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Congenital heart defects (CHD) are the most common type of birth defectiogcear
approximately 1% of live births [1] and, if minor cardiac abnormalities such asgtaortic
valve are included, then the prevalence may be as high as 2-3%.[2] Advances in surgical,

perioperative care, and cathebarsed interventions have dramatically improved survival; yet
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there continues to be approximately 20% early mortality for the most comptbaacdefects.[3]
Furthermore, many of the survivors need |loagn medical care and have functional deficits in
cognition, behavior, attention, and exercise performance that limit educational angras
opportunities and reduce their quality of life.[4] As survival for patients with CHrhproved,
there has been amcreased emphasis on understanding variation in outcome and in improving
short- andlongerm outcomes which include but are not limited to survival. While recent efforts
to optimizeand 'standardize clinical practice and perioperative care have resulted in small
incrementaliimprovements, they have not led to major advances in clinical estcom
Increasingly, the focus of outcomes research is on understanding the differences between
individual patients (including genetic factors and specific variationsnica care or clinical
course) that'predict or determine clinical outcomes.

Recently; the effort to better understand and to improve clinical outcomes hasdeeen a
by complementary initiatives to identify the causes of CHD. A fall in the cbs$tigh
throughput DNA sequencing, advances in bioinformatic analyses, and an investment in funding
the collectionsand genetic characterization of large cohorts of patieht€WD has rapidly
advanced ourwunderstanding of the genetic architecture of GHBtis emerging is an
improvedtunderstanding of how underlying genetic factors can influence specifigretkas
clinical outeomes and the importance of considering these factors when assessing the
effectiveness of interventions and new treatment approachiss heview, we will examine
clinical outcomes such as survival, cognition and behavior, growth and cardiacrfufastio

patients with"CHD in the context of specific genetic etiologies.

Common Outcomes Measuresin CHD patients

Survival/Transplant-free survival/Event-free survival

Even with the improvement in post-operative survival for most types of CHD, suraieal r
remain an impaortant clinical outcome for complex CHD for which earlyattyrican be as high
as 20% anddate mortalits a relatively coomon occurrence.[3] Further improvements in
survival willrequire a better understanding of patigpecific risk factors which confer a higher
risk for an adverse clinical outcome during the longitudinal management of CHD. Indingttua
factors will al® need to be categorized with respect to the timing of their impact on survival.
Different mechanisms likely drive early, sometimes referred to as surgical or procedural
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mortality, as opposed to late events. As more individuals with CHD survive intb@aldlthe
importance of understanding determinants of longitudinal survival increasagyCienetic

factors are an important contributor to differences between patients and,pnisirsgly, genetic
syndromes and_non-syndromic genetic variation have been noted to have a significaoh effect
longterm survival after repair or palliation of CHD. Since cardiac transplantation is often used

to rescue a patient who has failed surgical and medical management of their cardiac defect,
patients'who have requdeardiac transplantation are often grouped with non-survivors to

denote treatment failures. Since death and heart transplant are relatively infrequent occurrences,
these outcomes will occasionally be grouped with major adverse events such as cartliac arres
need for extracorporeal (ECMO) support, renal failure requiring dialysis and other life

threatening‘complications to yield an “evdrge” or “complicationfree” survival.

Growth

Growth fallure in CHD is a major and potetly modifiable cemorbidity.[5] In single ventricle
populationsypeor somatic growth is associated with prolonged hospitalization, décrease
transplant freessurvival, and increased neurodevelopmental disafiti®$.Poor somatic

growth fora,child with CHD begins utero. The @use of poor fetal growth is likely

multifactorial, involving genetic and placental risk factors along with ababregional blood

flow and oxygenatiofil1-15] With an increased focus on somatic growth, nutritional
interventions have become emphasizedsgmany centers, including being a major focus of the
National Pediatric Cardiology Quality Improvement Collaborajh@.Catchup weight gain is
more achievable than attainment of normal length (or heigft).9] Lack of improvement in

linear growth asvell as the association between linear growth and neurodevelopmental
outcomes|9,1raises suspicion that a large portion of the variance in linear growth outcomes is
driven by genetic predisposition; a suspicion supported by the association of pathogenic copy

number variants (CNVs), linear growth and poor neurocognitive outcomjes.[20

Neurodevelopmental performance
As longtermsurvivalof CHD hasdramaticallyimproved,it is becomingncreasinglyevident
that CHD survivorsoftenhave longtermdisabilties, including permanent neurodevelopmental

(ND) deficitsthatcanaffectschoolperformancegemployability, andjuality of life. The majority
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of patientswith themostseverecardiacdefects suchascomplexsingleventriclemalformations,
will havesomedegree oD impairment and approximdyel5-30%will haveseverecognitive
and/or behavioraleficits. The causef ND impairmentin CHD patientsaremanyand include
developmentatiefectsabnormalitief thematernalfetal environment, and pedperative
neurologic injury(Fig. 1). Despitetheidentificationof manycovariatescombinedthe known
perioperativeisk factorsonly explainapproximately30% of thevariancein ND outcomes
indicatingthatinnate patientspecificgeneticand physiologicfactorsmay accounfor muchof
thevariancg21] Geneticfactorsstrongly influencédorain development and contribute thefetal
responséaq thein utero environment and peri-operativgury processedVhathasmade
assessmeif neurodevelopmeal disabilitiesparticularlychallengingjn additionto themyriad
of factorsthatcanaffectneurodevelopmenis the broadrangeof neurodevelopmental domains
thatcanbeaffectedandthe factthateachof those domains and how thasebestmeasured
changesvith age.Oneof theearliestmeasureghatis commonlyusedis the Bayley Scalesof
Infant DevelopmentBSID), which hasbeenupdatedwice, mostrecentlyin 2006(BSID-

[1). [22] Themaestrecentversionallowstheassessmertf neurodevelopmentakpformancen
infancyacresamultiple domainsincluding cognition, language, motskills, sociatemotional
function,andadaptive behaviom his proctoredtestcanbe supplementeaith parentreported
outcomesassessmenichasthe AgesandStageQuesionnaire(ASQ)[23] which arewell-
suitedto neurodevelopmentébllow-up programsincethey do notequireanin-person
evaluation.

