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MOLECULAR GENETIC INVESTIGATION OF LEFT VENTRICULAR OUTFLOW TRACT 
OBSTRUCTION 

Catherine Louise Mary Mercer 

Left Ventricular Outflow Tract Obstruction (LVOTO) is a significant subtype of Congenital 

Heart Disease (CHD) with these lesions accounting for 14% of all CHD.  The associated 

mortality and morbidity associated with these lesions is significant with severe cases frequently 

fatal.  Although a multifactorial aetiology for LVOTO has been proposed, there are multiple 

strands of evidence to suggest that LVOTO is in at least some cases monogenic. The use of 

chromosomal abnormalities such as balanced translocations is a recognised tool in the 

identification of disease genes.  A patient was identified with LVOTO in association with a de 

novo balanced translocation, 46,XY,t(14;15)(q23;q26.3)dn  and the regions surrounding the 

breakpoints on both chromosomes were considered candidate loci for a causative gene.   

Investigation of the breakpoints by FISH and by mapping of the breakpoint on derived 

chromosome 14 showed that NR2F2, a transcription factor with a role in development, was 

interrupted by the translocation.  However, sequencing of NR2F2 in 112 DNA samples from 

patients with isolated LVOTO failed to show any additional mutations.  Due to the possibility of 

a position effect, additional genes up to 2 Mb from the breakpoints were considered candidate 

genes and the mRNA expression in murine embryos was studied.  mRNA expression patterns of 

Nr2f2 and Mctp2 were identified consistent with a role in cardiac development.   Subsequent 

sequencing of MCTP2 identified a single missense mutation in the LVOTO patient cohort, 

suggesting both genes may be involved in the aetiology of LVOTO.  Immunohistochemistry of 

NR2F2 and MCTP2 also showed patterns consistent with a role for both proteins in 

cardiogenesis; NR2F2 expression included atrial myocardium and heart valves and MCTP2 in 

the ventricular myocardium.  As copy number variation of NR2F2 and MCTP2 remained a 

further possible cause for LVOTO, DNA from 36 cases of isolated LVOTO with a normal 

karyotype and negative for mutations in NR2F2 or MCTP2, was interrogated using array 

Comparative Genomic Hybridisation.  Although no CNVs of the region containing these genes 

were identified, the interruption of NR2F2 by a translocation and discovery of a mutation in 

MCTP2 suggests that variation in either gene may be a low frequency cause of LVOTO.
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Chapter 1:  Introduction 

Congenital heart disease (CHD) refers to an abnormality of cardiac structure and 

subsequent function that is present at birth (Oyen, et al. 2009).  The reported incidence 

varies between 7-9 per 1000 live births, depending on methods of ascertainment (Pradat, 

et al. 2003).  CHD is the commonest type of birth defect (Springett 2009) and accounts 

for one third of infant deaths that result from a congenital malformation (Jennifer J 

Kurinczuk 2010). 

Nora et al, writing in 1968 defined the characteristics of disease inherited in a 

multifactorial way.  These were that such diseases are common, show aggregation in 

some families and have a sibling recurrence rate of between 1 to 5%.  Nora made the 

observation that the CHD fits with this model.  Other studies such as that of the familial 

aggregation of Coaraction of the Aorta (CoA) by Boon et al also concluded 

multifactorial inheritance (Boon and Roberts 1976; Nora and Nora 1978).  There are 

however also multiple strands of evidence that the cause of CHD is in at least some 

cases monogenic; these will be discussed and provide a rationale for the investigation of 

single gene causes of CHD. 

Increasingly, a genetic diagnosis as well as an anatomical diagnosis of a CHD lesion is 

beneficial.  Understanding the causes of CHD may be useful in prenatal management; 

for example when prenatal echocardiography shows CHD, genetic testing may allow a 

more precise diagnosis that also acknowledges aetiology (Pierpont, et al. 2007).  In 

addition, due to the significant improvements in medical care and management of 

patients with CHD in the past 20 years increasing numbers of children born with CHD 

are surviving into adulthood; using data from death certificates in the USA between 

1999 – 2006, deaths from CHD were found to fall by 3.6% annually (p<0.01) (Gilboa, 

et al. 2010).  As those with CHD increasingly survive to adulthood, a cohort is 

emerging who are also questioning what the risk of having a child affected by CHD will 

be.  In cases where a molecular diagnosis is made, much more information can be given 

regarding such recurrence risks.  As well as allowing informed choice regarding family 

planning, a genetic cause for CHD will also guide as to which other family members 

may be at risk of CHD that may be asymptomatic but amenable to treatment to avoid 

future symptomatic disease. 
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1.1 Classification of Congenital Heart Disease 

CHD represents a broad spectrum of disease phenotypes and can be subdivided in 

different ways such as by clinical manifestations , (for example, cyanotic versus 

acyanotic), anatomical or aetiological categories.  The International Committee for 

Classification of Congenital Heart Disease divides CHD into anatomical categories to 

allow comparison of clinical outcomes between treatment centres, but this classification 

reflects structure and not aetiology (Franklin, et al. 2008).  Other authors (Clark 1996) 

have classified CHD in terms of likely aetiological causes and within this classification 

system, Left Ventricular Outflow Tract Obstruction (LVOTO) represents an important 

subgroup of CHD, both in terms of morbidity and mortality.  Hypoplastic Left Heart 

Syndrome (HLHS), (on the LVOTO spectrum) has among the highest mortality rate of 

any type of CHD (Khairy, et al. 2010).  As well as Clark’s grouping of LVOTO lesions 

due to a proposed common aetiology, they also comprise a group of lesions which lie 

along an anatomical spectrum and as a group they exhibit high recurrence risks within 

families.  

1.2 Incidence of Congenital Heart Disease 

The reported incidence of CHD varies between studies.  There has been a reported  

increase over time; for example, in Birmingham between 1940-1944 an incidence of 3.7 

per 1,000 was reported by Macmahon et al, Br Heart Journal 1953, p121), compared to 

8/1000 in the data from the European Surveillance of Congenital Anomalies database 

between 2000-2005 (Dolk, et al. 2011), probably reflecting improvement in diagnosis.  

Incidence reported in other studies varies depending on whether or not milder lesions 

(such as very small defects in the ventricular septum, mild tricuspid regurgitation or 

bicuspid aortic valve) are included.  The incidence is reported as high as 50.3 per 1000 

live births in echocardiographic examination of 2067 consecutive newborns (Ishikawa, 

et al. 2011) but a review of 44 studies conducted since 1955 cited reported an overall 

incidence of symptomatic CHD of 6/1000; this figure was found to be consistent in 

different countries and over time (Hoffman and Kaplan 2002). 
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1.3 Left Ventricular Outflow Tract Obstruction 

1.3.1 Anatomical features of LVOTO 

The congenital LVOTO lesions comprise a specific sub-group of CHD and are due to 

abnormalities of the left sided cardiac structures; the group includes Bicuspid Aortic 

Valve (BAV), Aortic Valve Stenosis (AS), Coarctation of the Aorta (CoA), Interrupted 

Aortic Arch (IAA) and HLHS (McBride, et al. 2005). 

The morphologically normal aortic valve has three leaflets, but in BAV there are only 

two.  BAV is also known to be associated with other congenital cardiac anomalies 

affecting the aorta, such as CoA, and with lesions of the coronary vasculature (Siu and 

Silversides 2010).  In AS, the valve cusps are thickened, shortened, and may be fused.  

This results in narrowing of the valve lumen, reduced mobility of the cusps, and a 

consequent restriction of blood flow.  CoA lesions include a discrete narrowing of the 

aorta and a more diffuse tubular hypoplasia.  In IAA there is complete interruption of 

the aortic lumen (Kenny and Hijazi 2011). 

HLHS is the most severe form of LVOTO.  In this condition there is marked 

underdevelopment of the left ventricle associated with aortic valve atresia (valve is 

absent or imperforate) or severe stenosis.  This is often also accompanied by atresia or 

stenosis of the mitral valve; such involvement leads to the most severe cases of HLHS. 

In addition, the ascending aorta and aortic arch are hypoplastic.  The great arteries are 

normally aligned and ventricular septal defects (VSDs) are not typically present 

(Tchervenkov, et al. 2006).  Figure 1.1 shows a comparison between the anatomy of a 

normal heart and one affected with HLHS. 

1.3.2 Incidence and prevalence of LVOTO lesions 

Information of live birth incidence among the infants recorded in the Metropolitan 

Atlanta Congenital Defects Program recorded the incidence of CHD among 398,140 

live births between 1998-2005; incidence of LVOTO lesions per 10,000 was 2.3 for 

HLHS, 1.1 for AS, 4.4 for CoA and 13.5 for BAV (Reller, et al. 2008).  All types of 

LVOTO combined account for around 14% of CHD.  Rates for LVOTO are higher in 

males than females with a ratio of 2:1 (McBride, et al. 2005). 



 

 22 



 

 23  

The reported birth rate for clinically significant LVOTO has been stable for the last 50 

years but survival rates have improved, due to refinement of surgical techniques and 

better intensive care facilities (van der Linde, et al. 2011).  Between 1959-1963, 63% of 

deaths from CHD were in infants compared to 22% in 2004-2008. (Knowles, et al. 

2012) reflecting the improved life expectancy for individuals with this type of disease. 

1.4 Clinical significance and management of LVOTO 

The morbidity and mortality associated with lesions on the LVOTO spectrum is very 

varied, but cases of severe disease are often fatal.  While some LVOTO lesions are 

amenable to corrective surgery; for others, such as HLHS, only palliation is possible 

(Feinstein, et al. 2012).  Mortality resulting from severe LVOTO, although improved 

significantly over the past 20 years, remains high; in an analysis of 856 infants in 

California who died from HLHS born between 1990-2004, the death rate was shown to 

fall by 50% during this period (Gordon, et al. 2008). 

1.4.1 Clinical presentation of LVOTO lesions 

Babies with HLHS are typically at term, and initially may be apparently healthy.  This 

is because at birth, their circulation is dependent on the patency of the ductus arteriosus 

which allows blood to flow from the pulmonary trunk into the systemic circulation.  

When the duct begins to close however, blood flow is reduced leading to acute 

symptoms of hypoxia and shock (Connor and Thiagarajan 2007).  Those with severe AS 

and IAA may present in a similar way, but CoA typically presents with signs of 

progressive heart failure in infancy (Kenny and Hijazi 2011).  BAV is often 

undiagnosed, or may be detected when problems of aortic calcification or stenosis occur 

in adulthood (Fedak, et al. 2002). 

1.4.2 Treatment and survival for individuals with LVOTO 

Treatment for severe LVOTO has changed dramatically over the last 30 years; prior to 

this, surgical treatment was not successful so that the condition was universally fatal 

(Bove and Lloyd 1996).  The advent of palliative but life prolonging surgical techniques 

since the 1980s means that survival to adulthood is now possible in up to 70% of cases, 

albeit with considerable associated morbidity (Feinstein, et al. 2012).  Current surgical 
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treatment for severe LVOTO involves a staged approach of typically three open chest 

operations each with significant risk.  After the final stage, the resultant heart is 

functionally univentricular, and though compatible with life is associated with 

significant physiological limitation and morbidity.  Even with dramatic improvements 

in surgical outcomes, optimistic estimates are that 70% of infants born with HLHS may 

reach adulthood; longer term data does not exist yet since surgical techniques have 

evolved so rapidly over the past three decades (Feinstein, et al. 2012). 

The survival rates associated with other conditions on the LVOTO spectrum are 

variable.  Individuals with isolated congenital AS, when severe, also have significant 

mortality; in a series of 320 patients with AS, the 5 year mortality was >30% (Lofland, 

et al. 2001).  Outcomes following surgical repair of CoA are superior to those for 

critical AS or HLHS, but over 10% have complications such as re-stenosis requiring 

further surgical repair (Brown, et al. 2010). 

In those with BAV there is an excess of morbidity and mortality as there is an 

associated risk of aortic dilatation and dissection (Phillips, et al. 2010).  Abnormal 

stiffening of BAVs is frequent and occurs in young adulthood with calcification of the 

valve typically apparent from the fourth decade.  Half of aortic valve replacements due 

to calcification and stenosis are in cases of BAV illustrating the burden of disease from 

this condition (Ward 2000). 

1.4.3 Recurrence concerns 

When a baby is diagnosed with LVOTO, parents often have questions about why the 

lesion arose in their child, and also want to know if it might happen again in any 

children they may have in the future (Cox 2005).  Anxiety and a need for such answers 

are inevitably more marked when children are born with disease at the severe end of the 

spectrum of this disease; it is only by identifying the causes of LVOTO that these 

important questions can be answered and accurate recurrence risks given(Cox 2005) 

1.5 Aetiology of LVOTO 

At present, in the majority of instances the aetiology of LVOTO is unknown but both 

environmental and genetic causes have been shown to be instrumental in pathogenesis 

in some cases. 
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1.5.1 Maternal and environmental causes of LVOTO 

1.5.1.1 Maternal Disease 

Several maternal diseases during pregnancy increase the chances of a baby being born 

with LVOTO.  The mechanism in some cases is a direct result of the causative 

pathogen, but in others is due to effects of maternal medication required to treat a 

particular condition. 

Diabetes during pregnancy is associated with an increased risk of CHD including 

LVOTO as evidenced by data from 18 populations recorded via the EUROCAT register 

(European network of population based registries of congenital anomalies, 

http://www.eurocat-network.eu).  In an analysis of all malformations between 1990-

2005, an increased odds ratio was observed for CoA (1.91) in those with diabetes 

(Garne, et al. 2012).  This finding has been replicated in other studies including one that 

looked specifically at the incidence of HLHS in babies born to diabetic mothers (Abu-

Sulaiman and Subaih 2004).  The excess of CHD may be due to fluctuating maternal 

glucose levels causing alteration of the expression of certain regulatory genes in the 

embryo (Phelan, et al. 1997). 

A correlation has been found between reports of febrile illness in early pregnancy and 

CHD/LVOTO (Botto, et al. 2001).  Specific infections are also associated with 

increased rates of CHD, the best known of these being maternal rubella, though this 

does not typically cause LVOTO lesions (Stuckey 1956).  Maternal upper respiratory 

tract infection during the first trimester has been found to increase the risk of HLHS, 

(odds ratio of 2.5), (Tikkanen and Heinonen 1994) and incidence of CoA and AS show 

some seasonal variability, suggested to be due to coincidence of early pregnancy and 

seasonal increases in influenza (Samanek, et al. 1991). 

Rates of CHD in children born to mothers with epilepsy are increased.  In a study of 

2,278,838 mother-infant pairs in Canada between 2002-2010, in the presence of 

maternal epilepsy the odds ratio for the increased risk of fetal was 1.41 (Liu, et al. 

2013a).  Others have pointed out the uncertainty as to how much of such an excess risk 

is due to the teratogenic effects of drugs used to treat the condition (Jenkins, et al. 

2007).  Maternal phenylketonuria is also associated with greater than 6 fold increased 

risk of heart defects, with left sided lesions occurring more frequently than other types 

http://www.eurocat-network.eu/
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of CHD (Levy, et al. 2001).  Adherence to a phenylalanine restricted diet reduces the 

excess risk (Jenkins, et al. 2007).  

1.5.1.2 Maternal substance and drug exposure 

Results from the National Birth Defects Prevention Study (1997-2002) in which 

congenital abnormalities were recorded from nine birth defects surveillance registers in 

the USA and 32,662 women were interviewed about their perinatal exposure to 

potential teratogens, showed an association between mothers exposed to solvents and 

incidence of LVOTO in their offspring (Gilboa, et al. 2012).  A separate study of 

paternal occupation and congenital defects found an association between fathers who 

were chemical scientists, pharmacists and artists and incidence of children with IAA; a 

possible cause is exposure of the fathers to teratogens, but other studies have not shown 

such findings and thus the relationship remains unclear (Desrosiers, et al. 2012). 

Maternal smoking is significantly associated with increased risk of CHD, but much of 

this excess risk is of patent ductus arteriosus (PDA), and is not specifically associated 

with LVOTO (Kallen 1999).  A clear link exists between maternal ingestion of alcohol 

during pregnancy and CHD; in a series of children in whom a diagnosis of fetal alcohol 

spectrum disorder was been made, the rate of CHD was 39% (Burd, et al. 2007).  

Studies of developing quail hearts exposed to ethanol have shown an increase in 

cardiovascular backflow after each contraction, leading authors to suggest that structural 

abnormalities may be due to an earlier change in heart function (Karunamuni, et al. 

2014).  Maternal use of cocaine in the first trimester is associated with an increase in the 

incidence of heterotaxy (odds ratio of 3.7), possibly due to gene/environment interaction 

(Kuehl and Loffredo 2002). 

Many therapeutic drugs are known to be teratogenic and cause CHD. These include 

thalidomide, folate antagonists, ibuprofen and some antibiotics and anti-viral drugs 

(Jenkins, et al. 2007). Some have been found to increase the risk of LVOTO lesions, 

such as ibuprofen (BAV), suphonamides (CoA and HLHS,) and nitrofurantoins (HLHS) 

(Crider, et al. 2009).  

Intake of multivitamins and folic acid during pregnancy may reduce the risk of CHD but 

conversely, high levels of retinol containing vitamin A may increase rates of CHD 

(Jenkins, et al. 2007).  Animal studies exposing pregnant mice to high doses of vitamin 
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A have led to significant abnormalities of the outflow tract (Mulder, et al. 2000), 

suggesting a teratogenic effect of excess vitamin A intake. 

1.5.2 Evidence for genetic factors in the aetiology of LVOTO 

1.5.2.1 Retrospective case control studies 

Several large studies have looked at the recurrence risk for couples who already have 

one child affected by CHD, and more specifically for the recurrence risk for LVOTO 

lesions.  The Baltimore-Washington Infant Study (BWIS) (1981-1989) was a population 

based case control study that included all cases of babies born with CHD over an 8 year 

period and sought to identify genetic and environmental causes of the disease.  Cases of 

CHD were matched with controls and detailed information about demographic factors, 

maternal/paternal health and environmental exposures were obtained for all cases.  A 

family history of CHD in first degree relatives was also obtained.  In the study, of 38 

infants identified with HLHS, at time of birth, five already had one or more first degree 

relatives with CHD (referred to as precurrence risk).  13.5% of these relatives also had a 

LVOTO phenotype (Boughman, et al. 1987). 

1.5.2.2 Prospective studies 

In order to investigate the scale of familial recurrence of LVOTO, a number of studies 

have screened by echocardiography the first degree relatives (FDRs) of individuals with 

LVOTO lesions.  Table 1.1 summarises these studies which show that the incidence of 

CHD and LVOTO phenotypes is enriched within FDRs of the probands.  Authors of 

these studies point out the high degree of heritability of LVOTO and conclude that it is 

likely to be due to a genetic cause in a proportion of cases, possibly autosomal dominant 

with reduced penetrance (Huntington, et al. 1997).  Statistical analysis in one of the 

studies, including segregation analysis was consistent with a small number of loci in 

uncommon dominant genes (McBride, et al. 2005).  It has been suggested that the 

incidence of LVOTO in FDRs of probands is sufficiently high that clinical screening of 

FDRs by echocardiogram is justified on identification of the index case (Kerstjens-

Frederikse, et al. 2011). 
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1.5.2.3 Recurrence in families 

Recurrence of LVOTO within individual families has been reported and supports 

presence of an inherited factor in the aetiology of these cardiac conditions, although a 

common environmental factor cannot be excluded.  There are examples of families with 

multiple affected individuals with LVOTO lesions, both in single and multiple 

generations.   

Examples of multiple affected individuals within one generation include the following. 

A family of nine siblings was reported, three of whom developed critical AS in the 

setting of a BAV phenotype (McDonald and Maurer 1989).  No conclusions were made 

about the type of inheritance.  In a further pedigree, a 32 year old woman had four 

pregnancies, three of which involved a fetus affected by HLHS (Grobman and 

Pergament 1996).  A case of monochorionic twins, one of whom had HLHS and the 

other BAV was also suggestive of a genetic factor in the aetiology, though the shared 

environment should not be disregarded (Mu, et al. 2005). 

LVOTO has been reported in several different generations of the same family; BAV 

was reported in four individuals in two generations (Clementi, et al. 1996), suggestive 

of autosomal dominant inheritance.  In 1993, a three generation family was described, in 

which five individuals had CHD, and in four of whom the lesion was CoA.  It is 

possible that this pattern of disease was due to a mutation in an autosomal dominant 

gene with high penetrance (Gerboni, et al. 1993).  A group of four families was detailed 

in which lesions on the LVOTO spectrum were present in at least two generations 

(Wessels, et al. 2009).  In all four families at least one family member had a 

Hypoplastic Left Ventricle, part of the HLHS spectrum.  The authors concluded that 

malformations of the LVOTO spectrum are developmentally related, and could all be 

caused by a mutation in a single gene.  The same authors described two families with 10 

and 11 affected individuals respectively with CHD in three generations, the majority of 

whom had LVOTO, a pattern that could also be due to a monogenic cause.  Additional 

evidence suggestive of an inherited cause for LVOTO comes from a study in which 3 

families in at least two generations were affected by either BAV, thoracic aortic 

aneurysm, CoA, HLHS or a combination of two or more of these lesions (Loscalzo, et 

al. 2007).
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Due to the life limiting nature of HLHS, typically those affected by this form of 

LVOTO have not been able to reproduce.  Consequently there are no known parent-

child examples of HLHS.  With improved surgical treatment this may change as 

individuals survive to reproductive age. 

Consanguinity has been shown to be a risk factor for CHD.  One report detailed nine 

sibships (five of which had consanguineous parents) in which 15 individuals had HLHS, 

and the inheritance pattern within these families was suggestive of autosomal recessive 

inheritance (Shokeir 1974).  A larger study including 173 patients born with CHD 

(including HLHS cases) in nine hospitals in Lebanon, compared CHD cases with 865 

newborns unaffected by CHD.  This showed that the risk of CHD in babies born from 

consanguineous unions was 1.8 times higher than the risk to those born to non-

consanguineous unions, also suggesting autosomal recessive inheritance (Yunis, et al. 

2006).  

1.5.2.4 Occurrence of LVOTO with chromosomal abnormalities 

Around 12% of CHD is found in association with chromosomal copy number 

abnormalities (Hartman, et al. 2011).  LVOTO is associated with both aneuploidy and 

chromosomal deletions.  One study of females with Turner syndrome (45,X0), showed 

that 27% had BAV, 13% had  CoA and 2% had Aortic Arch Hypoplasia  (Mortensen, et 

al.).  Edward Syndrome (47,XX/XY+18) is associated with HLHS in 6% of cases 

(Richards and Garg 2010).  In individuals with the recurrently reported deletion of 

11q24.1, the incidence of LVOTO is also high with reports of HLHS in as many as 13% 

in one series (Schinzel 1983).  A further cohort of 93 cases of the deletion syndrome 

found a third had LVOTO, but only two children in the study had HLHS (Grossfeld, et 

al. 2004). 

The consistency of these observations suggests that there are genes within a critical 

region of particular chromosomes that when present in abnormal copy number 

contribute significantly to CHD.  A genome wide map of simple cytogenetically 

detected chromosome deletions from 1,753 individuals and their associations with 47 

congenital abnormalities was constructed; this included 60 patients with LVOTO. 

Deletion of 11q23-25 showed a highly significant statistical association (P<0.001) with 

HLHS and AS.  The region 3p14-11 was also significantly associated with AS, and 

regions 4q31-32 and 5q23-31 with CoA (Brewer, et al. 1998).  Chromosomal 
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abnormalities that have been reported in association with LVOTO are listed in Tables 

1.2 and 1.3.  This includes published cases (Table 1.2) and those available on 

‘Decipher’ (Table 1.3), the database of human chromosomal imbalances and phenotypes 

(http://decipher.sanger.ac.uk/).  Asterisks mark areas of the genome that are recurrently 

found to be deleted or duplicated; those listed have an LVOTO phenotype reported in 

association with them in some instances, though typically the penetrance of such cardiac 

lesions is low.  Regions reported are also illustrated with ideograms of the chromosomes 

in Figures 1.2 to 1.5.  The most severe phenotypes are useful, that is HLHS, as in such 

cases clinical diagnosis is least ambiguous.  The regions of the genome involved in each 

case may point towards good candidate genes for lesions in the LVOTO spectrum, for 

example the region on 15q26 in which there are multiple cases of LVOTO reported in 

association with deletions of this region. 

1.5.2.5 Occurrence of genetic syndromes that include an LVOTO 

phenotype  

Certain genetic syndromes have consistently been reported in association with particular 

types of CHD, and in many cases a causative gene has been identified.  Examples 

include, Alagille syndrome, a condition including bile duct paucity, butterfly vertebrae, 

dysmorphic features and CHD (the lesion is typically pulmonary artery stenosis but 

HLHS has been reported (Robert, et al. 2007)), is caused by mutations in JAG1 or 

NOTCH2 (Krantz, et al. 1997; McDaniell, et al. 2006); Kabuki syndrome is commonly 

associated with CoA (Hughes and Davies 1994) and Cornelia de Lange syndrome with 

septal defects and Pulmonary Stenosis (PS) (Jackson, et al. 1993).  These findings 

suggest a role in cardiac development for genes in specific syndromes.  There are many 

more examples of HLHS arising in a syndromic context and these are summarised in 

Table 1.4.  Regions implicated for these syndromic associations may contain candidate 

genes for CHD.  

1.5.2.6 Genes in which mutations have been identified that cause 

isolated LVOTO 

Several genes have been identified (summarised in Table 1.5) that when mutated are 

associated with isolated clinically significant LVOTO.  For each of these genes, 

reported cases are few and none of these genes has been found to be a major cause of 

isolated CHD.  Table 1.5 shows the genes identified and summarises the main 

http://decipher.sanger.ac.uk/
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approach used to identify the gene in each case.  The genes are discussed further in the 

context of their significance in embryogenesis in section 1.7.  The ideograms of 

chromosomes 1-23 are also annotated with these known genes in Figures 1.2-1.5. 

1.5.3 Interaction between genes and environment 

There is evidence that some CHD is due to interaction between genetic variation and the 

environment; Cresci hypothesised that polymorphisms in glutathione S-transferase 

enzymes (which normally provide important defence against many toxins) may lead to 

altered ability to eliminate environmental pathogenic entities, leading to CHD in some 

individuals.  Null genotypes in offspring resulted in a more significant effect due to 

parental toxin exposure, such as cigarette smoking (Cresci, et al. 2011).  Animal studies 

of homozygous knockout Cited2 mice, in which the phenotype includes cardiac 

malformation and in some cases laterality defects, have shown that a maternal high fat 

diet dramatically increases the incidence of defects of laterality, suggesting interaction 

between genes and fetal environment (Bentham, et al. 2010). 

1.5.4 Proposed hypotheses for a unified genetic cause for lesions 

on the LVOTO spectrum 

The occurrence of lesions on the spectrum of LVOTO among first degree relatives 

suggests a unified aetiological cause for these lesions (McBride, et al. 2009).  In the 

system of classification of CHD proposed by Clark, different types of CHD are grouped 

together by proposed common aetiological factors, (see Table 1.6 for Clark’s 

classification system).  Lesions on the LVOTO spectrum are grouped together into 

Group 2 of Clark’s classification which relates to abnormal intracardiac blood flow 

because they are all thought to arise subsequent to an initial degree of obstruction which 

in turn reduces left heart blood flow (Clark 1996).  

Animal models also lend support to the theory of cardiac morphogenesis being 

influenced by blood flow (Harh, et al. 1973),(Hove, et al. 2003).  Experimental 

manipulation of cardiac blood flow in chick embryos has led to progressive hypoplasia 

of the LVOT and left ventricular tissue (Harh, et al. 1973), giving credence to a 

mechanism of reduced left heart blood flow as a unified aetiological cause.  The effect 

of fluid forces on cardiogenesis has been shown in zebrafish models in which 
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obstruction of the outflow or inflow tract using occlusive beads leads to failure of 

development of the bulbus, heart looping and ventricular/atrial positioning (Hove, et al. 

2003).  Since intracardiac forces can lead to alterations of cytoskeletal structure and 

alter the expression profiles of genes (for example, the shear-induced PDGF (platelet 

derived growth factor) expression in human endothelial cells (Hsieh, et al. 1992)), it has 

been suggested that the haemodynamics of cardiac development are an important factor 

in cardiogenesis (Hove, et al. 2003).  

Additional support for a flow hypothesis comes from the observation that in those with 

HLHS, the size of the formen ovale is smaller than average; in one series of 80 human 

fetuses, of which 19 had LVOTO, the ratio of the foramen ovale size to atrial septum 

size was reduced, (p<0.001) (Feit, et al. 1991).  Of these, in nine cardiac blood flow was 

examined, and reversal of normal flow (from right atrium to left) was observed in seven 

of these (Feit, et al. 1991).  Abnormal morphology of the septum primum is also 

associated with HLHS; in some cases its attachment is deviated and arises on the left 

atrial wall.  This configuration also alters atrial shunting during fetal development 

(Chin, et al. 1990).  The cases of HLHS with the worst prognosis are those in which the 

atrial septum is completely intact, giving further evidence of the importance of 

intracardiac blood flow in normal cardiogenesis (Feinstein, et al. 2012).  It is possible 

that mutations in genes that have a role in aspects of the morphology of the developing 

heart that affect subsequent blood flow may indirectly cause HLHS.  

1.6 Cardiogenesis 

Heart development is under the control of developmental pathways that are well 

conserved between species (Olson 2006).  Here, the development of the heart is 

described, and genes implicated in LVOTO discussed. 

1.6.1 Formation of the blastula and primitive streak 

In amniotes, fertilised eggs form into a blastula which then develops a primitive streak.  

This is an arrangement of epithelial cells that have undergone transition to form 

mesodermal cells along the eventual midline.  The evolution of the primitive streak 

creates an antero-posterior axis (Williams, et al. 2012). 
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1.6.2 Progenitor cell migration and commitment to cardiac 

lineage 

After establishment of the primitive streak in the embryo, future cardiac cells migrate to 

the anterior lateral plate mesoderm.  This includes some cells of the primitive streak 

itself, and other pre-cardiac cells that are located in the epiblast next to the primitive 

streak (Garcia-Martinez and Schoenwolf 1993).  Cited2 (a transcription co-factor and 

very early cardiac marker), is identifiable in primitive streak cells which will later 

become cells of the heart (Schlange, et al. 2000).  Migration of the precardiac mesoderm 

cells is also reliant on Mesp1 and Mesp2, basic helix-loop-helix transcription factors; 

expression of Mesp1 is one of the earliest markers of pre-cardiac cells (Kitajima, et al. 

2000; Saga, et al. 1999). 

After migration, future cardiac cells lie in the cardiac crescent (see Figure 1.6a). 

(Rosenquist and DeHaan 1966).  Within the cardiac crescent are two distinct groups of 

mesodermal cells, the first heart field (FHF) and the second heart field (SHF) 

(Buckingham, et al. 2005).  Cells of the FHF differentiate into cardiomyocytes as a 

result of signals received from the underlying endoderm (Brand 2003).   

Three groups of growth factors are particularly important in this processs; Bone 

Morphogenic Proteins (BMPs), which are members of the TGF-β superfamily, 

Fibroblast Growth Factors (FGFs) and the proteins in the Wnt family (Olson and 

Schneider 2003). 

Many BMPs are expressed in the heart and have been shown to induce cardiac cell 

formation in cardiac explants (Lough, et al. 1996).  Fibroblast Growth Factors have also 

been found to be important in the early induction of cardiomyocytes.  (Lough, et al. 

1996).  There is evidence of the importance of a combination of growth factors in the 

process of cardiomyocyte differentiation; Lough et al, studied in vitro cardiogenesis in 

precardiac mesoderm which was found to occur only with a combination of growth 

factors BMP-2 and FGF-4 (Lough, et al. 1996).  Cardiogenesis did not proceed in the 

presence of either factor in isolation (Lough, et al. 1996).  

Members of the Wnt family of genes or their ligands have been found to be expressed in 

the developing heart, consistent with a role in cardiogenesis.  Examples include Wnt2, 

strongly expressed in murine cardiac crescent at 7.5 days post conception (dpc)  
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(Tian, et al. 2010), Wnt7a, mRNA of which has been found to be expressed in the 

outflow tract of the heart in the 3.5 dpc chicken embryo and Wnt11, mRNA of which is 

expressed in the interventricular septum at 5 dpc (Bond, et al. 2003).  The Wnt proteins 

are extracellular growth factors that act via different signalling pathways (Gessert and 

Kuhl 2010).  Action of Wnt genes has been shown to be both by the inhibition or 

activation of Wnt signalling pathways; infection of chick heart mesoderm in explants 

with RCAS (Replication Competent Avian Retroviruses)-vectors for Wnt-3a or Wnt-8c 

results in reduced expression of cardiac specific genes (Marvin, et al. 2001); but 

treatment of murine embryonic carcinoma stem cell line p19 with murine Wnt11 

containing medium has also been found to induce cardiogenesis (Pandur, et al. 2002).  

