû íîâûå ïîòåí-
öèàëüíî ïàòîãåííûå õðîìîñîìíûå ìóòàöèè (òàáëèöà).
Áåëêîâûå ïðîäóêòû ãåíîâ, ëîêàëèçîâàííûõ â ïðåäåëàõ
çàòðîíóòûõ õðîìîñîìíûõ ðåãèîíîâ, âûïîëíÿþò òàêèå
ôóíêöèè, êàê òðàíñïîðò èîíîâ, íóêëåèíîâûõ êèñëîò,
ó÷àñòèå â ôîðìèðîâàíèè è ôóíêöèîíèðîâàíèè ñèíàï-
ñîâ, ðåãóëÿöèÿ ðîñòà îòðîñòêîâ íåðâíûõ êëåòîê, ðåïàðà-
öèÿ ÄÍÊ, ÿâëÿþòñÿ òðàíñêðèïöèîííûìè ôàêòîðàìè.

Â õîäå aCGH-àíàëèçà çà÷àñòóþ âûÿâëÿþòñÿ ïðîòÿ-
æåííûå õðîìîñîìíûå ìóòàöèè, ñîäåðæàùèå íåñêîëüêî
ãåíîâ. Çíà÷èòåëüíî ðåæå îáíàðóæèâàþòñÿ ìîíîãåííûå
ìèêðîäåëåöèè è ìèêðîäóïëèêàöèè, îñîáî çíà÷èìûå äëÿ
îïèñàíèÿ êàíäèäòíûõ ãåíîâ ÈÐ. Ïðè âûïîëíåíèè èñ-
ñëåäîâàíèÿ ó ïàöèåíòîâ ñ ÈÐ âïåðâûå áûëè îïèñàíû
ðåöèïðîêíûå ìèêðîäåëåöèÿ è ìèêðîäóïëèêàöèÿ, çàòðà-
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ãèâàþùèå åäèíñòâåííûé ãåí CNTN6 [9]. Áåëîê êîíòàê-
òèí 6 ó÷àñòâóåò â îáåñïå÷åíèè ðîñòà àêñîíîâ è ðåàëèçà-
öèè ìåæêëåòî÷íûõ âçàèìîäåéñòâèé ïðè ðàçâèòèè
íåðâíîé ñèñòåìû.

Òàêèì îáðàçîì, aCGH-àíàëèç ÿâëÿåòñÿ ýôôåêòèâ-
íûì ìåòîäîì ãåíåòè÷åñêîé äèàãíîñòèêè, êîòîðûé ïðè
îáíàðóæåíèè ìóòàöèé â åäèíè÷íûõ ãåíàõ, ïîçâîëÿåò
êàðòèðîâàòü íîâûå ãåíû-êàíäèäàòû ÈÐ.
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Òàáëèöà
Ïîòåíöèàëüíî ïàòîãåíííûå õðîìîñîìíûå ìóòàöèè ó ïàöèåíòîâ ñ ÈÐ

¹ Ðåçóëüòàòû aCGH (ISCN (2013)) Ðàçìåð, ìëí ï.í. Ãåíû-êàíäèäàòû

1 arr[hg18]11p13(35,137,000-36,292,000) x 1 1,155 SLC1A2, FJXI, TRIM44, LDLRAD3

2 arr[hg18]11q22.3(107,970,000-108,140,000) x 1 0,17 DDX10

3 arr[hg18]11p15.4(9,718,000-9,967,000) x 1 dn 0,249 SWAP70, SBF2

4 arr[hg18]15q22.2(60,137,384-60,978,277) x 3 0,841 TLN2

5 arr[hg18]5q33.1(148,620,000-148,735,000) x 3 mat 0,115 IL17B, ABLIM3, AFAP1L1

6 arr[hg18]1q25.1.25.2(172,269,000-178,409,000) x 3 pat 6,14 TNR, ASTN1

7 arr[hg18]7q21.3(94,769-94,901) x 3 0,132 PON1, PON2, PON3

8 arr[hg18]2q12.3(107,971,000-108,435,000) x 1 0,464 SLC5A7, SULT1C2, SULT1C3, SULT1C4