As patientsage,neurodevelopmentalssessmentsanbe expandetb detectmoresubtle
deficitsin cegnition and highdevels of reasoningand processing arnd bettercharacterize
attentionandbehavior. Expanded neurodevelopmeatdessmentaeasurahefollowing
domains:aacademigerformancelQ testing, languagskills, shortterm memory ,attentionand
executive functionyisualandspatialprocessingfine motorskills, socialskills, adaptiveskills,
and emotional/behavioral function. Previatigdieshaveidentified significantabnormalitiesn
eachof thesedomainsn patientswith CHD althoughthereis significantvariability across
patientsandacrossCHD subtypes. Perhapsostprevalenhavebeenattention
deficit/hyperactivitydisorderd ADHD). A recentstudyevaluating3,552CHD patientsextracted
from NationalHealthInsuranceResearclbatabaseén Taiwanrevealedanadjustechazardratio
(AHR) of 2.52 [95% confidencmterval Cl = 1.96-3.2ffor being diagnosedith ADHD andan
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AHR of 1.97, [95%CI = 1.11-3.52] of being diagnos&dth autismspectrundisordercompared
to age/sexmatchedcontrols[24] Theriskswereevenhigherin subjectdefinedashavingearly
developmentatlisordersTherisk mayalsovary by CHD subtype. Arecentexamination of 91
patientswith tetralogyof Fallot demonstratedn ADHD prevalenceof 39% and 19%in those
with and witheut a genetic diagnosisspectivelycomparedo 5% of control425] Of 111
patientswith singleventricleCHD, 66% ofpatientsreceiveda psychiatric diagnosiprimarily
anxietydisorderandADHD, in longtermfollow-up comparedo 22% ofcontrols[26] Although
mary studies‘lookingat ND outcomes exclude individualgth extracardia@nomaliesywhen
includedstudieshaveconsistenthidentified geneticfactorsas contributingto
neurodevelopmental outcomiaspatientswith CHD. Of 321 survivors of singleentricle
palliative repairwho wereevaluatedat approximatelyl4 months oage,genetic
syndromes/anomaliegereanindependentisk factorfor alower than normativenental
developmenscore(MDI) on theBSID-1I assessmelfi27] In a study of 1770 subjectdth a
spectrum ofCHD, thepresencef genetic syndrome and/extracardia@nomalywassimilarly
associate@vith-anincreasedisk of alower MDI andPDI (psychomotor developmental index)
on theBSID-Il"administeredt 14 months oage[28] Takentogetherthesestudies suppothe
importance.,obssessingeurodevelopmental performanoeCHD survivors and thsignificant
impactthat-geneti¢actorshave on neurodevelopmentaéasures.

Ventricular,function

During operative repair or palliation of CHD, theart is usually arrested and emptied to yield a
bloodless operative field. The blood is circulated through a cardiopulmonary bypass (CPB)
machine where it is filtered, oxygenated and returned to the patient to pdirthseoegans and
tissues includinghe heart. For some CHD surgeries, a period of complete circulatory arrest (no
bypass flow).is.required. Despite refinement of the technical approaches and the limitation of
CPB and circulatory arrest times, injury to multiple organs and tissues incthdihgart occurs.
This often.results in a transient period of diminished ventricular functiorhywvicen

pronouncedy is referred to as low cardiac output syndf2@j&.his diminished cardiac function
can be associated with an increased complication rate and decreasdtcevenst-operative
survival[30] Sustained and progressive deficits in ventricular function can interfere with

exercise performance, affect quality of life, and ultimately lead to heart failure which may
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require heart transplantation. As with neurodevelopmental performance, darditagn can be
impaired in patients with CHD and can be due to ischemia and ischepeidusion injury in the
perioperative setting, mechanical injury during surgexy. ue to ventriculotomy), or inheren
geneticallydetermined weaknesses and vulnerabilities. Systolic and diastolic vemtricula

function can.be serially measured with echocardiographic or cardiac magnetic resonance (CMR)
imaging. Better delineation of genetic factors affecting ventricular funotmnaid the

developmentof protective strategies and promote improved risk stratification.

Genetic Architecture of CHD

Discussion:ofithe impact of genetic factors on clinical outcomes begins with erstamadling of

the geneticrarchitecture of CHBenetic contributors to CHD include disorders of chromosome
copy numberd.g., Down syndrome), sub-chromosomal deletiang.(22q11.2del) and

duplications (chromosome 1p21dup), rare monogenic pathogenic variants, rare oligogenic
deleterious,variants, drcommon variants (reviewed in [31]ldentification of the genetic causes

of CHD haswparalleled advances in genetic technologies. Aneuploidies, detectegdbygding,

were the first'genetic variation associated with CHD. The trisomies (13, 18, anti21) a
monosomies (Turner syndrome) along with large sub-chromosomal deletions (22q11.2ddetect
by fluoreseent in situ hybridization (FISH) and chromosomal microarray, make gpribéc

etiology of 9 to 18% of CHD.[31] Single gene etiologies, inherited in a Mendelian fashion, were
initially detected by linkage analysis of large pedigrees. These genes were often transcription
factors suechasBX5, GATA4, andNKX2.5, mutations of which likely explain a few percent of
CHD. Genemevide and high-throughput sequencing technologies have enabled unbiased and
thorough interrogation of the exome, the protein coding portion of the genome. Exome
sequencing of probands and their unaffected parents have determined that approximatély 10%
CHD is caused.bge novo (i.e. not occurring in either parent) coding variants. If the CHD is
accompanied by extra-cardiac anomalies and/or neurodevelopmental abresnhétide novo
variants mayexplain approximately 20% of disease.[32] Pathodenavo variants typically

occur in genes. that are highly expressed in the developing heart and are enrichtathin cer
biologic pathways such as chromatin remodeling, ciliary function, Notch signaling and

sarcomere function. Single nucleotide polymorphism (SNP) microarrays aeldamalytic
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techniques of exome sequence data have detected rare, pathogenic copy number variants (CNVS)
in approximately 10% of patients with CHB3,34]

A large percentage of CHD remains unsolved (Fig. 2: pie chart of CHD causes).[20,31-
40] As larger numbers of exomes are sequenced, it is becoming apparent that rare, inherited
variation plays.a role, especially for isolated congenital heart difgsjseOther genetic
mechanisms (including somatic mutation and multi-locus variation) magy deole as may

epigenetic'changes, noncoding variation, and environmental expa3ijres.|

Each of these types of genetic variation can lead to abnormalities of cardiac development
resulting insCHD. In addition, concurrent developmental defects in other orgatisarme$ and
associatedwdeficits in resiliency or resistance to injury can lead to reduced survival and an
increased rate of complications and comorbidities. The same genetic variation, therefore, can
have pleiotropic effects and significantly impact clinical outcomes beyoragktredopment of
the structural heart disease. Progress in the understanding of the genetimdetsron CHD

and their impact on clinical outcomes will be outlined in the subsequent sections.