1.6.3 Formation of the linear heart tube 

The formation of the heart tube arises when cells of the FHF migrate and join together 

along the midline of the embryo, around day 21 in humans (see figure 1.6b) (Olson and 

Schneider 2003).  Gata4 and Mesp1 (both transcription factors) are important in this 

process; deletion of either of these genes in mouse models causes failure of the cells of  

the cardiac crescent to migrate and fuse, causing cardia bifida (Watt, et al. 2004), (Saga, 

et al. 1999). Cells from the SHF then migrate to the midline and lie dorsal to the heart 

tube.  Later, they migrate further to add to the framework created by cells of the FHF; 

SHF cells are destined to form the RV, CT and part of the atria (see figure 1.6b and c) 

(Srivastava 2006b).  FHF cells become mostly LA and LV tissue.  The heart tube then 

lengthens, and becomes dilated and constricted into regions that will later become the 

different chambers of the heart (Srivastava 2006b).  Within the heart tube 

myofibrilogenesis occurs and the tube begins to beat (Srivastava 2001). 

1.6.4 Looping of the heart tube and establishment of left to right 

asymmetry 

Looping of the primitive heart tube occurs in humans between days 23 and 28 of 

gestation (C Patterson 2011) and is the first event in embryogenesis that establishes 

laterality (Kathiriya and Srivastava 2000).  The heart tube loops to the right and the 

ventral surface becomes the outer curve of the loop, and the dorsal surface the inner 

curve (see figure 1.6c).  Many genes are expressed in specific locations within the tube, 
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and their expression influences the linear tube looping and establishment of laterality of 

the heart.  Examples include the asymmetric expression of Tbx5 in the murine 

developing heart in which there is expression in the future left ventricle but not the right, 

demonstrated by mouse WISH (Bruneau, et al. 1999).  The same technique has been 

used to show Hand1 expression patterns at the time of looping of the heart tube; this 

showed enhanced expression of the gene on the left side of the heart tube (Biben and 

Harvey 1997). 

Differential expression of Nodal (growth differentiation factor) and Lefty (growth factor) 

are also involved in the induction of rightward looping; Nodal and Lefty are expressed at 

higher levels on the left side than the right (Isaac, et al. 1997).  Later in development the 

transcription factor Pitx2 is expressed asymmetrically and also contributes to the 

laterality of the developing heart (Logan, et al. 1998).  

Subsequent to heart tube looping, differential ‘ballooning’ of sections of the tube occurs 

to produce the chambers of the heart.  The chambers of the heart have their own identity 

in terms of which genes are expressed in each area.  Examples include Hand1, Hand2 

and Irx4i that are expressed primarily in the ventricles (McFadden, et al. 2005) (Bao, et 

al. 1999) and Nr2f2 (transcription factor) which is an atrial specific gene, presence of 

which is required for atrial growth (Pereira, et al. 1999). 

1.6.5 Valve formation 

Endocardial cells of the outflow tract and atrioventricular canal (AVC) undergo 

transformation into mesenchymal connective tissue and subsequently migrate to form 

endocardial cushions.  These cushions later make up the heart valves and septa 

(Nakajima, et al. 2000).  At the same time, cells from cardiac neural crest also migrate 

into the outflow tract.  

Important genes in endocardial cushion formation include TGF-β genes (notably the 

type III Tgf-β receptor), (Brown, et al. 1999), Bmp2 and 4 (Yamagishi, et al. 1999) and 

Notch1 (Timmerman, et al. 2004).  Endothelial transformation into mesenchyme is 

related to levels of the growth factor Vegf, implying a role in valve formation (Dor, et al. 

2003).  Nf-atc is spatially expressed in the developing valves and is also implicated in 

animal studies as having a role in this process (Ranger, et al. 1998). 
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1.6.6 Septation 

Atrial septation (see Figure 1.7) occurs as the septum primum develops from the wall of 

the common atrium.  Fenestrations appear in the septum primum so that patency 

between the two developing atria is maintained.  Growth of the septum secundun arises 

and the eventual barrier between the two atria is formed from septum secundum and a 

‘valve’ of tissue from the septum primum that closes due to changes in blood flow 

haemodynamics at birth.  The ventricular septum arises when a muscular portion grows 

upwards from the base of the common ventricle towards the endocardial cushions 

(Abdulla, et al. 2004).  There is evidence from human studies that some septal 

phenotypes arise due to mutations in NKX2.5, TBX5 and GATA4; mutations in all three 

genes are associated with dominantly inherited CHD the phenotype of which includes 

ASDs; mutations in GATA4 are also associated with dominantly inherited VSDs 

(Basson, et al. 1997; Garg, et al. 2003; Schott, et al. 1998). 

1.6.7 Outflow tract development 

Septation of the common outflow tract (conotruncus) arises subsequent to the 

development of outflow tract cushions (see figure 1.6c) and the addition of cells of the 

cardiac neural crest that have migrated towards the outflow tract.  The outflow tract 

cushions grow in a spiral shape within the conotruncus and form the septum between 

the aorta and pulmonary artery (Srivastava 2006a).  These two populations of cells also 

form the aortic and pulmonary valves (C Patterson 2011). Mouse knockout studies 

involving Sox4 and Nf-atc homozygotes implicate these genes in this process (Chisaka 

and Capecchi 1991; Ranger, et al. 1998; Ya, et al. 1998). 

The development of the aortic arch and associated arteries is dependent on cells from 

the cardiac neural crest and the SHF (C Patterson 2011).  In human development, 

between weeks 4 and 5 of gestation, pairs of arch arteries form which are then re-

modelled with the addition of the cardiac neural crest cells to form the aortic arch, 

associated vessels and part of the pulmonary vessels.  Genes and pathways important in 

the development of the outflow tract and aortic arch include Hox genes, such as Hoxa3 

(Chisaka and Capecchi 1991).  Cells of the SHF are also regulated by many genes 

including Tbx1, Shh (Dyer and Kirby 2009) and Connexin 43. 
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The development of the mature heart, shown in figure 1.6d, is dependent on many 

hundreds of genes interacting together.  These genes when mutated and perhaps others 

in their classes are therefore candidates for aetiological explanation and contribution to 

CHD. 

1.7 LVOTO disease causing genes in cardiogenesis 

The study of genes that when mutated cause LVOTO in human gives insight into the 

classes/function of genes already known to be involved in this process.  It is possible 

that other genes also in these classes or with similar function are also good candidates 

for the causation of non-syndromic CHD.  Genes associated with a human LVOTO 

phenotype are discussed here. 

1.7.1 CFC1 

CFC1 is a member of the epidermal growth factor (EGF) superfamily, all members of 

which encode secretory proteins that contain the EGF motif, necessary for protein to 

protein interactions (Shen, et al. 1997).  The gene is well conserved across species with 

orthologues in other species including oep in zebrafish and Cryptic in mouse (Shen, et 

al. 1997).  

Although the majority of human phenotypes reported in association with mutations in 

CFC1 involve left to right axis abnormalities (Bamford, et al. 2000),(Cao, et al. 2015) 

the human phenotype also includes the LVOTO lesion IAA (Roessler, et al. 2008); a 

case of IAA was associated with a missense mutation in this gene.  Other genes with a 

predominant role in the establishment of laterality may therefore also cause LVOTO 

lesions.   

Early in mouse development, Cryptic is expressed specifically within the murine 

primitive streak, consistent with a role in mesoderm differentiation (Shen, et al. 1997).  

Later in embryonic development, the role of Cryptic in L-R axis formation is shown by 

the phenotype of the homozygous knockout mouse; such mice have multiple defects of 

laterality such as dextrocardia or mesocardia in about 50% of cases.  Most affected mice 

also have other cardiac abnormalities such as TGA, and 100% have 

asplenia/hypospolenia (Gaio, et al. 1999).  The evidence of a murine knockout 

phenotype before mutations in the orthologous gene were identified in association with 
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CHD in humans shows that any other genes with a murine cardiac phenotype should be 

considered to be candidates for human CHD. 

The interaction of Cryptic with other genes known to be important in laterality is also 

shown in murine knockout models; Cryptic homozygotes lack expression of Lefty1 and 

Lefty2 early in embryogenesis (Yan, et al. 1999).  Where one gene is associated with a 

disease phenotype, others in a common pathway may also be candidate genes for the 

condition in question.  This is illustrated by the discovery that mutations in LEFTY2 are 

associated with left to right axis malformations in humans (Kosaki, et al. 1999). 

1.7.2 VEGFA 

VEGFA (Vascular Endothelial Growth Factor A) is a vasculogenic growth factor, 

identified when the addition of VEGF to human embryonic kidney cells resulted in 

increased proliferation of capillary endothelial cells (Leung, et al. 1989).   

Mutations in this gene have been linked to increased risk of developing LVOTO; in a 

series of 192 patients with non-syndromic LVOTO, 3/192 were found to have exonic 

mutations in VEGF (Zhao, et al. 2010).  Two of the mutations found led to a premature 

stop codon and the third was a missense mutation that changed a highly conserved 

arginine residue to a glutamine.  

Before the heart begins beating, mesenchymal cells cluster together to form vascular 

channels, after which angiogenesis occurs; this involves the remodelling of these 

primitive vascular channels together with endothelial cell proliferation (Simons and 

Eichmann 2012).  The de novo formation of vascular channels requires VEGFA 

signalling; the endothelial cells of quail embryos treated with soluble VEGFR-1 (which 

depletes the level of bioavailable VEGFA) do not show the protrusion and extension 

necessary to form vascular channels (Drake, et al. 2000). 

Evidence for a role in cardiac development comes from mouse knockouts; Vegfa+/- 

mouse embryos have deficiency in blood vessel formation including a thinner than 

normal aorta and underdeveloped endocardial cushions.  In Vegfa-/- mice the aorta fails 

to form at all (an abnormality of the LVOT), resulting in death mid gestation (Carmeliet, 

et al. 1996).  A Cre/lox conditional knockout of heterozygous mutations of Vegfa in 
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murine cardiac tissue results in reduced numbers of coronary microvessels and thinned 

ventricle walls with reduced contractility (Giordano, et al. 2001).   

From animal models and observed mutations in humans with CHD, it is clear that 

VEGFA has a role in CHD; it is possible that more mutations are not seen in humans 

with CHD because they largely lead to death during gestation (van den Akker, et al. 

2012).  Other genes involved in the formation of blood vessels may also be candidate 

genes for CHD in humans. 

1.7.3 MYH6 

The major components of the sarcomeres in cardiac muscle are the proteins myosin and 

actin.  Myosin comprises two heavy chains, two light chains and two regulatory 

subunits.  MYH6 encodes the alpha myosin heavy chain subunit, which is primarily 

found in the atria (Epp, et al. 1993; Franco, et al. 1998).  

Animal studies have shown a role for Myh6 in cardiac development.  Homozygous 

knockout embryos of Xenopus tropicalis show absence of cardiac contractility at the 

heart looping stage of cardiogenesis and immunohistochemical studies of knockouts 

show reduced levels of protein and a failure of normal organisation within myofibrils 

(Abu-Daya, et al. 2009).  Knockdown studies of amhc (zebrafish orthologue of MYH6) 

using anti-amhc morpholinos that block translation result in zebrafish embryos with 

abnormalities in atrial myofibrillar organisation.  The abnormal atria are believed to 

have a secondary functional response and the ventricles are smaller than wild type with 

thickened ventricular walls.  Knockdown of amhc also leads to alteration in expression 

of other myocardial genes such as atrial naturiuetic factor, a marker of cardiac chamber 

formation (Berdougo, et al. 2003).   

The commonest human CHD phenotype associated with mutations in MYH6 is ASDs, 

but a missense mutation predicted to affect tertiary protein stability has also been 

identified in association with AS (Granados-Riveron, et al. 2010).  This observation 

means that other sarcomeric genes may also be candidates for LVOTO lesions.  The 

observation of likely secondary functional effects on the developing ventricles in 

zebrafish knockdowns also suggests that mutations in genes that affect atrial function 

should also be considered candidates for a ventricular phenotype such as HLHS.  

Mutations in MYH6 are also found in non-congenital heart disease as they are associated 
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with postnatal development of both hypertrophic cardiomyopathy (HCM) and dilated 

cardiomyopathy (DCM) (Carniel, et al. 2005).  

1.7.4 CONNEXIN 43 

CONNEXIN43 is one of over 20 gap junction genes in the human genome.  Gap 

junctions comprise clusters of multiple intercellular channels that allow small molecules 

to exchange between adjoining cells.  These connections are found in most mammalian 

cell types, emphasising their importance (Laird 2006).  Gap junctions are widely 

expressed in embryos and are thought to facilitate and control cell signalling during 

basic developmental processes (Waldo, et al. 1999). 

Connexin43 expression predominates in the dorsal neural tube and in subpopulations of 

neural crest cells, significant as development of the outflow tract includes involvement 

and migration of cardiac neural crest cells.  In mouse models, increased expression of 

Connexin43 is associated with an increase in the rate of neural crest cell migration and 

of levels of neural crest cells in the developing outflow tract.  Murine germline 

homozygous knockouts for Connexin43 survive to term but die shortly after birth due to 

obstruction of the right ventricular outflow tract and conotruncal heart malformations 

(Ewart, et al. 1997; Reaume, et al. 1995).  Other abnormalities described in Connexin43 

knockout mice include asymmetry of left to right patterning (Britz-Cunningham, et al. 

1995).  In addition, the propagation of electric impulses in the beating heart is via gap 

junctions, further underlying their importance in cardiac function; in mice homozygous 

for a Connexin43 mutation, the conduction of cardiac impulses at birth was 30% slower 

than in those with the wildtype (Guerrero, et al. 1997). 

Mutations in Connexin43 in DNA taken from explanted hearts with CHD were found in 

8/14 children with HLHS (Dasgupta, et al. 2001).  Four different sequence changes 

were identified in these explants, two were silent polymorphisms and two missense, 

leading to replacement of arginine with glutamine.  Failure by other groups to identify 

mutations in Connexin43 in large groups of individuals with similar types of CHD has 

led to speculation that the mutations found in the cohort above were due to laboratory 

artefact (Toth, et al. 1998).  The human phenotype caused by mutations in Connexin 43 

is thus under debate but this and animal studies suggest a role for this gene in CHD. 
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1.7.5 NODAL 

NODAL is a member of the Transforming Growth Factor beta superfamily of 

transcription factors (Zhou, et al. 1993).  Important roles for this gene, along with others 

in the nodal signalling pathway include induction of mesodermal and endodermal cells 

and initiation of left-right asymmetry (Lowe, et al. 1996).  In cardiogenesis it is 

important in the establishment of correct visceral symmetry and cardiac looping. 

Initial expression of Nodal is in the primitive streak and loss of function mutations of 

this gene in mice are associated with failure to form this structure, suggesting a role in 

the organisation of primitive embryonic tissues (Conlon, et al. 1994).  Nodal becomes 

very highly localised in the anterior node of the primitive streak and transplantation of 

this node induces an additional body axis if grafted into host embryos, giving evidence 

of a role for Nodal in body axis initiation (Zhou, et al. 1993).  A role in laterality is also 

shown by the conservation across species of the asymmetric expression of Nodal 

orthologues in the left lateral plate mesoderm.  Ectopic expression of Nodal results in 

both the reversal of visceral organ polarity and abnormalities in looping of the early 

heart tube (Harvey 1998). 

Mutations in NODAL have been found in humans with situs ambiguous; a missense 

mutation was identified in the prodomain of NODAL in an affected girl and in her 

unaffected mother, a mutation not present in 200 control chromosomes (Gebbia, et al. 

1997).  In a cohort of 269 individuals with heterotaxy and or other isolated CHD 

lesions, mutations were identified in NODAL in 5.2% including one individual with 

TGA, Dextrocardia, and DORV, ASD, VSD and CoA (missense mutation) suggesting 

this gene may play a role in LVOTO phenotypes. 

1.7.6 NKX2.5 

Nkx2.5 is a homeobox gene and transcription factor, a class of genes known to play 

important roles in embryological processes (Lobe 1992).  The homeodomain is involved 

in DNA binding and direct interaction with other transcription factors (Pradhan, et al. 

2012). 

The role for NKX2.5 in cardiogenesis was identified by studying its homologue, tinman 

in Drosophila; in the fruit flies which are homozygous knockouts for tinman, the dorsal 
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vessel (analogous to the human heart) fails to develop (Bodmer 1993).  Expression 

studies are consistent with a role in early embryogenesis and cardiogenesis; murine 

WISH studies show that Nkx2.5 RNA transcripts are expressed just after the appearance 

of the primitive streak in precardiac mesoderm (Lints, et al. 1993).  Later, expression is 

also found in the myocardium of fetal hearts as well as in adult murine hearts (Lints, et 

al. 1993).  Nkx2.5 has been found to be expressed in both the first and second heart 

fields although progenitor cells from these two regions contribute to different parts of 

the mature heart, suggesting it is a transcription factor with an overarching role in 

cardiac development (Buckingham, et al. 2005). 

Murine homozygous knockouts for Nkx2.5 undergo formation of the heart tube but 

looping is not normal and expression of some ventricle specific genes is also reduced 

(Lyons, et al. 1995).  A role for Nkx2.5 in ventricle formation was further illuminated by 

experiments using homozygous murine knockouts for both Nkx2.5 and Mef2c.  In such 

double knockouts, ventricular development was severely compromised (Vincentz, et al. 

2008a).  Since in isolation Nkx2.5-/- and Mef2c-/- knockouts both have identifiable 

ventricles, and the two genes share spatiotemporal expression (Vincentz, et al. 2008a), it 

is hypothesised that there is a functional interaction and synergy between the two genes 

which is necessary for ventricle formation (Vincentz, et al. 2008a).  Further evidence for 

the role of Nkx2.5 in the modulation of the action of other genes comes from using 

antisense inhibition to disrupt Nkx2.5  in human ventricular myocytes.  Subsequent to 

antisense inhibition, levels of Gata4 were found to be reduced, suggesting that Nkx2.5 

activity may exert a controlling effect on Gata4 (Riazi, et al. 2009).  Nkx2.5 has also 

been found to form important association with multiple other genes known to be 

important in embryogenesis; for example, Nkx2.5  has been found to bind directly to the 

promoter of the gene for cardiac specific natriuretic peptide precursor type A (Nppa), in 

tandem with the transcripton factor Tbx5 (Hiroi, et al. 2001).  Consensus binding sites 

have been identified in Nkx2.5 for GATA and HOX motifs; the importance of the 

GATA box in regulating Nkx2.5 is also evidenced by the observation that where there is 

mutation of the GATA sites, the action of Nkx2.5 fails to occur in the developing heart 

(Searcy, et al. 1998). 

Mutations have been identified in NKX2.5 in individuals with CHD.  Using linkage in 

four families with CHD (predominantly with ASDs but also including TOF, VSD, AS, 

LV hypertrophy), NKX2.5 emerged as a good candidate gene and mutations (two of 
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which led to premature truncation of the protein and one missense mutation) were found 

that co-segregated with CHD in the families (Schott, et al. 1998).  There have been 

reports of mutations in NKX2.5 associated with a variety of CHD phenotypes such as 

TOF, TA, DORV as well as the LVOTO lesions, IAA, CoA and HLHS (missense 

mutations).  This suggests that the gene contributes to a diverse range of cardiac 

developmental pathways (Goldmuntz, et al. 2001; McElhinney, et al. 2003). 

1.7.7 HAND1 

The transcription factor Hand1 is a member of the basic Helix-Loop-Helix family of 

proteins and is critically important in heart development (Reamon-Buettner, et al. 2009).  

Expression of Hand1 in developing chick and mouse embryos has been identified using 

labelled antisense oligonucleotides, where it is expressed in the bilateral heart 

primordia , and in later stage embryos in the primitive heart tube consistent with a role 

in cardiogenesis (Srivastava, et al. 1995).  Using a Cre-lox mouse knockout, absence of 

Hand1  transcripts in the developing myocardium of 9.5dpc embryos resulted in a 

phenotype including VSDs, AV valve abnormalities, hyperplastic endocardial cushions 

and outflow tract abnormalities (McFadden, et al. 2005; Riley, et al. 1998).  Hand1 is 

also expressed in cardiac neural crest cells that migrate to the pharyngeal arches 

(Vincentz, et al. 2011) and since much CHD has aetiology implicating these cells, a role 

for Hand1 mutations in causation of such CHDs as VSD, aortic arch abnormalities and 

aortic and pulmonary valve defects is credible (Vincentz, et al. 2008b). 

Mutations in HAND1 in humans with LVOTO have been found looking at DNA taken 

from hearts with HLHS morphology retained as pathological specimens (Reamon-

Buettner, et al. 2008).  A frame shift mutation was found in 24 of 31 HLHS hearts, a 

mutation predicted to be important in DNA binding and absent in a control group of 

similarly preserved specimens (Reamon-Buettner, et al. 2008). 

1.7.8 ELN 

Elastin, encoded by Eln, is a structural matrix protein and one of the two components 

that constitute elastic fibres.  The physiologically important tensile characteristics of 

many tissues such as blood vessels are due to elastin and the protein is highly conserved 

across vertebrates (Rosenbloom 1984).  Eln is expressed at high levels in the last seven 

days of mouse fetal development, coinciding with the period of growth in which the 
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blood flow also increases dramatically and the diameter of arteries increases.  

Homozygous knockout mice, Eln(-/-), have tortuous and stenotic arteries, high LV 

pressure and poor cardiac output (McLean 2005).  They typically die soon after birth; 

showing that elastin plays a critical role in the development of the cardiovascular 

system.  Heterozygous knockout mice have significant hypertension and reduced calibre 

blood vessels (McLean 2005). 

The importance of ELN in the human heart was discovered in 1993 when in two 

families with Supravalvular Aortic Stenosis (SVAS) and a chromosome translocation 

including a breakpoint at 7q11.11.23 were identified.  It was shown that the 

translocations disrupted ELN (Curran, et al. 1993). The same year, the phenotype of 

familial SVAS was investigated using linkage and informative markers found localising 

to chromosome 7q (Olson, et al. 1993).  Further confirmation of the role of ELN in 

SVAS was elucidated when using Southern blot, a 100 kb deletion within ELN was 

detected that cosegregated with isolated SVAS (Ewart, et al. 1994);  the authors 

concluded that ELN contains domains that are critical for vascular development. 

1.7.9 TAB2 

Initial investigations of TAB2 were predominantly regarding the role of this gene in 

inflammation, specifically the role it has in the autophosphorylation and activation of 

TAK1 as using yeast 2 hybrid assays, TAB2 was identified as a protein binding partner 

(Shibuya, et al. 1996).  Via interactions with TAK1 and TRAF6, TAB2 was found to 

have a role in activation of intermediates in the IL-1 signalling pathway involved in the 

inflammatory response (Takaesu, et al. 2000). 

TAB2 was only identified as likely to have a role in cardiogenesis when mutations in 

this gene were identified in a panel of patients with CHD.  Missense mutations were 

identified in an individual with AS and in a further patient with BAV and aortic 

dilatation.  The gene had been chosen as a good candidate after several patients with 

CHD, mostly with outflow tract phenotypes and overlapping chromosomal deletions, 

and a further patient with a balanced translocation were found to have a critical region 

including the gene.  The deletion cases had provided a panel of candidate genes and in 

silico analysis (considering conservation across species and murine expression data) 

also showed TAB2 to be a good candidate for CHD, as well as the localisation of this 
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gene by the balanced chromosome translocation case.  After identification of mutations 

in TAB2 in those with CHD it was investigated further using immunohistochemistry; 

this showed expression of TAB2 in developing ventricular trabeculae and in the 

endocardial cushions of the outflow tract in human embryos between 38 and 52days of 

age.  Further evidence was gained by injecting developing zebrafish embryos with 

morpholinos that either disrupted splicing or translation and led to the development of a 

thin and elongated heart tube.  This data and the importance of the endocardial cushions 

in outflow tract development give further evidence for the role of TAB2 though its 

precise function in cardiogenesis has not been determined (Thienpont, et al.). 

1.7.10 DTNA 

DTNA (dystrobrevin alpha) is an important part of the dystrophin protein complex.  

Anti-dystrobrevin anitbodies localise to the sarcolemma in skeletal muscle, co-

localising with dystrophin.  The expression of dystrobrevin has been found to be 

significantly reduced in those with Duchenne muscular dystrophy and those with limb-

girdle muscular dystrophy (Metzinger, et al. 1997).  DTNA is known to have the 

binding partner syncoilin in skeletal muscle; a protein also highly expressed in cardiac 

muscle (Newey, et al. 2001).  A mouse knockout model of Dtna with a homozygous 

mutation has been shown to have dystrophic changes in muscles by two weeks postnatal 

age; mice also showed a mild cardiomyopathy phenotype (Grady, et al. 1999).  

Mutations within DTNA have mainly been associated with a phenotype of left 

ventricular non-compaction (LVNC) in which the myocardium is spongy in nature with 

prominent trabeculation (Ichida, et al. 2001).  In a 4 generation Japanese family in 

which a mutation leading to an amino acid substitution was identified, affected 

individuals had LVNC.  Some individuals also had additional CHD however, including 

HLHS in two cases.  It is not clear what the role of DTNA is in the causation of CHD 

but authors noted that mutations in other transcription factors have also been linked with 

CHD.  They postulated that it is likely that DTNA participates in numerous signalling 

pathways including with transforming growth factor beta pathways (Roberts 2001).  

Evidence for a possible role of DTNA in CHD also comes from the report of a prenatal 

diagnosis of a de novo deletion of 18q12.1 which includes DTNA, in association with a 

fetus affected by IAA and an ASD.  The deletion rendered DTNA haploinsufficient, 

further implicating this gene in the aetiology of LVOTO (Chen, et al. 2013).  
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1.7.11 TBX1 

T-box genes are important in the regulation of myocardial proliferation and patterning.  

These genes encode transcription factors and have a highly conserved DNA binding 

region. (Greulich, et al. 2011). 

Much information was gained about TBX1 when the 22q11 microdeletion phenotype 

was associated with a translocation between chromosomes 20 and 22 in a family where 

multiple members had features that were described at this time as constituting 

‘DiGeorge syndrome’(DGS) (de la Chapelle, et al. 1981).  The translocation caused a 

microdeletion on chromosomer 22q11 which included TBX1.  Once the association of 

deletions of 22q11 with Di George syndrome had been made, causative genes were 

sought within the deleted region.  Mutations were identified in TBX1 in individuals with 

a DGS phenotype who were negative for chromosome 22 microdeletions.  These point 

mutations were not found in a healthy control population of 555 and a role for this gene 

specifically in the aetiology of cardiovascular congenital phenotypes was concluded 

(Yagi, et al. 2003). 

Work in mouse models also gives evidence for the role of Tbx1 in cardiogenesis.  The 

expression pattern of Tbx1 in mice includes early expression in the pharyngeal 

endoderm and in the muscle of the wall of the outflow tract, consistent with a role in 

cardiac development (Chapman, et al. 1996).  Homozygous knockout mice resemble 

those of a severe DGS type phenotype with conotruncal abnormalities, pharyngeal 

abnormalities including reduced segmentation and aplasia of the thymus and 

parathyroid glands, loss of the 3rd, 4th and 6th pharyngeal arch arteries and abnormalities 

of the craniofacial structures (Jerome and Papaioannou 2001).  Mice with a 

heterozygous knockout have a similar but less severe phenotype that also includes 4th 

pharyngeal arch artery (PAA) hypoplasia (Jerome and Papaioannou 2001) (this artery 

gives rise to the arch of the aorta, phenotypic abnormalities of which are associated with 

DGS). 

Experiments using a drug inducible Cre-Tbx1 model that allowed expression of 

mutations in Tbx1 at time specific points during development have informed the role for 

Tbx1 in murine embryogenesis (Xu, et al. 2005).  The mutation of Tbx1 at 7.5 dpc leads 

to abnormalities of the aortic arch and outflow tract but when the mutation was induced 

between 8.5 dpc and 9.5 dpc, the aortic arch was normal but an abnormality of the 
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outflow tract in the form of persistent truncus arteriosus arose.  Induction of the 

mutation at 9.5 dpc did not result in a cardiac phenotype suggesting that by this time in 

development the role is Tbx1 in cardiac development is complete  (Xu, et al. 2005).  

Cardiac development is also dose sensitive to levels of Tbx1; in particular the 4th PAA 

phenotype is particularly sensitive to both reduced and increased levels which lead to 

similar phenotypes (Liao, et al. 2004).  

Regulation of Tbx1 by other genes is also known, for example in Shh-/- mice, the 

pharyngeal endoderm has reduced Tbx1 expression (Scambler 2010) and double 

heterozygote mouse embryos for Tbx1+/- and Fgf8+/- have much more severe 

phenotypes than when either occurs in isolation (Vitelli, et al. 2002).  

Genes which modify the effect of TBX1 have been studied in humans.  For example, 

sequence variations in VEGFA have been identified that when present produce a more 

significant cardiac phenotype in individuals with a deletion of 22q11 (Stalmans, et al. 

2003). 

1.7.12 NOTCH 1 

Notch1 is one of the four Notch family receptors, all of which are large single-pass type 

I transmembrane proteins (Liang, et al. 1998).  Convincing evidence for the importance 

of Notch proteins in formation of the cardiovascular system may be drawn from 

numerous examples of mutations in these proteins causing CHD in humans (Garg, et al. 

2005), (McBride, et al. 2008).  Initially, the impact of mutations of the gene on CHD 

was identified when a nonsense and a frameshift mutation in NOTCH1 were found in 

association with congenital bicuspid aortic valves in two families using linkage.  In one 

individual, the phenotype also included a hypoplastic left ventricle (Garg, et al. 2005). 

To investigate NOTCH1 further and by using data gained from experimentation with 

Embryonic Stem Cells (ESCs), evidence was gained suggesting that Notch signalling 

via Notch1 results in the suppression of cardiogenesis.  Embryoid bodies (EBs), contain 

ESC precursors of the three embryonic germ cell layers.  ES cells differentiate into 

beating cardiomyocytes, within which levels of proteins can be measured; Notch1 

expression is downregulated during ES cell differentiation.  Notch1 deficient ESCs had 

an average of 70% differentiation into cardiomyocytes as compared to only 30% of 

control ESCs that were not Notch1 deficient illustrating this suppressive role (Nemir, et 
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al. 2006).  In both Xenopus and chick, overexpression of Notch results in reduced 

expression of cardiac myocyte markers and in mice, such overexpression results in 

defects of cardiogenesis (High and Epstein 2007). 

Notch1 has a role in the AVC, ventricle and outflow tract development (Niessen and 

Karsan 2008).  AV valves form from the endocardial cushions and this process involves 

the transformation of epithelial cells to mesenchymal cells (EMT).  The spatial and 

temporal expression of Notch1 in the mouse endocardium at the time when the cushions 

form suggests a role in this process, and mice with germline Notch1 mutations have 

hypocellular endocardial cushions showing arrest of EMT (Timmerman, et al. 2004).  

Notch1 also has a role in the development of the ventricle as shown by the observation 

that mouse Notch1 knockouts also show abnormalities in the trabeculation of the 

ventricular walls, along with decreased proliferation of myocytes (Grego-Bessa, et al. 

2007). 

Notch1 target genes include members of the basic helix-loop-helix (bHLH) family, three 

of which (Hrt1, Hrt2 and Hrt3) have been found to be involved in Notch1 signalling 

pathways (Nakagawa, et al. 2000).  These three genes are all expressed in the 

developing heart including in endothelial cells and the smooth muscle of developing 

blood vessels (Rutenberg, et al. 2006).  Mouse knockouts for Hrt1, Hrt2 and Hrt3 have 

defects of AV valves, defects in heart looping and ventricular trabeculation.  Other 

Notch targets include EPHB2 (important in ventricular trabeculation) and elements of 

the transformation growth factor-β and Wnt pathways (High, et al. 2007).  Other genes 

that are also members of these families may be good candidates in the aetiology of 

isolated LVOTO. 

1.8 Methods of gene identification 

1.8.1 Linkage studies 

Linkage studies were used to map and identify some of the first human disease genes.  

