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Cardiovascular malformations are the most common type of birth defect and result in significant
mortality worldwide. The etiology for the majority of these anomalies remains unknown but genetic
factors are being recognized as playing an increasingly important role. Advances in our molecular
understanding of normal heart development have led to the identification of numerous genes
necessary for cardiac morphogenesis. This work has aided the discovery of an increasing number of
monogenic causes of human cardiovascular malformations. More recently, studies have identified
single nucleotide polymorphisms and submicroscopic copy humber abnormalities as having a role
in the pathogenesis of congenital heart disease. This review discusses these discoveries and
summarizes our increasing understanding of the genetic basis of congenital heart disease.

Over the past couple of decades, there has been a greater understanding of the molecular
pathways regulating cardiac development. The development of gene targeting technology has
led to the generation of a multitude of mouse models with cardiac developmental defects. These
studies have led to the identification of numerous transcriptional regulators, signaling molecules
and structural genes that are critical for normal cardiac morphogenesis. In addition, multiple
genes have been identified that are controlled by these highly conserved molecular pathways.
These investigations into the molecular mechanisms of cardiac development have assisted in
the identification of genetic etiologies of CHD and provide evidence that many genes may have
etiologic roles in human CHD.
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YaupTtran. 3ypXHUin TOPONXUNH raXxxmr Hb TOPCOHNUIA

MxaHx cygnaaugbiHxaap 3Tl Hb

reHeTUKNIAH

Aapaax 9XHUN XWUNA xanaBapT eBYHYYAI3C ragHa
XYYXOWAH Hac GapanTbiH Tapryynax LiantraaH
oongor [1]. Toxuongon Hb ambg TepceH 1000
xyyxag Tytamg 19-75 Gaviraa 6a yp 3ynbanTbiH
NX3HX XyBUWIT 33351k 6ariraa Hb 3ypXHUIA TOPONXUNH
raxur (3TI) oanxuii 4axvHA XYYX34 HacHbl eBYnern,
SHA3MANWUIAH TONMIOX LanTraaH ragrunir xapyyrx
OaliHa [2].

AHaraax yxaaHbl ofionT 6a Mac 3acriblH A3BLUMNTIT
axyyaac yn  xamaapaH 3Tl-unH wantraax
ogoor xyptan OypaH Taunbapnargaaryi 6anHa.

bornoon xypaanaH Oy/ Op4YHbl HEnee 33par OJIoH
XYYMH 3ynnaac xamaapanTtanm rax y3gar. 3Tl Hb
yOaMLUMbIH, XYp33naH Oarraa op4YHbl Heneernen
39par OfIOH XYYWMH 3YyMNaac xamaapgar 0onoxbir
Bantumop-BawmWHITOHbI  HApan cygnan  60omoH
Oycan coHrogor cypanraaHyya OfX TOITOOroof
Oarraa tom [3]. XyHUIA reHomblH gapaanan 6a
MOMEKYrblH TEXHOMOIrMIAH ONONAT amMXunT Hb 3TI-T
reHETUKWUIH XYYnH 3YIAN ronnox 6amp cyypb 333X
banraar ynam 6yp xapyyncaap 6arnHa yypartan
ok GanHa.
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©HrepceH xarac 3yyHA XYYXAWNH 3YPXHUI ©BYHUNI
TOXMONZOoNA yAaMWibiH YP HeneennuiH apcaan
oHOep 6ariCHbIT ONTOH TOOHbI XKMLLIA3Araap XapyyJicaH.
[eHa YUrNaC3aH TEXHOMOrUMH XeNKIUIAH yp AYHO
3YPXHUA raxkur yycax Oarraar xymnraHbl OJIOH
yAaarumH 3areap 433p TyplicaH bangar. 3ypxHun
X3BUIH MopdoreHe3na vyxan 6omnox sH3 OypuiiH
TPaHCKpMUWM 30XuLyysra, JOXMOT Morekynyys 6a
OYTLMIAH reHyyanir saaArasp cyganraaHyynaac TaHuH
M3C3H. TYYHUMN3H 94ra3p Mornekynaap xaHargaar
OFTOH TEeHYYAUWT UNPYYRC3H. 3YPXHWUA XODKIWIH
MOMEKyrblH MEXaHU3MbIH 34ra3p cyaanraaHyyn
3TI-MNH reHeTUKUIAH WanTraaHbir TaHWH M3O3X34,
aexem 6ormk, xyHwi 3TI-wiH wanTraaHg OMoH
reHyyn yyparTamr HoTosmk bariHa.

Wiimaac, aHeynnong 6on 3TI-Tan xonbooTon rax
baTamx baricaH yeac axnaag FISH (fluorescence-
in-situ-hybridization) rex MmaT  cybGmukpockon
TEXHUK, TYYHUNaH 3TIM-uiH wanTtraaH 6ongor Har
reHUMH MyTauunr TaHWH M343X CYYITMNH YeuinH
apra xypton 3Tl-WiH reHeTUKUAH LWanTraaHsl
Tanaapx M3AMAMMNAT X3PX3H XYBbCaH XOMKCeH
TyXa Xananuax Xapartan. 3YPXHWUWA FeHEeTUKUIH
TanbapT LWWHO XenKnuMnH Tyxan anadrysa 3T7-
WiH Tepen BypuiiH eepunenTuiiH xyynbap 6a Har
HyKneoTng nofMMopdn3M  XONKWUIm  XOOPOHAbIH
xamaapan A33p TeBnepex LaapaniaraTan.