Chromosomal abnormalities and Copy number variants (CNVS)

Abnor mal.ehromosomal copy number

Abnormalities of chromosomal copy number, including the trisomies (13, 18 and 21) and
monosomiesgg. Turner (45, X) Syndrome), are commonly associated with CHD with an
incidence ranging from 80-90% for trisomy 13 and 18 to 50% for trisomy 21 (Down Syndrome)
and TurnerSyndrome.

Down Syndrome (Trisomy 21): CHD is common in patients with Down Syndrome, occurring in

40-50% of patients (see Table [BB] Early surgical studies reported worse surgical outcomes in
patients with. Down syndrome undergoing repair for complete atrioventricular septal defect
(CAVSD) cempared to patients without genetic syndromes.[4M2¢ recently, several

studies have demonstrated equal or decreased riskhoEpitl mortality for patients with

Down syndrome undergoing repair of CHD (including CAVSD) compared to patients with
normal karyotypes except among patients with single ventricle physiology.[43-49]. Several
studies which included longerm outcomes for CAVSIBepair have demonstrated decreased rate
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of reoperation for left atrioventricular valve repair and for aaltic stenosis in patients with
Down syndrome which is likely related to valve and left ventricular outflow tracpinology
differenced46,47,49]
Ong group of patients with Down syndrome that does have higher surgical risk is single
ventricle palliation. Subgroup analysis demonstrated that among patients undetagéog s
single ventricle palliation, patients with Down syndrome had higher in-labspartality
ratesf44] Arstudy from the Pediatric Cardiac Critical Care Consortium (PC4) registry looking at
all patients'undergoing Fontan palliation confirmed a significantly increased mortality in patients
with Down syndrome compared to those without, with most of these deaths occurring in the
early post-eperative period.[50] This is thought to be due to the increased risk of pulmonary
hypertension inthese patients which is not well tolerated in a single vemptngsiology.[51]
Although.Down syndrome does not seem to confer an increased risk of mortality for most
CHD repalr, there have been studies showing that there is increased manblddynig
significantly longer post-operative length of stay, increased risk of respiz2¢gB@] and
infectious eomplication$46,54] pulmonary hypertension,[44] higher rates of chylothorax,[44]

and increasedsrisk of post-operative complete heart block.[44,46]

Turner syndrome (45, X): Turner syndrome is a common chromosomal condition caused by loss

of part or all of the X chromosome in femal8&ort stature is common as are
neurodeeloepmental deficits (see Tablg[b5] Neurocognitive profiles in Turner syndrome can
include a decremen IQ of approximately 10-15 points, learning disabilities, and challenges
with executivesfunction and ADHD. Because many individuals with Turner syndrome are
mosaic, there is a wide range in severity of the associated clinical features. As with Down
syndrome,, patients with Turner syndrome have higher morbidity and mortality afterasurgic
palliation of single ventricle heart disease compared to patieritewithromosomal
abnormalitieg56,57

Copy number-variants (CNVs)

Copy number variants are large deletions or duplications of DNA which usually iratdast
100,000 base pairs of DNA but not the full chromosome. They can occur anywhere in the
genome but often occur at sites bounded by regions of repeat or low-complexity sequehce whi
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allow mismatches during DNA replication, resulting in duplication or loss of the intervening

DNA sequence. CNVs can either be inheritedeonovo. CNVs that arele novo, novel or very
uncommon, and are large are more likely to be diseaissing or pathogenic. CNVs can involve

one or mare genes, and the resulting effects on clinical phenotype and clinical outaomes

depend on.the . number of genes involved and the roles of those genes in development of the heart
and of other organs and tissues.

22011.2 defetion'syndrome: Recent population studies indicate ttra 22911.2 deletiois the

most common microdeletion syndrome, occurring in 1 per 5950 live births[37] and accounting
for nearly 0.52.9% of all CHDCardiac defects occur 80-75% of cases with 22q11.2
microdeletion38,39] and there is an enhanced risk of CHD if there is a concurrent partial
microduplication of the histone acetyltransferase complex mekANE_1 on chromosome
17921.31[58], highlighting the effect of genetic modifiers on clinical plygeotThe 22911.2
deletion syndrome is commonly referred to as DiGeorge syndrome (DGS), although not al
patients withPDGS have the 22g11.2 deletion and not all individuals with the 22g11.2 deletion
will display*allthe features of DGS (summarized in TableAs with CHD patients with larger
chromosemal defects, growth, cognition and behavior are all significantly ieaplagthe
underlying-genetic defect in patients with 22q11.2 deletions.

The presence of the 22q11.2 deletion also affects the survivabarglication rate of
CHD repair. Patients with the 22q11.2 deletion and/or a diagnosis of DGS have worsa surgi
outcomes at'least for certain types of CHD including pulmonary atresia with viartgeptal
defect and interrupted aortic arf&®,60] Theworse surgical outcomes appear to be in part due
to more severe abnormalities of the pulmonary vasculature, with an increasedde@tie
multiple aortopulmonary collateral arteries (MAPCASs) and decreased arborization of the true
pulmonary.arteries.[61] For patients with tetralogy of Fallot, those with 22q11.2odeleti
required longer cardiopulmonary bypass times and a longeppesttive intensive care unit
stay[62] andrhad a worse quality of life on lobtgm followup.[63] Associated immune defects
require speecial handling of the blood products that are often required during theoopemdtin
the perioperative setting, but severe complications such as\gedtishost disease and
overwhelming CMV infection can be avoided by administering omW/G/irradiated blood
products to patients with 22q11.2 deletion or DGS.[64]
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Other major deletion/duplication syndromes. For most genes and CNVSs, deletions are more

clinically impactful than the corresponding duplication. In addition to the 22q11.2dwietion
syndrome, other CNVs commonly associated with cardiac defects include neétimuel
syndromes.involving 7911.23 (WillianBeurensyndrome), 1p36, and 8p23.