For example, in 1983 this approach was used to map the gene for Huntington’s disease 

to chromosome 4p (Gusella 1984).  Linkage can be used when a disorder is inherited in 

a Mendelian way.  This method of gene identification requires families in which several 

members of different generations are identified with the disease of interest (Morton 
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1955).  Firstly, accurate phenotyping is required and then, using a DNA sample from as 

many affected and unaffected family members as possible, the co-segregation of 

polymorphic DNA markers (for example Restriction Fragment Length Polymorphisms 

(RFLPs), microsatellites (short tandem repeats of DNA) or SNPs (single nucleotide 

polymorphisms)) and the phenotype is studied (Read A 2007).  DNA markers that are 

consistently inherited by affected individuals are statistically more likely to be close to 

the disease causing gene.  As there are relatively few meioses within a family, a marker 

may lie at a considerable chromosomal distance from the disease gene.  The probability 

that a marker is linked is measured by the lod score (logarithm of the odds of linkage), a 

statistical measure of the likelihood that the DNA marker is linked with the disease gene 

(Morton 1955).  Calculation of the lod score requires knowledge of the recombination 

fraction of the area of interest, as this is a measure of the chance that two loci in 

daughter cells from meiosis have become separated due to recombination (Morton 

1955).  The lod score gives a calculation of the probability of linkage (compared to non-

linkage).  When a lod score of, typically, >3, is found, the probability that the DNA 

marker is close to the disease gene is statistically significant (Read A 2007).  Candidate 

genes close to the significant marker can then be sequenced to look for mutations in 

DNA from affected individuals.  

The power of linkage to detect a disease gene depends on the number of affected 

individuals and families studied, the degree of polymorphism of the marker and the 

contribution that the locus makes to disease susceptibility (Read A 2007).   

Important human disease genes for dominantly inherited conditions that have been 

mapped using linkage include FBN1, mutations in which cause Marfan syndrome, 

(Kainulainen, et al. 1990)) and BRCA1, a breast and ovarian cancer susceptibility gene 

(Miki, et al. 1994).  This method has also been used to successfully identify some loci 

important in the aetiology of CHD.  It was used to identify NKX2.5 as a cause of septal 

and conduction abnormalities by studying four families with congenital heart disease in 

a minimum of three generations (Schott, et al. 1998).  NOTCH1, mutations in which 

cause aortic valve disease, was also identified using linkage in two large families, one 

with 11 individuals with CHD in four generations (eight with aortic valve disease) and a 

further family with three individuals with LVOTO in two generations (Garg, et al. 

2005). 
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Other linkage studies have revealed loci for LVOTO with significant lod scores, for 

example the linkage analysis of 353 patients from families with BAV +/- additional 

structural heart anomalies (Martin, et al. 2007).  Genome-wide microsatellite markers 

were used to identify loci with lod scores over a chosen threshold of 2.0.  Three loci not 

already published at that time fulfilled these criteria, 5q15-21, 13q33-qter and 18q22.1, 

and were thought to be likely areas for candidate genes for BAV (Martin, et al. 2007).  

Another study used linkage to seek loci for HLHS and BAV; by using 

echocardiography to scan the relatives of 33 probands with HLHS, multiple families 

with LVOTO in several generations were identified and two loci were found to have a 

LOD score of >3.0 for LVOTO (10q22.1 and 6q23.2) (Hinton, et al. 2009).  In a further 

study, 289 individuals from 43 families with LVOTO were genotyped using 

microsatellite markers and evidence of linkage to 2p23, 10q21 and 16p12 was found 

(McBride, et al. 2009).  Although linkage provides a powerful means of identifying 

causative gene loci, the method requires multiple affected individuals in one family and 

families with multiple cases of LVOTO to study are rare. 

1.8.2 Homozygosity mapping 

When consanguineous families are identified with a phenotype of interest it may be 

possible to use homozygosity mapping to map disease genes (Lander and Botstein 

1987).  Individuals with the disease being studied are assumed to have two identical 

copies of the disease allele due to common descent from a single ancestor, and then, 

using DNA markers, regions of chromosomal material are identified which are 

homozygous in individuals who also have the disease in question (Read A 2007).  Such 

regions have an increased possibility of harbouring the causative gene.  Genes identified 

using this approach include DFNB12, which causes autosomal recessive deafness, 

(Chaib, et al. 1996) and MEFV, mutations in which cause Familial Mediterranean Fever 

(Aksentijevich, et al. 1993). 

Consanguinity is a risk factor for CHD suggesting recessive alleles may play a role in 

aetiology (Shieh, et al. 2012).  Few homozygosity studies have been conducted, partly 

because consanguineous families with CHD have not been widely reported, and because 

there has been less emphasis on research into genetic causes of CHD in countries in 

which consanguineous relationships are more common.  One recent large study 

recruited 83 probands with CHD who had parents that were unaffected by CHD but 
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were consanguineous.  A lod score >3 was found at the locus of the transcription factor 

HOMEZ.  Further investigation failed however to reveal causative mutations in HOMEZ 

in individuals with CHD (McGregor, et al. 2010).  Although homozygosity mapping 

can be a very powerful tool in gene identification, the pre-requisite of consanguineous 

families with LVOTO that are rare, means this has not been used so far in LVOTO gene 

identification. 

1.8.3 Genome Wide Association Studies (GWAS) including Single 

Nucleotide Polymorphism (SNP) studies 

It has been shown that the bulk of common diseases, such as coronary heart disease and 

diabetes, are not explained by a single genetic cause, and therefore do not show 

Mendelian inheritance (Hunter 2005).  Genetic factors in such diseases can be 

investigated using GWAS in which many thousands of SNPs across the genome are 

examined to see if any particular ones are associated with the disease in question 

(Christensen and Murray 2007).  SNPs are single nucleotide polymorphisms in which 

individuals differ at the level of a single base with a variation defined to occur in at least 

1% of the population.  SNPs are frequent, occurring on average every 100 - 300 bases 

(Sachidanandam, et al. 2001). 

GWAS have not been widely used to identify loci for LVOTO or CHD.  GWAS 

typically require large cohorts of patients, ideally with phenotypic homogeneity 

(McCarthy, et al. 2008).  Large scale analyses of SNP associations in CHD have been 

limited by relatively rare and variable phenotypes, and reduced survival of those 

affected (Richards and Garg 2010). 

A few association studies using particular SNPs have however been undertaken.  In one 

study, researchers looked at 32 SNPs identified in genes involved in pathological 

processes that could influence heart development, such as genes involved in coagulation 

and the regulation of blood pressure (Shaw, et al. 2005).  155 individuals with 

conotruncal defects and 437 controls were genotyped for SNP variants.  Four of the 32 

SNPs were found to have odds ratios of >4.  These included SNPs in prothrombin and 

platelet glycoprotein IIIa (Shaw, et al. 2005).  An investigation into genetic factors 

important in Tetralogy of Fallot (TOF) looked at SNP variation across 22 genes selected 

as good candidates for a role in CHD.  A total of 754 individuals with TOF were 
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genotyped and one SNP in PTPN11 was found to be significantly associated with the 

TOF cases (Goodship, et al. 2012).  To date, analysis of SNPs in candidate genes has 

not been carried out in LVOTO cohorts. 

1.8.4 Locus identification using chromosomal deletions and 

duplications 

Chromosomal deletions, in which a segment of a chromosome is lost have been used to 

identify disease causing genes (Read A 2007).  When a deletion is found in association 

with a specific phenotype, it is possible that haploinsufficiency of a gene(s) in the 

deletion has caused the phenotype. 

Early examples of this method leading to disease gene identification include discovery 

of the genes for Familial Adenomatous Polyposis (FAP) and Duchenne Muscular 

Dystrophy (DMD).  Observation of a chromosome 5 deletion association with FAP and 

mental retardation in a 42 year old man and later in two brothers from a second family 

narrowed the locus for this gene (Herrera, et al. 1986; Hockey, et al. 1989).  The gene 

for FAP was later identified as APC and lies at 5q22.2 (Groden, et al. 1991).  In 1986, 

DMD (in a child also with congenital adrenal hypoplasia, myopathy and glycerol kinase 

deficiency) was observed in a boy with a deletion at Xp21.3 which raised suspicion of 

the candidate gene for this condition lying within the deleted region (Dunger, et al. 

1986). 

Identification of phenotypes of interest in association with a chromosomal deletion has 

led to gene identification for CHD.  Mutations in TBX1 were found to cause the features 

of DiGeorge syndrome, a condition with variable features, but often including CHD 

(Yagi, et al. 2003) the critical region for which was known due to observation of 

chromosome 22q11.2 deletions and the associated phenotype (Yagi, et al. 2003).  Where 

multiple cases are found with the same phenotype and different but overlapping 

deletions, it is possible to localise a critical disease causing gene containing region.  In 

the case of LVOTO, an 8 Mb critical region for HLHS has been isolated by studying 

three cases of 11q terminal deletion syndrome each with HLHS and overlapping 

deletions (Phillips, et al. 2002). 

Identification of candidate genes from large deletions is complicated by the frequent 

presence of many genes within such a deletion, many of which could be good 
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candidates (Cox 2007).  The high number of candidate genes is reduced when there is 

an inversion or translocation, the breakpoint of which gives a more precise gene 

location. 

1.8.5 Array Comparative Genomic Hybridisation (array CGH) 

Array CGH has made detection of copy number changes at a submicroscopic level 

possible by using thousands of probes from loci across the whole genome.  Reference 

DNA and labelled test DNA from a patient are hybridised and comparison of the ratio in 

which reference and patient DNA has bound to each probe provides an estimate of the 

copy number for that genomic locus in the patient (Pinkel and Albertson 2005).  The 

resolution of array CGH depends on the number of probes used and their proximity to 

one another; the technique can reveal copy number variants (CNVs) as small as 500 - 

1000 base pairs (Pinkel and Albertson 2005). Deletions detected using this technique 

are the cause of numerous syndromes involving mental retardation and constitute 

contiguous gene deletion syndromes; examples include the 1q21.1, 3q29 and 12q14 

microdeletion syndromes (Vissers, et al. 2010). The 1q21.1 deletion includes a cardiac 

phenotype (Mefford, et al. 2008).  

Array CGH has also been used to narrow candidate regions of the genome that may 

harbour a disease causing gene (Qiao, et al. 2010).  For example, using array CGH to 

look at the genomes of 29 patients with congenital diaphragmatic hernias, three 

candidate regions were identified based on recurrent microdeletions of these loci, 

though nosingle  causative gene for the condition was identified by this 

process(Slavotinek, et al. 2006). 

In the same way that cytogenetically detectable deletions have led to gene identification, 

array CGH has also been used to identify disease causing candidate gene regions.  The 

gene causing CHARGE syndrome (coloboma, heart malformation, choanal atresia, 

retardation of growth or development, genital and ear anomalies) was identified after 

array CGH detected overlapping deletions in patients with the condition.  CHD7, the 

disease gene, was found to lie within the deletions and causes the syndrome when 

mutated (Vissers, et al. 2004).  A further example was the identification of EHMT1, 

mutations in which cause the condition previously identified as 9q subtelomeric deletion 

syndrome (9qSTDS).  Screening of 23 patients using array CGH revealed three patients 
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with a small deletions including EHMT1; subsequently it was found that 

haploinsufficiency of the gene causes 9q STDS (Kleefstra, et al. 2006b). 

The investigation of patients with CHD using array CGH techniques can be divided into 

those in which a CHD phenotype was studied along with other congenital abnormalities 

or mental retardation, and those in which an isolated CHD phenotype was examined. 

1.8.6 Array CGH examination of non- isolated cases of CHD 

Thienpont et al used array CGH to look for submicroscopic CNVs that cause CHD 

(Thienpont, et al. 2007).  DNA was examined from 60 patients using an array with 

resolution of a minimum of 1 Mb.  The patients had CHD and at least one other feature 

suggestive of a chromosomal abnormality, such as mental retardation or a second 

congenital abnormality.  De novo CNVs were identified in 18/60 patients, 10 of which 

were thought to be causal as they are not reported polymorphic regions and contained 

20 or more genes.  In three cases, genes already known to cause CHD were 

haploinsufficient due to the chromosomal abnormalities, suggesting that this approach 

would have been useful in locating these genes had they not previously been identified.  

Of the CNVs found, five were in patients with LVOTO though the numbers of 

individuals with this phenotype in the original cohort was not stated (Thienpont, et al. 

2007).   

One study investigated the CNV incidence in neonates with congenital malformations.  

638 neonates with congenital malformations, including 101 with CHD were studied(Lu, 

et al. 2008).  In 17%, ‘clinically significant’ chromosomal abnormalities were found, 

believed to be contributing significantly to patient phenotypes, most of which would not 

have been found through conventional cytogenetics (Lu, et al. 2008).  There were 

several deletions identified in the CHD cohort that were of 22q11, but novel loci were 

also identified including 11q14.2q25 and 6p24.3p22.3 for CoA and IAA 

respectively.(Lu, et al. 2008). 

A further smaller cohort of individuals with CHD and additional birth malformations 

was examined using array CGH.  The DNA from 20 children with a variety of types of 

CHD with additional malformations and normal cytogenetic testing was studied and 

compared to a control cohort of individuals with isolated CHD.  4 individuals had 

LVOTO with additional malformations such as congenital hip dysplasia and 



 

 87  

hydrocephalus and were compared to four children with isolated LVOTO.  The array 

used contained 385,000 oligonucleotide probes of 50-75 base pairs in length.  296 

CNVs were identified though the majority had been previously reported in normal 

controls.  No significant array abnormalities were found in the four children with 

isolated LVOTO; a duplication of 2q33.1-q33.3 was found in a patient with CoA 

associated with developmental delay and dysmorphic features (Richards, et al. 2008). 

1.8.7 Array CGH examination of isolated cases of CHD 

Some studies have investigated isolated, rather than syndromic CHD using array CGH.  

One such study used a 1 Mb tiling path array to give continuous coverage over the 

genome.  The study cohort was of 105 patients with CHD, 14 of whom had phenotypes 

on the LVOTO spectrum.  In the LVOTO cohort, 1 de novo duplication was found in a 

patient with CoA, 1 familial duplication in a further case of CoA, and 3 findings of 

unknown inheritance (duplication on 13q14.1 in a patient with BAV and aortic 

insufficiency, a deletion on 20p12.1 in a patient with AS and BAV, and a deletion on 

22q11.2 in an individual with CoA and a VSD) (Erdogan, et al. 2008).  Of 3 patients 

with HLHS, no pathological CNVs were identified.  The authors cited a significant 

finding within the non-LVOTO cohort; a de novo deletion was found at 17p11.2 in a 

patient with an ASD and VSD that contained 49 genes which were candidates for the 

phenotype (Erdogan, et al. 2008). 

A further study considered isolated TOF (Greenway, et al. 2009).  In the study of 114 

patients with TOF, DNA was examined using the Affymetric SNP 6.0 platform and this 

identified 11 de novo CNVs.  These were present in controls at a frequency of <0.1%.  

The authors suggested that mutations in genes contained within the loci may be the 

cause in other cases of isolated TOF. 

A study using array CGH in LVOTO was conducted on a cohort of 53 patients with 

isolated HLHS (Iascone, et al. 2011).  The approach used was to combine the 

sequencing of five genes known to be important in CHD (NKX2.5, NOTCH1, HAND1, 

FOXC2, and FOXL1) with genome wide array CGH.  33 rare CNVs were found in 25 of 

the subjects some of which contained genes known to be involved in cardiac 

development, dosage alteration of which may be important in the aetiology of HLHS 

(Iascone, et al. 2011).  A deletion of 16q12.1 was found which contains ZNF423, a gene 
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highly expressed in the heart and aorta.  The deletion was paternally inherited; and the 

father found to have BAV (Iascone, et al. 2011).  A deletion containing BMPR2 was 

also found; BMP signalling is known to be important in septation of the outflow tract.  

31 of the CNVs identified were either in gene deserts or did not contain genes with any 

suggested role in cardiac development (Iascone, et al. 2011). 

Although relatively few in number, these studies illustrate the power of array CGH in 

the identification of loci which may harbour causative genes in CHD and LVOTO. 

1.8.8 Mouse models 

Due to the similarity of the mouse and human genomes, mice can be used as model 

organisms in genetic research and gene identification (Rosenthal and Brown 2007).  

Historically, mice were selectively bred and inbred for certain traits.  Due to their short 

generation time and extensive pedigrees, many mice can be bred and linkage used to 

identify genes of interest.  For example, localisation of the gene for Waardenburg 

syndrome type 1 (WS1), which includes deafness and pigmentary abnormalities was 

possible using a mouse model; the Splotch mouse arose spontaneously in an inbred 

strain of mice and was found to have a phenotype very similar to that of WS1 (Russell 

1947).  Using linkage the gene Pax3 was mapped; this is orthologous to the human gene 

PAX3, mutations in which were found to cause WS1 (Tassabehji, et al. 1992). 

Pathogenic mutations can also be induced in mice via radiation and chemical 

mutagenesis, the resultant phenotypes observed and causative genes identified (Russell, 

et al. 1979).  Large scale chemical mutagenesis screens have been undertaken to find 

genes associated with CHD.  In one study, 262 pedigrees of mice that had undergone N-

ethyl-N-nitrosourea (ENU) mutagenesis were produced.  7546 mice were examined and 

a phenotypes of IAA associated with mutations in Sema3c and conotruncal defects with 

a mutation in Connexin43 were identified (Yu, et al. 2004).  Mutations in SEMA3C are 

not reported in CHD, but have been found in CONNEXIN43 (Britz-Cunningham, et al. 

1995).  These were published before the mutagenesis screen but illustrate the usefulness 

of ENU screens in determining genes involved in human CHD. 

It is also possible to knockout a specific gene of interest in a mouse model and observe 

the associated phenotype to gain clues about the role of a particular gene.   
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Following discovery that expression of Hand2 is involved in the development of the 

right ventricle, and that both Hand1 and Hand2 are expressed in the developing heart, a 

homozygous knockout mouse for Hand1 was generated.  The phenotype was lethal 

during gestation and included failure of cardiogenesis, implicating the gene in heart 

development (Firulli, et al. 1998).  Mutations were then found in HAND1 in individuals 

with VSDs; information from the mouse model was cited in the decision to look for 

mutations in that particular gene (Cheng, et al. 2012).  Similarly, the Connexin43 

knockout mouse was found to have a phenotype that included CHD (Right Ventricular 

Outflow Tract Obstruction, due to Pulmonary Atresia) (Reaume, et al. 1995) providing 

evidence that this gene may be important in cardiogenesis; human variation within the 

gene was later linked to HLHS (Dasgupta, et al. 2001). 

1.8.9 Next- Generation sequencing technologies 

Using Sanger sequencing, fragments of DNA are terminated with a fluorescently 

labelled base and then separated by size using electrophoresis (Sanger and Coulson 

1975).  This approach, in conjunction with methods of gene loci identification such as 

linkage and gene deletions or translocations, has been used since the 1970s to identify 

many disease causing genes (Dewey, et al. 2012).  Once the human genome sequence 

was available as a reference sequence however, Next-Generation Sequencing (NGS) 

become possible (Dewey, et al. 2012).  Using these techniques, instead of individual 

fragments of DNA being sequenced as in Sanger sequencing, millions of short sequence 

reads are generated and then pieced together and compared against the available 

reference sequence.  This approach enables the sequencing of either the entire exome or 

genome of an individual within several weeks.  Due to the robustness of results obtained 

using Sanger sequencing, this is then often still used to confirm mutations found using 

NGS approaches (Dewey, et al. 2012).  Sequencing of an entire genome is now possible 

in a single laboratory and this technique has been used to identify increasing numbers of 

novel disease causing genes.  Examples include GJC2 that causes primary lymphedema 

(Ostergaard, et al. 2011), ABCC8 (neonatal diabetes mellitus) (Bonnefond, et al. 2010) 

and DHODH (Miller syndrome) (Ng, et al. 2010b).  In these cases DNA from only one 

or a few cases with the condition were required.   

Several genes causing disease including a cardiac phenotype have also been identified 

using NGS.  BAG3, mutations in which cause dilated cardiomyopathy, was identified 
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using NGS with DNA from four affected individuals (Norton, et al. 2011) and MLL2 

has been found to cause Kabuki syndrome (which includes CHD in 30% of cases)(Ng, 

et al. 2010a).  When the work that follows began, genes for LVOTO had not yet been 

identified using NGS approaches. 

1.8.10 Chromosome rearrangements 

As well as deletions and duplications, other chromosome abnormalities are useful in 

gene localisation.  These include inversions and translocations (Read A 2007).   

The breakpoints of a chromosome inversion, in which a section of DNA within a 

chromosome breaks and is re-orientated can localise a candidate gene for a condition.  

In conjunction with the mouse model information, the locus for PAX3 was suspected 

when an affected boy was described with a paracentric inversion, 2(q35q37.3) 

(Ishikiriyama, et al. 1989).  A candidate gene for HLHS, PROX1, was found following 

identification of a 4 Mb inversion that disrupts a highly conserved non-coding sequence 

close to this gene in a patient with a translocation, an inversion and a HLHS phenotype 

(Gill, et al. 2009). 

In a translocation, two chromosomes exchange non-homologous segments (Read A 

2007); these may be balanced, in which there is no net loss of genetic material, or 

unbalanced when they arise with a deletion or duplication of DNA.  Chromosome 

translocations have led to the identification of many disease causing genes, for example 

identification of the gene for Alstrom syndrome, ALMS1 (Hearn, et al. 2002) and the 

congenital cataract gene TMEM114 (Jamieson, et al. 2007).  This approach was also 

used in 2010 to identify TAB2, mutations in which cause isolated LVOTO (Thienpont, 

et al.).  The identification of a patient with a balanced translocation and LVOTO 

provides a suitable resource for an investigation of a gene causing LVOTO. 

1.9 Chromosome translocation in a patient with LVOTO 

In a 2008 study a patient with a de novo (dn) balanced translocation involving 

chromosomes 14 and 15 was described (‘patient 1’).  His karyotype was 

46,XY,t(14;15)(q23;q26.3)dn and he had an LVOTO phenotype, specifically, CoA. The 

breakpoint locations were FISH (fluorescence in situ hybridisation) mapped to a 

resolution of approximately 100 kb (Baptista, et al. 2008).  A further two patients have 
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been identified (Professor Wilson, personal communication) with LVOTO and 

chromosome deletions within 15q, each approximately 6 Mb in size.  The deleted 

regions have an overlap of 2 Mb and this also coincides with the location of the 15q 

breakpoint reported by Baptista et al.  A literature review of cases of 15q26 

haploinsufficiency of the regions surrounding the breakpoints on chromosome 15 is 

summarised in tables 1.7 (molecularly detected deletions) and 1.8 (cytogenetically 

detected deletions) and figure 1.8.  Ten out of fourteen cases reported had a phenotype 

that included CHD and in five cases the cardiac phenotype included LVOTO.  Since the 

breakpoint region on chromosome 14 is also a candidate locus for LVOTO in patient 1, 

published deletions including 14q23 are also shown (see Appendix 1 and figure 1.9).  

The published deletions including 14q23 do not have a cardiac phenotype but 

commonly have micropthalmia 

1.10 Hypothesis 

A gene is disrupted by a de novo balanced translocation between chromosomes 14 and 

15 (46,XY,t(14;15)(q23;q26.3)) that is the cause of LVOTO.  Mutations within the gene 

thus identified will be a cause of isolated LVOTO.   

1.11 Aims 

1. Map the translocation breakpoints on the derived chromosomes 14 and 15. 

2. Identify genes around the breakpoints and assess their candidacy using a broad 

screening tool such as Whole Mount In Situ Hybridisation.  

3. Sequence the best resultant candidate gene(s) for disease causing mutations 

using DNA from a panel of patients affected with LVOTO.   

4. Characterise the best candidate gene using expression studies such as 

immunohistochemistry.  
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Chapter 2:  Methods 

2.1 Polymerase chain reactions to delineate breakpoints 

For each reaction, the following reagents were mixed in 0.2 ml PCR tubes with a total 

reaction volume of 12 μl per well. 

Polymerase Chain Reaction Mix  

Distilled water         3μl 

Thermo Scientific ReddyMix Custom PCR Master, 2x  6μl 

(Cat # CM-102/A)  

Forward Primer, 5 μM (Eurofins)      1μl 

Reverse Primer, 5 μM (Eurofins)      1μl 

DNA, 500 ng/μl DNA        1μl 

Note: DNA used was flow sorted for either derivative chromosome 14 or 15.  The  

source of this DNA was Dr J Baptista (Baptista et al, 2008)). 

 

For each PCR reaction, the following PCR programme was used: 

Polymerase Chain Reaction Programme 

95°C   5 minutes 

94°C   1 minute 

60°C   1 minute 

72°C   1 minute 

Go to step 2, x31 

72°C   10 minutes 

15°C   Forever 

 

The final PCR products were loaded on a 1% agarose gel and run at 60 mV for 

approximately 45 minutes.  A 100 base pair DNA size marker (Promega) was also run 

on each gel. 
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2.2 Long range polymerase chain reactions to amplify 

breakpoint spanning clones 

For each reaction, the following reagents were mixed in 0.2 ml PCR tubes with a total 

reaction volume of 50 μl per well. 

Polymerase Chain Reaction Mix, for each reaction 

Distilled water         14 µl 

2 x Phusion Flash PCR mix,(Finnzymes F-548)   25 µl 

Forward Primer, 5 μM (Eurofins)      5 µl 

Reverse Primer, 5 μM (Eurofins)      5 µl 

Genomic DNA from patient 1, 25ng/µl     1 µl 

 

For each PCR reaction, the following PCR programme was used: 

Long Range Polymerase Chain reaction programme 

98°C     10 seconds 

98°C     1 second 

64°C     5 seconds 

72°C     60 seconds 

Go to to step 2, x39 

72°C     3 minutes 

15°C     Forever 

 

Final PCR products were loaded onto a 1% agarose gel and run at 70 mV for 60 

minutes.  A Bst lamda DNA ladder with DNA fragments from 117 - 8454 base pairs 

(Promega) was also run on each gel in order to size the PCR products. 
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2.3 DNA isolation from fosmid 

A sterile toothpick was used to harvest fosmid clones contained within E.coli cells.  The 

toothpick was transferred into a 15 ml tube containing 2 ml of TB (Terrific Broth, Life 

Technolgies) media, supplemented with 20 ug/ml chloramphenicol.  The cells were 

grown overnight in a shaking chamber at 225 rpm and 37°. 

The toothpick was removed using forceps and the sample transferred to a 2 ml 

microcentrifuge tube, and spun at 13,000 rpm (revolutions per minute) for 5 minutes.  

The supernatant was discarded and the pellet resuspended in 0.3 ml of filtered 15 mM 

Tris (pH 8), 10 mM EDTA and 100 ug/ml RNase A.  0.3 ml of filtered 0.2 N sodium 

hydroxide/1% Sodium Dodecyl Sulfate (SDS) was then added and shaken gently.  The 

contents were left at room temperature for 5 minutes. 

0.3 ml of potassium acetate (pH 5.5) was then added and the tube shaken gently before 

placing on ice for 5 minutes.  The sample was then spun at 13,000 rpm for 10 minutes at 

4°C, and the sample placed on ice.  The supernatant (avoiding the white precipitate) was 

transferred to a 1.5 ml eppendorf containing 0.8 ml ice cold isopropanol and the 

contents mixed by inversion several times before again placing on ice for 5 minutes. 

The sample was spun at 13,000 rpm for 15 minutes at 4°C, the supernatant removed and 

0.5 ml of 70% ethanol added.  The sample was shaken gently and then spun for 5 

minutes at 4°C.  Supernatant was again removed and the DNA pellet air dried at room 

temperature.  The DNA pellet was resuspended in Tris EDTA buffer (TE). 
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2.4 Long range PCR to generate DNA fragment for use 

as FISH probe 

Primers were designed using http://frodo.wi.mit.edu/primer3/; genomic sequence was 

taken from the UCSC database, Assembly: February 2009 (GRCh37/hg19).  Initial 

attempts using Finnzymes Fusion Flash Master mix failed and so the Expand Long 

Template PCR System (Roche, cat no 11 681 834 001) was used.  Forward primer 

sequence was GGAGAGGGGGAAAAATCACT (primer melting temperature of 

59.4°C) and reverse primer sequence was CAATTCAGTCGCAGCAAAGA (primer 

melting temperature of 60.1°C).  The total amplicon length was 15,048 base pairs. 

The reaction was optimised using differing concentrations of DNA and with and 

without the addition of 10% DMSO.  For each reaction, the following reagents were 

mixed in 0.2 ml PCR tubes with a total reaction volume of 50 μl per well. 

Polymerase chain reaction mix 

Distilled water       20.75 μl 

dNTPs, 10 mM (Invitrogen, P/N 46-0326)  2.5 μl 

Forward Primer, 5 μM (Eurofins) )   3 μl 

Reverse Primer, 5 μM (Eurofins)    3 μl 

Expand Long Template 10x PCR Buffer   5 μl 

Fosmid DNA Template, 50 ng/μl     10 μl 

Expand Long Template enzyme Mix   0.75 μl 

DMSO        5 μl 

 

For each PCR reaction, the following PCR programme was used: 

Longe Range Polymerase Chain Reaction Programme: 

94°C    2 minutes 

94°C    10 seconds 

58°C    30 seconds 

Go to step 2, x10 times 

94°C    10 seconds 

http://frodo.wi.mit.edu/primer3/
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58°C    30 seconds 

68°C    15 minutes, plus additional 20 seconds each subsequent cycle 

Go to step 5, x20 times 

 

The PCR product was then run on a 1% agarose gel at 70 mV for 60 minutes.  

 

2.5 Purification of PCR product  

PCR product obtained was purified using Qiagen QIAquick PCR purification kit.  250 

μl of Buffer PB was added to 50 μl of PCR product.  The resulting 300 μl of solution 

was placed into a QIAquick spin column, within a 2 ml collection tube.  The column 

and collection tube were then centrifuged for 1 minute at 13,000 rpm and the flow 

through discarded.  750 μl of Buffer PE was then added to the column and centrifuged 

for 1 minute, after which the flow through was discarded.  The column was then 

centrifuged for a further 1 minute, after which the column was put into a DNAase free 

eppendorf.  50 μl of distilled water was then added to the column before centrifuging for 

1 minute.  The resultant DNA suspension was stored at 4°C. 
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2.6 Labelling of BAC clone and 15 kb PCR product by 

nick translation 

Nick translation salt mixture and dNTP mixture were made up as follows: 

 

10x Nick translation salt mixture 

1 M Tris HCl (pH 7.5)      5 ml 

1 M MgCl2        0.5 ml 

14.4 M β-mercaptoethanol     70 μl 

50mg/ml Bovine Serum Albumin (Invitrogen)  20 μl 

Topped up to 10 mls with distilled water. 

 

10x dNTPs 

0.5 mM dATP       100 µl 

0.5 mM dCTP       100 µl 

0.5 mM dGTP       100 µl 

0.3 mM dTTP       100 µl 

Aliquots were stored at -20°C. 

 

Solutions were made up to label the 15 kb PCR product and BAC clone as follows: 

Labelling of PCR product 

A 1.5 ml eppendorf was used and the following reagents added: 

10x Nick Translation Salts       5 µl 

10x dNTPs          5 µl 

Distilled water          40 µl 

0.2 mM Signal Orange 552 dUTP (Enzo Life Sciences)  5 µl  

15 kb PCR product (total of 1 μg)       10 µl  
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1:1500 DNase I (Sigma)      1 µl 

DNA Polymerase I (Sigma)      1 µl 

 

Labelling of BAC DNA 

A 1.5 ml eppendorf was used and the following reagents added: 

10x Nick Translation Salts       5 µl 

10x dNTPs          5 µl 

Distilled water          40 µl 

0.2 mM biotin-dUTP (Roche)      5 µl  

BAC DNA (total of 1μg)        10 µl  

1:1500 DNase I (Sigma)       1 µl 

DNA Polymerase I (Sigma)       1 µl 

 

The solutions were incubated at 16°C for 90 minutes after which the reaction was 

stopped by placing the solution on ice. 

Each of the labelled probes (from BAC DNA or 15kb PCR product) were then run on a 

1% agarose gel in 1 x Tris-borate EDTA buffer (TBE) with a 1 kb ladder to estimate the 

size of the probe.  10 μl of labelled probe was run for 30 minutes.  Since many of the 

fragments were greater in size then 200-600bp, a further 1 μl of DNase (1:1500) was 

added to each solution of labelled probes for a further 15 minutes.  Following the 

second incubation, the majority of the probe fragments were between 200-600 base 

pairs in size. 

The probes were then purified by adding 10% 5M EDTA and 10% sodium acetate (pH 

2.5), with an equal volume of isopropanol.  The mixture was incubated on ice for 30 

minutes before centrifuging at 13,000 rpm for 15 minutes.  The supernatant was 

removed carefully to avoid disturbing the pellet and 100 μl 70% ethanol was added.  

The sample was spun for 5 minutes at 13,000 rpm.  Supernatant was again removed and 

the sample air dried for 2 minutes before resuspending the pellet in 30 μl TE. 
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2.7 Preparation of FISH probes with cot1 DNA 

Labelled probes were added to human cot1 DNA, salmon sperm DNA and 100% 

ethanol as below. 