MOHTOJIbIH AHATAAX YXAAH, 2013, 4 (164)

AHeynnounp 6a mukpoaeneumTan xamaapanTtamn
3YPXHUW raxur

3Tl-Tan TepceH WX3HX Xyyxayyasg Oycap rax
xernkun bavigarryn 6a 3T Oycag rax XenkunTan
XxaBcapcaH Oyly XaMm LUMHX TaHWrACaH X3Car Hb
25-40%-wiir a3angar [4]. TyyHYN3H XPOMCOMbIH
SMrarTanm  xyyxayyauiH omponugooroop 30% Hb
3Tr-tan 6angar [5]. AHeynnoug 6ytoy XpOMCOMbIH
amrar papaanan 3TIM-uiH M343rgaxyunL XacarTt
Toonorggor (XycHart 1). Tpucom 21-Taii TepceH
xymyycuiiH 50% Hb TOCryypbliH GOMOH XOBASIbIH
TacnaBYUNH raxur, TOCTYyp-XOBA bIH CyBar 33par
3Tl -Tan 6angar. Tpucom 13 6on Toxmnongon 80%
XYPTan nxacHa. Orponuyooroop TypHEp xam LUMHXK
Oyy MOHOCOM X-Tam amartanyyyauiH 1/3-g 3Tl
oHownorggor. lax Xerkun WXSBYNOH 3YPXHWUIA
3yYH TanblH OyTumir xamapgar 6a xoép xasTact
aopTblH XaBxfiara, aopTbiH Hapwvicarn, 3yyH
TanbIH rMNoMNMasn xaM LWUHX, aopTbiH KoapakTaLm
MUX3HXO33 OoHowrorgoHo.  KnuvHedentep xam
LUMHKT3NM 3parTanyyya, 47, XXY xymyyct 3T -nitH
Toxunongon 50% 6a apTepuiiH GUTYYP3aryn LOpro,
TOCTYYpbIH TacnaBYMnH raxur gasamranngar [5].
3arasp OGOMOH XOBOP TOXMOMAOX XPOMCOMBbIH
raxryyn xpomcomblH G-banded kapuoTtun rapy
MpcHaaCc xonw 3TM-Tam eBYTeHYYAd4 WIIpax
©orcoH.

Table 1. Common Syndromes Resulting from Anueploidy and Microdeletions

. . % with -

Syndrome Cardiac Anomalies CHD Other Clinical Features
Microcephaly, holoprosencephaly, scalp
defects, severe mental retardation,

Trisomy 13 ASD, VSD, PDA, HLHS 80% polydactyly, cleft lip or palate, genitourinary
abnormalities, omphalocele,
microphthalmia
Polyhydramnios, rocker-bottom feet,
. ASD, VSD, PDA, TOF, i o hypertonia, biliary atresia, severe
Trisomy 18 DORYV, CoA, BAV 90-100% mental retardation, diaphragmatic hernia,
omphalocele
Trisomy 21 (Down ASD. VSD, AVSD, TOF 40-50% Hypotonla,_ developmental delay, palmar
syndrome) crease, epicanthal folds
Monosomy X (Turner Short stature, shield chest with widely spaced
y CoA, BAV, AS, HLHS 25-35% nipples, webbed neck,
syndrome) .
lymphedema, primary amenorrhea
47, XXY (Klinefelter PDA, ASD, mitral valve , Tall stature, hypoplastic testes, delayed
50% puberty, variable developmental
syndrome) prolapse
delay
. Thymic and parathyroid hypoplasia,
22011.2 deletion IAA typg B, aortic arch o immunodeficiency, low-set ears,
(DiGeorge syndrome) anomalies, truncus 75% hypocalcemia, speech and learning disorders
arteriosus, TOF 2 ’
renal anomalies
7911.23 deletion Infantile hypercalcemia, elfin facies, social
(Williams-Beuren Supravalvular AS, PPS 50-85% | personality, developmental
syndrome) delay, joint contractures, hearing loss
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ASD, atrial septal defect; VSD, ventricular septal
defect; PDA, patent ductus arteriosus; HLHS,
hypoplastic left heart syndrome; TOF, tetralogy
of Fallot; DORV, double outlet right ventricle;
CoA, coarctation of aorta; BAV, bicuspid aortic
valve; AVSD, atrioventricular septal defect; I1AA,
interrupted aortic arch; AS, aortic stenosis; PPS,
peripheral pulmonic stenosis.