Williams-Beurensyndrome (W) is a microdeletion syndrome affecting multiple genes
on chromesoeme 7q11.23. It occurs in 1 in 7,500 to 1 in 10,000 births and accounts for
approximately0.25% of CHD, most commonly supravalvar aortic or pulmonary stenosis.[40]
WBS patients have growth deficiency that begimstero and persists through childhof@b]
Cognitive andsbehavioral deficits are common [66] and multiple organs and tissues can be
affected (see Table .J67] In addition, patients with WBS, in particular those with biventricular
outflow tract obstruction and/or coronary ostial stenosisatrisk for sudden death especially
when undergoing pepperative or perprocedural sedation, requiring careful anesthetic
management and monitoring.[68,69}e risk of death is also present in patients with elastin
arteriopathyy(due to mutation or deletion of the Elastin gene) in the absence déathezs of
WBS.

Other_microdeletions and microduplications are also associated with &tdwo
additional:€CNVs occur often enough to be addressed specifically. Microdeletions of 1p36 occurs
in 1 in 5000 births and are associated with abnormalities of cardiac structludifiggpatent
ductus arteriosus, and atrial and ventricular septal defects) and/oofufsgtecifically left
ventricularsnon-compaction cardiomyopathy) in approximately 70% of caseNgadly all of
those affectedwill have short stature and significant neurodevelopmentalMeleodeletions
of chromasome 8p23.1 are uncommon in the general population but can be found in a significant
number of patients with CHD due to the loss of @#d' A4 gene, a transcription factor critical to
heart developmerjt.1] In addition to cardiac defects, dysmorphic facies, short stature and

developmentaldelay are common features of 8p23.1 deletion syndrome.[72]

Rare and demovo CNVs. Pathogenic or potentially pathogenic CNVs have been determined to
occur in approximatelf0-20% of patients with CHIR0,34] While these commonly occur in
patients with recognizable syndromes (such as DGS or WBS) and patients withpgtysmor
features and/or multiple congenital anomalies, even non-syndromic, non-dysmorphic CHD
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patients arsignificantly more likely to harbor a potentially pathogenic CNV than individuals
the general population without CHD. In a series of 422 patients with non-syndromicdisolate
CHD (i.e.,, no other anomalies), potentially pathogenic CNVs occurred in 18f f#ses
compared.to 5% of healthy controls.[Binilarly, in a series of 223 patients with single
ventricle cardiac defects, potentially pathogenic CNVs occurred in 13.9% cshtpat.4% of
healthy control$20] In a study of 2,256 individual subjects with CHD, 283 paodiitd trios

with CHD (tetralogy of Fallot) in the child, and 1,538 controls, rare deletion Citdsd
occurring in"<1% of the population at large) affected more genes and genes with higher
haplansufficiency scores (a measure of a gemevelopmental intolerance of gene deletions) in
CHD patientssthan in controls.[7Blarede novo CNVs occurred in 5% of the CHD trios and
several overlapping CNVs involved genes known to be involved in heart development including
HAND2 andGJAS5, which encode for a cardiac transcription factor and gap junction protein,
respectivelyf.73] In that study, they were unable to detect a significant association of rare
duplications with CHD, supporting the assertion that, in general, deletions nmongoody have

an impactenreardiac development. Mapping of overlapping, rare CNVs across multiige stud
and identifying‘common critical regions facilitates identification of novakgeand signaling
pathwayssuinvolved in CHD pathogenesis.[33, 73, 74]

Given that pathogenic and potentially pathogenic CNVs can involve multiple adjacent
genes and include genes critical to disease processes, it is perhaps not surprising that CNVs have
been associated with multiple adverse outcomes in patients with CHD. As demoristrtted
CNVs asseciated with syndromic CHD, single ventrigige CHD patients with pathogenic
CNVs haveaworse linear growth and neurodevelopmental performance (as detdsynmiewer
Psychomagtor Development Index score on the Bayley Scales of Infant Development Il) at 14
months of .age than those without CNVs.[20] In a cohort of non-syndromic patients with a broad
range of heart defects requiring surgery before 6 months of age, presence of algotential
pathologic, CNV was associated with a-fo@l increased risk of death or transplant by 36
months post=surgery.[34f is important to note that this study excluded all subjects with other
significant eéangenital anomalies, indicating that the effect on trandpéensurvival was
independent of any other known developmental abnormalities. Since pathogenic CNVs
associated with CHD are distributed throughout the genome and involve a diverse set,aof genes
will be important to identify the specific genes and signaling pathways assbeiith
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differential oucomes to develop protective and therapeutic strategies and improve risk

assessment.

Sngle gene syndromes
RASopathies:-The RASopathies are a group of autosomal dominant disorders with overlapping
cardiac, growth, facial, and neurodevelopmental features caused by genes involvétiAS the
mitogenactivated protein (MAP) kinase pathway. The spectrum of RASopathies includes
Noonan syndrome (NS), cardiofaciocutaneous syndrome (CFC), Costello syndrome (CS), and
Noonan syndrome with multiple lentigines (NSML). Fifty percent of NS casesxglained by
heterozygou®TPN11 missense pathologic varian#&] An additional 30% can be explained by
mutations‘in one of the RAS MAP kinase pathway genes incll&i&j, RAF1, RIT1, KRAS,
SHOC2, NRAS, SOS2 BRAF, A2ML1, LZTR1, MYST4, RASA2, RRAS, SPRY1 and
SYNGAPL.[76] NS and the other RASopathigisare common features, including developmental
delays, shert stature, ptosis, hypertelorism, macrocephaly, and cardiac involvement (see Table
1)[77-80] Valvar pulmonary stenos{®S)is a common form of BD noted in patients with NS;
however, NS'patients with PS are often not considered to be good candidates for balloon
valvuloplasty due to the high rates of required re-intervention (65%) after this prededoe
NS population.[81]

Coagulation factor deficiencies, thrombocytopenia, and platelet aggregation
abnormalities have been repa[82] but are infrequently associated with postapige
bleeding complications<(2% of individuals).[83] Lymphatic abnormalities are common, and
chylous effusion is a regularly reported complication of cardiac surgery. Reamahhes
including vesicoureteral reflux, hydronephrosis, and dysplastic kidney are seen in 10-20% of
individuals.[84]

Ciliopathies. Ciliopathies are due to abnormal cilia structure and function and are associated
with heterotaxy and a range of genetic syndromes includimde®Bied| syndrome, Alstrom
syndrome, MeKusickKaufman syndrome, and Ellis van Creveld syndrome. The associated
clinical features vary by condition.