Labelled 15kb PCR probe: 

15kb PCR probe     30 μl (250 ng of DNA) 

Human cot1 DNA    6 μl 

Salmon sperm DNA    1 μl 

Ethanol, 100%     74 μl 

 

Labelled BAC probe: 

BAC probe      10 μl (250 ng of DNA) 

Human cot1 DNA    6 μl 

Salmon sperm DNA    1 μl 

Ethanol, 100%     34 μl 

 

The reagents were dried down in a speed vac for several minutes and the probes then 

resuspended in 6μl of FISH hybridisation buffer. 
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2.8 Preparation of metaphase spreads from 

lymphoblastoid cell line 

A lymphoblastoid cell line from patient 1 , established by Epstein-Barr Virus (EBV) 

transformation was received from Wessex Regional Genetics Laboratory.  Cells were 

grown in RPMI 1640 medium, supplemented with 10% fetal calf serum, 1% 

penicillin/streptomycin, 1% oxaloacetic acid, 1% pyruvic acid and 0.2% insulin.  Cells 

were cultured at 37°C. 

The cells were split 1:2 after approximately 24 hours; a further 24 hours later 10 μl of 

ethidium bromide was added to 10 ml of the culture in a 25 ml flask and the cells were 

incubated at 37°C.  1.5 hours later, 100 μl of Colcemid (Demecolcine) was added to the 

10 ml of cultured cells.  30 minutes later, the cells were transferred to a 15 ml falcon 

tube and spun for 5 minutes at 12,000 rpm, after which the supernatant was poured off.  

10 ml of hypotonic solution (potassium chloride solution; 0.56% KCl, made by adding 

0.56 g of KCl to 100 ml of distilled water) was added slowly (drop by drop) while 

gently shaking the tube.  The cells were then incubated at 37°C in a water bath for 10 

minutes. 

The sample was spun for 5 minutes at 12,000 rpm and then the supernatant was poured 

off.  The remaining cells were then re-suspended in 10 ml of fixative solution (2.5 ml 

acetic acid, 7.5 ml ethanol) drop wise.  The sample was then spun for a further 5 

minutes, supernatant poured away and the cell pellet resuspended in a further 5 ml of 

the fixative.  The step was repeated, but the pellet resuspended in 3ml of fixative. 

Glass slides were cleaned with ethanol and a drop of the cell suspension was put onto 

each slide.  Slides were examined to check the quality of the metaphase spreads and 

then stored at -20°C until used for FISH. 
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2.9 Fluorescent in situ hybridisation using metaphase 

chromosomes 

Day 1 

Prepared slides of patient 1 chromosomes were retrieved from -20°C and baked at 65°C 

for 45 minutes. 

A denaturation solution of 70% Formamide/2x SSC was prepared as follows: 

Formamide       28 mls 

20x Saline Sodium Citrate Buffer (SSC)   4 mls 

Distilled water        8ml 

pH was adjusted to 7.5 by dropwise addition of concentration HCl. 

The solution was put into a coplin jar and warmed to 72°C in a water bath contained in 

a fume hood.  40 mls of 2x SSC was also pre-warmed in a coplin jar, to 37°C.  Coplin 

jars containing 70%, 80% and 100% ethanol at room temperature were prepared and a 

further coplin jar containing 70% ethanol was placed in the -20°C freezer.   

The target hybridisation area on each slide was marked at the slide edge with a pencil.  

The slides were then incubated in the 2x SSC at 37°C for 30 minutes.  Slides were 

dehydrated through an ethanol series of 70% ethanol, 80% ethanol and 100% ethanol, at 

room temperature, for 2 minutes each wash.  Slides were then allowed to air dry once 

dehydrated. 

Once dry, the slides were transferred into the coplin jar containing the denaturation 

solution at 72°C and incubated for 90 seconds, after which they were transferred to ice 

cold 70% ethanol for 2 minutes.  Slides were again dehydrated through 80% and 100% 

ethanol, for 2 minutes each at room temperature and allowed to air dry. 

The labelled probes were denatured in a 72°C water bath for 5 minutes and then 

transferred to a 37°C water bath for 15 minutes for a pre-annealing step in which 

labelled repeat sequences in the probe annealed with excess unlabelled repeats in cot1 

DNA.  
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Slides and coverslips were warmed for 1 minute on a 37°C hot plate.  6 μls of 

probe/hybridisation buffer mixture was then applied to the marked hybridisation area of 

the slide before being covered with a coverslip.  The edges of the coverslip were sealed 

with rubber cement before incubation overnight at 37°C in a sealed hybridisation oven 

in a pre-warmed humidified chamber tray. 

Day 2 

Rubber cement was removed from around the coverslip over the metaphase spreads and 

the slide washed in 50% Formamide/2 x SSC for 7 minutes at 45°C, x2 washes.  The 

slide was then washed in 0.1 x SSC for 7 minutes at 60°C, x2 washes before 

transferring to a coplin jar containing 4 x SSC/0.1% Tween at room temperature. 

Blocking buffer of 4 x SSC/3% Bovine Serum Albumin (BSA)/0.1% Tween was 

prepared, (10 ml of 4 x SSC, 0.3 gm BSA, 0.1% Tween 20) and 80 μl of this added to 

the hybridisation area before applying a coverslip and incubating at 37°C for 5 minutes 

in a humidified chamber. 

On removal of the coverslip, the slide was drained and 80 μl of detection reagent was 

added (10 ml of Blocking buffer with 20 μl of Avidin-FITC DCS (1:500 dilution, 

Vector Laboratories)) to detect the Biotin-16-dUTP BAC probe.  A fresh coverslip was 

applied and the slide incubated in a humidified chamber at 37°C for 30 minutes. 

The coverslip was then removed before washing the slide in 4 x SSC/0.1% Tween 20 

for 7 minutes at 45°C, x2 washes. 

After washing, the slide was drained and mounted in one drop of 4’6-Diamidino-2-

Phenylindole, Dihydrocholride (DAPI)/Vectashield mountant. 

2.10 Fluorescence imaging of FISH 

FISH results were imaged using a Coolsnap HQ CCD camera (Photometrics Limited, 

Tucson, USA), Zeiss Axioskop II fluorescence microscope with Plan-neofluar 

objectives, a 100 W Hg source (Carl Zeiss, UK) and Chroma #83000 triple band pass 

filter set (Chroma Technology Corp, USA), with excitation filters installed in a 

motorised filter wheel (Ludl Electronic Products, USA).  Image capture and analysis 

were performed using in-house scripts written for IPLab Spectrum (Fairfax, USA). 
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2.11 Purification and sequencing 

Performed by MRC Technical Services, Edinburgh; purification, carried out using 

the BioMek NX liquid handling robot 

Binding and washing of PCR products was carried out in a Bio-Rad 384 well plate.  5 μl 

of PCR product was added to 10 μl of AMPure magnetic beads and gently mixed.  The 

solution was then left for 3 minutes for DNA binding to occur, after which the plate was 

placed on a 96 well magnet for 2 minutes.  The supernatant was then removed and while 

still on the magnet, the beads/DNA were washed with 100 μl 70% ethanol, without 

disturbing the pellet.  After removing the 70% ethanol, the pellet was left to air dry for 

10 minutes.  The plate was then removed from the magnet and 20 μl of ultrapure water 

was mixed with the beads.  The plate was then placed on the magnet again for 1 minute 

and then 20 μl of the supernatant from each sample was transferred to a 96 well PCR 

plate.   

PCR sequencing reaction mix for NR2F2 alternate exon 1, exon 2a, exon 2b, exon 3 

and miRNA, per reaction 

Big Dye v3.1 (Applied Biosystems)    0.25 μl 

5x Big Dye Sequencing Buffer     1.87 μl 

M13 Primer 5 uM, (Forward or Reverse)    0.5 μl 

Autoclaved Milli-Q water      5.38 μl 

Purified DNA        2 μl 

 

PCR sequencing reaction mix for NR2F2 for cxon 1a and exon 1b, per reaction 

Big Dye v3.1 (Applied Biosystems)    0.25 μl 

5x Big Dye Sequencing Buffer     1.87 μl 

M13 Primer 5uM (Forward or Reverse)    0.5 μl  

5x Big Dye GC Sequencing Buffer     2 μl 

Autoclaved Milli-Q water      3.38 μl 

Purified DNA        2 μl 
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Polymerase Chain Reaction Programme for Sequencing Reactions 

96°C    30 seconds 

50°C    15 seconds 

60°C    4 minutes 

Go to step 1, x25 

15°C    Forever 

 

DNA Precipitation 

To each well, 1 μl of 3 M Sodium Acetate (pH 4.8) and 25 μl 95% 3thanol were added.  

Plates were centrifuged at 14,000 rpm for 30 minutes so that a DNA pellet formed.  The 

supernatant was poured off and excess liquid blotted away.  200 μl of 70% ethanol was 

then added to each well, poured away and excess liquid blotted away.  Excess ethanol 

was then removed by inverting the plate and placing on a paper towel and centrifuging 

up to 1,000 rpm.  DNA was resuspended in 10 μl of Hi-Di Formamide (Applied 

Biosystems) and plates loaded into ABI 3730 Sequencer for sequencing via capillary 

electrophoresis.  Results were obtained via the ABI Sequence analysis 5.2 software; 

data was then examined using Mutation Surveyor. 
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2.12 Amplification of genomic DNA for use in polymerase 

chain reactions 

Whole Genome Amplification was completed using illustra GenomiPhi V2 DNA 

Amplification Kit. 

Genomic DNA from patients with congenital heart disease on the Left Ventricular 

Outflow Tract spectrum was diluted to 20 ng/μl using distilled water (Gibco Distilled 

Water, Dnase/Rnase free).  1 μl of diluted DNA from each patient was put into each of 

the wells in a 96 well plate.  9 μl of ‘Sample Buffer’ was added to each well and heated 

to 95°C for 3 minutes.  Samples were then cooled to 4°C on ice. 

9μl of ‘Reaction Buffer’ and 1μl of Phi29 DNA polymerase was added to each reaction 

and the samples were incubated at 30°C for 90 minutes, during which time DNA 

amplification and subsequent strand displacement occurred at multiple sites along the 

template DNA.  The samples were then heated to 65°C for 10 minutes in order to 

inactivate the polymerase.  Reaction products were then cooled and stored at 4°C.  

Amplified DNA was used in polymerase chain reactions at a concentration of 1 in 20. 
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2.13 Polymerase chain reaction amplification of NR2F2 

Genomic DNA from 112 subjects with Left Ventricular Outflow Tract Obstruction was 

tested for mutations in the coding region and exon/intron boundaries of NR2F2, using 

pairs of oligonucleotide primers.  M13 tags were added to the primers so that universal 

primers could be used during the sequencing process. 

Polymerase chain reaction mix for alternate exon 1, exon 2a, exon 2b and exon 3 

Distilled water         3μl 

Thermo Scientific ReddyMix Custom PCR Master, 2x  6μl 

(Cat # CM-102/A)  

Forward Primer, 5 μM (Eurofins)      1μl 

Reverse Primer, 5 μM (Eurofins)      1μl 

1 in 20 dilution of whole genome amplified DNA   1μl 

 

Polymerase Chain Reaction Mix for exon 1a and exon 1b 

Distilled water         1.8μl 

Dimethylsufoxide        1.2μl 

Thermo Scientific ReddyMix Custom PCR Master, 2x  6μl 

(Cat # CM-102/A)  

Forward Primer, 5 μM         1μl 

Reverse Primer, 5 μM        1μl 

Whole genome amplified DNA      1μl 

 

Polymerase Chain Reaction Programme 

95°C   5 minutes 

94°C   1 minute 

60°C   1 minute 

72°C   1 minute 

Go to step 2, x31 



 

 112 

72°C   10 minutes 

15°C   Forever 

 

PCR reactions were carried out in 0.2ml semi-skirted 96-well plates, with a total 

reaction volume of 12 μl per well.  The final reaction products were loaded on a 1% 

agarose (Biogene) and run at 60 V for approximately 45 minutes.  A 100 base pair DNA 

size marker (Promega) was also run on each gel.  The bands were then visualised using 

a UV transilluminator (BioDoc-It System). 
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2.14 Generation of DNA template for riboprobe synthesis 

Genomic DNA used was from outbred albino mouse strain CD-1. 

Polymerase Chain Reaction Mix 

Distilled water         18μl 

PCR master mix (Thermo Scientific, Cat # CM-102/A)  20μl 

Forward Primer, 5 μM (Eurofins)      1μl 

Reverse Primer, 5 μM (Eurofins)      1μl 

DNA at 5 ng/μl         2μl 

 

Polymerase Chain Reaction Programme 

94°C    5 minutes 

94°C    45 seconds 

58°C    45 seconds 

72°C    1 minute 

Go to step 2, x36 

72°C    10 minutes 

4°C    Forever 

PCR reactions were performed in RNase and DNase free eppendorfs with a total 

reaction volume of 42 μl.  The final reaction products were loaded onto a 1% agarose 

gel and run at 60 V for approximately 45 minutes.  A 100 base pair DNA size marker 

(Promega) was also run on each gel. 
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2.15 DNA extraction using QIAquick gel extraction kit 

All centrifuge steps were carried out at 13,000 rpm. 

2 μl of PCR products were run on a 1% agarose gel and PCR products of the predicted 

size were then extracted using the QIAquick gel extraction kit (Qiagen).  

300 μl of ‘Buffer QG’ (contains guanidine thiocyanate) was added to each gel slice in 

individual eppendorfs.  The mixture was then heated at 50°C on a hot block for 10 

minutes until the gel was completely dissolved. 

100 μl of isopropanol was added to the dissolved mixture and the sample was put into 

the QIAquick spin columns containing a silica membrane, and centrifuged for 1 minute  

and the elute discarded.  

0. 5 ml of ‘Buffer QG’ was then added to each column and centrifuged for 1 minute to 

remove all traces of agarose.  DNA was then washed by adding 0.75 ml of ‘Buffer PE’ 

(contains ethanol) to each column.  This was left to stand for 1 minute, centrifuged for 1 

minute and repeated. 

QIAquick columns were placed into a clean 1.5 ml tube and 50 μl of distilled water 

added; the column was then centrifuged for 1 minute; resulting DNA templates in 

solution were used immediately or stored at -20°C. 
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2.16 Synthesis of sense and anti- sense Dig- labelled 

riboprobes 

Work surfaces were cleaned with 70% ethanol.  T3 and T7 reaction mixes were made 

up as follows for each reaction and put into 1.5 ml RNase/DNase free eppendorfs. 

Transcription buffer (x10) (Roche)      2μl 

RNase Inhibitor (Roche ‘Protector RNase Inhibitor’)   1μl 

10x DIG NTPs Labelling Mix (Roche)     2μl 

DIG labelled UTPs 

T7 or T3 RNA polymerase (Roche)     1μl 

Sterile, RNase free water       5μl 

DNA template (PCR product)      10μl 

 

Reaction mixtures were incubated at 37°C in a water bath for 2 hours and then spun 

briefly.  A further 1 μl of the appropriate polymerase was added and then incubated for 

a further hour. 

1 μl of RNase free DNase I was added to each reaction and left to incubate for 15 

minutes at 37°C in water bath after which time it was placed on ice.  2 μl of each 

riboprobe was run on a 2% gel to confirm presence of a band. 

Riboprobes were precipitated by addition of 80 μl of dH20 (ultrapure), 10 μl 3M 

NaOAc (sodium acetate) and 250 μl of 100% ethanol and being left to stand on ice for 

in excess of 30 minutes.  Samples were then centrifuged for 15 minutes and the 

supernatant removed. 

100 μl of 70% ethanol was then added and samples spun for 5 minutes.  Supernatant 

was again removed and resulting pellet dried.  Probes were then resuspended in 25 μl of 

ultrapure distilled water.  Riboprobes were stored at -40°C.  

 

 

 



 

 116 

2.17 Whole mount in situ hybridisation using mouse 

embryos 

Rehydration of embryos 

Mouse embryos of 10.5dpc that were stored in 100% methanol at -20°C were brought to 

room temperature in a fresh 100% methanol wash.  PBT (phosphate buffered saline with 

Tween) was made using 500 ml of PBS + 1 ml of 50% Tween 20.  Embryos were then 

washed in small glass jars on rollers in 75% methanol/PBT (10 minutes), 50% 

methanol/PBT (10 minutes),and PBT (5 minutes, x 3 washes). 

Permeabilisation and acetylation of embryos 

5 ml of 10 μg/ml Proteinase K in PBT was added to embryos and allowed to stand as for 

20 minutes.  Proteinase K solution was then removed and embryos washed in 0.1 M 

triethanolamine, pH 7.8, (5 minutes, x2).   

12.5 μl of acetic anhydride was then added to each glass bottle containing mouse 

embryos; after 5 minutes a further 12.5 μl of acetic anhydride was added and allowed to 

stand for a further 5 minutes. 

Embryos were washed in PBT on rollers (5 minutes, x2) and then were re-fixed in 10 

mls of  0.2% gluteraldehyde + 4% paraformaldehyde (PFA) for 20 minutes. Finally, 

embryos were washed again in PBT on rollers (5 minutes, x5) to wash off any excess 

fixative. 

Pre-hybridisation  

Hybridisation buffer was made up as follows: 

50% Formamide         25 ml 

20x SSC          12.5 ml 

50 mg/ml yeast RNA        1 ml 

50 mg/ml Heparin        100 μl 

10% Boehringer Mannheim Blocking reagent 5 ml 

50% Tween 20         100μl 
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10% 3,3-cholamidopropyl-dimethylammonio-  500μl 
1-propanesulfonate (CHAPS) 

0.5 M EDTA         1 ml 

Topped up to 50 ml with ultrapure water. 

 

Two embryos per gene to be investigated were transferred into DNase/RNase free 

eppendorfs and just covered with PBT.  250 μl of hybridisation buffer warmed to 60°C 

was added to each eppendorf and embryos allowed to settle to the bottom of the tube 

before solution was replaced with 1 ml of fresh warmed hybridisation buffer at 60°C.  

Each eppendorf was then incubated at 60°C for 2 hours. 

Hybridisation with riboprobes 

Hybridisation buffer was replaced with 1 ml hybridisation buffer + 400 ng riboprobe 

and samples rotated in an incubation oven at 60°C for 2 nights.  Hybridisation and 

probe solution were then removed.  Embryos were washed in 1 ml of Hybridisation 

buffer (10 minutes x 2). 

Stock 20x SSC buffer was made with 3 M sodium chloride, 300 mM trisodium citrate 

and adjusted to pH 7.0 with Hydrochloric Acid.  Embryos were washed in pre-warmed 

to 60°C 2 x SSC + 0.1% Tween 20 (20 minutes x 3), and then in pre-warmed to 60°C 

0.2 x SSC + 0.1% Tween 20 (30 minutes x 3). 

Detection of digoxygenin coupled riboprobe 

1 l of Maleic Acid Buffer 2x stock, pH 7.8 was made using 23.2 g 0.1 M Maleic Acid, 

17 g of 0.15 M sodium chloride, titrated to pH7.8 by addition of sodium hydroxide 

pellets.  Embryos were washed in 1 ml of 1x solution with 0.1% Tween 20 (MABT) at 

room temperature (15 minutes x 2). 

Embryos were then washed in 1 ml of MABT/2% Boehringer Mannheim Blocking 

Reagent (BMB)/20% heat-treated lamb serum for 2 hours at room temperature on a gy-

rocker.  Solution was replaced with a further 1 ml, with the addition of 1:2000 dilution 

of affinity purified sheep anti digoxygenin antibody, coupled to alkaline phosphatase 

and put on a gy-rocker overnight at 4°C. 
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The solution was then removed from each eppendorf containing embryos and washes of 

1 ml of MABT x1 were completed (5 minutes x 3).  Embryos were transferred into large 

glass vials and were washed further in larger volumes of MABT x 1 (60 minutes x 3).  

The final wash of MABT was removed, 2 ml of BM purple was added to each vial and 

the embryos inspected every 30 minutes until colour was seen to develop. 

Once staining was complete, embryos were washed in PBT (5 minutes x 2) and then 

stored in 1% Paraformaldehyde in the dark. 

 

2.18 Sectioning and mounting of fetal heart samples 

The microtome and surrounding work surfaces were cleaned with DEPC 

(diethylpyrocarbonate) ethanol.  A paraffin block containing a whole human fetal heart 

was placed into the microtome holder and the block trimmed to avoid sectioning of 

excess paraffin wax around each section.  Ribbons of consecutive sections were cut and 

placed on a block before using a paintbrush to transfer the sections. 
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2.19 Coating of slides 

Batches of 150 slides were placed into 6 slides racks.  Stocks of DEPC water and 

TESPA were allowed to reach room temperature for 20 minutes.   

Each rack of slides was then passed through the following washes for five minutes each: 

250 mls DEPC water with 250 µl DECP 

100% ethanol with 250 µl DECP 

100% ethanol with 250 µl DECP 

Excess fluid was then shaken off the slides and slides were allowed to dry under an air 

pump for 20 minutes.  Each rack of slides was then passed through the following 

washes for one minute each: 

250 mls of 70% ethanol and 10% HCl 

DEPC water 

100% ethanol 

Excess fluid was then shaken off the slides and slides were allowed to dry under an air 

pump for 20 minutes.  Each rack of slides was then put through the following washes: 

5 ml TESPA with 250 ml dry acetone for 15 seconds 

DEPC water, x10 agitations 

DEPC water, as above, repeated in five separate washes 

Excess fluid was then shaken off the slides and they were allowed to air dry for a further 

20 minutes under an air pump.  Slides were then left to dry fully at 37ºC before being 

stored in slides boxes at room temperature.
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2.20 Immunohistochemistry 

Slides containing fetal heart sections were rehydrated using the following washes, each 

for 2 minutes, before storing the slides in PBS: Xylene (x 2), 100% ethanol, 90% 

ethanol, 70% ethanol, de-ionised water.  

The sections were then treated to enable antigen retrieval.  250 mls of 0.1 M solution of 

sodium citrate (29.41 g sodium citrate in 1 l distilled water, adjusted to pH 6 by addition 

of HCl, plus 500 µl tween) was heated in the microwave for 2 minutes before placing on 

a hot plate at 240ºC.  On reaching boiling point, the slides were submerged in the 

sodium citrate solution for 10 minutes after which the beaker containing the slides was 

allowed to cool for 20 minutes.  Slides were then rocked in PBS for 10 minutes (x 2).  

1 in 400 primary anti-rabbit antibody raised to NR2F2 (Abcam) in PBS with 3% goat 

serum and 1 in 100 anti-rabbit antibody raised to MCTP2 (Abcam) were prepared.  

Slides were removed from PBS and allowed to dry before the individual sections were 

drawn around with a hydrophobic pen.  Of four sections on each slide, three had 25 µl 

of diluted primary antibody raised to either NR2F2 or MCTP2 added; the fourth PBS 

and goat serum only to act as a negative control.  Sections were also incubated with 

additional primary antibodies to act as markers for different cell types; anti mouse to 

CD34, 1 in 200,(Novocastra),  anti-mouse to Troponin C, 1 in 200, (Novocastra), anti-

mouse to SMA, 1 in 100 (Novocastra) or anti-mouse to D240, 1 in 100, (Novocastra).  

Slides placed in a plastic tray within a humidity chamber at 4ºC overnight.   

Secondary antibodies were prepared, 1 in 200 FITC conjugated anti rabbit Ig (Sigma) 

and 1 in 200 Alexa 594 conjugated anti mouse Ig (Life Technologies).  Slides were 

removed from the humidity chamber and the primary antibody washed off using three 

washes of PBS, each for 5 minutes.  25 µl of the secondary antibody solution was added 

and the slides incubated in the humidity chamber for 2 hours at 4ºC, protected from 

light. 

Secondary antibody was washed away using a PBS wash for 5 minutes x3 on a rocking 

plate.  Slides were then dehydrated using the following washes for 2 minutes each, 70% 

ethanol, 90% ethanol, 100% ethanol before washing in xylene for 4 minutes.  Slides 

were then washed briefly in 100% ethanol and allowed to dry. 
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2 drops of Vectashield with DAPI were added to each slide and a cover slip placed 

evenly over each section, ensuring no bubbles were present under the cover slip.  

Coverslip rims were then sealed with nail varnish and allowed to dry in the dark before 

storing slides at 4ºC.  Visualisation and capture of sections was performed with a Zeiss 

Axioplan fluorescence microscope and software (Carl Zeiss).   
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2.21 Sample labelling for array comparative genomic 

hybridisation 

4 µl β-Mercaptoethanol was added to 2,200 µl of Random Primer Buffer supplied in the 

NimbleGen Dual-Color Labeling kit (Cat No 06370381001).  1,050 µl of this solution 

was added to the supplied lyophilised Cy3 and Cy5 (different cyanine fluorescent dyes) 

labelled random nonamers (to allow random primer labelling) and the resultant solution 

divided into 20 µl aliquots and protected from light. 

DNA from 36 patients with LVOTO and from 36 reference control samples was 

assembled into 72 0.2 ml PCR tubes with Cy3 or Cy5 as below.  Samples were prepared 

in batches of 24 (12 patient samples and 12 reference samples). 

 

       Test Sample  Reference Sample 

Genomic DNA     1000 ng   1000 ng 

Diluted Cy3 Random Nonamers  20 µl                - 

Diluted Cy5 Random Nonamers  -    20 µl 

RNAse/DNAse free water    To volume 40 µl         To volume 40 µl 

 

Samples were spun briefly before heat denaturing at 98°C for 10 minutes and then quick 

chilling on ice for at least 2 minutes.  dNTP/Klenow master mix was prepared for each 

batch of 24 samples and contained 130 µl of dNTP Mix (10 mM of each dNTP), 104 µl 

of distilled water and 26 µl of Klenow Fragment (5’ – 3’polymerase). 

10µl of the dNTP/Klenow master mix was added to each of the denatured and chilled 

samples on ice, making total reaction volumes of 50µl.  Samples were mixed by 

repeated pipetting and spun briefly before being incubated overnight at 37°C in a 

thermocycler protected from light.  After overnight incubation, 10.8 µl of NimbleGen 

‘Stop Solution’ was added to each sample before vortexing and then spinning briefly. 
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2.22 Precipitation of genomic DNA samples for array 

comparative genomic hybridisation 

At room temperature, with samples covered with aluminium foil to protect from the 

light as much as possible, 55 µl of Isopropanol was added to each of the labelled patient 

and reference samples.  Samples were vortexed well and incubated for 20 minutes 

before centrifuging for 15 minutes at 11,337 g.  Supernatant was removed with a pipette 

and each coloured pellet then rinsed with 500 µl of 80% ice-cold ethanol.  Samples 

were vortexed briefly before spinning for 4 minutes at 11,337 g, and the supernatant 

again removed.  The resulting pellets were then dried in a DNA vacuum concentrator 

(protected from light) on medium heat for approximately 5 minutes. 

Samples were then rehydrated with 25 µl of RNAse/DNAse free distilled water per 

reaction and left to stand for 20 minutes before vortexing for 30 seconds and spinning 

briefly to collect the contents at the bottom of the tube. 

The DNA concentration of each sample was then measured using a NanoDrop 

Spectrophotometer.  An aliquot of prepared labelled DNA from each patient and a sex 

matched control sample were combined so that the resultant solution contained 20µg of 

DNA from both patient and from pooled sex matched controls.  Samples were then 

dried in a DNA vacuum concentrator, protected from the light, for approximately 20 

minutes.  
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2.23 Loading and hybridisation of genomic DNA samples 

for array CGH 

The NimbleGen Hybridisation System (a chamber designed to fit the slides used in 

array CGH precisely and to be kept at a constant temperature) was switched on and set 

to 42°C to warm and achieve a constant temperature. 

Each of the dried pellets of patient/sex matched control labelled DNA were resuspended 

in 3.3 µl of distilled water containing a unique NimbleGen Sample Tracking Control 

(STC, a Cy3 labelled 48mer oligonucleotide) that enabled the position of each sample 

when on the array CGH slide to be identified.  The STC added to each sample was 

recorded.  Samples were vortexed well and spun briefly.   

A master mix for the NimbleGen Hybridisation Kit solution was prepared as below (for 

12 samples): 

Hybridisation reagent master mix 

2x Hybridisation Buffer     88.5 µl 

Hybridisation Component A     35.4 µl 

Alignment Oligo       3.6 µl 

 

8.7 µl of the above mix was added to the 3.3 µl of labelled sample DNA/STC controls, 

making a total of 12 µl, which was vortexed well, for approximately 15 seconds, spun 

and then incubated at 95°C for 5 minutes, protected from light. 

The 12x135 array CGH slide was assembled, made up of a base slide with 12 x 135 

oligonucleotide probes pre-stamped onto it, with an HX12 ‘mixer’stuck firmly  on top 

of the slide.  The slide and mixer were correctly aligned using the NimbleGen Precision 

Mixer Alignment Tool (PMAT), a hinged metal cartridge which held the slide on its 

base plate and the mixer on the upper hinged portion so that both were opposed 

precisely.  When the PMAT was closed, and the adhesive side of the mixer exposed to 

stick to the slide, one of each of the 12 sample entry ports on the mixer was aligned to 

each set of 135 k probes.  The assembled slide was removed from the PMAT and placed 

in the slide bay of the Hybridisation System. 
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Using pipette tips that fitted precisely into the mixer loading ports and using a Gilson 

Microman pipette, 6 µl of each sample was loaded into each port of the array slide. The 

pipette tip was kept perpendicular to the slide while loading. Once each was loaded, the 

fill port was covered using a mixer port seal, applied carefully with forceps.  

The Hybridisation System was then closed and the samples hybridised at 42°C for 72 

hours. 
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2.24 Washing and two colour scanning of hybridised 

array slides 

A water bath was set to 42°C and NimbleGen wash buffers II and III were allowed to 

come to room temperature.  Wash buffer I was warmed to 37°C for 10 minutes to allow 

any sediment to re-dissolve.  Washes I, II and III were then prepared as follows, 

including a larger and a smaller batch of wash I.  1 M Dithiothreitol (DTT) was added in 

a fume hood: 

       Wash I   Washes I, II and III 

Hplc grade purified water (Sigma)  243 ml            24.3 ml 

10x Wash Buffer I, II or III   27 ml      2.7 ml 

1M DTT solution      27 µl      2.7 µl 

 

A shallow dish containing the large volume of wash I was heated in a 42°C water bath 

for 30 minutes.  The slide and mixer were removed from the Hybridisation System, 

placed into the Mixer Disassembly Tool, and immersed in the warmed wash I.  The 

mixer was peeled off the slide which was held firmly by the Mixer Disassembly Tool.  

The slide was then agitated gently in the large volume of wash I before being 

transferred to a 50 ml falcon tube containing the smaller volume of wash I.  The slide 

was shaken vigorously in wash I for 2 minutes before being transferred to wash II for 1 

minute of vigorous shaking, and then wash III for 15 seconds of vigorous shaking.  The 

slide was then transferred to 50mls of PBS in a falcon tube for transport to the 

centrifuge, in which it was centrifuged dry for 1 minute at 1,500 rpm (contained in a 

further empty falcon tube). 

The array slides were scanned using an MS 200 Microarray Scanner.  Slides were 

inserted using the slide magazine and the function of both the green and red lasers were 

checked .  A file and filepath were set up in which to save the data generated and the 

region of the slide to be scanned was selected using default settings on the MS 200 

Microarray Scanner.  Data were analysed using ‘NimbleScan’ (Roche, Nimblegen) 

software.  The CGH-segMNT module of Nimble Scan was used for the analysis with a 

minimum segment length of 5 probes and an averaging window of 130 kb.  Results 

were compared to the Database of Genomic Variants, http://projects.tcag.ca/variations. 

http://projects.tcag.ca/variations
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Chapter 3:  Breakpoint mapping and 

candidate gene sequencing 

3.1 Identification of disease genes using chromosomal 

abnormalities and breakpoint mapping 

There are several examples of disease genes discovered when an individual patient with 

both the disease of interest and a structural chromosome abnormality disrupting the 

disease gene are identified.  Examples include a chromosome inversion that interrupts 

exon 9 of the COL4A5 gene in a patient with Alport syndrome (Hertz, et al. 2005), a 

balanced translocation disrupting TBX5 in a patient with Holt-Oram (Hand and Heart) 

syndrome {Basson, 1999 #3}, a balanced translocation disrupting ALMS1 in a patient 

with Alstrom syndrome (Hearn, et al. 2002) and a translocation breakpoint mapped 

within TAB2 in an individual with LVOTO (Thienpont, et al.). 

Breakpoints have often been mapped using fluorescent in situ hybridisation (FISH) 

probes and resolution has been limited by the size of the probe (Chen, et al. 2008).  