FISH TexHuK HOBTOPCHI3P XPOMCOMbBIH FaXxur
WI3PCIH X3 X343H XaM LLMHX KUKUT CyBMUKPOCKON
XPOMCOMbIH Aerneun 6a AynnuKauuinr Unpyynax
B0oncoH (XycHart 1). X0ép coHrogor xuwaa bytoy
22911 geneun xam wwuHx 6a Bunnuamc-beypeH
XaM LWNHX Xxampargaar. 22911 geneum xam LWnHX
22q11.2 XpomMcoM [33p MWKPOCKON AeneuninH
LanTraaHTawm, 3ypPXHUN raxXrminH 33paruas 6ambainH
6a 6GambalriH [99px OynuMpxarlH runonnasmu,
3anrMypbiH HYMbIH TaX XODKneec YYAC3H OHUJIor
ancmopduk  HyypTan  Gavipgar  [6].  3ypxHui
raxxryyaaac orioHTaa Toxvonaaor Hb aOpThlH HYMbIH
OYTYY XerKun, apTepuinH HaracoH cteon, Tetpaa
®anno Ganpar rox cyganraaraap TOMTOOIMK33
[7]1. Bunnuamc-beypeH xam WMHXUAH  yed
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aopThblH XaBxnarbiH 433pX 6a yyLrmHbl apTepuinH
Hapwuiican, 3axblH yyLUrMHbl apTepuiiH Hapuicarn,
TYYHUIIOH XXUKUTXIH HYYP, HpaWH runepkanbLemm,
©OOpHWI 3MIar, CITrAXYWH XOLpOrgon 33par Hb
7911.23 XpOMCOMbIH MUKpOAEeNneuunTan xonbooTon
fonoxbir FISH wnHxmnraarasp unpyyncaH 6ariHa
[8]. OH3 xaM WMHXMIH yen 3ypX CyLaCHbl raxur
anacTuHbl anparpgantan  xonbooTton  Ganpar
[9, 10]. Xospgwirasp FISH wWMHXMAras Xy4uH
YaganTtan TEXHOMNOMM Y rAC3H AMHIN3YNH CIXKUITIN
Toxuongona xaparnarggar. FISH  wuHxnnras
reHOMWNH TYBLUMHA LUMHY XPOMCOMbIH 3MIaruniiH
OHOLLMOrooHA alumrnargaarrymn.

Har reHuiH myTaum

Xam LWWMHXYYATIA XamMaapanTtalh H3r reHUMH
MyTaum

EeHEeTUKUNH TEXHOMNOIrMIH canbapT rapcaH axuu,
XyHUin [eHoMblH Tecnuir aB4 X3panKyYICHI3p
3TI-H XaMm LWMHXYYOWAH YHOSC wanTtraaH 6ok
Oanraa Har reHWH 3Mraryyaunur TaHuH M34334
Oariraa tom (XycHarT 2).

Table 2. Common Syndrome Associated with CHD Resulting from
Single Gene Defects

Syndrome Cardiac Anomalies

Other Clinical Features

Causative Gene(s)

Noonan syndrome PS with dysplastic

Short stature, webbed neck, shield

PTPN11, KRAS, RAF1,

pulmonary chest, developmental delay, SOS1
valve, AVSD, HCM, CoA | cryptorchidism, abnormal facies
Costello syndrome PS, HCM, cardiac Short stature, developmental delay, HRAS
conduction coarse facies, nasolabial
abnormalities papillomata, increased risk of solid
organ carcinoma
LEOPARD syndrome |PS and cardiac Lentigines, hypertelorism, abnormal PTPN11, RAF1

conduction
abnormalities

genitalia, growth retardation,
sensorineural deafness

Alagille syndrome
pulmonary stenosis

PS, TOF, ASD, peripheral | Bile duct paucity, cholestasis, typical
facies, butterfly vertebrae,

ocular anomalies, growth delay,
hearing loss, horseshoe kidney

JAG1, NOTCH2

Marfan syndrome Aortic root dilatation and

Tall stature, arachnodactyly, pectus

FBLN, TGFBR1,

dissection, mitral valve abnormality, scoliosis, ectopia TGFBR2
prolapse lentis, spontaneous pneumothorax,
striae, dural ectasia

Holt-Oram syndrome |ASD, VSD, AVSD, Preaxial radial ray malformations TBX5
progressive (thumb abnormalities, radial
AV conduction system dysplasia)
disease

Heterotaxy syndrome |DILV, DORYV, d-TGA, intestinal malrotation ZIC3, CFC1
AVSD

Char syndrome PDA Dysmorphic facies and digit anomalies | TFAP2b

CHARGE syndrome |ASD, VSD, valve defects

Coloboma, choanal atresia,
developmental delay, genital and/or
urinary anomalies

CHD7, SEMA3E
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PS, pulmonic valve stenosis; AVSD, atrioventricular septal defect; HCM, hypertrophic cardiomyopathy;
CoA, coarctation of aorta; TOF, tetralogy of Fallot; ASD, atrial septal

defect; VSD, ventricular septal defect; AV, atrioventricular; DILV, double inlet left ventricle; DORV,
double outlet right ventricle; TGA, transposition of the great arteries; PDA,

patent ductus arteriosus.