Heterotaxy is associated with CHD in-98% of cases and can be associated with almost
any type of CHD, bt the most common defect is an atrioventricular canal defect that is
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frequently unbalanced.[85Heterotaxy can be associated with complete situs inversus, left atrial
isomerism (polysplenia), and right atrial isomerism (asplenia). Abnormalities of spledyer
(asplenia or polysplenia) may result in functional asplenia with increased susceptibility to
infection. Gut malrotation poses a risk for volvulus. Extrahepatic biliary atiesi significant
extracardiae.complication that increases mortality.many as 37% of heterotaxy patients may
have primary ciliary dyskinesia which is associated with chronic productive coughsrhinit
sinusitis; otitis'media, bronchitis, and bronchiectasis J&&r mucociliary clearance leads to
infection andinflammation of the airway and may contribute to the higher frequency of
respiratory complications in patients with ciliary dysfunc{i®n] Cognition and intellectual
function are usually normal.

Syndromic sensory ciliopathies ar@used by abnormalities in thensery or signaling
functions of cilia and are commonly associated with defects in the eyes, eatenshkehan,
kidney, and liver in addition to CHD that includes situs abnormalities, atriovdatricanal
defects, septal defects, and valve defl88s93] Common features include retinitis pigmentosa,
cone-rod dystrophy, sensorineural hearing loss, and brain malformations includmgténai
malformations=(molar tooth sign), Dandy-Walker malformation, neural tubetdéfietuding
encephalocele, holoprosencephaly, and agenesis of the corpus callosum. Many indwtiduals
syndromiessensory ciliopathies are developmentally delayed or intellectually disabled. Obesity
and diabetes are common. Skeletal anomalies can be associated with short stature, thoracic
dysplasia, short limbs, and polydactyly. Hepatic fibrosis, hepatic cysts, polycys&y&jdgmd

nephronophthisis are observed with many of the conditions.

Chromatinmodifiers: Initial studies in families affected by heritable congenital cardiac defects
identified mutations in cardiac transcription factors (TF) suddkas2-5, GATA4, TBX5, TBX1,

andTBX20.as.important causes of CHD. For some of these transcription factors, the effects were

limited to the heart which is where they are primarily expressed. Other cardiac TF mutations,
such as these involviniBX5 (associated with HolOram Syndrome) antBX1 (associated with
some features,of DGS), have major exdaadiac manifestations but are not associated with
known differences in clinical outcomes. Perhaps the most important cardiptozdion of TF
mutations is disruption of the cardiac conductionaysivhich can lead to complete heart block
in some individuals wittNKX2-5 andTBX5 mutations [94,95]
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However, regulators of the transcriptional machinery, such as those that modify
chromatin architecture by altering histone structure and function through aoetylati
methylation, phosphorylation, and ubiquitination, are often more broadly expressed and, when
mutated, can affect the development of multiple organs and tissues in a manner that directly
impacts clinical outcomes. Mutations of the chromatin ifierd, KMT2D andKDM6A, which
encode forlysine (K¥pecific methyltransferase 2D and lysspecific demethylase 6A, cause
Kabuki syndrome, a developmental disorder affecting the heart, brain, urogenital system,
craniofacial’structures and linear growitieight). Heart defects, which can range from mild
(ASD, VSD, PDA, coarctation of the aorta) to more severe (TOF, single ventricle CHD), occur
in 31-58%.0f Kabuki syndrome patients.[96,Df}served cardiac defects often involve left
ventriculareutflow trat obstruction, including Shone’s complex and hypoplastic left heart
syndrome (HLHS). In a recent study performed by the Pediatric Cardiovascular Genomics
Consortium (PCGC) of 362 cases of critical congenital cardiac defects including 60 patients with
HLHS, de novo mutations were noted in 8 genes involved in the regulation of methylation of
histone H3plysine 4 (H3K{98], includingKMT2D (associated with Kabuki syndrom&D7
(associated with CHARGE syndrom&DM5A andKDM5B (H3K4 demethylasesyWDR5, and
RNF20, UBE2B andUSP44 which are involved in histone ubiquitinatioMutations were also
noted inSVAD2 which is involved in signaling in the embryonic lefiht organizer through
demethylation of H3K27. In this study, the patients with mutations involving histone-mmadifyi
genes had.a higher incidence of extra-cardiac manifestations including devekpmety and

short stature”

Sngle gene (non-syndrome)

De novo variants. Exome sequencing analysis of the PCGC cohort has demonstrated that

approximately.10% of CHD can be explaineddeyhovo single nucleotide variants. When the
cohort is parsed by associated abnormalilesovo variants in genes highly expressed in the
heart contribute to 10% of CHD associated with extaadiac anomalies, 6% of CHD with
neurodevelopmental abnormalities and 20% of CHD associated with both extes:cardi
neurodevelopmental abnormalitigd2] These findings suggest a pleiotropic effdatnany of

thesede novo mutations.

This article is protected by copyright. All rights reserved



The extra-cardiac abnormalities found in the PCGC cohort are wide ranging amd affec
many different organ systems, including craniofacial, pulmonary, gastrointestih@pedic,
and genitourinary, among others. Pasenith CHD and extracardiac abnormalities are at
increased risk of mortality due to increased complexity of care, increased raskliafccsurgery,
and additional.sources of potential morbidity and mortality.[99,100]

There was significant overlap betweabe genes witlle novo mutations found in the
PCGC cohort'and genes witlk novo mutations found in cohorts of patients ascertained for
neurodevelopmental phenotypes. These overlapping genes are typically expressedhén both t
developing heart and brail€HD patients with damaginge novo mutations found in these
overlapping genes have an absolute risk of >70% of having neurodevelopmental
abnormalitieg32] Of the groups of genes identified, damaging mutations in the chromatin
modifier genes'had the highest risk of conferring a neurodevelopmental abnormalitypléenot
These findings are significant because they provide a causal genetic link bétd@emd
neurodevelopmental abnormalities and imply that specific genotypes may strongly foutede
neurodevelepmental outcome. They also have potential clinical implicatiosspolésible to
imagine a ¢linical genetic test that can identify patients at particularly high risk of poor
neurodevelopmental outcomeestarget for neuroprotective measures aady childhood

surveillanee”and intervention.