Using flow sorted chromosomes and DNA arrays, array painting is possible and 

improves resolution.  Using array painting, flow sorted derivative chromosomes are 

hybridised to oligonucleotide arrays that are designed to provide continuous coverage of 

the breakpoint region at a high density (Gribble, et al. 2005).  Hybridisation of each 

derivative chromosome ceases at the breakpoint, so narrowing the breakpoint to the 

resolution of the array. 

Baptista et al (2008) published data from a patient with a balanced translocation, 

46,XY,t(14;15)(q23;q26.2) and LVOTO (figure 3.1 shows illustrative ideograms).  

Using FISH to map the breakpoints they showed that on chromosome 14 (figure 3.2), 

two fosmids flank the breakpoint, WI2-815L03 and WI2-3837K2.  On chromosome 15, 

a single fosmid spans the breakpoint (WI2-1929I14) and thus the breakpoint lies within 

the fosmid sequence (figure 3.3).  Genomic DNA was available from a lymphoblastoid 

cell line established from this patient (patient 1).  In addition, previously flow sorted 

chromosomes were obtained (Baptista, et al. 2008) and DNA was available individually 

from derivative chromosomes 14 and 15 (der(14) and der(15)).  The derivative 
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chromosomes had been amplified using the GenomePlex Complete Whole Genome 

Amplification kit (Sigma). 

3.2 Results 

3.2.1 In silico analysis of breakpoint regions 

In silico analysis was conducted using the Ensembl database, 

http://www.ensembl.org/index.html to identify protein coding genes close to the 

mapping fosmids used by Baptista et al.  Figures 3.2 and 3.3 show the results of the 

search of protein coding genes around the breakpoints on chromosomes 14 and 15.  

There are no protein coding genes within the 106 kb breakpoint region on chromosome 

14.  There is one protein coding gene, NR2F2, within the 36 kb breakpoint spanning 

region on chromosome 15. 

3.2.2 Mapping of translocation breakpoints 

Baptista et al narrowed the chromosome 14 and 15 breakpoints to 105 kb and 36 kb 

respectively.  A similar principle to array painting was used for finer breakpoint 

mapping.  Presence of PCR products from each chromosome (rather than array probes) 

was used to signify presence of DNA from each derived chromosome.  The principle 

was that if by breakpoint mapping the gene NR2F2 could be shown to be disrupted, this 

would be in support of this being the causative gene in the CoA phenotype seen in 

patient 1. 

Pairs of primers were designed along the length of the breakpoint spanning regions of 

both chromosome 14 and 15 using the primer design programme 

http://frodo.wi.mit.edu/primer3/.  In order to cover the 105 kb region on der(14), 19 

primer pairs were designed (A - S) at intervals of approximately 5.5 kb.  The 36 kb 

region on der(15) was covered by 12 primer pairs (1 - 12) at intervals of approximately 

3 kb.  The primer pair sequences are shown in appendices 2 and 3.  Each pair of primers 

was shown to amplify PCR product using normal genomic DNA prior to the reactions 

using the flow sorted derivative chromosomes (figure 3.4; Method 2.1 for final reaction 

conditions and methods).  Flow sorted derivative chromosomes 14 and 15 were then 

used as template for PCR reactions for primer pairs A – S and 1 – 12. 

http://www.ensembl.org/index.html
http://frodo.wi.mit.edu/primer3/
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Figure 3.5 shows PCR products amplified using primer pairs A - S (designed against 

chromosome 14) when flow sorted der(14) and der(15) were used as DNA template.  

Using der(14) as template with primer pairs A - S, PCR products are present for primer 

pairs A - H; amplicon B has failed.  There is no PCR product for primer pairs I - K, M, 

or O - S.  A faint band appears for primer pairs L and N.  Bands of DNA where present 

correspond to the expected size of PCR product.  Using der(15) as template, primer 

pairs A - D failed to amplify.  PCR products are present for primers E - S, excluding for 

primer pairs F and P.  Results suggest that the breakpoint on der(14) is between primers 

H and I, but between D and E on der(15).  

Figure 3.6 shows PCR products amplified using primer pairs 1 - 12 (designed against 

chromosome 15) when der(14) and der(15) were used as DNA template.  Using der(14) 

as template there is failure to amplify PCR product for primer pairs 1 - 7. Primer pairs 8 

and 9 have amplified.  For primer pairs 10 - 12 there are no amplification bands.  Using 

der(15) as template, faint bands representing PCR products are present for primer pairs 

1, 2, 4 and 6.  Beyond this (primer pairs 7 - 12), no PCR products are seen.  These 

results suggest that the breakpoint on chromosome 15 lies between primers 6 and 8 on 

chromosome 15. 

3.2.3 Amplification of products across the breakpoints (I) 

Results from PCRs using flow sorted chromosomes suggested breakpoints for 

chromosomes 14 and 15.  This allowed informed choice of primer pairs, one from each 

chromosome to try to amplify breakpoint spanning products.  If possible, this DNA 

product could be sequenced and the base pair sequence of the breakpoints determined.  

This would allow any genes interrupted by the breakpoint to be identified.  Repeated 

attempts were made to amplify a breakpoint spanning product by using combinations of 

chromosome 14 and 15 forward primers with reverse primers designed against the other 

chromosome.  Long Range PCR (Method 2.2) was used but the length of the potential 

breakpoint spanning amplicons were unknown.  Attempts produced either no 

amplification bands, or multiple bands.  FISH was then used as an alternative method to 

localise the breakpoint on chromosome 15. 

 

 



 

 134 

 

 



   

 135  

 
 

  



 

 136 

3.2.4 Chromosome 15 breakpoint mapping using FISH 

Baptista et al had mapped the chromosome 15 breakpoint to a 36 kb region, and in silico 

analysis showed that only a single gene, NR2F2, was present within the breakpoint 

region (figure 3.3). Results using PCR to map the breakpoints give tentative results but 

FISH was used to map the breakpoint on chromosome 15 in more detail.  A FISH probe 

was designed that spanned the DNA sequence of NR2F2; it began 441 base pairs 

proximal to the most 5’ exon of NR2F2 and ended 273 base pairs 3’ of the final exon 

(figure 3.7).  DNA from fosmid WI2-1929I14 was used as template to generate the PCR 

product to be used as the FISH probe.  The fosmid was extracted from E.Coli that had 

been transfected with WI2-1929I14 (method 2.3).  The probe was amplified using long 

range PCR (method 2.4), purified (method 2.5) and then labelled with Spectrum Orange 

using nick translation (method 2.6).  A probe was also made from BAC RP11-178D12 

(Osoegawa et al, 2001), labelled with FITC and used as a marker for chromosome 15.  

After labelling, the probes were prepared with Cot-1 DNA to reduce non-specific 

hybridisation (method 2.7).  Metaphase spreads were prepared (method 2.8) from the 

lymphoblastoid cell line established from patient 1.  These were then used for FISH, 

using the probes above (method 2.9).  

FISH results are shown in figure 3.8.  Metaphase spreads were examined and imaged 

(method 2.10).  FITC signal is present on chromosome 15 and der(15).  There is 

Spectrum Orange signal on both der(14) and der(15) confirming that the FISH probe 

designed spans the breakpoint as it hybridises to both derivative chromosomes.  Since 

the probe spans NR2F2 the results show this gene is disrupted.  The red signal on 

der(14) is brighter than that on der(15) suggesting that a larger proportion of the FISH 

probe is present on this chromosome.  This observation was made in all 20 metaphases 

examined. 

3.2.5 Amplification of clones across the breakpoints (II) 

FISH mapping indicated that the breakpoints led to disruption of NR2F2 but the 

location with regard to the exons and introns of the gene was unknown.  Attempts were 

made to generate breakpoint spanning products using several PCR programmes 

optimised to the generation of DNA fragments of varying sizes.  Using long range PCR, 

(method 2.2) forward primers from chromosome 14, either forward H or I, were paired  
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with each of the reverse primers from chromosome 15 (reverse 7, 8 and 9).  Genomic 

DNA from patient 1 was the template.  Figure 3.9, a) shows the band generated by the 

pairing of chromosome 14 forward H and chromosome 15 reverse 8 of approximately 

4800 base pairs, likely to span the breakpoint on chromosome 14.  All other 

combinations have failed.  As amplification of a band using forward primer H (but not I) 

was possible, this refined the chromosome 14 breakpoint on der(14) to a 4.5 kb region 

from the 5’ end of forward primer H to the 3’ end of primer I.  It refined the proximal 

end of the chromosome 15 breakpoint to the region between the 5’ end of reverse 

primer 7 and the 3’ end of primer 8 (figure 3.9c).  

As this amplicon was too large for Sanger sequencing, further primers (called H1 - H18, 

18 primers in total, see appendix 4 for list of primers) were designed against 

chromosome 14 across the 4.5 kb narrowed breakpoint region.  Using long range PCR 

(method 2.2) the H1 - H18 forward primers were used with reverse primer 8 from 

chromosome 15.  Figure 3.10 a) shows the possible lengths of amplicons that could 

have been generated with each combination of primers.  Figure 3.10b) shows the actual 

results obtained.  The largest band generated is in lane H13/8 and is of approximately 

1400 base pairs. 

To narrow the breakpoint further on chromosome 15 between reverse primers 7 and 8, 

pairs of primers were designed at 300 - 400 base pair intervals across the 2.8 kb region 

(called 7a - 7g, see appendix 5 for list of primers). Forward H13 (from chromosome 14) 

was then paired with these reverse primers from chromosome 15.  Figure 3.11 a) shows 

the possible lengths of amplicons that could have been generated from each 

combination of primers and figure 3.11b) shows the actual results obtained.  A band of 

approximately 440 base pairs is shown from the pairing of forward primer H13 (from 

chromosome 14) and reverse primer 7d (from chromosome 15).  Other pairings 

produced bands but this shortest band was most suitable for Sanger sequencing.  This 

band was purified and sent for Sanger sequencing at 

http://www.lifesciences.sourcebioscience.com. Figure 3.12 shows the sequence of the 

breakpoint spanning product across the precise breakpoint on der(14), and the location 

of the breakpoint in relation to NR2F2.  The location of most 3’ base present on the 

der(14) fragment is 56,284,150; for the most 5’ base from chromosome 15, the location 

is 96,876,674.  This breakpoint is predicted to disrupt each of the four transcripts of 

http://www.lifesciences.sourcebioscience.com/
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NR2F2.
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Although it was possible to map the breakpoint on der(14) to base pair detail, the same 

strategy did not generate a breakpoint spanning product that could be sequenced for 

der(15).  chromosome 14 chromosome 14 

3.2.6 Sequencing of NR2F2 

Since by using FISH and breakpoint mapping patient 1 had been shown to have an 

interruption of NR2F2 and had an LVOTO phenotype, DNA samples available from 

112 patients with isolated LVOTO were analysed for mutations in this gene.  Each had 

previously been investigated and found to have a normal karyotype. 

PCR primers were designed in order to amplify all the exons of NR2F2 and miRNA 

1469 that lies within the NR2F2 sequence (see figure 3.13 for location of primers and 

appendix 6 for the list of primers used).  M13 sequence was included at the 5’ ends of 

forward, and the 3’ ends of reverse primers so that universal primers could be used 

during sequencing.  Due to the large size of exons 1 and 2, each required amplification 

using two sets of primers.  Primers were not designed to specifically include the 

untranslated regions of exons.  As the quantity of DNA available was limited from some 

patients, Whole Genome Amplification was performed (method 2.11).  PCR was then 

used to generate each amplicon (method 2.12).  Purification and sequencing of PCR 

products was done by MRC Technical Services, Edinburgh (method 2.13).  Sequencing 

data was analysed using Mutation Surveyor software.  Sequence was analysed up to and 

including 15 base pairs 5’ and 3’ of each exon as a minimum; intronic sequence beyond 

this was analysed when of sufficient quality.  Results are shown in table 3.1.  Published 

SNP frequencies are from http://www.1000genomes.org. 

Table 3.1 Sequence changes identified in DNA samples from 106 patients with LVOTO 

Table 3.1 Sequence changes identified in DNA samples from 112 patients with LVOTO 

SEQUENCE 
CHANGE 
DESCRIPTION 
(BUILD 37.3) 

SEQUENCE 
CHANGES 
FOUND 

PATIENTS 
WITH 
EACH 
CHANGE 

PUBLISHED 
POPULATION 
FREQUENCY 
OF MINOR 
ALLELE  

CONTROL  
POPULATION 
ALLELE 
FREQUENCY 

g.96878099C>T rs1574570 1 0.359 - 

g.96880511_96880
513delTTC 

rs138182724 22 - 0.10 

http://www.1000genomes.org/
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Sequencing of exon 2 in 112 patients with LVOTO identified one sequence change 

which is a known SNP (rs1574570).  In exon 3, 22 DNA samples were identified with a 

sequence change which is a heterozygous deletion polymorphism at the 5’ end of the 

exon.  Figure 3.14 shows details of the sequence change.  This is a recognised SNP 

(rs138182724).  There was no population frequency data available for this change on 

dbSNP or 1000 genomes database.  However, when 60 control chromosomes were 

analysed, the same sequence change was found in 6 of these samples (minor allele 

frequency of 0.10). 

3.3 Discussion 

3.3.1 Flow sorted chromosome PCR 

Results obtained using primers A - S and 1 - 12 allow a model to be proposed showing 

possible configuration of the breakpoints on der(14) and der(15).  This is shown in 

figure 3.15.  The model includes a duplication of material from chromosome 14 and a 

deletion of material from chromosome 15. 

Translocations that are apparently balanced have been identified in patients with 

abnormal phenotypes.  Some such translocations have subsequently been found to 

contain additional complexity (De Gregori, et al. 2007; Gribble, et al. 2005; Patsalis, et 

al. 2004; Schluth-Bolard, et al. 2009).  Revealing such complexity has become easier 

since array comparative genomic hybridisation (array CGH) became available and made 

looking at chromosomal structure in greater detail than Giemsa staining possible 

(Baptista, et al. 2008).  Incidence of ‘over-lapping breakpoint’duplications, that is 

duplication of several hundred base pairs at the breakpoint, leading to the material being 

present on both derivative chromosome, has also been reported several times, and 

though mainly in cancer cell lines, {Howarth,  #10}, they are also reported in cases of 

germline balanced translocations {Gajecka, 2008 #834;Cox, 2003 #12}.  It is also 

possible that apparent ‘drop out’ of some of the amplicons represents true deletions of 

portions of the derivative chromosomes, rather than experimental failure, since deletions 

surrounding the breakpoints of apparently balanced translocations have been previously 

reported (De Gregori, et al. 2007). 
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3.3.2 FISH mapping 

Since the FISH probe used spanned NR2F2 and extended beyond the boundaries of the 

gene by only a few hundred base pairs at either end, and is detected on both derivative 

chromosome 14 and 15 (figure 3.8) the results show that at least one of the four 

transcripts of NR2F2 is disrupted by the breakpoint on chromosome 15 in patient 1.  It 

is possible that this will result in a null allele.  The breakpoint on chromosome 14, using 

evidence from previous FISH data, and the PCR data above, does not interrupt any 

annotated transcription units.  It is possible therefore that the breakpoint on 

chromosome 15 is causing the phenotype in this individual. 

3.3.3 Amplification of breakpoint spanning product 

The breakpoint on der(14) was mapped to base pair detail.  Figure 3.9 a) shows a 

breakpoint spanning product of approximately 4800 base pairs when primers H/8 were 

used.  Pairing H/7 failed, probably because reverse primer 7 is not present on der(14) 

and is either deleted totally or present on der(15).  Assuming der(14) contains DNA 

from chromosome 15 distal to primer 8, then pairing H/9 is expected to amplify.  

Although the fidelity of long range PCR reactions is increased by inclusion of a proof 

reading enzyme, longer PCR products are technically more difficult to amplify which 

may explain the failure.  Breakpoint complexity is suggested in Figure 3.15 but this 

could also include features such as inversion of the relevant section of DNA.  Failure of 

pairings I/7, I/8 and I/9 is because the breakpoint lies 5’ of primer I so that no annealing 

at this locus was possible. 

When H1 - H18 were paired with reverse 8 (figure 3.10), a step wise pattern of bands is 

seen as the fragments are of decreasing size.  This is because the reverse primer was the 

same for all reactions but the forward primers were increasingly close to the breakpoint 

from H1 to H13.  Failure to generate discreet bands in lanes H1/8 - H3/8 may have been 

due to inappropriate annealing times for the predicted band size.  The lack of PCR 

products in lanes H14/8 to H18 is because the forward primers lie distal to the breakpoint. 

The same principle applies to interpretation of figure 3.11; failure of bands in lanes 

H13/7a - H13/7c is because 7a - 7c are proximal to the chromosome 15 breakpoint.  The 

three bands of increasing size reflect increasing distance from the breakpoint. 
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The breakpoint on chromosome 15 lies at 96,876,674.  A search using the amino acid 

sequence from NR2F2 using Prosite (http://prosite.expasy.org) identified two zinc 

finger motifs corresponding to a DNA binding domain, between amino acids 79 - 134.  

The bases that code for these amino acids lie between positions 96,875,569 and 

96,877,306; the NR2F2 breakpoint lies within this region.  Figure 3.16 highlights the 

location and conservation of the amino acids that comprise the DNA binding domain. 

Considered together, disruption of NR2F2 by the breakpoint, the translocation being a 

de novo change, previous evidence of haloinsufficiency causing a LVOTO phenotype, 

and high levels of conservation of the peptide sequence there is reasonable evidence that 

mutations in NR2F2 could cause an LVOTO phenotype. 

3.3.4 Sequencing results 

In a cohort of 112 cases, two sequence changes were identified that are known 

polymorphisms in NR2F2.  The frequency of the polymorphism rs1574570 was found 

in the study population at a lower frequency than reported in other populations.  

However, the sample size is relatively small so that it would be desirable to examine the 

DNA of greater numbers of patients with LVOTO to calculate if the frequency is 

statistically significant.  The polymorphism rs138182724 was found in 22/112 cases in 

the study cohort (22/224 chromosomes) and 6/30 (6/60 chromosomes) of the control 

population. 

It is known that some polymorphisms arise consistently in association with certain 

diseases (Klein, et al. 2005; Ozaki, et al. 2002); analysing these findings forms the basis 

of GWAS in which common genetic variants of many people are examined to see if 

these variants are found at significant frequency in those with the phenotype in question 

(Christensen and Murray 2007).  There are no published reports suggesting that the 

polymorphisms observed in this cohort are associated with LVOTO. 

Although previously unreported mutations (that is, non-SNPs) have not been found so 

far in NR2F2 this does not exclude the gene as a cause of LVOTO.  In other genes that 

have been found to be causative for CHD, the frequencies of mutations in affected 

populations have been low, for example after a balanced translocation led to the 

identification of TAB2 mutations as a cause of LVOTO, and the importance of the gene 

in cardiac embryology shown by zebrafish knockdown studies, sequencing of the gene  
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in 402 patients revealed only two missense mutations (Thienpont, et al.).  Frequency of 

mutations in NOTCH1 in patients with LVOTO is higher but still relatively low; in a 

series published by McBride et al (McBride, et al. 2008) two different mutations were 

found in six DNA samples from individuals with LVOTO from a panel of 91 samples.   

Mutations in NKX2.5 are associated with CHD and in particular septal defects (Schott, 

et al. 1998); in a panel of 608 patients with a range of CHD, mutations in NKX2.5 were 

found in 3% (McElhinney, et al. 2003).  These findings demonstrate the low frequencies 

with which mutations may be found in genes that cause CHD. 

No mutations were found in NR2F2, the only gene disrupted by the breakpoints on 

chromosome 14 or 15.  Although many genes have been identified from the disruption 

of an intragenic region, there are also examples in the literature in which disease 

phenotypes are associated with chromosomal rearrangements that disrupt areas of the 

genome close to, but not within the putative gene (Kleinjan and van Heyningen 1998); 

the table below shows examples of this. 

Table 3.2 Phenotypes caused by disruption of areas outside the disease gene 

GENE DISEASE DISTANCE FROM 
BREAKPOINT 

REFERENCE 

GLI3 Greig cephalopolysyndactyl 10 kb (Vortkamp, et al. 1991) 

PITX2 Reiger Syndrome 90 kb (Flomen, et al. 1998) 

PAX6 Aniridia 125 kb (Fantes, et al. 1995) 

SHH Holoprosencephaly 265 kb (Belloni, et al. 1996) 

SOX9 Campomelic dysplasia 850 kb (Wirth, et al. 1996) 

POU3F4 X-linked deafness 900 kb (de Kok, et al. 1995) 

SOX9 Campomelic dysplasia 1.3 Mb (Velagaleti, et al. 2005) 

 

During investigation of a causative gene for LVOTO, Gill et al (Gill, et al. 2009) 

described an individual with HLHS and a de novo translocation between 1q41 and 

3q27.1.  The 1q41 breakpoint was contained within a 4 Mb inverted segment of 

chromosome 1.  Mapping of the four breakpoints failed to reveal any intragenic 

interruptions and the rearrangement did not result in any detectable deletions-

duplications.  One of the breakpoints was shown to be approximately 78 kb 3’ of the 
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promoter for PROX1.  This breakpoint was found to cause spatial separation of PROX1 

from nine Highly Conserved Non-coding Elements (HCNEs) (Gill, et al. 2009).  The 

authors concluded that the breakpoint and separation of the HCNEs from PROX1 was 

the most likely cause of the phenotype in their patient and was due to position effect.  

‘Position effect’ refers to an alteration in the expression of a gene due to a change in 

genomic elements surrounding the gene, either 5’ or 3’, even though the actual 

transcription unit is intact (Hill 2008).  Genes surrounding the breakpoints on 

chromosomes 14 and 15 therefore also needed to be considered.  
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Chapter 4:  Assessment of candidacy of 

genes around the breakpoints 

4.1 Importance of the position effect 

Table 3.2 shows that a position effect can result in a disease phenotype with breakpoints 

up to 1.3 Mb away from the putative gene.  Genes around the breakpoints on 

chromosome 14 and 15 were therefore considered as candidates in causation of LVOTO 

in patient 1.  In considering the genes around the breakpoints, their proximity to regions 

of HCNEs was also considered.  The examination of PROX1 by Gill et al illustrates the 

importance of HCNEs in determining possible pathogenicity of particular genes (Gill, et 

al. 2009).   

It has been observed that there are many non-exonic regions of the genome that are 

conserved between the genomes of humans and other species.  Bejerano et al reported 

481 elements over 200 base pairs long and 5000+ over 100 base pairs long that are 

conserved between human, rat and mouse genomes.  It was also observed that HCNEs 

group spatially close to genes known to regulate developmental processes (Bejerano, et 

al. 2004).  Further evidence for the developmental importance of these regions comes 

from experiments using a zebrafish green fluorescent protein (GFP) reporter construct 

for several genes including SOX21 and PAX6.  These were injected into zebrafish 

embryos along with an identified HCNE and GFP presence assessed.  Many of the 

HCNEs tested were found to enhance gene expression, suggesting they may be 

regulatory domains (Woolfe, et al. 2005).  The Ancora database and browser compiles 

HCNEs with their genomic location, http://ancora.genereg.net/.  The process for 

identifying HCNEs involves examining regions of the genome in 50 base pair units, 

referred to as columns.  An HCNE is present when a percentage threshold for similarity 

is reached (between 70%-100%) for at least 50 columns.  Figure 4.1 shows the density 

of HCNEs around PROX1, figure 4.2 HCNEs around SOX9 and figure 4.3 HCNEs 

around PAX6, all genes for which significant position effects have been demonstrated.  

For each gene, there are multiple HCNEs, suggesting the functional importance of these 

elements.  Position effects above 0.5 Mb are rare; those shown in Table 3.2 occur in 

regions with high numbers of HCNEs.  

http://ancora.genereg.net/
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4.2 Whole mount in situ hybridisation (WISH) 

As well as assessing the areas around the breakpoints on chromosomes 14 and 15 in 

patient 1 by looking at presence of HCNEs, there are other methods for assessing the 

candidacy of the genes surrounding the breakpoints.  WISH, in which RNA probes are 

used to detect mRNA sequences in developing embryos, can be used for the screening 

of genes in order to detect specific expression patterns.  Using this technique many 

genes with a spatially distinct expression pattern have been shown to be important in 

embryogenesis (Neidhardt, et al. 2000).  This method has been used to screen specific 

groups of genes, for example, the mRNA expression of all of the genes with murine 

orthologues on chromosome 21 was screened to reveal important genes in the 

pathogenesis of the phenotype of human Trisomy 21 (Gitton, et al. 2002). 

Mouse WISH has been conducted successfully using mouse embryos from 9.5dpc-

10.5dpc (Rainger, et al. 2011).  A summary of the known disease causing genes in 

LVOTO, and their expression patterns in the developing cardiac tissue of mouse 

embryos is shown in table 4.1.  All of the genes are expressed at stages including 

10.5dpc and this suggests that WISH analysis of 10.5 dpc embryos would be 

appropriate to screen the candidacy of the genes around the breakpoints.  At this stage, 

the cardiac chambers have formed, but septation is not complete.  The outflow tract is 

formed but exists as the bulbus cordis which will form the pulmonary artery and aorta.   

4.3 Results 

4.3.1 HCNEs surrounding the breakpoints 

Figures 4.4 and 4.5 show the HCNEs around the breakpoints on chromosomes 14 and 

15 respectively.  Around the breakpoint on chromosome 14 there are no HCNEs in frog 

or fugu within 0.6 Mb either side of the breakpoint.  Very low levels are seen in mouse 

and chicken within this same distance.  Multiple HCNEs are present telomeric of the 

breakpoint, beginning 0.7 Mb 3’ of the breakpoint.  These correspond to the area around 

OTX2.  Around the breakpoint on chromosome 15 there are multiple HCNEs across the 

species. 

 



 

 160 
  



   

 161  

 

 

 

 



 

 162 

 

 

NEs within 2 Mb of the breakpoint on chromosome  
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4.3.2 Transcripts around the breakpoints 

For chromosome 14, figure 3.2 shows the orientation of flanking BAC clones and 

known protein coding genes in this region.  Due to the very low levels of HCNEs in the 

region, 0.5 Mb was considered either side of the BACs.  This region contains five 

protein coding genes and 16 other transcripts listed as genes using either UCSC or 

Ensembl browsers (June 2010, Build GRCh37/hg19), or according to RefSeq 

classification.  These 16 transcripts are not predicted to encode protein and do not have 

orthologues in other species.  Table 4.2 shows protein coding transcripts around the 

breakpoint on chromosome 14 and Appendix 7 lists the non-coding transcripts in the 

same region. 

Table 4.2 Protein coding genes within 0.5 Mb of chromosome 14 breakpoint 

TRANSCRIPT LOCATION    
(GRCh37/19) 

SIZE (BASE PAIRS) 

FBXO34 55,738,872 - 55,820,329 81,457 

ATG14 55,833,109 - 55,878,576 45,467 

TBPL2 55,880,930 - 55,923,444 43,185 

KTN1 55,025,790 - 56,168,244 1,142,454 

PELI2 56,585,093 - 5,768,244 183,151 

 

Figure 4.6 shows the 5 known protein coding genes 2 Mb either side of the breakpoint 

on chromosome 15.  A larger breakpoint surrounding region than on chromosome 14 is 

considered due to the presence of multiple HCNEs around the breakpoint.  There are 26 

transcripts other than protein coding genes; the majority of these are piwiRNA 

molecules.  Table 4.3 and Appendix 8 list the transcripts around the breakpoint on 

chromosome 15.  Of the 5 protein coding genes, 2 of these have no murine orthologues 

and were therefore not suitable for a murine WISH screen.
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Table 4.3 Protein coding genes within 1 Mb 5’ and 3’ of chromosome 15 breakpoint 

TRANSCRIPT LOCATION  SIZE (BASE PAIRS) 

MCTP2 94,774,767 - 95,023,632 248,865 

AC016251.1 96,831,280 - 96,831,660 380 

NR2F2 96,326,619 - 97,328,845 14,335 

SPATA8 97,326,619 - 97,328,845 2,226 

ARRDC4 98,462,784 - 98,517,068 54,284 

 

4.3.3 Whole mount in situ hybridisation 

Protein coding genes with murine orthologues within 0.5 Mb of the breakpoint on 

chromosome 14 and within 2 Mb of the breakpoint on chromosome 15 were considered 

for further investigation by WISH.  The sequences of genes to be examined using WISH 

were identified using Ensembl (http://www.ensembl.org/index.html), (Build: February 

2009, GRCh37/hg19).  Pairs of primers were designed to amplify DNA templates of 

approximately 500 bp within the 3’UTR of each candidate gene.  Primers were designed 

using http://frodo.wi.mit.edu/primer3/ and were confirmed to produce a unique PCR 

product using an in silico PCR programme (http://genome.ucsc.edu/cgi-bin/hgPcr).  A 

T3 RNA polymerase promoter binding site sequence was added to the 5’ end of each of 

the forward primers, and a T7 RNA polymerase promoter binding sequence was added 

to the 3’ end of each of the reverse primers, so that sense and antisense probes could be 

made.  For Peli2, it was necessary to design two sets of primers as the 3’ UTRs for the 

transcripts of the two isoforms of this gene were different.  Figure 4.7a) and b) shows 

the T3/T7 tag orientation and design, figure 4.7c) illustration of the two transcripts of 

Peli2 and primer/DNA template design, appendix 9 shows primer sequences of 

candidate genes on chromosome 14 and appendix 10 primer sequences of candidate 

genes on chromosome 15.  Using these sets of primers and outbred albino mouse strain 

CD-1 genomic DNA, templates were generated by PCR (see method 2.14).  DNA bands 

were then extracted using QIAquick gel primers extraction kit (see method 2.15) and T3 

(sense) and T7 (antisense) riboprobes made using method 2.16.  The sense riboprobes 

were used to determine non-specific binding and therefore act as negative controls. 

http://www.ensembl.org/index.html
http://frodo.wi.mit.edu/primer3/
http://genome.ucsc.edu/cgi-bin/hgPcr
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Whole Mount in Situ Hybridisation was conducted using 10.5dpc embryos (see method 

2.17).  Although cardiogenesis in the mouse occurs between 7dpc and 13dpc, a focussed 

approach was adopted and 10.5dpc embryos were chosen for the WISH screen.  This is 

because of the published expression of genes associated with LVOTO abnormalities are 

shown to be expressed at this stage of development (see Table 4.1).  Embryos were 

visualised using Optical Projection Tomography and then analysed using both Fiji 

(http://fiji.sc/wiki/index.php/Fiji) and and Drishti software 

http://anusf.anu.edu.au/Vizlab/drishti/index.shtml .  

Figures 4.8a) and c) show a lateral view and coronal section of a 10.5 dpc mouse 

embryo with anatomical features labelled. Figure 4.8 b) shows the orientation of the 

virtual coronal sections used.  Figures 4.9 – 4.14 show images of the embryos used in 

WISH.  Anatomical features appear in grey, and signal from BM Purple in red.  Figure 

4.9b) and c) show the positive control, an embryo treated using a riboprobe generated 

using DNA template from Scl8a1.  The image shows predominantly signal in the wall 

of the ventricles but signal is also seen in the atria.  There is also a small focus of signal 

in the otic vesicle.  In the coronal view, signal is seen in the myocardium of the 

ventricles.  The location of signal is spatially distinct.  An example of one of the 

negative controls is shown, generated using a T3 tagged riboprobe for Nr2f2 (Figures 

4.8 d) and e)).  The left lateral view shows absence of signal; a small focus of signal is 

seen in the coronal section that corresponds with probe trapping in the pericardium and 

not to signal from the developing myocardium; it is widely reported that trapping in 

perforated cavities leads to non-specific signal during WISH (Streit and Stern 2001). 

4.3.4 Candidate genes on chromosome 14 

Candidate genes on chromosome 14 include Fbxo34 and Atg14, WISH results for which 

are shown in Figure 4.10.  Distribution of signal for Fbxo34 is widespread over the 

majority of the embryo.  These findings are also present in the coronal section.  For 

Atg14, there is signal in the mesencephalon and otic vesicle with a small amount in the 

atrium.  The coronal view that passes through the developing outflow tract also has a 

small focus of signal. 

Figure 4.11 shows result of hybridisation with T7 tagged riboprobes for Tbpl2 and Ktn1.  

Distribution of signal in both embryos is similar. There is signal present in the  

http://fiji.sc/wiki/index.php/Fiji
http://anusf.anu.edu.au/Vizlab/drishti/index.shtml
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mesencephalon and neural tube, and in the pericardial space.  The signal distribution is 

also similar for both of the probes generated for Peli2; also with signal in the 

mesencephalon and neural tube (figure 4.12). 

4.3.5 Candidate genes on chromosome 15 

Regarding the candidate genes on chromosome 15, for Mctp2, the left lateral view 

shows signal in the mesencephalon, otic vesicle and pericardial space (figure 4.13 b).  