XaMrmnH TypyyHO XMArAcaH axun 6on MapdaHsl
XaM LWMHXUIH WwanTtraad 6omxk Garicad Fibrillin 1
(FBN1) myTauminH HaanT BancaH 6a 9HS Xam LUNHX
Hb AOPTbIH XN [AaBLUMHIYW TOM3rgaK ynmaap
Xyynpax ypbauyuncaH Hexuen 6ongor, HyaHwuin
©onop MynTpax, Tynryyp spxXTaHui amrar 6argnaap
unapgar [11]. Ynawmxknant ©OaripnanbiH KIOHbI
apra 3am 6a raHy eHOTUNT3I OFIOH epTeraceH
rMLLYYATIY ©preH XypasHUn cagaH Tepnuinr cyanax
WaapanarbiH YYAHI3C TFEHETUKUIH LianTraaHbl
Tyxan acyypan ypraH rapcaH. Xont-Opam xam
LLUMHX TOCTYypblH Ba XOBASbIH TaCNaBYNNH Faxur,
OAaBLUMHIYN  TOCTYYpP-XOBAJSIbIH  JAaMXKYYrnanTbIH
CUCTEMUIH 3Mrar, capByy 6a 9pXuin XypyyHbl rax
xenkneep unapaar 6a TBX5 TpaHckpuny Xy4YuH
3YWNUIH MyTaumac yygantan [12]. Anarvunne xam
wnHX Hb JAG1 myTaymnac wantraangar 6a anraH
OOTOPX LOeCHWM Xyyauh Gara xamkaaTaw OGanx,
3ax Xs3raapblH YYLWIMHbI Hapwican, YYLIvHbI
XaBxnarblH Hapuinican, TeTtpag ®anno 39par
3ypX cydacHbl rax xenxknyyd wnapgor [13, 14].
NOTCH peuentop, NOTCH2 mytaum Anarunne
XaM LUMHXUIAH yen 6ac nnapaar [15]. HooHaH xam
LUNHXUAH  PEHOTUNT 3YPXHUWA Faxur, dAnaHrysaa
YYWIUHbl XaBXxnarblH Hapuncan, runepTpoguinH
KapauomuonaTtu, TaHUH M3O3XYWH YaaBapryw,
eBepmeL, LapanTan 6a uyc angax amrar barraar.
PTPN11 myTauma reH He Pac goxmnonong oponugor

6a amraryyounH 50%-uiH wantraad 6ongor [16].
OnoH sH3blH cyganraaraap 6ycag RAF1, SOST,
KRAS 3apar renuiiH mytauuyg Pac goxvonong
OpPONUOX ©BYMH 3Mrar yycrax 6baviHa [17-20].
TyyHunaH NIEOMAP[ 6a Koctenno xam LWMHXWUIAH
ven Pac poxvonneliH Heneereep HooHaH xam
LUNHXWAH (OEHOTUNTAN TOCTAN unapaar [21-24].

Bycag xam LWWHXWAH yen 3YPXHUA TepenxuinH
raXrumH (dnaHrysia apTepuinH butyypaaryi Lopro)
39parudd AMCMOPMUK HYYP, XYPYYHbI 3Mraryys
TFAP2( myTaumac wantraamk yyYCArMIr HOTOSNCOH
OanHa [25]. CyynuiH yeq retepoTakc Xam LUUHX
Oytoy 3ypx, yywrn 6a xomood HapuiH r3A3CHUN
Oarpnan 3ypxHU TePenxuiiH raxurram xaBcpax,
SiNaHrysia Tocryyp-XoBAsbiH TACNaBYNAH Fraxur, TOM
apTepuyablH 6aripnan conuraox 33parTan xaBcpaH
ToXmongox OGanHa. 3arasp amraryya He ZIC3,
CFC1, ACVR2B, LEFTYA myTaumac wantraancaH
©a reHyya Hb Yp XeBpenuiiH XenknuinH 3yyH-6apyyH
Tarw 6yc xamuiir 3oxuuyynaar [26].

Xam LWMHXIYA 3yPXHUM IMrarTan xamaapanrtau
H3r TEHUMH raXxur

CyynuitH yeq naHraapaa Oyoy 3ypxXHUIA TOPONXuinH
raXxurtTaim xaBcpaaryh Har TreHUrnH MyTauu
Maa3racaap 6anHa (XycHarT 3).

Table 3. Non-Syndromic CHD Resulting from Single Gene Defects

Cardiac Anomalies Gene
ASD, atrioventricular conduction delay, TOF, NKX 2.5
tricuspid valve abnormalities

ASD, VSD GATA4
ASD, hypertrophic cardiomyopathy MYH6
Cardiac septation defects associated with PHTN BMPR2

Endocardial cushion defects

CRELD1, ALK2

BAV, early valve calcification

NOTCH1

d-TGA

PROSIT-240

ASD, atrial septal defect; TOF, tetralogy of Fallot; VSD, ventricular septal defect; TGA, transposition of
the great arteries; BAV, bicuspid aortic valve; PHTN, pulmonary hypertension

Cypanraaraap NKX2.5 myTtauu Tocryyp-xoBasibiH
AaMXyynanTblH  ypTcanTTah [gaH  TOCryypbiH
TacnaBuMnH  raxur yycragaer [27]. GATA4
myTaunm NKX2.5-tari  xapunuaH — yRAYMnuanmk
AB pgamxyynantbiH ypTcantryi AaH TOCTryypbiH