Structural proteins. While more commonly associated with cardiomyopathy (dilated,

hypertrophic errestrictive), mutations in genes encoding for components of the cardiac
sarcomerepthe basic contractilet of striated muscle, have been determined to be responsible
for familial and sporadic CHD. Examples include mutationgl¥H7 (8 myosin heavy chain) in
individuals with,Ebstein’s anomaly of the tricuspid valveA@ITC1 (cardiaca actin) in familial
ASD, andrinMYH6 (o. myosin heavy chain 6) in autosomal dominant familial ASD and sporadic
cases of merescomplex CHD including Shone’s complex and HLHS.[35] There is mounting
evidencesthat genetic variation in sarcomeric genes can concurrently cause CHD and affect
ventricular funetion. Mutations iMYH7 which cause Ebstein’s anomaly also lead to ventricular
non-compaction and reduced ventricular function.[101] Similarly, multiple studiesshawe

that CHD patients witlsarcomerianutatons have differential clinical outcomes including
reduced ventricular performance and transplise@ survival. In a recent study of 2,645 parent-
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offspring trios and 226 singletons who underwent exome sequencing by the PCGC, seven had
recessive genotypesvolving MYHG6.[35] Five of the seven had left ventricular outflow tract
obstructive lesions, including four with Shone’s complex (which is characterizedray and

aortic valve abnormalities). Abnormal ventricular function was noted in folnecfe¢ven

subjects witiMYH6 mutations. Reduced ejection fraction, a measure of systolic ventricular
function, was also noted in two subjects with HLHS who had recesbitt6 mutations.[102A
casecontrol'study of 190 patients with HLHS noted an increased burden of danhégity

variants in"HEHS cases versus 1000 Genomes Project controls and reduced trénegplant
survival in HLHS patients witMYH6 mutations compared to other HLHS patigi33] The
differential,survival was potentially due to impaired cardiongregsis and to dysregulation of
genes related to myocardial structure and function. Collectively, these studiessttateathe
increasingly recognized role of sarcomeric genes in the pathogenesis of CHD and the important

effect that sarcomere gene mutasidrave on ventricular function and lotegm survival.

Genetic modifiers of clinical outcomes

In addition‘to rare ande novo DNA sequence variants that can affect developmental pathways
directing'merphogenesis of the heart and other organs and tissues, more common genetic
variants (which may not have any clinical effect under normal conditions) mayleagdrtant
differencedn treatment responses and be important modifiers of clinical outcomes. Multiple
clinical outcomes in patients with CHD, including survival, neurodevelopmenfakmpance,

and ventrieulanremodeling and function, have been demonstrated to be in part dependent on
common genetic variants.

Perhaps the best described of these common genetic variants involves the
neurodevelopmental effects of the different alleles of ApoE in patients with CHD. ApoE is a
lipoprotein.that.is a primary cholesterol transportahacentral nervous systda04] It is
produced by astrocytes and transports cholesterol to surrounding neurons. Its furldafeenta
a wide range of neurologic conditions has been well described, [105-107] and it appears to be an
important regulator fcneuronal homeostasis and resistance to injury. There are multiple isotypes
of ApoE {2, €3, €4) with different functional properties. Individuals with at least one copy of the
¢4 allele are at higher risk of Alzheimer’s disef#8] and worse outcomedtar traumatic

brain injury[109] In patients with CHD, the Apo#& allele is associated with worse early
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neurodevelopmental performance in patients with CHD [lddEficit which persists as patients
age[111] and which has been replicated in a similatr distinct patient cohofiL12] It has been
proposed that ApoE allele status affects neuroresiliency and that thesA@diEle renders
patients less resistant to neuroinjury which may ootutero or perioperatively in CHD
patients.

Ventricular remodling and function and post-operative survival in CHD has also been
determined to be in part dependent on common genetic variants. Genetic variants associated with
increased activation of the Renin-Angioten8idosterone System (RAAS) were determined to
be associated with multiple outcomes including the reverse remodeling that occurs after the
second stagerpalliative surgery for patients with single ventricle [LHE) and is associated
with impaired diastolic function after the third stage of repair for single ventricle CHD, the
Fontan operatiofii14] A vascular endothelial growth factor A (VEGFA) allele linked to
enhanced VEGFA expression was associated with preseewndcular functiof115] and post-
operative survivall16] in patients requiring CHD surgery in infancy. Lower eviegg-survival
has also been“associated with adrenergic signaling pathway variants that increase catecholamine
release or sensitivity ipatients with single ventricle CHR17]

Implicationsfor clinical care/outcomesimprovement/futureresearch

Peri-oper ative management

With an inereased understanding of how genetic factors affect clinical outcomes (summarized in
Table2), there"will beopportunities to target therapies to the specific needs of each individual
patient. Currently, the most important role for-ppeerative genetic testing is in the CHD patient
with possible 22q11.2 deletion syndrome. As noted above, patients with 22q11.2 deletion
syndrome.have.thymic hypoplasia which requires special handling of blood products prior to
transfusion.or.exposure during cardiopulmonary bypass. Since clinical features of 22q11.2
deletion syndrome may not be apparent, especially in infants, testing for 22q11.2 deletidn shoul
be performediby fluorescent in situ hybridization (FISH), multiplex ligation-degrenmobe
amplification assay (MLPA) or quantitative polymerase chain reaction (QPCR). Alternatively,
chromosomal microarray (CMA) testing cdetect microdeletions and duplications anywhere

throughout the genome. In addition to special handling of blood products, serum calcium levels

This article is protected by copyright. All rights reserved



need to be closely monitored and repleted as needed. The differential outcomes is withject
22911.2 deletioand pulmonary atresia/VSD may be primarily related to differences in vascular
anatomy and may not require additional considerations for the genetic etiology beyond that
required to address the more complex anatomy. Similarly, specific anatomical features such as
coronary ostial abnormalities and biventricular outflow obstruction place patients with elastin
arteriopathy (including those with WBS) at risk for sudden death requiring cautigibedtie
management:

Another'scenario in which differential claa@l outcomes requires careful consideration of
surgical approach and treatment plan involves the trisomy syndromes, including Trisomy 13, 18
or 21. As noted,above, low survival rates for patients with Trisomy 21 and single entricl
cardiac defects (or Tsomy 13 or 18 and any cardiac defect) has led many institutions to advise
against palliative intervention in those cases.