The coronal view shows right sided focus of signal in the myocardium and although not 

present throughout the myocardium is different in distribution to the negative control 

probe distribution in the pericardial space seen in figure 4.9e).  For Nr2f2, there are 

multiple foci of distinct areas of signal present.  Strongest signal is seen in the olfactory 

placode, branchial arches, dorsal aorta and atria, but is also present in the somites and 

forelimb buds.  The coronal view shows signal in the second branchial arches, but no 

signal in the developing ventricles.  The final candidate gene on chromosome 15 is 

Arrdc4; figure 4.13b) shows signal in the mesencephalon, pericardial space with a small 

focus in the atrium  

4.4 Discussion 

4.4.1 HCNEs surrounding the breakpoints 

There are almost no HCNEs in the 400 kb region either side of the breakpoint on 

chromosome 14 and the closest protein coding gene to the breakpoint, KTN1 is in a 

region with no HCNEs.  The closest block of significant HCNEs which begins 

approximately 400 kb from the breakpoint; contains OTX2 which is known to have a 

significant role in eye development (Ragge, et al. 2005; Wyatt, et al. 2008).  This 

finding represents a further example of a developmental gene lying within an area of 

HCNEs. 

The findings on chromosome 14 contrast with those on chromosome 15 in which the 

breakpoint region is within a block of HCNEs which extends approximately 4.2 Mb.  

This block extends from the locus of MCTP2 to that for ARRDC4, an observation that is 

true for several species (mouse, chicken, frog and fugu are shown).  The block also 

contains NR2F2. 



 

 176 

Considering the two breakpoints together, there is a relative lack of HCNEs close to the 

breakpoint on chromosome 14 compared to the large highly conserved block of HCNEs 

around the breakpoint on chromosome 15.  Based on the published correlation of the 

location of developmental genes within blocks of HCNEs and the examples shown, this 

means that there are less likely to be genes important in development (and therefore 

cardiogenesis, and in the aetiology of LVOTO) around the breakpoint on chromosome 

14 than around the breakpoint on chromosome 15. 

4.4.2 Transcripts around the breakpoints 

At present all of the genes associated with the aetiology of LVOTO in man are in 

protein coding genes (see table 1.4 for details of this group of genes).  Recently 

mutations have been found in some types of RNA in association with disease 

phenotypes, for example, mutations in the microRNA miR-96 have been found in 

individuals with progressive hearing loss (Mencia, et al. 2009), but non-coding disease 

causing mutations have not yet been described in CHD.  Therefore as part of an initial 

screen, only transcripts that were protein coding genes were selected for further 

investigation as LVOTO causing candidate genes.  Those genes with orthologous genes 

in mouse were studied using WISH. 

4.4.3 WISH Results, negative control and non specific signal 

The presence of clearly localised signal in the embryo hybridised with a riboprobe for 

Scl8a1 shows that the technique detects spatial expression of mRNA.   The 

identification of signal in the developing branchial arches and limb buds of the embryo 

hybridized with an Nr2f2 riboprobe confirms previously published data (Lee, et al. 

2004) and gives further evidence for the method used. 

Signal is seen in all of the embryos but does vary in its intensity suggesting that all of 

the genes examined are expressed to some degree at the 10.5dpc stage of 

embryogenesis.  The most intense signal is seen around the heart of the embryo 

hybridized with a Slc8a riboprobe, and in the branchial arches of the embryo hybridized 

with an Nr2f2 riboprobe.  These strong signals are also in a distribution that is distinct 

from that seen in other embryos suggesting that the signal patterns are specific to these 
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probes and do not represent non-specific trapping.  The intensity of the signals suggests 

high levels of mRNA in these structures.   

Signal is seen around the hindbrain in all of the embryos, except for that corresponding 

to Slc8a1.   The preparation of all of the embryos prior to the WISH experiment 

included piercing of the hindbrain, but even with this precaution, trapping of probe in 

hollow cavities rather than true hybridisation still arises (Streit and Stern 2001).  

However Mouse Genomic Expression data from the Jackson labs, 

(http://www.informatics.jax.org/) also details the high numbers of genes that are 

expressed in the hindbrain of the 10.5dpc embryo (at least 909), so that it may also be 

that each of the genes is genuinely expressed at this stage. 

Similarly, there is presence of at least some signal in the pericardial space of each of the 

mouse embryos which also represents trapping of the probe.  However in the same way 

that developing mouse brain expresses high numbers of genes, it is known that 

formation of the mammalian heart requires interaction of many different genes {Xu, 

2007 #79}.  The major changes in embryogenesis at this stage of development arise 

within the heart and associated blood vessels, so that this is likely to be a 

transcriptionally active time.  The embryos that show the clearest spatial distribution of 

probe including known solid structures such as the developing myocardium provide the 

strongest evidence for the involvement of the gene at this time in development. 

4.4.4 Candidate genes examined by WISH on chromosome 14 

4.4.4.1 FBXO34 (OMIM 609104) 

FBXO34 is an F-box protein.  Members of this family of proteins are characterised by 

the presence of an F-box motif of 40 amino acids and function as catalysts of protein-

ubiquitin ligation(Jin, et al. 2004)  Ligation to ubiquitin allows a protein to be 

recognised so that it can be appropriately degraded.  Members of the ubiquitin ligase 

family have not been implicated in CHD. 

FBXO34 contains a novel eukaryote zinc binding domain (Jin, et al. 2004) and zinc is 

involved in many biological processes; for example, zinc ions are important catalysts 

for many hydrolases and are also important in the maintenance of the zinc finger motif 

found in some transcription factors (Shu, et al. 2008). 

http://www.informatics.jax.org/
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No mouse knockout exists for Fbxo34.  Using RNA in situ, Fbxo34 has been detected in 

the liver of mice at 14.5 days post conception (Diez-Roux, et al. 2011).  Figure 4.8 

shows the widespread expression of Fbxo34 mRNA in the 10.5dpc murine embryo.  

This may reflect co-localisation with ubiquitin which is found in nearly all tissues in 

eukaryote organisms (Glickman and Ciechanover 2002).  Despite the lack of spatial 

localisation of Fbxo34 it cannot be discounted as a candidate gene for LVOTO; early 

expression of the Tcof1, one of the genes that causes the condition Treacher-Collins, is 

also widespread in mice embryos but the human phenotype comprises specific 

malformations of structures derived from the first and second branchial arches (Mouse 

TCOF1, Paznekas WA, 1997, September 8, p1-6.). The lack of spatially define 

expression of the gene at this stage does not therefore exclude FBX034 as a possible 

candidate in the aetiology of LVOTO but there is little published data that would 

support this.  

4.4.4.2 ATG14 (OMIM: 613515) 

ATG14 is a key regulator of autophagy, a very widespread process within organisms 

that allows the degradation of obsolete proteins and pathogens (Matsunaga, et al. 2009).  

Cell localisation experiments using murine embryonic stem cells have shown that Atg14 

localises to the autophagosome and the endoplasmic reticulum.  Knockout Atg14 ESC 

systems have defects in autophagy showing further evidence for the importance of 

Atg14 in this process.  Murine Atg14 co-immunoprecipitates with beclin-1, and also 

with Vps34, a further member of a protein complex involved in autophagy providing 

further evidence for a role in this process (Matsunaga, et al. 2009). 

There is evidence for the importance of autophagy in early mammalian development 

which has been identified during developmental stages when the supply of nutrients is 

restricted.  Notably this includes the period shortly after fertilisation before 

implantation.  There is no mouse knockout model for Atg14, but homozygous knockout 

Atg5 mice, (a further member of the autophagy-related regulator family of genes), fail to 

develop beyond the blastocyst phase (Tsukamoto, et al. 2008) and heterozygotes fail to 

tolerate conditions of starvation after birth.  Defects in autophagy have been linked to 

several diseases; including Crohn’s disease, an inflammatory condition of the bowel and 

Motor Neurone Disease (Ravikumar, et al. 2010). 
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Figure 4.9 shows mRNA expression at low levels in the mesencephalon, otic vesicle 

and atrium.  Spatial localisation in the 10.5 dpc therefore suggests Atg14 may play a 

role in cardiogenesis though expression in human tissues has been shown to be 

restricted to brain, kidney and ovary with very little expression in other tissues studied, 

including heart (Nagase, et al. 1998).  In addition, the location of Atg14 away from any 

regions of HCNEs reduces the likelihood that it is the most likely candidate gene in the 

WISH screen when compared to other genes such as Nr2f2 which also show cardiac 

atrial specific mRNA expression.  

4.4.4.3 TBPL2 (OMIM: 608964) 

TBPL2 is a member of the TATA Box-binding (like) protein family.  It was identified 

when searches were conducted for sequences similar in nature to that of the gene TBP 

(TATA-Box binding protein) (Persengiev, et al. 2003).  TBP is also termed SCA17 and 

mutations in this gene cause the human disease Spinocerebellar Ataxia 17 (Koide, et al. 

1999).  Orthologues of TBPL2 are present in many vertebrates including both fish and 

humans, but are absent from lower eurkaryotes such as D.melanogaster and C.elegans.   

Zebrafish morpholino knockdown experiments showed that injection of antisense 

morpholinos to tbpl2 at the one cell stage results in perturbation of development.  By 21 

hours post fertilisation the embryos had not undergone haematopoiesis and embryos 

showed areas of necrosis (Hart, et al. 2007).  This severe phenotype is in contrast to 

those of mice; Tbpl2-/- mice survived and were morphologically normal although 

infertile because of abnormal maturation of follicles.  No cardiac phenotype was 

reported (Gazdag, et al. 2009).  While absence of a cardiac phenotype does not exclude 

this gene in causation of LVOTO in humans, it does make it less likely.   

Human expression data shows widespread expression of TBPL2 but with the highest 

levels in the gonads, concluded to be consistent with a role in gametogenesis (Di Pietro, 

et al. 2007).  A possible application of this observation in determining oocyte quality 

has led to further work studying the expression levels of this protein in oocytes; levels 

have been found to be higher than in control tissues (Di Pietro, et al. 2007).  

The WISH expression data, with signal in the mesencephalon, neural tube and 

pericardial space only, when considered with the above data which do not implicate 
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TBPL2 in cardiogenesis, mean that this gene does not emerge as a strong candidate gene 

in the aetiology of LVOTO. 

4.4.4.4 KTN1 (OMIM: 600381) 

KTN1 is found in the cell membrane and is a microtubule associated protein involved in 

the anchoring of microtubules, which in turn allow movement of organelles around the 

cell.  KTN1 exists in several isoforms, all of which have an EF-1 delta binding domain 

within a conserved region by which KTN1 attaches EF-1 delta to the endoplasmic 

reticulum.  As well as a role in the cell cytoskeleton, KTN1 is believed to play a role in 

protein synthesis (Ong, et al. 2003).  Immunocytochemistry has shown that KTN1 is 

distributed in a perinuclear, endoplasmic reticular pattern (Futterer, et al. 1995).  

Consistent with a role in protein synthesis, it has been shown to be important in the 

secretion of amylin in the pancreas (Bai, et al. 2006). 

Data exists for expression of Ktn1 in the nervous system of the chicken, where it was 

found in the cell bodies and dendrites of motor neurones, implying a role in axonal 

function.  It was also found in the spinal ganglia, nuclei of the brain stem and 

cerebellum and cerebral cortex (Toyoshima and Sheetz 1996).  Expression data from 

adult mice (http://www.informatics.jax.org/expression.shtml) shows expression in brain, 

colon, kidney, ovary, lung and heart.  A knock out mouse has been created; mice were 

healthy with normal reproduction at 1 year of age with a normal cardiac phenotype 

(Plitz and Pfeffer 2001).  

Human data about KTN1 is available from a GWAS study (Hibar, et al. 2015), in an 

investigation into common genetic variants that alter the volumes of subcortical regions 

of the brain.  In this study, the strongest effect on the volumes of these regions 

(specifically on the size of the putamen, (p=1.08 x 10-33) was seen in association with a 

SNP which alters expression of KTN1.  KTN1 has also been selected as a good 

candidate for limb-girdle muscular dystrophies with no known causative gene due to its 

structural similarity with other proteins known to cause this type of disease (Aurino, et 

al. 2008). 

Figure 4.10 shows only low levels of Ktn1 mRNA in a 10.5dpc mouse embryo in the 

pericardial space within the remnants of the amnion.  Signal is also present in the 

mesencephalon and neural tube.  The lack of expression in the heart, considered with 
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the mouse knockout model data and human data means that of the panel tested, KTN1 is 

not a strong candidate in the causation of LVOTO. 

4.4.4.5 PELI2 (OMIM: not listed) 

PELI2 is an orthologue of the Drosophila gene pellino which interacts with the 

serine/threonine kinase, pelle (Resch, et al. 2001).  In mouse, Pellino2 interacts with 

Bcl10 and forms part of the toll-like receptor pathways that are important in immune 

responses (Liu, et al. 2004). 

Using Northern blots, Peli2 expression has been looked at in different stages of mouse 

development, including 7, 11, 15 and 17 dpc.  Peli2 mRNA was detected at all stages 

studied.  In adult mice, Peli2 mRNA was identified in all tissues that were studied with 

highest signal in the liver, testes, and skin.  No comment was made about signal in the 

heart though expression was said to be in ‘low amounts’ in other tissues (Yu, et al. 

2002).  The Mouse Genome Database (MGD) curated by the Jackson labs 

(http://www.informatics.jax.org/expression.shtml), reported expression at 10.5dpc in the 

notochord and neural tube.  This is consistent with the findings in figure 4.11 in which 

for both isoforms, there is Peli2 mRNA seen in the neural tube. 

No mouse knockout for Peli2 has been developed, but the knockout mouse for Bcl10 

with which Pellino2 interacts has been studied, and these mice suffer from 

immunodeficiency {Ruland, 2001 #41}.  It is possible therefore that Peli2 has a role in 

functioning of the immune system; published data and that revealed through the WISH 

screen do not suggest a cardiac specific role in development. 

4.4.5 Candidate genes on chromosome 15 

4.4.5.1 MCTP2 (OMIM: not listed) 

MCTP2 is a Multiple C2 Domain and Transmembrane region protein containing three 

C2 domains.  The C2 domains lie in the cytoplasm and are attached to a transmembrane 

region (TMR).  C2 domains are thought to have a role in calcium signalling and have 

been studied in MCTP2 using fluorescence spectroscopy where they were found to bind 

to calcium.  Calcium signalling is important in the normal function of muscle tissue, and 

a deficit in this function could lead to CHD. C2 domains have also been identified in 
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other proteins that are involved in membrane trafficking or in signal transduction (such 

as protein kinase C) and are highly conserved (Shin, et al. 2005). 

Immunoblotting studies have shown that Mctp2 is expressed in adult rat heart muscle 

and testis.  Both Mctp1 and Mctp2 were shown to be present at high levels in excitable 

muscle cells and were present but at less levels in other types of excitable cells, such as 

in the brain(Shin, et al. 2005).  

Figure 4.13 shows expression of Mctp2 mRNA in the developing myocardium.  Signal 

is also present in the pericardial space but this is a consistent finding in several of the 

mouse embryos examined using different mRNA probes represents artefact.  Signal is 

also present in the mesencephalon.  As studies of MCTP2 expression in adult rat brain 

are do not show high levels, likely explanations are that this represents probe trapping 

or that MCTP2 has a temporally specific role in brain development.  A mouse knockout 

for Mctp2 is not available, but experimental loss of the single mctp orthologue in 

C.elegans by RNA interference in leads to lethality early on in embryogenesis 

suggesting the gene has an important role in development (Maeda, et al. 2001). 

Some information is available about human disease phenotypes caused by variations in 

MCTP2, and several association studies have identified it as a candidate gene.  MCTP2 

was studied using 37 tagging SNPs across the gene to ascertain if an association could 

be found with cases of schizophrenia within Scandinavian populations.  A possible 

association of MCTP2 variants and susceptibility to schizophrenia was reported with a 

p-value of 0.001 for the most significantly associated SNP.  Other SNP associations in 

the gene were not significant however, leading to the conclusion that the association 

between MCTP2 and susceptibility to schizophrenia needs further exploration 

(Djurovic, et al. 2009). 

Other human studies have linked the MCTP2 locus to obesity, and specifically 

abdominal obesity.  Three SNPs within MCTP2 were found to be significantly 

associated with increased levels of abdominal fat (measured in cm2 using CT scanning 

between lumbar vertebrae 4 and 5), with a p-value of 0.004.  Due to presence of calcium 

dependent phospholipid binding domains in MCTP2 the authors speculated that it could 

be important in lipid metabolism (Bouchard, et al. 2007).  
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In data presented at the 2008 American Society of Human Genetics meeting, (abstract 

available at http://www.ashg.org/2008meeting/abstracts/fulltext/f21935.htm), Lalani et 

al cited two siblings with LVOTO  (CoA) and chromosome deletions of 15q26.2 

containing a single gene, MCTP2.  The deletion was not found in 14,200 controls 

examined using array CGH.  The mother of the siblings was found to be mosaic for the 

deletion.  A further patient was identified with a 40 kb duplication of introns 10 -21 of 

MCTP2 in association with LVOTO (CoA and HLHS).  This data suggested that 

MCTP2 is a good candidate in the causation of LVOTO.  The expression of Mctp2 

mRNA in the developing mouse myocardium at 10.5 dpc (Figure 4.13) in the 

developing mouse embryo when considered with these findings means that MCTP2 

emerges as a good candidate gene from the WISH screen.  However, since the 

chromosome 15 breakpoint in patient 1 has been shown to be nearly 2 Mb from this 

gene, if the LVOTO in patient 1 were due to the position effect on MCTP2, this would 

be the largest position effect described to date.  

4.4.5.2 NR2F2 (OMIM: 107773) 

The transcription factor COUP-TFII (NR2F2) was first identified as a binding partner of 

the chicken ovalbumin upstream promoter, COUP (Wang, et al. 1987).  Studies of 

sequence homology showed it to be a member of the steroid/thyroid hormone/vitamin 

receptor family.  The consensus sequence to which NR2F2 binds has been identified; 

and the gene binds in a dimer formation that allows binding to various different 

configurations of this sequence.  This promiscuity means that functionally, NR2F2 can 

bind to the regulatory elements of many different genes allowing it to partake in 

multiple developmental pathways(Cooney, et al. 1992).  

In mouse, Nr2f2 is expressed in tissues that derive from endoderm, mesoderm and 

ectoderm (Jonk, et al. 1994).  Nr2f2 has been detected in the musculature of the heart as 

it develops and as the atrium and sinus venosus enlarge, Nr2f2 expression increases 

correspondingly in these tissues (Pereira, et al. 1995).  Results in figure 4.13 show 

Nr2f2 mRNA expression in the branchial arches, the atria, dorsal aorta, somites, fore 

limb, olfactory placode, hind brain and mesencephalon.  This is similar to the 

distribution previously identified at 10.5 days post conception, at which time whole 

mount RNA studies showed expression in murine branchial arches, limb, diencephalon 

and hindbrain {Yokoyama, 2009 #30}.  In adult mice, with completed organogenesis, 

http://www.ashg.org/2008meeting/abstracts/fulltext/f21935.htm
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the Nr2f2 expression levels are much lower (Pereira, et al. 1995).  The signal around the 

branchial arches implicates Nr2f2 as a possible gene in the causation of LVOTO since 

cardiac neural crest cells migrate from the branchial arches to the heart during 

cardiogenesis (Jiang, et al. 2000). 

Knock out mouse models have been developed for Nr2f2. Heterozygous mice fail to 

gain weight as fast as wild type mice and by three weeks after birth, two-thirds of the 

litter die.  Homozygote mice are non-viable, and die about 10 days post conception 

(Pereira, et al. 1995).  Examination of the mice reveals significant haemorrhage in both 

the brain vesicles and within the heart with abnormalities of atrial development and that 

of the developing vasculature.  There was also failure of the formation of the capillary 

plexus which is an essential precursor to the development of the coronary vessel system 

and associated down regulation of angiopietin-1, one of the key angiogenesis growth 

factors (Pereira, et al. 1995).  The cardiac phenotype of the mouse knockout of Nr2f2 

suggests this is a good candidate for a disease gene in CHD. 

NR2F2 is also known to interact with other genes implicated in CHD.  For example, 

yeast 2 hybrid experiments using ZFPM2(FOG2) as bait identified NR2F2 as a binding 

partner (Huggins, et al. 2001); mutations in human in ZFPM2 have been found in 

association with TOF and DORV (Pizzuti, et al. 2003)..  In addition, Nr2f2 and Zfpm2 

knockout mouse phenotypes show some similarities and both have a lethal phenotype 

with defects in angiogenesis (Huggins, et al. 2001).  A further example of the 

interactions of Nr2f2 with other CHD genes and proteins has been by its role as a 

regulator of Prox1 by direct interaction during lymphangiogenesis; PROX1 has in turn 

been implicated in causation of LVOTO in humans(Gill, et al. 2009). 

The pattern of mRNA expression identified using WISH expression studies presented 

here, the cardiac phenotype of the Nr2f2 mouse knockout model and the involvement of 

the gene in pathways already known to be important in cardiac development make this a 

very good candidate gene for the causation of LVOTO in patient 1. 

4.4.5.3 ARRDC4 (OMIM: not listed) 

ARRDC4 (Arrestin Domain Containing 4) was identified as a novel gene during 

experiments looking for genes involved in the evolution of hepatocellular carcinomas 

(Yamamoto, et al. 2001).  RT-PCR was used and showed that expression levels of 
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ARRDC4 were reduced in 83% of tissue samples from cancerous livers compared to 

tissue from noncancerous livers.  Expression levels were suggested as being useful as 

prognostic markers although the function of the gene was unknown.  Expression of 

ARRDC4 was also studied in humans and was found to be widespread in tissues 

including small intestine, testis, liver, spleen, prostate, skeletal muscle, heart, stomach, 

lung, oesophagus and colon (Yamamoto, et al. 2001).  

ARRDC4 has been considered as a candidate gene in the aetiology of congenital 

diaphragmatic hernia (CDH) (Slavotinek, et al. 2006).  It was found to be contained 

within a critical region contained within deletions observed in humans with CDH and 

was then sequenced in a cohort of >100 individuals with normal chromosomes but with 

CDH.  A missense mutation was detected in one case but was also present in a 

phenotypically normal parent.  The authors concluded that alterations in the gene could 

cause CDH though no mechanism was proposed as the precise function of the protein is 

not clear (Slavotinek, et al. 2006) 

Figure 4.14 shows the low levels of expression of Arrrdc4 mRNA.  This is 

predominantly in the mesencephalon and pericardial space.  A focus of expression in the 

pericardial space is seen in other samples and this signal is consistent with artefact.  

Considering previous expression studies, a possible role as an oncogene and the lack of 

cardiac specific expression shown in figure 4.14, ARRDC4 has little evidence to make it 

a likely cause of CHD. 

WISH was used as a screen to investigate the candidacy of genes surrounding the 

breakpoints on chromosomes 14 and 15 to ensure that no gene about which there is little 

published data was over looked.  The expression in the branchial arches and dorsal aorta 

in the embryo hybridised with an Nr2f2 probe and that in the myocardium of the 

embryo hybridised with a Mctp2 probe suggests these two genes are the best candidates 

from the panel.  Considering the WISH results along with the distribution of HCNEs 

around the different candidate genes and published data including that from animal 

models together, this further confirms these two genes are the best candidates from the 

panel of genes identified surrounding the translocation breakpoints in patient 1.  

Although the evidence presented is suggestive of NR2F2 and MCTP2 being single 

genes important in the aetiology of CHD, human data would provide more compelling 

evidence for the involvement of these genes in cardiogenesis and the pathogenesis of 
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CHD.  Immunohistochemical studies using human embryonic hearts have been used as 

additional evidence to implicate other genes in CHD, for example in the study of 

PROX1 (Gill, et al. 2009).  Since NR2F2 and MCTP2 emerged as the best candidates, 

expression of these proteins in developing human hearts would give additional evidence 

that they play a role in cardiogenesis and aetiology of LVOTO. 
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Chapter 5:  Immunohistochemical analysis of 

NR2F2 and MCTP2 

5.1 Characterisation of candidate disease genes using 

immunohistochemistry 

The detection of a protein in the organ of interest during embryogenesis indicates a role 

for that protein at a particular stage of development; frequently, co-localisation 

experiments are used to give information about the type of cells in which various 

proteins are expressed. This technique has been used specificially in the study of genes 

in HLHS (Gill, et al. 2009).  Markers used for cell identification and co-localisation 

experiments include CD34, SMA, Troponin C and D2-40. 

A systematic study of the distribution of CD34 cells from fetuses between 9 and 15 

weeks gestation confirmed that CD34 is a marker for vascular endothelial cells and 

mesenchymal cells (Abe, et al. 2011).  The same group found that lymphatic cells of the 

fetus are negative for CD34, but positive for D2-40.  The antigen for D2-40 is human 

podoplanin, a transmembrane mucoprotein that is found in lymphatic endothelial cells 

(Raica, et al. 2008).  Troponin C has a role in striated muscle.  It forms a complex that 

regulates the excitation-contraction coupling in heart muscle and is found in the calcium 

binding subunit of this complex (Parmacek and Solaro 2004).  Smooth muscle actin 

(SMA) is found in the thin filaments of smooth muscle cells.  This type of muscle is 

found in the walls of blood vessels including the aorta, smaller arteries (including 

coronary arteries) and veins.  SMA has also been identified in atrial cardiomyocytes of 

fetal hearts (Grigore, et al. 2012). 

There are examples of immunohistochemistry using both animal and human tissue 

being used to implicate genes in CHD.  A recurrent terminal deletion of 11q that is 

associated with LVOTO contains several genes considered candidates in the 

pathogenesis of CHD (Ye, et al. 2010b).  Of the genes in this deletion, there was 

evidence of a role for Ets1 in the pathogenesis of CHD as a result of 

immunohistochemical studies in mice.  Ets1 was identified in the endocardium of the 

atria and ventricles by studying the combination of its anatomical location and co-

localisation with CD34, an endothelial cell marker.  This information enabled the 
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authors to hypothesize that mutations in Ets1 might cause CHD due to defects in 

vascular endothelium leading to altered haemodynamics in the developing heart (Ye, et 

al. 2010b).  

A further example is the use of immunohistochemistry to examine human fetal cardiac 

tissue for the expression of TAB2 during heart development.  The finding of TAB2 in 

the trabeculae of the ventricles, endothelial cells of the heart valves and endothelial cells 

of the outflow tract was evidence of a role for the gene in cardiogenesis (Thienpont, et 

al. 2010b).  This method was also used to implicate PROX1 in the aetiology of LVOTO.  

Targeted cardiac specific knockout of Prox1 had been found to be associated with 

abnormalities of muscle fibres and reduced cardiac growth in mice.  Presence of 

PROX1 in human fetal heart valves, atria, ventricles, coronary arteries and veins, aorta 

and pulmonary artery and lymphatic vessels also indicated a role in human 

cardiogenesis.  Since the protein was found in the anatomical structures which are 

abnormal in cases of LVOTO, a possible role for the gene in this condition was 

concluded (Gill, et al. 2009). 

With multiple examples of the application of immunohistochemistry to understanding of 

the role of particular proteins in cardiogenesis, this technique was chosen to further 

characterise NR2F2 and MCTP2 and to seek further evidence for the role of either in 

cardiac development. 

5.2 Results 

5.2.1 Immunohistochemistry 

5 µm sections of human fetal heart were cut (see method 2.18) and mounted on coated 

slides (see method 2.19 for coating).  Heart tissue was obtained from fetuses between 61 

and 65 dpc.  Antibodies to NR2F2 and MCTP2 were used to examine the expression of 

these proteins in the developing hearts (see Method 2.20).  Serial sections were 

examined with particular attention to anatomical structures that may be abnormal in 

cases of LVOTO, that is, left sided myocardium, aortic valve, mitral valve and aorta.  

Since lesions of both the left and right heart are unified in the flow hypothesis (Clark 

1996), and because the atrioventricular valves embryologically both develop from a 

single AV valve, right sided valves (pulmonary and tricuspid) and myocardium were 
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also examined.  As PROX1 (implicated in HLHS) was found using 

immunohistochemistry in lymphatic vessels, these were also examined.  Figures 5.1 to 

5.18 show localisation of the antibodies in sections of the developing heart and table 5.1 

summarises results found. 

5.2.1.1 Expression of NR2F2 

Expression of NR2F2 is seen in the mitral, pulmonary and tricuspid valves but not 

within the aortic valve.  Within the valve cusps of these structures, expression of CD34 

and SMA is also seen.  The typical configuration observed is of a halo or ring of CD34 

or SMA surrounding an area of NR2F2 signal.  This corresponds to NR2F2 signal being 

found in the nuclei of the cells.  Images that merge NR2F2 expression with CD34 or 

SMA show that typically CD34 and SMA expression surrounds NR2F2 expression.  

Expression is seen within the walls of the aorta and coronary blood vessels, specifically 

within endothelial and smooth muscle cells.  High levels of expression are found in the 

cells of the atrial myocardium; expression is seen along the endothelial lined surfaces of 

the atria, as well as throughout the thickness of the atrial wall.  Expression of NR2F2 is 

not seen in ventricular myocardium.  NR2F2 expression is also seen in the adventitia 

surrounding the lymphatic vessels and in location consistent within the endothelial lined 

lumens of these vessels.  Figure 5.9.2 illustrates co-localisation of NR2F2 with the 

nuclear marker DAPI; merged images confirm that NR2F2 is present in the nuclei of the 

cells. 

5.2.1.2 Expression of MCTP2 

MCTP2 expression is seen in sections through all of the heart valves.  Areas within the 

valves that are shown to express MCTP2 also express CD34 and SMA.  MCTP2 

expression is seen throughout the wall of the aorta and in the atrial myocardium.  Very 

clear expression of MCTP2 is seen in the ventricular myocardium and follows a striated 

pattern.  This co-localises precisely with Troponin C; in images where there is a merge 

of Troponin C and MCTP2 signal, an orange signal results, the merging of both red 

signal (from Troponin C) and green signal (from MCTP2).  MCTP2 expression is also 

seen in the coronary and lymphatic vessels, where it is seen within the same cell types 

as CD34 and SMA. 
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Table 5.1 Summary of immunohistochemical findings in fetal cardiac tissue 

LOCATION +/- CO-LOCALISATION FIGURE 

 CD34 SMA TROP 
C 

D2-40  

Aortic valve:  

NR2F2 

MCTP2 

      

     5.1 

 Yes Yes   5.10 

Mitral valve: 

NR2F2 

MCTP2 

      

 Yes Yes   5.2 

 Yes Yes   5.11 

Pulmonary valve: 

NR2F2 

MCTP2 

      

 Yes Yes   5.3 

 Yes Yes   5.12 

Tricuspid valve: 

NR2F2 

MCTP2 

      

 Yes Yes   5.4 

 Yes Yes   5.13 

Aorta: 

NR2F2 

MCTP2 

      

 Yes Yes   5.5 

 Yes Yes   5.14 

Atrial myocardium: 

NR2F2 

MCTP2 

      

 Yes Yes Yes  5.6 

 Yes Yes Yes  5.15 

Vent. myocardium: 

NR2F2 

MCTP2 

      

  

Yes 

 

Yes 

 

Yes 

 5.7 

 5.16 

Coronary artery:  

NR2F2 

MCTP2 

      

 Yes Yes   5.8.1 and 2 

 Yes Yes   5.17.1 and 2 

Lymphatic vessels: 

NR2F2 

MCTP2 

      

    Yes 5.9.1 and 2 

    Yes 5.18.1 and 2 

Vent.-Ventricular, Green block denotes expression seen, black block, no expression 
seen.  
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5.2.2 Sequencing of MCTP2 

Immunohistochemical studies show that MCTP2 is widely expressed in the developing 

human heart and localises to the sarcomere in the myocardium.  WISH also shows 

expression of Mctp2 RNA in developing murine hearts, giving further evidence that 

MCTP2 is a good candidate for LVOTO.  DNA samples available from 112 patients 

with LVOTO were therefore analysed for mutations within this gene. 

PCR primers were chosen using the http://frodo.wi.mit.edu/primer3/ primer design 

programme.  They were designed to amplify all exons of MCTP2, splice sites and 20 

base pairs of intronic sequence 5’ and 3’ of each exon (see figure 5.19 for exonic 

structure of MCTP2 and appendix 11 for details of primers used).  Primers were not 

designed to fully cover Untranslated Regions.  Design incorporated M13 forward and 

reverse primer sequences to enable the use of universal primers during Sanger 

sequencing.  The regions including exons 2 and 3 required two sets of primers each to 

ensure full coverage.  Whole Genome amplification of each patient’s DNA was 

conducted (method 2.12) and then PCR used to generate each amplicon (method 2.13).  