TacnaB4YMmnH raxur yycragar. Men GATA4 myTtaum
TBX5-tahi  xapunuaH  YANYUNUSImK  3YPXHWUIA
TOPenxXunH raxruir yycragar. MYH6 myTaum
TOCTYYPbIH TacnaB4niiH rakruinH 6ac Har wanTtraaH
oomk OGaripar [28]. MYH6 Hb TBX5 6a GATA4-
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P WO3BXKWXK, 3YPXHWWA TacraBYUMH  TFaXMMnH
wantraaH Gongor. Xag X3439H reH Tyxawunban
CRELD1, ALK2, BMPR2 [29-31] ToCcryyp xoBASibIH
TacnaBYMMH FaXMUAr yycrax Ganraa reHeTUKUiiH
wantraad 6omk 6awHa. TyyHunsH NOTCH1
MyTauM aopTblH XaBxnarblH raxur Tyxannban
XOEp XaBTaCT aopTblH XaBxJara, aopTblH XxaBxsiara
9pT LUOXOWMXMX AMrarviH wantraad 6ongor [32].
PROSIT240 reH TomM cygacHyyablH aMrar 6anpnax
raxxur 6yty Tom cyaacHbl D-xan6apuiiH conbucoH
Oaripnan 6a OKYyHbI XOMCOOJT XaBcapcaH raXXrmnH
yed onggor, TYYHYN3H SH3 TEHUWH MyTauuiH
ved D-xanbapuiH conbucoH 6Garipnan paHraap
4y Toxuonggor [33]. WiHxyy aarasp cyganraatsl
YP OYHA 3YPXHWUIA MOPGONOrMa MOMEKYIbIH AMrar
yyxan HerneeTanr xapyyrx 6anHa.

3YPXHUIA TOPONXUWH TFAXIMAH YEUWHreHOMbIH
OHX-bIH eepunergent

Ypam 3yvH BapuauuiH HAr xanbap Hb reHOMbIH
OHX-bIH eepunergent (copy number variation-
CNV) 6a ayHA 39pruinH xamxkaaTan gybnukaum 6a
Aeneunac 6ypaaar 6ereeq reHWIiH TYHr eepuunger,
TYYHYN3H XYHWUIM reHOMbIH onponuooroop 12%-4
Heneenger [34].

Cebat HapblH cyganraaraap ayTu3MbliH SMrarTan
0a TogHMIM 3pyyn TepceH ax Ayy4d XxapbLyyncaH
reHoMblH rmbpuamsaum (comparative genomic
hybridization-CGH)-23p 6yxan reHoMbIH Xarcaansir
rapracaH 6a yp ayHA Hb de novo rapcaH 6omnos4
xoBop Toxuongong CNV aytnsmrtan magargaxyny
xamaapanTtav 6ancaH [35]. TyyHUYNaH, TOXMonanbsiH
1%-A rap OYNWIAH rLIYYANAH MX3HX Hb ayTU3MTan
xamaapanTtavr CGH-aap 16p11.2 XxpOMCOMbIH Har
Oyloy x0ép mukpodybnukaum 6ariraar unpyyncaH
[36]. a3px aprbir XaparnaH LWN30npeHnTan 60noH
XSAHaNTbIH BYNIUIAH XYMYYCT XWMINC3H cydanraaraap
LUM3ONPEHNTIN  XYMYYCT  MuKpogeneun  Ga
MUKpOAyOnvkaum nnyy Toxmongox 6aricaH. 34raap
CNV mMagpanuiiH xenknuiiH sBuag oponugor 6a
LLUM3OMPEHN YYCaXa OPOMnLI0OTONWr Xapyymx 6anHa
[37, 38]. CGH-miiH xarcaanTtbir gncmopdunamTan
XamaapanTan OlyHbl xomcaon Oywy namvonaTuk
OlYHbI XOMCAOMbIH CyaanraaHa, XxaparnacaH. OnoH
TOOHbI CyAanraaH 3MHIN3YNH 34raap PheHoTUNTIN
XamaapanTanm 3Mrar XpOMCOMbIH XyynbapnaracaH
Toor unpyyncsH 6anaar 6a 4-17% toxnonaaor [39,
40].

3YPXHUA  TOPenxuiH raxurtam  XyyxgyyauiH
AYHO XWIACOH cypanraaraap OfoH TOOHbI 3YPXHWUIA
TepenxuiH raxryyn CNV-tTail xon6ooTounr TaHuH
M3ACOH Banpar. Yapxa xam WnHXUAH yeq rapgar
LUMHX TOMAryy4 8p21 Xpomcom A33p MUKpoZeneLm
B0rnCcoHOOC YYyOanNTanr cyganraap TaHWH M3ACAH
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[41]. TyyrunsH Yapxs xam wmHxXTak 110 xyHun

50%-n CHD7 natorenHnk wmyTtaum OGavraar
UNpyyncaH (XycHart 2) [42].
CGH-niH  xarcaanTbir  awurnadH  TUEHMOHT