9 arr[hg18]12q24.12q24.13(110,668,504-110,811,179) x 3 mat 0,143 ACAD10, ALDH2, MAPKAPK5

10 arr[hg18]10q24.32(104,147,000-104,668,000) x 1 0,521 SUFU

11 arr[hg18]6p22.2(25,677,000-26,393,000) x 3 0,716 HFE, SCGN

12 arr[hg18]14q11.2(20,767,632-22,722,130) x 3 dn 1,954 SLC7A7, MMP14

13 arr[hg18]10q11.21q11.22(45,478,103-47,125,152) x 3 1,6 GPRIN2, NPY4R

arr[hg18]19p13.3(969,580-1,248,499) x 1 0,279 ABCA7, SBNO2

arr[hg18]20q13.12(42,595,506-43,137,505) x 3 0,542 ADA, WISP2

14 arr[hg18]2p25.3p25.2(632,724-6,052,614) x 3 dn 5,42 SOX11, MYT1L

15 arr[hg18]2p25.3p25.2(32,444-6,476,735) x 3 6,444 SOX11, MYT1L

arr[hg18]11q21q22.1(42,595,506-43,137,505) x 3 3,674 CNTN5

16 arr[hg18]2p25.3p25.2(74,669-4,038,588) x 3 3,964 SOX11, MYT1L

17 arr[hg18]20q13.33(57,945,309-59,244,861) x 3 1,3 PPP1R3D

18 arr[hg18]10q26.3(131,662,281-134,969,700) x 3 3,307 GPR123, ADAM8

arr[hg18]20p11.23p11.21(21,175,185-25,510,482) x 3 4,335 NKX2-2, SSTR4, THBN, CST3, SYNDIG1,
VSX1, ABHD12

19 arr[hg18]4q34.1q34.3(173,195,432-179,098,955) x 3 dn 5,9 SCRG1, HAND2, GLRA3

arr[hg18]4q34.3q35.1(179,503,640-185,418,489) x 4 dn 5,9 NEIL3, AGA, ING2

arr[hg18]4q35.1q35.2(185,485,228-191,133,668) x 1 dn 5,6 IRF2, CASP3

20 arr[hg18]4q21.21q21.22(82,189,943-83,801,062) x 4 dn 1,611 BMP3, PRKG2, RASGEF1B, ENOPH1,
SCD5

21 arr[hg19]18p11.32(2,275,610-2,704,317) x 3 pat 0,428 METTL4, NDC80, SMCHD1

22 arr[hg19]3p26.3(701,645-1,467,721) x 3 pat 0,766 CNTN6

23 arr[hg19]3p26.3(1,172,623-1,467,721) x 1 0,295 CNTN6

24 arr[hg18]3p26.3(1,172,623-1,467,721) x 1 0,295 CNTN6

25 arr[hg18]17q21.31(41,566,540-41,700,815) x 3 0,134 KANSL1

26 arr[hg18]14q11.2(21,393,719-22,335,999) x 1 0,942 DAD1, ABHD4, SLC7A7

27 arr[hg18]14q11.2(21,392,430-22,208,271) x 1 0,816 DAD1, ABHD4

28 arr[hg18]17q21.31(41,587,723-41,700,815) x 3 0,113 KANSL1

29 arr[hg18]12q24.12(110,668,504-110,793,312) x 3 mat 0,125 ACAD10, ALDH2, MAPKAPK5

30 arr[hg18]3q22.1(133,649,717-133,761,328) x 1 0,111 DNAJC13, ACAD11

31 arr[hg18]Xq21.1(76,808,375-77,170,301) x 1 0,362 ATRX, MAGT1, ATP7A



Àâòîðû íå èìåþò êîíôëèêòà èíòåðåñîâ.

Èññëåäîâàíèå ïîääåðæàíî ãðàíòîì ÐÍÔ ¹ 14-15-00772.
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