Purification of PCR products was conducted by MRC Technical Services, Edinburgh as 

previously described (method 2.13) and data analysed using Mutation Surveyor 

software.  Sequence was analysed up to and including 15 base pairs 5’ and 3’ of each 

exon.  Additional intronic sequence was analysed when of sufficient quality.  Results 

are shown in table 5.2 with published SNP frequencies from 

http://www.1000genomes.org.  The maximum number of patient samples successfully 

amplified for any one exon was 103.  DNA from patient 1 was included in the 

sequencing and was found to have two SNPs, marked with an asterisk in table 5.2. 

5.2.3 Mutation analysis 

One sequence change was identified that had not previously been identified as a SNP.  

Sequencing detail of the mutation is shown in figure 5.20.  The impact of the 

g.94899379C>T (p.Arg340Cys) mutation in MCTP2 was assessed by in silico analysis 

and results are shown in table 5.3.  

PhyloP, SIFT, Polyphen 2 and Mutation Taster were used for in silico analysis of the 

likely impact of the sequence change.  PhyloP is a measure of the probability that a 

particular nucleotide is conserved using a null hypothesis of neutral evolution.  

http://frodo.wi.mit.edu/primer3/
http://www.1000genomes.org/
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Table 5.2 Sequence changes identified in MCTP2 in cohort of patients with LVOTO 

SEQUENCE 
CHANGE 

NO. OF 
SAMPL
ES 

SEQUENC
E CHANGE 
FOUND 

NO. OF 
SAMPLES 
WITH 
EACH 
CHANGE 

HETERO.
/ HOMO. 

MINOR 
ALLELE 
FREQ. 
LVOTO 
COHOR
T  

PUBLISHED 
POPULATIO
N FREQ. OF 
MINOR 
ALLELE 

g.94841691G>A 98 rs61737195 15  0.07 0.156 

g.94858889T>G 98 rs12101974 34 10 0.27 0.292 

g.94882509C>T 101 rs4984382 49  0.24 0.457 

g.94884108G>C 103 rs8025851 41 27 0.46 0.485 

g.94899354T>G 102 rs2164019 33 12 0.28 0.229 

g.94899551A>G 102 rs3784659 5  0.02 0.226 

g.94899379C>T 102 No rs listing 1  0.004 NA* 

g.94910954C>T 101 rs35416438† 1  0.004 0.005 

g.94927237T>C 100 rs56166130 10  0.1 0.062 

g.94945121A>T 98 rs117867468 3  0.015 0.015 

g.94945719G>T 99 rs7178698 † 34 53 0.70 0.349 

g.94983541C>T 89 rs117844062 1  0.006 0.008 

g.94986135G>C 101 rs117165439 6  0.029 0.009 

g.95001487A>G 99 rs117992995 2  0.01 0.006 

†  Both SNPs identified in sample from  patient 1, * SNP not identified in control cohort of 
300 chromosomes 
 
Table 5.3 In silico analysis of g.94899379C>T, p.Arg340Cys mutation 

FUNCTIONAL 
PREDICTION 
PROGRAMME 

FUNCTIONAL 
PREDICTION 
SCORE 

RANGE OF 
SCORES 
POSSIBLE 

COMMENT 

PhyloP 0.999065 0-1 >0.95 ‘conserved’ 

SIFT 0.98 0-1 >0.95 ‘conserved’ 

Polyphen2 0.937 0-1 >0.85 ‘probably damaging’ 

Mutation taster 0.888042 0-1 Larger score, more damaging 
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A positive value, calculated as a log (p-value) implies conservation of the nucleotide 

(Siepel 2006).  SIFT (Sorting Intolerant From Tolerant), http://sift.bii.a-star.edu.sg/  

uses the known sequence alignment of other proteins with similar sequences to predict 

the likelihood that an amino acid change will be tolerated (Sim, et al. 2012). 

Using Polyphen, (http://genetics.bwh.harvard.edu/pph2/dokuwiki/start) assessment can 

be made of the likely impact of a non-synonymous mutation on both the structure and 

function of a protein.  Parameters used in the assessment include both phylogenetic 

information about the sequence at the given location and characteristics of the protein 

that define the protein structure.  Mutation Taster (http://www.mutationtaster.org/) also 

gives a prediction for the likely pathogenicity based on comparison with the frequencies 

of similar protein changes that are associated with disease.  

5.3 Discussion 

5.3.1 Immunohistochemistry 

5.3.1.1 NR2F2 

The highest levels of NR2F2 expression are found in the atria. Expression was not 

detected in the ventricle.  NR2F2 is also seen in the cells of the coronary and lymphatic 

vessels as confirmed by co-localisation with SMA and D2-40 respectively.  Co-

localisation with the nuclear marker DAPI is also seen consistent with the description of 

NR2F2 as a nuclear receptor. 

The highest levels of NR2F2 are seen in the atria and the signal co-localises with each 

of the four cell markers used: CD34, SMA, Troponin C and D2-40.  A reduction in the 

size of the common atrium and sinus venosus are phenotypic features of homozygous 

Nr2f2 knockout mice (Pereira, et al. 1999).  The immunohistochemistry findings and 

those from the mouse model suggest that NR2F2 is important in atrial development.  

Expression of Nr2f2 RNA is also seen in the atria using WISH in mice (figure 4.13), 

further supporting this concept.  Regarding the mouse knockout model, it was proposed 

that a reduction in size of the common atrium could result in ‘cardiac stress’ that would 

impact negatively on the circulatory system and compromise further cardiogenesis 

(Pereira, et al. 1999).  Given the commonality of expression patterns between mouse 

and human, it is possible that such a process could also occur in a human heart; in an 

http://sift.bii.a-star.edu.sg/
http://genetics.bwh.harvard.edu/pph2/dokuwiki/start
http://www.mutationtaster.org/
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individual in whom there is reduced NR2F2 expression, caused by, for example, a loss 

of function mutation, atrial development could be perturbed, the corollary of which 

could be haemodynamic strain on the developing heart leading to further morphological 

abnormalities. 

A role for NR2F2 in coronary vessels is also shown by identification of the protein in 

these structures.  It is possible that a genetic mutation and subsequent alteration of 

protein expression could lead to abnormal development of the coronary arteries.  This 

could result in a compromise of the blood supply to the embryonic cardiac tissue 

leading to sub-optimal development.  The hypoplasia of tissues whose blood supply is 

dependent on these vessels could contribute to an LVOTO phenotype. 

A mechanism explaining the defects in angiogenesis observed in Nr2F2 knockout mice 

has been proposed and hinges on the observation that the mice also have reduced 

expression of the growth factor angiopietin-1, but the expression of Tie-2, (the receptor 

for Ang-1), is unchanged.  It is therefore possible that Nr2f2 regulates Ang-1, a factor 

known to have a role in angiogenesis (Pereira, et al. 1999).  The altered regulation of 

angiopietin-1 by NR2F2 in human may also cause vascular defects via this pathway. 

NR2F2 expression is also present in the aorta, consistent with a role in the development 

of the vessel.  It is possible that abnormal function of the protein in the developing aorta 

could lead to a hypoplastic vessel with a lumen of reduced diameter such that the blood 

flow is reduced, leading to development of left sided hypoplasia via the flow hypothesis 

suggested by Clark et al (Clark 1996). 

NR2F2 expression is not seen in the ventricular or aortic valve tissue at the stages of 

embryogenesis examined.  It is possible that expression is embryo stage dependent and 

that NR2F2 is expressed either at later or earlier stages of cardiogenesis in these 

structures.  Further examination would ideally include fetal heart tissue from additional 

stages of development.  

Expression of NR2F2 demonstrates candidacy of the gene but does not prove 

pathogenicity as shown by the description of immunohistochemistry used to investigate 

expression of PROX1.  As a result of a complex chromosomal inversion event in an 

individual with LVOTO, two candidate genes were identified as potentially causative 

and further investigated using immunohistochemistry.  The candidate proteins, PROX1 
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and ESRRG were both expressed in the fetal heart such that further discernment of 

candidacy was not concluded possible.  However, if expression of either had been 

absent, this may have led to their exclusion (Gill, et al. 2009).   

5.3.1.2 MCTP2 

The highest levels of MCTP2 expression are seen in the ventricular tissue in which 

MCTP2 co-localises with Troponin C.  Figure 5.21 shows the relationship between the 

structure of the sarcomere, (the contractile unit in muscle), and the distribution of 

Troponin C and MCTP2 in the immunohistochemically stained sections.  There is co-

localisation of MCTP2 and Troponin C in the thin filaments of the sarcomere.  Calcium 

binding to Troponin C is a key element in the contraction coupling mechanism involved 

in the generation of heart muscle contraction.  MCTP2 has been shown to bind to 

calcium (Shin, et al. 2005); it is possible such binding is relevant in the normal 

functioning of developing heart muscle and that its absence may compromise 

cardiogenesis.  Although sarcomeres, in which MCTP2 is seen, are present in skeletal 

muscle throughout the body, immunoblots examining the expression of MCTP2 (in 

comparison with MCTP1) in rat detected the protein in heart and testis but not in 

skeletal muscle (Shin, et al. 2005).  This distribution would be consistent with a 

phenotype localised to the heart, rather than a broader phenotype including generalised 

muscle hypoplasia.  What remains questionable however is why, if this mechanism is 

correct, the hypoplasia of the heart is not bilateral, rather than restricted to the left side 

as it is in HLHS.  

Expression of MCTP2 is also seen in each of the valves of the heart, consistent with a 

role in valvulogenesis.  A compromise in such development could lead to valvular 

lesions as seen in LVOTO, such as aortic stenosis.  As MCTP2 is expressed throughout 

the heart valves, bilateral involvement might again be expected; if this cause is correct 

and a reduction in function does lead to valvular lesions and LVOTO, it is possible that 

the MCTP2 protein or gene interacts with another factor to produce a specifically left 

sided lesion. 

Expression is also seen in the coronary and lymphatic tissues but is not as striking as the 

level seen with NR2F2.  As was hypothesised for NR2F2, it is possible that if the 

function of MCTP2 were reduced in the developing coronary vessels in the heart, it 

could cause under development of the tissues supplied by these vessels.   
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Published data available at the time of these experiements being done suggested other 

disease associations for MCTP2.  Following the observation that MCTP2 is involved in 

calcium binding (Shin, et al. 2005), and that the binding of the calcium ion is abnormal 

in the prefrontal cortex in individuals with schizophrenia, it was hypothesised that SNP 

variation in MCTP2 might be associated with this condition, suggesting a role for 

MCTP2 in brain function.  The evidence is not compelling however; 37 tag SNPs in 

MCTP2 were studied in 839 patients with schizophrenia and 1473 controls, and 14 

markers obtained with ‘nominally significant’ p values (less than 0.05).  However, none 

of the markers were significant after permutation adjustment (Djurovic, et al. 2009). 

In the Quebec Family Study, a linkage study involving 707 individuals designed to 

identify genes with a role in adiposity, evidence of linkage to a marker on 15q26 was 

found.  Specifically, three polymorphisms close to MCTP2 were found to be associated 

with fat mass.  A peak linkage score of 4.48 was seen for a marker within MCTP2 

(Bouchard, et al. 2007).  The authors cited the evidence that MCTP2 contains C2 

domains typically found in genes with a role in membrane trafficking and could 

therefore play a role in lipid transport, but this ignores the evidence that MCTP2 does 

not bind with phospholipids (Shin, et al. 2005).  Coupled with immunoblot findings in 

rat of MCTP2 in the heart and testis, a role in either pathogenesis of adiposity or brain 

function is less compelling than one in cardiogenesis. 

5.3.2 Sequencing of MCTP2 

Within the sequences analysed, 14 sequence changes were found.  13 of these were 

recognised SNPs of which nine were intronic or located within a UTR.  Four of the 

SNPs lay within coding sequence. 

One sequence change was not found in either 1000 genomes data or in 310 control 

chromosomes.  The change in sequence leads to an amino acid substitution of the polar 

amino acid Arginine to Cysteine, also a polar amino acid, at position 340 of MCTP2.  

Scores obtained using PhyloP, SIFT, Polyphen 2 and Mutation Taster all suggest that 

the amino acid change will be deleterious with numerical values lying in the significant 

range using these algorithms.  Functional analysis includes assessment of how 

mutations may affect protein folding and stability, function and interactions with other 

proteins.  PhyloP assesses how how likely it is for there to be nucleotide substitution at 
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a given location by comparing to the rate of neutral drift.   Analysis using SIFT 

considers whether or not an amino acid substitution will affect protein function, based 

on the level of amino acid conservation in a sequence by comparing to closely related 

sequences.  Polyphen 2 predicts the impact of the amino acid change on the stability and 

function  of the protein by assessing whether or not the mutation lies in a specific 

protein site, such as a DNA binding site, and whether or not an amino acid change is 

likely to destroy the hydrophobic core of a protein or alter electrostatic interactions with 

other proteins. 

Figure 5.22 shows the amino acid location of the change in relation to sequence 

conservation and the location of the C2 domains.  Conservation at the site of the 

mutation is shown between several species which suggests that maintenance of this 

residue is important in the protein, and that mutation may cause dysfunction.  Parental 

samples were not available to ascertain whether or not the mutation was de novo.  If the 

mutation had arisen de novo, this would give further evidence that it is a significant 

factor in the aetiology of the LVOTO in this case.  

Regarding the other SNPs found, it is possible that they have a role in causing LVOTO.  

The reporting of a SNP, for example within the 1000 genomes database, catalogues its 

occurrence but does not exclude this being associated in such individuals with an 

undiagnosed phenotype within the individual such as asymptomatic BAV.  Even 

common SNPs have been found to contribute to CHD phenotypes.  A study of SNPs 

within a cohort of TOF patients showed that a SNP in PTPN11 was associated with an 

increased odds ratio of 1.34 of having TOF.  This gene was already known to have a 

role in syndromic heart disease and development of Noonan syndrome (Goodship, et al. 

2012). 

Polygenic inheritance is also possible in which alterations in several genes contribute to 

an overall phenotype.  The Framingham Heart Study collected data about over 9,000 

men and women who were followed up from 1948.  The study sought to identify risk 

factors for the development of coronary heart disease and included DNA studies.  

Comparing the occurrence of all identified SNPs with phenotypic data using three 

different restricted maximum likelihood estimation algorithms, the heritability due to 

the identified SNPs was calculated at between 31% and 34% (Simonson, et al. 2011).  It 

is possible that individuals within the cohort presented here also have multiple SNPs in  



   

 223  

 

 



 

 224 

other genes that have contributed to a LVOTO phenotype.  It is also possible that the 

two SNPs identified in patient 1 contribute to the CoA phenotype along with the 

disruption of NR2F2.  

Expression of NR2F2 and MCTP2 in the developing human heart is consistent with a 

role in cardiogenesis in man.  The identification of a de novo translocation that disrupts 

NR2F2 in a patient with LVOTO, and a missense mutation in MCTP2, in an individual 

with LVOTO lends further support to a role for both of the genes in the aetiology of 

LVOTO.  Published reports of deletions containing these genes (see Figure 1.7) also 

demonstrate that haploinsufficiency of these genes is associated with CHD and 

LVOTO.  Within the cohort of patients in which NR2F2 and MCTP2 have been 

sequenced, it would also be possible to see if they contain 15q deletions which may 

include these genes.  Array Comparative Genomic Hybridisation could be used to 

ascertain such deletions.  This approach would also mean that other microdeletions and 

microduplications elsewhere in the genome would also be identified, which may reveal 

other loci associated with LVOTO and hence other candidate genes. 
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Chapter 6:  Investigation of Left Ventricular 

Outflow Tract using Array Comparative 

Genomic Hybridisation 

6.1 Use of array CGH in identification of Copy Number 

Variants 

Variation in the human genome occurs in many different forms.  These include single 

nucleotide polymorphisms, variable number tandem repeats, structural changes such as 

deletions, duplications and translocations and alterations in whole chromosome number.  

Large deletions and duplications have long been recognised as the cause of many 

syndromic conditions, such as 22q11 and 7q11 deletions and examination of deleted 

regions in association with a specific phenotype has led in several cases to gene 

identification.  More recently, smaller deletions and duplications, defined as Copy 

Number Variants (CNVs) have been shown to account for much of the genomic 

variability between humans (Freeman, et al. 2006).  A CNV is defined as a section of 

DNA, greater than or equal to 1 kb, which is present in variable copy number when 

compared with a reference genome (Feuk, et al. 2006a).  Array Comparative Genomic 

Hybridisation (array CGH) allows identification of CNVs at a much higher resolution 

than allowed by conventional cytogenetics, with resolution limited only by the size of 

the probes used and with sensitivity of the test increasing with the greater the number of 

probes used.  It allows much more precise delineation of any deletions or duplications 

found and gives more precise understanding of their genomic loci when compared to 

conventional cytogenetics (Vissers, et al. 2005). 

The importance of the 15q26.2 locus has been established both because this is the 

region containing one of the translocation breakpoints in patient 1, and because of the 

frequency of case reports of patients with CHD phenotypes and a deletion of this area.  

The finding of further deletions within a cohort of subjects with an LVOTO phenotype 

would provide further evidence for the importance of this region in the aetiology of 

LVOTO.  Examination by array CGH would also reveal any alternative loci associated 

with unique CNVs that may identify additional candidate genes for LVOTO. 
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Several disease genes have been discovered through use of array CGH (Vissers, et al. 

2010).  These include EMHT1, the gene within 9q that was found to be the critical gene 

in the causation of the syndromic condition identified in those with 9q34 subtelomeric 

deletions (Kleefstra, et al. 2006a) and STXBP1, mutations in which are a cause of early 

infantile epileptic encephalopathy and which was discovered following array CGH 

detection of a 2 Mb deletion including the gene.  Mutation analysis in four unrelated 

individuals showed missense mutations confirming the gene’s role in the pathogenesis 

of the condition (Saitsu, et al. 2008).  There are many other examples of genes 

discovered in this way including B3GALTL (Peters plus syndrome), (Lesnik Oberstein, 

et al. 2006), TCF4 (Pitt-Hopkins syndrome), (Amiel, et al. 2007), and RBM8A (TAR 

syndrome, Thrombocytopenia, absent radius syndrome), (Klopocki, et al. 2007). 

Using array CGH to identify candidate gene loci has also been used with success in 

CHD to draw conclusions about loci for isolated TOF.  In a cohort of patients with TOF 

one study of genome wide CNVs concluded that at least 10% of nonsyndromic cases of 

TOF were due to de novo CNVs (Greenway, et al. 2009).  Research also suggests that 

de novo CNVs are found in association with other forms of syndromic and 

nonsyndromic CHD (Thienpont, et al. 2007).  The use of array CGH is particularly 

useful in gene identification when linkage analysis is not possible in cases where the 

phenotype precludes reproduction, such as those of severe LVOTO. 

6.2 Results 

DNA samples from 36 patients with LVOTO were used for array CGH.  All of these 

patients had previously had their chromosomes studied using G-banded karyotyping 

which identifies chromosomal changes of approximately 3-5 Mb or larger (Freeman, et 

al. 2006).  In one case, there was a known deletion of chromosome 11q which was 

included both as a positive control and to detect any additional deletions or duplications 

involving chromosome 15. 

The 36 DNA samples were labelled with Cy3 (method 2.21) and then genomic DNA 

precipitated out (method 2.22) and loaded onto a pre-prepared slide for hybridisation 

(method 2.23).  Post hybridisation the array slide was washed before two colour 

scanning of the arrays (method 2.24).  A manual approach was used and a CNV was 
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scored if a minimum of 5 probes had different log2 ratios compared to the baseline 

(Pinto, et al. 2011). 

Within the 36 samples, no duplications or deletions were identified in band 15q26.2 in 

which MCTP2 and NR2F2 lie.  There were a total of 160 regions of CNVs.  99 of the 

CNVs were duplications and arose with a mean frequency per patient sample of 2.74 

and a mean size of 700 kb.  61 were deletions with a mean frequency per patient sample 

of 1.17 per sample and a mean size of 369 kb.  The majority of the CNVs have been 

previously reported in control populations and none contain any genes previously 

identified in the aetiology of LVOTO.  Only eight of these CNVs contain regions that 

have not previously been reported in normal populations.  The eight previously 

unreported CNVs comprise seven duplications and one deletion and contain a total of 

32 genes.  Figure 6.1 shows raw data for the 11q deletion and Figure 6.2 data for 

chromosome 5 in one patient in which a previously reported CNV (deletion) is present 

as well as a novel CNV(gain).  Table 6.1 shows a summary of the genes identified in all 

the novel CNVs found with the two genes contained in the novel deletion marked.  

Appendix 12 shows a summary of all of the genes identified that lay within previously 

reported CNVs.  None of the unique CNVs was identified more than once. 

6.3 Discussion 

15q26.2, the area of the genome containing MCTP2 and NR2F2 was not found to be 

deleted or duplicated in any of the patients in this cohort.  Other published series of 

patients with LVOTO studied using array CGH have also failed to identify CNVs of 

this area (Hitz, et al. 2012; Lalani, et al. 2013a; Payne, et al. 2012; Tomita-Mitchell, et 

al. 2012 {Warburton, 2014 #1300)}.  Although there are case reports of chromosome 

15q26.2 deletions and their association with CHD/LVOTO, considering the data from 

this study and published array series in LVOTO cases, this is not a common cause of 

LVOTO lesions. 

When the work presented here began, there were few reports of CNVs in association 

with LVOTO ascertained by array CGH but over the course of the study, other 

published reports emerged showing that the burden of CNVs in CHD is considerable.  A 

summary of these studies is given in table 6.2.
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Although other studies have also looked at CNVs in patients with CHD, comparison of 

these cohorts is difficult.  Reasons for this include the range of array CGH platforms 

used, a lack of defined criteria for the identification of CNVs, differences in case 

ascertainment, presence of a family history of CHD or not and inclusion or exclusion of 

cases that include extra cardiac anomalies (Warburton, et al. 2014) (Tomita-Mitchell, et 

al. 2012). 

No gene with a role already established in CHD was identified within a CNV in this 

cohort.  Other published studies have also failed to identify any genes already 

implicated in HLHS (Payne, et al. 2012), while others reported an enrichment of genes 

known to be associated with CHD in their cohort (Thienpont, et al. 2007; Tomita-

Mitchell, et al. 2012; Warburton, et al. 2014) or regions of copy number variation 

already reported in cases of LVOTO (Erdogan, et al. 2008; Lalani, et al. 2013a; 

Warburton, et al. 2014) 

In this study, 8 CNVs that were either entirely unique or contained some unique 

sequence as well as some sequence already reported as a CNV were found in 36 patients 

with isolated LVOTO.  This means that such CNVs arose in 22.2% of the cohort; the 

incidence in the study by Hitz et al was 31% (Hitz, et al. 2012) and 12.7% in a further 

cohort of 71 individuals with HLHS (Warburton, et al. 2014). One further study failed 

to find a statistically significant difference in incidence between the CHD affected and 

the control groups (Payne, et al. 2012).  Although no published study group is directly 

comparable to the one presented here due to differences of ascertainment and type of 

array CGH platform used, one of the largest cohorts of HLHS patients (140) studied is 

not directly comparable since a targeted approach rather than a genome wide approach 

was used in which CNVs involving 100 known CHD genes were investigated. In 

addition, the cohort of patients did not exclude those with cytogenetically identifiable 

CNVs such as 22q11 or 7q11 deletions which are already well characterised (Tomita-

Mitchell, et al. 2012).  In another cohort including 30 subjects with LVOTO, all had 

extracardiac malformations so that findings are not comparable.  The study also used a 

lower density array platform (105 k Custom Agilent array) (Lalani, et al. 2013a). 
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6.3.1 Consideration of candidate genes 

Although an established function of a gene or a specific expression pattern will not 

exclude it as a candidate, some features do make a role in the aetiology of LVOTO 

more or less likely. 

6.3.1.1 Genes in CNVs not within recognised polymorphic regions 

6.3.1.1.1 Novel genes for which OMIM or pubmed annotation not available 

Several genes identified in the novel CNVs have no pubmed or OMIM annotation.  The 

information already established does not preclude a role in the aetiology of LVOTO and 

in some cases predicted expression using expressed sequence tag data is compatible 

with a role in cardiogenesis.  Within this category of genes are C5orf45, an 

uncharacterised calcium binding protein, C1orf198, C1orf131, FAM89A , RASGEF1C, 

and TTC13 all of which are predicted to be widely expressed including in the heart 

(www.genecards.org).  Novel genes with EST expression which does not include the 

heart are less good candidates; this group includes LOC285679 which localises to the 

cell membrane but is expressed specifically in the kidney, KLHL36, TBC1D9B and 

C1orf124, none of which are predicted to be expressed in the heart 

(www.genecards.org). 

6.3.1.1.2 Genes with previously established roles 

Several of the genes identified have a mouse knockout phenotype with specific features 

that implicate roles in development or function in systems other than the cardiovascular 

system. 

MAML1, CANX and MAPK9 knockout mice have a neurological phenotype.  CANX is 

ubiquitously expressed with a role in the regulation of the tertiary protein structure of 

glycosylated proteins in the endoplasmic reticulum.  The homozygous mouse knockout 

model develops ataxia, tremor and gait abnormalities and histologically deficient myelin 

sheaths have been identified within the spinal cord (Kraus, et al. 2010).  The 

neurological findings, together with the normal cardiac morphology of these mice 

makes a role in CHD less likely.  The mouse knockout model for MAML1 has severe 

failure to thrive, reduced development of B cells and develops severe muscular 

dystrophy (Shen, et al. 2006).  Although mouse knockouts for MAPK9 are normal (and 

http://www.genecards.org/
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do not have a cardiac phenotype), those deficient for both MAPK8 and MAPK9 are 

embryonically lethal with severe abnormalities of brain formation suggesting a role for 

MAPK9 in brain development.  These specific non-cardiac roles make these genes less 

likely candidates in LVOTO. 

A mouse knockout model also exists for BTLA, a B and T lymphocyte associated 

protein that is expressed in the spleen and lymph nodes.  Knockout mice for this gene 

have abnormalities in immune function including development of autoimmune 

encephalomyelitis (Watanabe, et al. 2003). 

Other genes identified within the CNVs are already known to cause a phenotype in 

human if they contain mutations.  This group of genes includes SQSTM1, OPN1LW and 

ANO3.  SQSTM1 is a ubiquitin binding protein with a role in osteoclast formation in 

bone.  Mutations of SQSTM1  are associated with Paget’s disease of bone (Laurin, et al. 

2002), OPN1LW is a protein within the red cone pigment of the retina and alterations in 

this gene are associated with X-linked cone dystrophy  (Gardner, et al. 2012) and ANO3 

is a calcium activated chloride channel with high levels of expression in the brain.  

Heterozygous mutations in ANO3 cause autosomal dominant dystonia (Charlesworth, et 

al. 2012) and such a specific function in the retina makes a role in CHD unlikely.  

Within the gene EXOC8 (exocyst complex component 8) homozygous missense 

mutations have been found to cause Joubert syndrome, a disorder that includes 

cerebellar hypoplasia, hypotonia and retinitis pigmentosa.  Joubert syndrome is due to 

disorder of cilia function and although the phenotype for EXOC8 does not classically 

involve a cardiac phenotype, other  ciliopathies such as Alstrom syndrome do, making 

this a possible candidate gene for LVOTO. 

The gene HDHD1A is widely expressed including in the heart but point mutations in 

this gene and whole gene deletions have been studied in humans and do not appear to 

have an associated phenotype making this an unlikely candidate for the aetiology of 

LVOTO.  It does not exclude it as many genes that cause disorders of development are 

known to have variable penetrance.   



 

 240 

6.3.1.1.3 Genes with characteristics compatible with a role in CHD 

Several genes identified within CNVs that have not been reported as part of 

polymorphic regions have characteristics that suggest they are candidates for CHD.  

These include ATG3, SLC35A5 and RNF130. 

Although little is known about the function of ATG3, analysis by Northern blot shows 

high levels of expression in several tissues, including the heart.  ATG3 was identified by 

its homology to Atg3  in yeast which is an enzyme important in autophagy (Tanida, et al. 

2002)   Since autophagy is associated with the processes of tissue remodelling that 

occur during embryological development, ATG3 is a reasonable candidate for LVOTO 

in this group of genes.   

SLC35A5 is not well characterised enough to be OMIM listed, but is known to come 

from a family of more than 300 proteins and the roles of many of these are known.  

SLC35A5 functions as a solute carrier; other members of this family of genes are 

involved in trafficking of nucleotide sugars from the cytosol into the golgi or 

endoplasmic retirculum and some have been found to have a role in tumour metastasis 

and organogenesis (Ishida and Kawakita 2004).   

Similarly, RNF130, (ring finger protein 130, also called h-Goliath)  is not OMIM listed 

but other genes within the same family have been shown to be important in 

developmental processes.  For example, the Drosophila orthologue of d-Goliath is a 

transcription factor with a role in mesoderm formation and embryogenesis although 

much of the information about genes in this family relates to work in human blood cells 

in which h-Goliath expression is found to be restricted to the cytoplasm of progenitor 

blood cells and differentiated leucocyte populations (Guais, et al. 2006).  RNF130 is 

also a transcription factor and several of the genes already implicated in LVOTO are 

members of this class of genes.   

Although no strong candidates for CHD are identified in this cohort, in other studies 

that have yielded candidate genes study methods are not the same leading to a degree of 

subjectivity in reporting and interpretation.  In one study, 25 new candidate genes were 

reported that were contained within CNVs in a group of subjects with LVOTO (Hitz, et 

al. 2012).  Within this group there was enrichment for genes with a role in angiogenesis.  

Methodology included a filter based on in silico prioritisation based on identification of 



   

 241  

functional domains found in other genes with a role in angiogenesis, together with 

analysis using libraries of embryonic mouse heart gene expression to prioritise genes.  

None of the genes identified in 174 subjects with LVOTO in the Hitz study is present in 

any of the CNVs identified in the cohort reported here, suggesting that if involved in the 

aetiology of LVOTO, they are not a common cause. 

6.3.1.2 Genes contained within previously reported polymorphic 

regions 

It is possible that genes contained within the previously reported CNVs still exert an 

effect when in altered copy number, acting as risk factors for the development of CHD, 

or as partially penetrant genes.  Considering the known function of the genes within the 

previously reported CNVs, several are reasonable candidates.  MCTP2 has already been 

discussed as a good candidate gene for a role in CHD in the work presented here;  

MCTP1 was contained within one of the previously reported CNVs.  Like MCTP2, 

MCTP1 contains three C2 domains and two transmembrane regions with most of the 

sequence highly conserved.  In C.Elegans there is only one MCTP gene and ablation 

results in embryonic lethality, suggesting importance in development.  The expression 

of MCTP1 has been studied using immunoblotting in rat tissues which has shown high 

levels of expression in skeletal muscle with expression also evident in heart muscle; this 

contrasts with MCTP2 which is found primarily in heart muscle and testis (Shin, et al. 

2005).  The expression pattern of MCTP1 and the gene’s sequence homology to MCTP2 

suggest that MCTP1 could also be important in heart development. 

SPRY3 has been found to be a feedback inhibitor of several growth factor receptors, 

including VEGF (vascular endothelial growth factor) and EGF (endothelial growth 

factor) suggesting a role in development.  When endothelial cell VEGF receptors are 

activated, SPRY3 moves to the plasma membrane and curtails cell growth and division 

(Cabrita and Christofori 2003).  Since development of vasculature is essential in 

cardiogenesis, a role in this process is possible. 

6.3.2 Study design 

This study used array CGH to look for novel CNVs or for those encompassing 15q26.2.  

It did not include a control cohort which would have allowed analysis of the differences 

of the burden of CNVs between LVOTO and non-LVOTO subjects.  By using a manual 
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approach in this work to examine all genes present in CNVs, any likely candidates for a 

role in the aetiology of LVOTO would have been identified.  The finding of a CNV in a 

control subject would not have excluded any candidate genes since the penetrance of 

those genes already identified to have a role in the aetiology of LVOTO is variable.  

CNVs established in control populations are widely available in large series of 

published cases, such as (Kidd, et al. 2008) (Perry, et al. 2006; Redon, et al. 2006).  The 

exact frequencies of CNV polymorphisms will become clearer as more studies are 

undertaken, but it is possible that certain CNV polymorphisms act as a risk factor for 

CHD. 

In the assessment of the significance of a CNV, it is useful to consider population 

studies; if a CNV is not reported in population studies, it is informative to establish 

whether or not it has been inherited from a parent (Vissers, et al. 2005).  Although the 

CNVs found within this cohort were compared against databases of published CNVs, 

parental samples were not available so that it was not possible to infer candidacy further 

by looking to see if the CNVs were de novo or not. 