HapbIH CyAnaaynp 3YpXHUN TOPenXMnH raxurian,
Oycan TepenxurH aMmrartai 60noH cTaHaapT
LMTOreHEeTMKIIP X3IBUNH XpoMcoMTon 60 eBuYTeHA
cypanraa ssyynaxag 30%-g Hb xoBop CNV
Banraar unpyyncaH. YyHun 39paryada agraap CNV-
unH 3apum Hb TanurgcaH NKX2.5 6a NOTCH1
reH aryyncaH 6avicaH 6a Mx9HX Hb TaHurgaarym
3ypxHun reHyyn 6ancad [43]. 3apum cypanraang
CNV Hb 3TTr-Ta XyMyyCT snaHrysa XenknuiH
xouporgon Oywy M3gpanuiiH 3MrarT ToXmonanor
[44]. 44% Hb ypamwnbiH rapanTtan 6a auar 9xag Hb
3TT-niH wnkx Tamaarryn 6aricad 4 CNV He 3TI-T
M3APar YaHapbIr nxacragar [45].

3YPXHUA TOPONXMAH TAXIMAH YEUWH HIr
HyKneoTua nonumopdusm

CNV-uniiH 33paryda Har Hykneotug nonMMopgusm
(HHM) rax 6avpar. HHM-uiH yen reHomuinH
HOr HykneoTug eepunergger [46]. HHIT Hb
3Tl yycoxag Heneenger. donatuiiH 60AMCHIH
conunuooHbl yypar 3T yycoxag Hemneentau.
OxuinH ponaTte HOMIrA3N Hb YP YAMbIH M3OP3NIH
rYYpCHbl  OMrarMnmH  Toxuonaneir  Garacragar
6a wxun wmexaHusamaap 3TM-MIAH TOXMONAMbIT
Oyypyyngar Hb UnapcaH [47]. 677 paxb Gavipnan
493pX MeTuneHeTeTpargpodonare pegykrasa
(MTHFR)-H HMATRSr NONMMOPMU3M Hb LUTOCUHBIT
TAMWH  Gomrox  eepuunger 6a  3H3UMUIAH
noaBxXkunuiir - byypyynaxag xyprogar. CasixHbl
meTa-aHanm3 MTHFR-H nonvmopdunambiH - Byx
cypanraaraap ax 6a yp yambiH 3Tl -uiiH apcanunr
nxacragar romo3urotr C677T annenb XOOpOHAbIH
XamaapnbIr cyanaag yp AyH4 Xypaaryin GanHa
[48].

XynraHbl MOAENWIH OFNOH cyganraaraap cyaacHbl
aHgoTenunH ecentuinH caktop (COOP) x3aBuIMH
3ypX YYC3H Xxenkuxepn yyxan 6onoxeir xapyyncaH
bangar. COOP-niiH naaxxkyynard gax (C2578A,
G1154A, C634G) 3 HHIl-aap kaHavpaT reHa
cyypuncaH cyganraaraap 22ql1geneuyn xam
LWMHXWUAH eepunent unapcaH 6a 9Hd rannoTtun
Hb in vivo Hexuena 6ara TyBWUHIMIH COOd-Tan
xamaapanTan [49, 50].

OyrHanT: XpOMCOMbIH aHeynnovagooc
LanTraancaH 3ypXHUn TOPONXMUINH Fraxur, TYYHUYNIH
AaHraap 3ypXHUN TOpPenxuH raxur yycragar
HAI FTEHUH eepYNenT 33par AH3 BYPUIH 3YPXHUIA
TOPONXNINH raXur yyCoxXa reHeTUK unyy Heneenger.
OHX-bIH  WWHXUNrasHun 3apgan Oyypax Tycam
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6u1a Byxan reHOMbIH LLMHXUAr3ar Xux 60nomxTon
bornox 6a 3H3 Hb 3YPXHWUWA TOPONXUNH TFaXXrMinH
FreHWAH HIBNTYYOMWT HOMIrAyynax maragnantau
oM.

3YPXHUI  TOPONXUNH  raxurran  xonbooTom
rEHETUKUINH 3MIraryygunr TOOAOPXOMIICHOOP OfIOH
YINCbIH XaMTbIH (PEHOTUN M3A33MNNIAH CaH XONKMX,
reHeTUKWIH WanTraaHTanm OHOLIOroo, SMHIn3ynH
YP AYHIMIAH WWHXUAr33r XMAX BONOMX ONrOHO.

3YPXHUIA TOPONXUAH T@XKUIT FEHETUKUAH Y3YYIaX
HeneeHWn Tanaap M34nar Ofiox TycaM 3YpXHUN
TOPONXMIHra)xxraacypbAuniaH caprumnaxcrpareru
BONOH Yyp AYHMMIAH ypbAYMIiCaH TOOLLOOSOoN ynam
BYp XONKMXK, 3H3 Hb 3YPXHUIN TOPONXUNH raXunrran
XYYXOYYA Tepexeec Capruinax av xonborgonton
oM.

Howm 3yn:

1. Hoffman JI, Kaplan S. The incidence of
congenital heart disease. J Am Coll Cardiol
2002; 39(12): 1890-900.

2. Bruneau BG. The developmental genetics
of congenital heart disease. Nature 2008;
451(7181): 943-8.

3. Ferencz C, Rubin JD, Loffredo CA, Magee CM.
The epidemiology of congenital heart disease,
The Baltimore-Washington Infant Study (1981-
1989). Perspectives in Pediatric Cardiology,
Mount Kisco, NY: Futura Publishing Co.Inc,
1993; vol. 4.