Future improvements in peri-operative and longitudinal care practices may palgt on
an improved understanding of individual factors, both genetic and&wetic {.e., related to
patient ageymsex, medical history and other health and treatment factors) which affect treatment
response and-clinical outcomes. Some of these will be related to pharmacogenomic factors which
affect a patient’s biologic response to specific drugs. The studies examining the effects of RAAS
pathway.genetic variation (and targeting of that pathway with angiotensin dogvarzyme
(ACE) inhibition) [113,114]as well those studies assessing the effect of adrenergic pathway
variation on clinical outcomg417] in patients with CHD indicate that therapeutic approaches
tailored tospecific genetic profiles may help improve outcomes. This type afipremedicire
approach hassbeen applied in other medical settings and is just beginning to be comsitlezed f
care of patients with CHD.

Outcomes assessment/improvement

Perhaps the most immediate implication of the improved understanding of thé ahgenett

factors on.glinical outcome measures in patients with CHD is the need to account for those
factors in outeomes research and analyses. As noted above, genetic factors can affect multiple
outcomes measures (including neurodevelopment, growth, ventricotaron and survival)

with effects which range from rare to common in prevalence and from mild t@stidlsin

severity. While randomization may be able to distribute genetic factors Imetsgaément groups
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in large trials, failure to account for impant genetic determinants to specific outcomes

measures may mask or dilute important treatment effects if the genetic effect is an unmeasured
confounder of the treatment. As genetic determinants of CHD outcomes become hette def

it may be possible tamtify subjects by genetic risk for specific outcomes to identify different

subpopulatiens responsive or resistant to the treatment or intervention.

Neur odevelopmental performance: Cognition and higher level processing, motor function, and

behavior andtention can all be significantly affected by genetic factors in patients with CHD.
Therefore, studies assessing for the effectiveness of therapeutic interventions on
neurodevelopmental outcomes in patients with CHD should ideally be structureduotéoc
important genetic determinants in the analysis. It will be important to determine if specific types
of genetic differences are equally distributed between the treatment groups agehbetw

treatment responders and non-responders. It may be that teveffess of specific

interventions designed to promote neurodevelopment may be less effective in thesks suith)

certain genetierffeatures, and their inclusion in a batch analysis may obscure the effectiveness of
the intervention in other patients.

Weork to date suggests that just eliminating from the analysis those sulijcts w
recognizable syndromes may not be sufficient to account for significant genetis efie
neurodevelopmental performance measures. Genomic characterization (CMA analysis) and
exome/genome sequencing of non-syndromic CHD subjects has determined that pathogenic
CNVs andsmutations in genes responsible for both heart and brain developmentiticcur
sufficient frequency and have a significant enough impact to merit consideragrnassessing
neurodevelopmental performance in patients with CHD. Recent trials have sobgtiet
understand neurodevelopmental deficits using anatomic and functional neuroimaging and to
improve neurodevelopmental outcomes using early intervention strategies. lgdiutlinse
studies patients who have undergone detailed genomic characterization will improve
understanding of how genetic factors influence brain structure and organizatiofeahd af
neurodevelopmental performance and the response to intervention. We anticgadegrbthe
work to date, that geneticalljetermined deficits will affect different neurodevelopmental

domains and will be best accommodated by neurodevelopmental depegific and/or genetic
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mechanisispecific interventias. Similarly, the effectiveness of any neurodevelopmental
intervention will be best assessed with respect to any underlying genetic iilggept

Growth: As noted abovesatchup weight gain is more achievable than maintenance of normal
length.[1719].As a result, practices aimed at improving neonatal and infant growth may be
responsible forthe increased incidence of abnormal body mass index now reported in
adolescents'with CHD. While disease specific growth curves are available, and commonly used
in clinical practice for some genetic syndromes (such as trisomy 21), the ajuimgrowth
potential based oless commomenetic variations is not readily available. While many clinicians
may base ealoric strategies on proportional growth, better understanding of the iggweatt on
growth potential will allow for a more personalized approach in manyrisghnfants whose
caloric intake is\not selflegulated. Furthermore, similar to the need to control genetic risk in ND
studies, research aimed atraving growth and minimizing associated morbidities may
currently be confounded by the inability to appropriately stratify treatmentlzases on their

true growth=potential.

Ventricularfunction: The impact of genetic variation on ventricular function in patients with

CHD is netwyet well understood. Clearly, there are common genetic vaeantgEGFA

rs833069) which can have a modest impact on ventricular functiorlfir}and rare genetic
varants €.g., selectedMYHG6 variants) which can have a more significant imgpa02] There are
potentially4wesimportant implications of the findings to date. First, it is important to note that
there are amsinCreasing number of examples in which patight€WD have a mutation that
affects a gene that can also cause ventricular dysfunction and dilated gayghtmy. While this
may only affect.a small percentage of patients with CHD, it may be important to consider genetic
testing for,concurrent DCM in@HD patient with a decline in ventricular function that is out of
proportion.to.the cardiac lesion or its treatment. Second, studies evaluatingdce am

common genetic variation on ventricular structure and function [113,114,117] suggest that
variation in‘specific signaling pathways such as RAAS or adrenergic signaling may be suitable
for pharmacologic targeting to help improve ventricular function, ventricular remgdahd

even survival in all CHD patients or in selected patients with geneticspaeiiion to overor
under-activation of those pathways. Ongoing studies examining ventricular function (both in
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longitudinal and crossectional manner) in CHD subjects who have had genomic
characterizatiomnvith exome or genome sequencing will likely identify novel mediators of
ventricular function in CHD patients and help assess the relative impact ¢t gemgtion on

clinical outcomes related to ventricular performance.

Survival: Different mechanisms likely affect early p@perative survival compared to lotgrm
survivall To'date, genetic determinants such as the presence of a pathogenic CNkted inhe
variants in“specific signaling pathways primarily affect-naidd longterm survival after surgery
for CHD in infancy. As these genetic determinants of ltarg: outcomes become validated and
better definedpit may be possible to adapt longitudinal follow-up and institute congrgnsat
pharmacotherapy to help modify and improve outcomes, especially emdahbghest risk.
Identification ofithe genetic determinants of early outcomes has been moeagimgllikely

due to the large effects of technical surgical factors and patecific complications. It is
anticipated,that early outcomes, like mid- dae outcomes, will be modified by specific genetic
factors, thesidentification of which may depend on more precise determinatiua\aflberable

or fragile patient that requires escalation of care to prevent morbidities and mortality.