4. Bernstein D. Evaluation of the cardiovascular
system. In: Behrman RE, Kliegman RM, Jenson
HB, Eds. Nelson Textbook of Pediatrics 17th
ed. Philadelphia, Saunders 2004; pp 1481-8.

5. Pierpont ME, Basson CT, Benson DW, Jr., et
al. Genetic basis for congenital heart defects:
current knowledge: a scientific statement from
the American Heart Association Congenital
Cardiac Defects Committee, Council on
CardiovascularDiseaseinthe Young: endorsed
by the American Academy of Pediatrics.
Circulation 2007; 115(23): 3015-38.

6. Scambler PJ. The 22q11 deletion syndromes.
Hum Mol Genet 2000; 9(16): 2421-6.

7. Goldmuntz E, Clark BJ, Mitchell LE, et al.
Frequency of 22q11 deletions in patients with
conotruncal defects. J Am Coll Cardiol 1998;
32(2): 492-8.

8. Ewart AK, Morris CA, Atkinson D, et al.
Hemizygosity at the elastin locus in a
developmental disorder, Williams syndrome.
Nat Genet 1993; 5(1): 11-6.

9. Ewart AK, Jin W, Atkinson D, Morris CA,
Keating MT. Supravalvular aortic stenosis
associated with a deletion disrupting the elastin
gene. J Clin Invest 1994; 93(3): 1071-7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

MOHTOJIbIH AHATAAX YXAAH, 2013, 4 (164)

Li DY, Toland AE, Boak BB, et al. Elastin
point mutations cause an obstructive vascular
disease, supravalvular aortic stenosis. Hum
Mol Genet 1997; 6(7): 1021-8.

Dietz HC, Cutting GR, Pyeritz RE, et al. Marfan
syndrome caused by a recurrent de novo
missense mutation in the fibrillin gene. Nature
1991; 352(6333): 337-9.

Basson CT, Bachinsky DR, Lin RC, et al.
Mutations in human TBX5 cause limb and
cardiac malformation in Holt-Oram syndrome.
Nat Genet 1997; 15(1): 30-5.

LiL, KrantzID, Deng Y, et al. Alagille syndrome
is caused by mutations in human Jagged1,
which encodes a ligand for Notch1. Nat Genet
1997; 16(3): 243-51.

Oda T, Elkahloun AG, Pike BL, et al. Mutations
in the human Jagged1 gene are responsible
for Alagille syndrome. Nat Genet 1997; 16(3):
235-42.

McDaniell, R, Warthen DM, Sanchez-Lara,
PA, et al. NOTCH2 mutations cause Alagille
syndrome, a heterogeneous disorder of the
notch signaling pathway. Am J Hum Genet
2006; 79(1): 169-73.

Tartaglia M, Mehler EL, Goldberg R, et al.
Mutations in PTPN11, encoding the protein
tyrosine phosphatase SHP-2, cause Noonan
syndrome. Nat Genet 2001; 29(4): 465-8.
Tartaglia M, Pennacchio LA, Zhao C, et al.
Gain-of-function SOS1 mutations cause a
distinctive form of Noonan syndrome. Nat
Genet 2007; 39(1): 75-9.

Roberts AE, Araki T, Swanson KD, et al.
Germline gain-offunction mutations in SOS1
cause Noonan syndrome. Nat Genet 2007;
39(1): 70-4.

Razzaque MA, Nishizawa T, Komoike Y, et al.
Germline gain-offunction mutations in RAF1
cause Noonan syndrome. Nat Genet 2007;
39(8): 1013-7.

Pandit B, Sarkozy A, Pennacchio LA, et
al. Gain-of-function RAF1 mutations cause
Noonan and LEOPARD syndromes with
hypertrophic cardiomyopathy. Nat Genet 2007;
39(8): 1007-12.

Kratz, CP, Zampino G, Kriek, M, et al.
Craniosynostosis in patients with Noonan
syndrome caused by germline KRAS mutations.
Am J Med Genet A 2009; 149A(5): 1036-40.
Digilio, MC, Conti E, Sarkozy, A, et al. Grouping
of multiplelentigines/LEOPARD and Noonan
syndromes on the PTPN11 gene. Am J Hum
Genet 2002; 71(2): 389-94.

Aoki, Y, Niihori T, Narumi Y, et al. The RAS/
MAPK syndromes: novel roles of the RAS
pathway in human genetic disorders. Hum
Mutat 2008; 29(8): 992-1006.



JIEKL, TOMM, 36BNOree

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Schubbert S, Bollag G, and Shannon K.
Deregulated Ras signaling in developmental
disorders: new tricks for an old dog. Curr Opin
Genet Dev 2007; 17(1): 15-22.

Satoda M, Zhao F, Diaz GA, et al. Mutations in
TFAP2B cause Char syndrome, a familial form
of patent ductus arteriosus. Nat Genet 2000;
25(1): 42-6.