Future directions. Increasingly robust documentation and tracking of short- andtengy-

outcomes combined with more widespread clinical and reséasdd genetic characterization
of CHD patients promises to lead to rapid advances in the application of precisicmme
approachestonthe care of patients with CHD. Linkage of information across different data
sources, ineluding genetic, surgical and perioperative, and longitudinal follow-uptslatdbe
help identify genetic patterns leading to adverse clinical outscand foster the development of
individualized care and followp programs tailored to the genetic strengths ahtevabilities

of each patient.,Challenges will include (i) the storage, processing andigpnélgsge amounts
of data, (ii).the.adjudication of variants as pathogenic, likely pathogenic or unlengmincance
(along withreatime updating of status based on accumulating evidefigeihe assignment of
relative contributions of specific genetic factors to each out@md€iy) the maitenance of

privacy protections as information is shared across platformeantohually updated.

Summary
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Rapid advances in the identification of the genetic determinants of the ca¢B abupled

with the linkage of genetic testing and clinical outesndata has allowed substantial
improvement in our understanding of how genetic variation affects clinical oescionpatients
with CHD, Whatis emerging is that clinical outcomes in patients with CHD are dependent on a
combination.ef diseasgpecific, treatmentelated, and individual patiespecific factors.
Underlying,genetic variation has an increasingly recognized important impact omeutc
measures‘including neurodevelopment, growth, ventricular function and survival. Our ability t
accurately'a®ss outcomes in patients with CHD and to design and evaluate intervention
strategies will depend on a continued increase in our understanding of the nelpéigeof each
outcome determinant, including genetic determinants. In time, this will hopefaliytb a
precision medicine type of approach in which best clinical practices are eaotifoptimally

meet the needs of each individual patient, resulting in improved care and better clinical

outcomes.
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Table 1. Common developmental syndromes associated with CHD.

11°

Cardiac
Condition/Diagnosis | Genetic Defect | Prevalence Defect Associated Features
Down Syndrome Trisomy 21 1in 1000 births| CAVSD, Cardiac defects (480%); Short
ASD, VSD, stature; Cognitive deficits;
PDA, TOF Atlantoaxial instability; Immune
system dysfunction; Hypotonia;
Hypothyroidism

Turner Syndrome Monosomy X 1in 20065000 | CoA, BAV, Cardiacdefects (~30%); Short
(may be female births Dilated Ao stature (partially growth hormon
mosaic; may responsive); Cognitive deficits
involve all or (usually mild) & ADHD;
part of X Lymphedema
chromosome)

DiGeorge Syndrome| 22q11.2 del 1in 4000 births| 1AA, CAT, Cardiac defects (~605%); Short
(most TOF stature; Cognitive defits;
commonly) Thymic hypoplasia (leading to

immune defects);

Hypocalemia/hypoparathyroidism
Williams-Beuren 7911.23 1in 7500 births| supraAS, Cardiac defects (75%); Short
Syndrome supraPS stature; Cognitive deficits;

Hypercalcemia; Social

personality; Type 2iabetes

Complete atrioventricular septal defect (CAVSD), atrial septal defect (ASD), ventriculdr septa

defect (VSD), patent ductus arteriosus (PDA), interrupted aortic arch (IAA), truncus arteriosus
(CAT), tetralogy of Fallot (TOF), coarctation of the aorta (CoA), bicuspid aortic valve (BAV),

dilated ascending aorta (dilated Ao), supravalvar aortic and pulmonary steops\& and —

PS).

Table 2. Impact,of major categories of genetic determinants of CHD and their effects on

selected clinical outcomes.

Outcome Domain

Type of Genet

ic Variation

Survival

ND

Growth

V function

Notes

Chromosomal

Abnormality
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Down Syndrome +* ++ +++ - *Higher mortality
for single V heart
defects; other
defects unaffected

Trisomy 18 ++ ++++ ++++ -

Trisomy 13 +++ ++++ | ++++ -

Turner Syndrome - - +++ -

CNV

22011.2 +* + ++ - *Higher mortality
for pulmonary
atresia with VSD;
other defects
unaffected

Williams + + ++ -

Syndrome

1p36 del + + + -

Others + + + i

Single Gene
Disorders (rare
variant)

RASopathies +* -to ++ + - *In cases with
severe, early HCM

Ciliary Defects - - - - Increased respirator
complications

Transcription - - - -

Factor

Chromatin - + + -

Remodeling

Sarcomeric - - - ++

Single Gene
Disorders
(common
variant)
ApoE (e2 allele) - + - -
RAAS pathway - - - +* * Effect on
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ventricular
remodeling in single

V heart disease

VEGFA variant + - - +
Adrenergic + - - -
signal

Magnitude of effect represented by the number of +. No known effect represented by
Outcomes include survival, neurodevelopment (ND), growth and ventricular (V) function.
Abbreviations. Hypertrophic cardiomyopathy (HCM) and Renin-Angiotensin-Aldosterone

System (RAAS).
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Figure Legends:

Figure 1. Factors #ecting neurodevelopmental outcombteasured neurodevelopmental
outcomes _are directly influenced by how the brain has been formed and developed (Brain
Development), whether or not it has been injured during development apeeatively (Brain
Injury), and.how it has been affected by the patient’s social and educational environoegait (S
and Educational Factorsisenetic factors can have a primary effect on brain development. They
can also have a secondary or modifying effect (red arrows) on other factorsaffattbrain
structure and functiomcluding hemodynamic factors, hypoxic/ischemic injury, and drug/toxin-

mediated effects

Figure 2. Genetic determinants of congenital heart defects. The majority of congenital hear
defects doot have an identified genetic etiology. Unexplained CHD may be secondary to non-
coding genetic, epigenetic, and environmental factors, among others. All estimates a

approximaterand are based on recent publications. [20,31-40]

This article is protected by copyright. All rights reserved



jah3_3022_f1.pptx

[ Neurodevelopmental Outcomes ]

A

[Brain development} [ Brain injury J [ Social and Educational factors}
Genetic Hemodynamic Hypoxia- Drugs/ Early mterventlon/ Soao -demographic
factors factors ischemia toxins Education factors

l I |

This article is protected by copyright. All rights reserved



jah3_3022_f2.pptx

Genetic Causes of Congenital Heart Defects T

nuscript

Chrum.ﬁﬂmﬂl — Trisomy Ei;""'-.\
Abnormalities 16% N
6%

Lranarmi

Sy romes

This article is protected by copyright. All rights reserved