Zhu L, Belmont JW, Ware SM. Genetics of
human heterotaxias. Eur J Hum Genet 2006;
14(1): 17-25.

Schott JJ, Benson DW, Basson CT, et al.
Congenital heart disease caused by mutations
in the transcription factor NKX2-5. Science
1998; 281(5373): 108-11.

Ching YH, Ghosh TK, Cross SJ, et al. Mutation
in myosin heavy chain 6 causes atrial septal
defect. Nat Genet 2005; 37(4): 423-8.
Robinson, SW, Morris CD, Goldmuntz E, et al.
Missense mutations in CRELD1 are associated
with cardiac atrioventricular septal defects. Am
J Hum Genet 2003; 72(4): 1047-52.

Roberts, KE, McElroy, JJ, Wong WP, et
al. BMPR2 mutations in pulmonary arterial
hypertension with congenital heart disease.
Eur Respir J 2004; 24(3): 371-4.

Smith, KA, Joziasse IC, Chocron S, et al.
Dominant-negative ALK2 allele associates
with congenital heart defects. Circulation 2009;
119(24): 3062-9.

Garg V, Muth AN, Ransom JF, et al. Mutations
in NOTCH1 cause aortic valve disease. Nature
2005; 437(7056): 270-4.

Muncke N, Jung C, Rudiger H, et al. Missense
mutations and gene interruption in PROSIT240,
a novel TRAP240-like gene, in patients with
congenital heart defect (transposition of the
great arteries). Circulation 2003; 108(23):
2843-50.

Garg V, Muth AN, Ransom JF, et al. Mutations
in NOTCH1 cause aortic valve disease. Nature
2005; 437(7056): 270-4.

Muncke N, Jung C, Rudiger H, et al. Missense
mutations and gene interruption in PROSIT240,
a novel TRAP240-like gene, in patients with
congenital heart defect (transposition of the
great arteries). Circulation 2003; 108(23):
2843-50.

Redon R, Ishikawa S, Fitch KR, et al. Global
variation in copy number in the human genome.
Nature 2006; 444(7118): 444-54.

Sebat J, Lakshmi B, Malhotra D, et al. Strong
association of de novo copy number mutations
with autism. Science 2007; 316(5823): 445-9.
Weiss LA, Shen Y, Korn JM, et al. Association
between microdeletion and microduplication
at 16p11.2 and autism. N Engl J Med 2008;
358(7): 667-75.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

69

Walsh T, McClellan JM, McCarthy SE, et al.
Rare structural variants disrupt multiple genesin
neurodevelopmental pathways in schizophrenia.
Science 2008; 320(5875): 539-43.

Stefansson H, Rujescu D, Cichon S, et al.
Large recurrent microdeletions associated
with schizophrenia. Nature 2008; 455(7210):
232-6.

Stankiewicz P, Beaudet AL. Use of array
CGH in the evaluation of dysmorphology,
malformations, developmental delay, and
idiopathic mental retardation. Curr Opin Genet
Dev 2007; 17(3): 182-92.

Vissers LE, Veltman JA, van Kessel AG,
Brunner HG. Identification of disease genes by
whole genome CGH arrays. Hum Mol Genet
2005; 14 Spec No. 2: R215-23.

Vissers LE, van Ravenswaaij CM, Admiraal
R, et al. Mutations in a new member of the
chromodomain gene family cause CHARGE
syndrome. Nat Genet 2004; 36(9): 955-7.
Lalani SR, Safiullah AM, Fernbach SD, et al.
Spectrum of CHD7 mutations in 110 individuals
with  CHARGE syndrome and genotype-
phenotype correlation. Am J Hum Genet 2006;
78(2): 303-14.

Thienpont B, Mertens L, de Ravel T, et al.
Submicroscopic chromosomal imbalances
detected by array-CGH are a frequent cause
of congenital heart defects in selected patients.
Eur Heart J 2007; 28(22): 2778-84.

Richards AA, Santos LJ, Nichols HA, et al.
Cryptic Chromosomal Abnormalities Identified
in Children With Congenital Heart Disease.
Pediatr Res 2008; 64(4): 358-63.

Erdogan F, Larsen LA, Zhang L, et al
High frequency of submicroscopic genomic
aberrations detected by tiling path array
comparative genome hybridisation in patients
with isolated congenital heart disease. J Med
Genet 2008; 45(11): 704-9.

The International HapMap Consortium. The
International HapMap Project. Nature 2003;
426: 789-96.

Hernandez-Diaz S, Werler MM, Walker AM,
Mitchell AA. Folic acid antagonists during
pregnancy and the risk of birth defects. N Engl
J Med 2000; 343(22): 1608-14.
vanBeynumIM, denHeijer M, BlomHJ, Kapusta
L. The MTHFR 677C->T polymorphism and
the risk of congenital heart defects: a literature
review and meta-analysis. Q J Med 2007;
100(12): 743-53.

TaHunuax, HUlimniax caHall 6CeeH:
Akademuy H.baacaHxxas,

AHazaaxbiH WUHXIT3X yxaaHbl OOKMop,
npogpeccop 6.MeHxbam