Many mutations in CHD are missense; examples of pathogenic missense mutations are 

reported in NKX2.5, NOTCH1, TAB2 and TBX1 (Garg, et al. 2005; Schott, et al. 1998; 

Thienpont, et al. 2010b; Yagi, et al. 2003).  This means array CGH, which detects 

haploinsufficiency (or an increase in copy number), would fail to identify genes that 

only cause CHD through missense mutation.  Such a failure in gene identification was 

illustrated by multiple attempts to find small deletions causing Noonan syndrome;  in 

the case of PTPN11 mutations that cause Noonan syndrome, are all missense (Vissers, 

et al. 2005).  Similarly, the gene for achondroplasia, would not have been found using 

this approach as this disorder is caused by gain of function mutations.  Studying a 

phenotype does not reveal if it is due to haploinsufficiency or missense mutations, but 

the association of deletions with LVOTO suggests that in at least some cases it is due to 

haploinsufficiency.  For gene identification to be successful using this method it is 

important that the gene to be identified is not close to any genes which if deleted cause 

lethality since the resultant individuals would not be live born or therefore available for 

study (Vissers, et al. 2005). 

Those genes lying close to but not within CNVs were not considered although it has 

been observed that many genes affected by the position effect are genes involved in 
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developmental syndromes.  This may be because the gene deserts that are common 

around such genes serve as a focus for occurrence of chromosomal rearrangements 

(Feuk, et al. 2006b).  It is also possible that a region containing a CNV may include an 

autosomal recessive gene involved in aetiology of the phenotype (Terracciano, et al. 

2010).  Unmasking of this would require sequencing of the other allele to uncover a 

recessive cause, beyond the resources of this study. 

The success of the present study of array CGH in patients with LVOTO may be partly 

limited by the resolution of the array used.  Routine use of arrays with millions of 

probes may make it  possible to screen for loss or duplication of all individual exons in 

the human genome (Vissers, et al. 2005). 
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Chapter 7:  Discussion 

7.1 Investigating a balanced translocation 

Following the identification of an individual with an apparently balanced chromosome 

translocation, 46,XY,t(14;15)(q23;q26.3), and LVOTO (CoA), the translocation 

breakpoints were investigated.  FISH showed that NR2F2 (located on 15q26.3) was very 

likely to be disrupted by the breakpoints as a BAC that contained all the exons of 

NR2F2 mapped to both derivative chromosome 14 and 15.  Using breakpoint spanning 

PCR primers the breakpoint on derivative chromosome 14 was mapped to base pair 

resolution.  Mapping demonstrated that disruption of NR2F2 occurred within intron 1.   

NR2F2 was a good candidate gene for causation of LVOTO but as the translocation 

involved breakpoints on two chromosomes, genes on chromosomes 14 within 1 Mb of 

the breakpoint and on chromosome 15 with 2 Mb of the breakpoint were screened using 

WISH on 10.5 dpc murine embryos.  A further seven genes were investigated in this 

way.  Signal was seen in all of the embryos suggesting all the genes were expressed at 

this stage of embryogenesis but there was mRNA expression for Nr2f2 and Mctp2 in 

structures consistent with a role in cardiac development. 

The two best candidates for LVOTO (NR2F2 and MCTP2) were sequenced in 112 

individuals with isolated LVOTO and normal cytogenetic chromosomal analysis.  No 

DNA changes were found in NR2F2 within the samples but one nucleotide change was 

found in MCTP2, g.94899379C>T (p.Arg340Cys).  It was not known whether it was a 

de novo change but in silico analysis predicted that the missense change would be likely 

to be damaging. 

To further investigate the possible role of NR2F2 and MCTP2 in heart development, 

immunohistochemistry was conducted using human fetal tissue between 61 and 65 dpc.  

Expression of the proteins was studied in atria, ventricles, aorta, coronary and lymphatic 

vessels and the heart valves.  NR2F2 was found to be expressed in the atria, mitral, 

tricuspid and pulmonary valves, and the coronary and lymphatic vessels.  MCTP2 was 

found in all areas of the heart examined.  These expression patterns are consistent with a 

role in heart development. 
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As sequencing would not have detected a CNV of either gene, array CGH was 

performed using 36 of the DNA samples from individuals with isolated LVOTO.  

Chromosome 15q deletions are reported in association with an LVOTO phenotype and 

the study was to see if further examples of deletions of NR2F2 or MCTP2 could be 

found.  No CNVs of the region containing the two genes were identified.  In addition, 

no CNVs were identified that contained striking candidate genes for LVOTO. 

In patient 1, disruption of NR2F2 (which would likely result in a null allele) was 

associated with LVOTO, and specifically with CoA.  No mutations in this gene were 

found in a further cohort of 112 individuals with LVOTO.  In addition, in the cohort 

presented here, only one mutation was found in MCTP2.  These findings add to the 

discovery of many loci associated with LVOTO, (both through single case reports of 

chromosomal deletions and more recently through array CGH studies) which are also 

associated with low frequencies of mutations in LVOTO cohorts.  

7.2 Role of NR2F2 in the aetiology of LVOTO 

The pathogenesis of LVOTO in association with mutations in particular genes has 

frequently been ascribed to abnormalities in cardiac valve or left ventricular 

development (Feinstein, et al. 2012).  However, the immunolocalisation studies (chapter 

5.2.1) showed highest levels of NR2F2 expression in the atria and coronary and 

lymphatic vessels.  Proposed mechanisms of the perturbation of cardiac development 

which do not hinge on valvular abnormalities, but could lead to LVOTO due to 

haploinsufficiency of NR2F2are discussed below. 

7.2.1 Role of NR2F2 in neural crest cell function 

The WISH results presented (chapter 4.3.3) show NR2F2 mRNA expression in 10.5 dpc 

murine branchial arches, which are populated by neural crest cells (NCCs).  NCCs are a 

cell population that are found during development and that migrate and have plasticity 

(Rada-Iglesias, et al. 2012).  NCCs are important in the formation of structures 

including cranio facial bones, the peripheral nervous system and the walls of the aorta 

and pulmonary trunk (Huang and Saint-Jeannet 2004).  Evidence in support of a role for 

NR2F2 in NCC differentiation comes from experiments using human embryonic stem 

cells (hESCs) that have been modelled to replicate the gene expression in NCCs.  Using 
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RT-qPCR it was found that expression of NR2F2 (and NR2F1) were up regulated by 

>4,000 fold during differentiation of hESCs to hNCCs (Rada-Iglesias, et al. 2012).  

Patient 1 had CoA and as is most commonly found, the lesion arose between the right 

sub clavian artery and the ductus arteriosus (‘juxta ductal’).  Embryologically this 

region is derived from the fourth left pharyngeal artery. Experiments investigating the 

fate of mammalian cardiac neural crest cells in mice at 11.5 dpc have shown that NCCs 

surround the fourth pharyngeal arch arteries at this stage (Jiang, et al. 2000).  Using fate 

mapping of these cells it has also been shown that the labelled NCCs also form the 

tissue separating the aorta and pulmonary trunk, and are present in the conotruncal 

cushions.  This data is consistent with the possibility that a mutation in NR2F2 that 

alters the way in which the NCCs migrate or develop may be causative in aetiology of 

CoA. 

7.2.2 Role of NR2F2 in atrial development 

There are several strands of evidence that show the importance of NR2F2 in atrial 

development.  Firstly, information gained from the phenotype of the mouse knockout 

model for NR2F2 which gives insight into how the function of this gene may impact on 

cardiac development, includes a description of the impact on the atria.  Homozygous 

mouse knockouts for Nr2f2 do not typically survive beyond 10 days gestation and have 

haemorrhage into the primitive heart as well as into the frontonasal processes of the 

brain (Pereira, et al. 1999).  Heterozygotes are also severely compromised with two 

thirds failing to survive beyond weaning. The phenotype of heterozygotes includes 

growth retardation, enlarged blood vessels, a small sinus venosus, abnormal cardinal 

veins and malformed atria.  The atria grow relatively normally until 9 dpc but then fail 

to develop further, remaining as a primitive tubular structure (Pereira, et al. 1999).  

Secondly, in vitro experiments have shown a role for NR2F2 in the specification of the 

atrial cardiomyocytes (Wu, et al. 2013).  In such cells, when NR2F2 is ablated, the cells 

are ‘ventricularised’ and have features of ventricular cardiomyocytes such as increased 

size and action potentials typical of ventricular cells rather showing the molecular 

profile of a typical atrial cell.  These findings illustrate that NR2F2 has a major role in 

atrial development and identity (Wu, et al. 2013).  Lastly, NR2F2, as is shown in this 

work, is expressed in atria of humans, also consistent with a role in atrial development. 
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As there is evidence of the progression of LVOTO in embryos during gestation, it is 

possible that abnormal development of the atria (due perhaps to mutations in NR2F2) 

may subsequently lead to abnormal development in other areas of the heart.  In work 

with chick embryos, the introduction of an obstruction on the left side of the heart 

during development leads to progressive evolution of hypoplasia of the left heart 

showing that normal blood flow is required for heart development (Harh, et al. 1973).  

Specifically in relation to Nr2f2, it has been suggested that a reduction in size of the 

common atria and abnormalities of the cardinal veins could cause increased stress on 

the developing circulatory system including on the myocardium, and compromise on-

going development, so leading to a CHD phenotype (Pereira, et al. 1999). 

Atrial abnormalities may cause LVOTO due to subsequent changes in signal 

transduction and regulation of other genes as it is known that these processes can be 

perturbed by changes in shear stress that occur in cardiovascular endothelium (Hickey, 

et al. 2012).  An example of this process is in the development of visceral sidedness for 

which NODAL is important; in normal development, fluid flow causes asymmetric 

bending of cilia which in turn leads to a polarised membrane with an asymmetric 

calcium flux, leading to localised expression of the gene (Yost 2003).  If a mutation in 

NR2F2 were to lead to abnormal development of the atria, it is possible that as a result, 

typical shear stresses experienced by the developing heart could be perturbed, resulting 

in changes in expression of genes important in heart development.  A further example of 

the way in which heart cells may behave as ‘mechanotransducers’ that convert a 

physical stimulus into a specific biological output is that of the expression of miR-21 in 

the endocardial cells of the atrioventricular cells of zebrafish.  When 2,3-butanedione 

monoxime was used to temporarily stop the heart from beating, expression of miR-21  

was no longer observed but returned once the heart beat was recommenced (Banjo, et al. 

2013). 

Outflow tract compromise could also arise as a result of perturbation of atrial septum 

development. There is an increased incidence of septal abnormalities in the most severe 

cases of HLHS showing the impact of this structure during development.  In cases in 

which there is no communication at all, with an intact septum, a severe HLHS 

phenotype occurs(Feinstein, et al. 2012).  In fetal life, the foramen ovale allows normal 

physiological shunting of blood across from the right to the left sided atria so that the 

majority of blood by-passes the lungs.  If there is no right to left communication, blood 
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flow through the left side of the heart will be reduced, which could lead to 

underdevelopment of the left side of the heart.  As septal development clearly has an 

impact on the development of HLHS, a mutation in NR2F2 which impacts on this 

aspect of development could be a cause of progressive development of LVOTO. 

7.2.3 Role of NR2F2 in angiogenesis 

Evidence that NR2F2 is involved in angiogenesis is shown by the abnormal blood 

vessel phenotype seen in mouse knockouts for Nr2f2 (Pereira, et al. 1999); at 9 - 10 dpc 

there is an absence of any lumen in both the anterior and posterior cardinal veins with 

the vessels being collapsed or absent.  Additional evidence comes from the expression 

of NR2F2 seen in developing human smooth muscle cells surrounding the arteries 

presented in this work (chapter 5.2.1). 

 

There is evidence that genes involved in angiogenesis are important in the aetiology of 

LVOTO.  A study of 174 individuals with left sided congenital heart disease was 

conducted using array CGH in order to identify candidate genes.  Unique CNVs were 

identified in 31% of the LVOTO cohort; the gene content of each of the CNVs was 

examined and this showed significant enrichment for genes involved in angiogenesis 

(Hitz, et al. 2012).  It is possible that during heart development, factors that could 

compromise angiogenesis (such as abnormal function of NR2F2) could lead to defective 

blood vessel formation and lack of adequate circulation to supply developing heart 

muscle, so causing abnormalities such as myocardial hypoplasia.  Notch, which is 

known to have a role in angiogenesis has been shown to be associated with CHD in 

mice; homozygous mouse knockouts for Notch die with a primary vascular plexus that 

has been formed, but there is a lack of the secondary vascular remodelling needed to 

make a full network of blood vessels.  In human studies, NOTCH1 was sequenced in 51 

children with CoA; and a missense change was identified that was overrepresented in 

those with CoA compared to controls (p<0.5).  The conclusion made was that mutations 

in this gene may predispose to CoA (Freylikhman, et al. 2014). 

 

NR2F2 is shown in this work to be present in smooth muscle cells surrounding arteries 

but has also been shown by others to be important in the establishment of venous 

identity and in vein development (You, et al. 2005).  It has been proposed that LVOTO 
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may be caused due to abnormal vein development in Nr2f2 knockout mice; the 

suggested mechanism is that venous collapse and a narrowed sinus venosus could lead 

to altered systemic circulation and subsequent cardiac stress and failure (Pereira, et al. 

1999).   

7.2.4 Role of NR2F2 in endocardial cushion development 

Recent animal work has looked at the role of Nr2f2 in the formation of the AVC and 

coronary vessels (Lin, et al. 2012).  Detailed expression patterns have been explored 

using Nr2f2/lacZ knock-in mice and show earliest expression in the posterior cardiac 

crescent (8 dpc).  By 9.5 dpc Nr2f2 is expressed in the sinus venosus and the atria 

(Nr2f2 mRNA was found in the atria at 10.5 dpc using WISH, presented in this work).  

The mouse model also showed expression at 10.5 dpc in the endocardium of the AVC, 

and the authors hypothesised that the expression patterns were consistent with a role in 

the formation of the cardiac valves and vasculature (Lin, et al. 2012).  Cardiac specific 

knockout mice have also provided more information about the role of Nr2f2 in 

cardiogenesis.  A TAM-inducible stage specific knockout mouse model of Nr2f2 from 

12.5 dpc showed significant hypoplasia of the compact zone by 15.5 dpc.  This 

phenotype would be consistent with mutations in this gene causing HLHS (Lin, et al. 

2012). 

7.2.5 Role of NR2F2 in lymphatic vessel development 

 

The gene PROX1 has been implicated in LVOTO and is a gene known to be important 

in lymphatic vasculature development (Gill, et al. 2009).  Furthermore, Nr2f2 has been 

found to control the expression of Prox1 in lymphatic endothelial cells (Srinivasan, et 

al. 2010).  It is feasible that a mutation in a gene (NR2F2) that interacts with one shown 

to cause CHD in humans (PROX1) is also a cause of CHD.   
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7.2.6 Additional evidence for NR2F2 as a cause of Congenital 

Heart Disease 

Mutations in NR2F2 in association with CHD were published in 2014 (Al Turki, et al. 

2014).  The first of these mutations was a three base pair duplication in an individual 

with TOF, the duplication also being present in two sons of the individual, one of whom 

had AS and a VSD, and one of whom had an AVSD.  In a patient with HLHS a de novo 

splice site mutation was found and five missense mutations were identified in further 

cases of AVSD (Al Turki, et al. 2014).  Of the missense mutations, two were de novo, 

inheritance of one was not determined and a further two were inherited from unaffected 

parents.  Only one of the (also inherited) missense mutations was found in a cohort of 

5,194 controls.  These additional mutations provide good evidence that variants in 

NR2F2 cause CHD.  Cases of NR2F2 haploinsufficiency reported in the literature 

(Figure 1.8) associated with CHD give additional evidence though pathogenicity is less 

certain as the deleted material includes other genes in addition to NR2F2. 

7.3 The effect of retinoic acid on NR2F2 and penetrance 

of cardiac phenotype 

Both a translocation with a breakpoint in NR2F2 (presented in this work) and mutations 

within the gene (Al Turki, et al. 2014) have been shown to cause a cardiac phenotype in 

humans.  In addition, mouse model data including homozygous and heterozygous 

mouse knockouts and conditional heart specific knockout models show a cardiac 

phenotype.  However, NR2F2 haploinsufficiency does not always cause a cardiac 

phenotype in humans.  This is borne out by the evidence from individuals with 15q 

deletions (summarised in figure 1.8) which shows that although in the majority of 

reported cases a cardiac phenotype is described, this is not true in all cases. 

 

Investigating factors that alter the penetrance of mutations in NR2F2 in the aetiology of 

cardiac phenotypes may yield information about factors that may be influenced in 

humans to alter the incidence of CHD.  For example, if an environmental agent were to 

be identified that had an effect on NR2F2, the impact of this may be something that 

could be regulated during pregnancy, thereby having a significant positive clinical 

consequence. 
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Of human pregnancies exposed to high levels of retinoic acid, a characteristic pattern of 

malformations is seen, including CHD, and the typical lesions described are conotruncal 

defects and aortic arch abnormalities (Lammer, et al. 1985).  The action of retinoic acid 

has an impact on both the up and down regulation of cardiac specific genes (Sinning 

1998).  Both of these strands of evidence suggest that retinoic acid levels are important 

in the aetiology of CHD.   

It is possible that the impact of retinoic acid on the developing heart is via NR2F2; as 

this gene has been shown to be important in cardiac development and also to be 

regulated by retinoic acid.  Examples of such regulation include in human uterine 

fibroids in which there is expression of NR2F2 in the blood vessels, a combination of 

progesterone and retinoic acid have been found to regulate NR2F2 mRNA levels 

(Zaitseva, et al. 2013).   

Further and specific evidence of the interaction of retinoic acid with NR2F2 comes from 

in vitro studies in which NR2F2 is unable to interact with the coactivator motif SRC-3 

in the absence of a ligand, but in the presence of 9-cis Retinoic Acid or all-trans retinoid 

acid such interaction occurs (Kruse, et al. 2008).  Although in these experiments the 

retinoic acid levels were 10-100 times above physiological levels this still suggests that 

retinoic acid may be a low affinity ligand for NR2F2 (Kruse, et al. 2008). 

7.4 MCTP2 

7.4.1 Additional evidence for MCTP2 as a cause of CHD 

In 2013, MCTP2 was described as a dosage sensitive gene required for cardiac outflow 

tract development (Lalani, et al. 2013b).  The group chose to study the gene after two 

half siblings were identified with both CoA and a 2.2 Mb deletion of 15q26.2 including 

MCTP2.  A further patient with an intragenic duplication of MCTP2 and an HLHS/CoA 

phenotype was regarded as further evidence for the importance of the gene in aetiology 

of CHD.  A patient was then identified with of a 41 kb duplication of MCTP2 that 

resulted in protein truncation in an individual with CoA.  In a cohort of 146 subjects 

with LVOTO, missense mutations were found in seven individuals with CoA.  None of 

the changes were de novo, and all were listed in either the Exome Variant Server 

(www.eversusgs.washington.edu), the 1000 Genome Project data 

http://www.eversusgs.washington.edu/
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(www.1000genomes.org) or the NCBI SNP database (www.ncbi.nlm.nih.gov), but at 

low frequencies.  All of the changes were also inherited from a phenotypically normal 

parent, but the authors concluded that this did not exclude pathogenicity since it is 

known that mutations that cause CHD do not have 100% penetrance.  

7.5 Role of MCTP2 in the aetiology of LVOTO 

7.5.1 Consideration of functional domains 

It is possible to consider the likelihood of mutations in this gene causing CHD based on 

prior knowledge of the structure of the gene and the role of similar functional domains 

in other genes.  MCTP2 encodes Multiple C2 domain and Transmembrane Protein 2.  

The protein is located partly in the cytosol and partly across the cell membrane.  The 

three C2 domains all lie within the cytosol  and are so called as they have the same 

structure as the second constant sequence in protein kinase C (Shin, et al. 2005).  

Similar motifs are present in more than 200 proteins in man with varying functions, so 

that precise predictions about the role of MCTP2 are difficult.  Other C2 domain 

containing proteins function as signal transduction enzymes, such as protein kinase C, 

or are involved in membrane trafficking (Lander, et al. 2001). 

The function of signal transduction, identified in other C2 domain containing proteins, 

is to allow the activation of a cell surface receptor by an extracellular molecule which in 

turn produces a cellular response.  This enables signals to be passed from one cell to 

another to control change in the behaviour and development of cells; a role for this type 

of protein action is feasible in cardiogenesis which involves the orchestration of a group 

of cells.  

7.5.2 Role of MCTP2 in calcium binding 

Two of the mutations found (G203D and Y235C), (Lalani, et al. 2013b) were in the 

calcium binding domains of MCTP2 and were investigated by studying the effect of the 

mutation on the calcium binding ability of the protein.  The mutations were modelled to 

explore any alteration of calcium binding; using terbium fluorescence (terbium 

competes for calcium binding sites and emits a fluorescent signal when complexed to a 

protein) with protein fragments containing the missense amino acid changes.  The 

http://www.1000genomes.org/
http://www.ncbi.nlm.nih.gov/
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mutant proteins were found to have reduced calcium affinity, suggesting that calcium 

binding could be important in (left) outflow tract development (Lalani, et al. 2013a). 

A possible role for MCTP2 involving calcium binding would be consistent with the 

pattern of expression found in this work using immunohistochemistry in which MCTP2 

was found to localise in a striated pattern consistent with sarcomeric localisation.  The 

p.Arg340Cys mutation found in the work presented here does not lie within a calcium 

binding domain however and is not a region that is conserved in all species; for 

example, it is not found in C.elegans (in which ablation of MCTP is lethal) or Drosphila.  

The possible pathogenicity of the p.Arg340Cys mutation could be explored further 

using an animal model such as Xenopus laevis.  Using co-injection of an allele 

containing the missense mutation with a morpholino known to knock down the gene, 

the effect of the mutation on development can be observed.  Failure to rescue the 

phenotype with co-injection would suggest pathogenicity of the mutation.  

7.5.3 Role of MCTP2 in outflow tract development 

Insight into the role of MCTP2 has also been gained by morpholino knockdown studies 

in Xenopus laevis, published subsequent to the experimental work presented here being 

undertaken (Lalani, et al. 2013b).  Following injection with Mctp2 morpholinos which 

resulted in the knocking down of the gene, embryos were examined and abnormalities 

identified at the stage of endocardial cushion formation; despite the presence of cardiac 

jelly in the developing embryos, enodcardial cells had failed to undergo EMT.  A dose 

effect was concluded as injection of additional Mctp2 mRNA in Xenopus laevis, causing 

over expression of the protein, also resulted in a similar phenotype (Lalani, et al. 

2013b).  Significantly, the gene Notch1, the human orthologue of which is implicated in 

LVOTO, has been shown to be necessary for EMT (Timmerman, et al. 2004) and 

Notch1 knockout mice also fail to form endocardial cushions and have a lack of 

mesenchymal cells.  These observations are evidence that genes which impact on EMT 

and endocardial cushion formation may have a role in the aetiology of CHD when 

mutated. 
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7.6 NR2F2 or MCTP2 

The work presented here and that published in 2013/2014  (Lalani, et al. 2013b), (Al 

Turki, Mercer, et al. 2014) provide evidence for NR2F2 and MCTP2 being involved in 

the aetiology of CHD and LVOTO.  However, the finding of NR2F2 mutations which 

are de novo or are seen within a family to co-segregate with CHD (Al Turki, Mercer, et 

al, 2014) gives more compelling evidence for this gene in the aetiology of CHD.  It 

remains possible however that mutations in either gene can cause CHD.  A digenic (or 

involving more than two gene) model of CHD, in which two (or more) non allelic genes 

interact to product the phenotype, is also possible. 

7.7 Limitations of the study 

The cohort of patients with LVOTO presented in this work that were investigated for 

mutations in NR2F2 and MCTP2 was relatively small, producing only one example of a 

mutation in each gene.  For NR2F2  however, when considered with the total cohort of 

individuals screened by Al Turki et al, (Al Turki, et al. 2014) (125 individuals with an 

AVSD phenotype, 293 with non-specified CHD and 70 with HLHS) the numbers of 

rare variants in NR2F2 found in individuals with CHD is significant.  However, to gain 

further insight into genotype/phenotype correlations and the impact of mutations in 

either NR2F2 or MCTP2 in CHD a larger cohort is needed for mutation screening. 

Immunohistochemistry studies looking at the expression of NR2F2 and MCTP2 in 

developing human hearts was only possible within limited developmental periods (61 

dpc-64 dpc), due to the tissues available from terminations of pregnancy.  By 64 dpc 

much human fetal heart development is complete.  Animal studies suggest that certain 

events in cardiogenesis are time critical such that important information about 

expression of genes involved in the cardiac development of humans is probably not 

available by only studying a limited time period. 

In this study, screening by WISH to investigate expression of genes around the 

translocation breakpoints in patient 1only looked at one time point (10.5 dpc) of mouse 

development.  Although all genes so far identified as being involved in the aetiology of 

LVOTO are expressed at this time stage, it is possible that a causative gene in the area 

around the breakpoints may have had clear cardiac expression either earlier or later in 
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cardiac development.  The use of this screen may therefore have failed to identify a 

gene that has an impact in LVOTO development at a timepoint either before or after 

10.5 dpc. 

The use of Array CGH to detect CNVs in patient samples from individuals with isolated 

LVOTO was limited by the density of the probes used.  Array CGH kits exist that offer 

either tiling arrays, so that no part of the genome is left unexamined, or arrays with very 

high numbers of probes; the resolution of study is only limited by the number of probes 

used.  The 135 k probe set (NimbleGen) used is of relatively low density compared to 

kits now available such as the Nimblegen HD2-2.1 kit which has 2.1 million probes.  

The DNA samples used in this study were from the blood of individuals with LVOTO 

and were therefore of germline DNA.  It has been suggested that mutations which cause 

LVOTO are heart specific and that somatic mutations may be a cause of CHD 

(Reamon-Buettner, et al. 2008).  In order to investigate this hypothesis, DNA from 

explanted hearts would need to be sequenced for mutations in NR2F2 or MCTP2. 

Although the in silico scores associated with the mutation identified in MCTP2 were 

significant, it was not possible to determine whether or not it had arisen de novo, as 

parental samples were not available.  Finding that the alteration was either de novo or 

inherited from a parent who also had CHD would have been additional evidence for 

pathogenicity of the alteration.  This is in comparison to the interruption of NR2F2 in 

patient 1 which known to be de novo; in addition, neither parent had a CHD or LVOTO 

phenotype adding weight to the gene alteration being causative in this case. 

7.8 Further Work 

7.8.1 Further exploration of NR2F2 and MCTP2 

7.8.1.1 Additional evidence for importance of MCTP2 in cardiogenesis 

While knockout mice exist for Nr2f2, none are currently described for Mctp2.  The 

creation of both heterozygous and homozygous germline knockout mouse models could 

yield much information about the role of this gene in cardiac development.  If germline 

knockouts were lethal, a conditional knockout using Cre/lox for Mctp2 could be made to 

explore the impact solely on cardiac development.  While knockout mouse findings do 
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not consistently recapitulate human phenotypes they may give information about the 

organ systems that are affected by haploinsufficiency of a particular gene.  Detailed 

anatomical and histochemical analysis of knockout mice during the gestational stages 

when cardiogenesis is occurring would show which of these processes require correct 

expression of this gene. 

7.8.1.2 Immunohistochemical co- localisation experiments 

As already discussed, PROX1 has been identified as a gene likely to be important in the 

aetiology of LVOTO and the protein is expressed in developing fetal lymphatic vessels 

(Gill, et al. 2009).  In the work presented here, NR2F2 shows a similar pattern of 

expression.  The development of the heart is known to involve the interaction of 

hundreds of proteins and interaction of NR2F2 with other proteins during cardiogenesis 

is likely.  In order to gain further evidence for the relationship it would be possible to 

perform co-localisation experiments using immunohistochemistry of PROX1 and 

NR2F2.  PROX1 has already been shown to co-localise with D2-40 (Gill, et al. 2009), 

and the same pattern of co-localisation is shown for NR2F2 (chapter 5.2.1). 

7.8.1.3 Study of protein expression at sub- cellular level 

Immunohistochemistry presented in this work focused on cell types in which protein 

expression is seen.  With the aid of confocal imaging at higher magnification, it can also 

be used to explore sub-cellular localisation of proteins and to gain information about 

possible function.  For example, spatio-temporal expression of the transcription factor 

tbx5 has been studied using immunohistochemistry in chicken embryos which showed 

that tbx5 re-localises from the nucleus to the cytoplasm in the cells of the atrio-

ventricular cushions during their development, consistent with a role in this process 

(Bimber, et al. 2007).  It would be possible to consider the spatio-temporal localisation 

of Nr2f2 and Mctp2 in both murine sections and in human fetal tissue, ideally at 

multiple stages of development. 

7.8.1.4 Impact of cardiac specific knockouts for Nr2f2 or Mctp2n on 

expression of other genes involved in cardiogenesis 

In order to gain insight into the gene networks in which Nr2f2 and Mctp2 is involved, 

reverse transcription-coupled PCR could be used to look at the mRNA expression of 

other genes known to be involved in cardiogenesis.  By comparing the mRNA levels of 
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the genes of interest in the hearts of wildtype mice and those in Nr2f2 heterozygous and 

homozygous mouse knock outs the impact of lack of expression of these genes could be 

measured. 

7.8.1.5 Exploration of a ligand for NR2F2 

Information about the ligand for NR2F2 would be insightful in order to understand the 

mechanism of gene action.  Wild type NR2F2 could be expressed in mammalian COS-7 

cells and a cellular lysate, specifically nuclear extract, could be applied to the cells.  

Mass spectrometry could then be used to analyse the compounds that were 

immunoprecipitated from applied nuclear extract.  If a ligand were identified in this way, 

its specificity could be explored by examining whether or not binding still arose in cases 

in which the NR2F2 protein expressed contained a mutation within the ligand binding 

site.  Media conditions could also be manipulated, for example with addition of retinoic 

acid or physiologically abnormal glucose levels and the affiliation with the identified 

ligand again measured.  If a ligand for NR2F2 could be identified, experimentation into 

the effect of the ligand on transcriptional activity could be undertaken.  This could be 

done by investigating expression profiling of other genes, for example by using whole 

genome Gene Chips (Affymetrix) on cells expressing NR2F2 and incubated in the 

presence of absence of the identified ligand. 

7.8.2 Consideration of next generation sequencing in 

investigation of LVOTO 

This work included PCR amplification of all of the exons of the genes NR2F2 and 

MCTP2 in 112 subjects.  Each individual reaction was set up by hand and resultant 

amplicons were analysed using Sanger sequencing.  Over the last few years, next-

generation sequencing techniques in which millions of short reads of around 50 – 400 

base pairs across the genome are generated in a single instrument run have been 

developed.  This allows the identification of mutations in multiple genes to be made in a 

short time (days) and is revolutionising the investigation of genetic causes of disease.  

This method has already been used in the study of BAV; using DNA samples from 78 

subjects with BAV, 97 candidate genes were sequenced in parallel.  The study identified 

33 rare, non-synonymous variants that were predicted to be deleterious by in silico 

analysis and included mutations in 26 genes that had not previously been identified as 
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causing BAV (Bonachea, et al. 2014).  Such studies illustrate the likelihood that 

LVOTO is often a complex genetic trait.  Both next generation sequencing and new, 

much higher resolution techniques for detecting CNVs mean that the genomes of those 

with CHD will be able to be explored in much more detail than has been possible until 

recently.  There is also the prospect of trying to understand the impact of non-coding 

portions of the genome with the potential that mutations in regions such as gene 

promoters, microRNAs or even intergenic regions (Gelb and Chung 2014), are 

important in the aetiology of LVOTO.  Certainly the discovery of both NR2F2 and 

MCTP2 as disease causing genes in only a minority of cases of LVOTO means it is 

likely that mutations in many more genes, possibly outside of the coding regions, 

remain to be discovered that impact on human heart development and occurrence of 

congenital heart disease. 
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Appendix 2 Breakpoint spanning primers for chromosome 14 

AMPLICON PRIMER SEQUENCE  AMPLICON 
LENGTH 

A Forward: ACTAACAGCCCTTCCTGCAA 
Reverse: ACAACCTCCAAGCCCTACCT 

227 

B Forward: CATGGGGAAAAGGCTGTCTA 
Reverse: GCTTAGGTCGACTTCCAGGAT 

173 

C Forward: CACATCCAGCCCTTCCTTTA 
Reverse: TCCAGAGTTTTGGAGGAGGA 

205 

D Forward: CATGAGGCTTTGCAGAAACA 
Reverse: GGCTGGATGACAAGGAAAGA 

233 

E Forward: CCTGTTTTGGAGCCGTATGT 
Reverse: GCCAACTCACCAAACACCTT 

210 

F Forward: CCTTGTGACCCTCTCACCAT 
Reverse: GGTGATTCTGCATGGAAGGT 

187 

G Forward: TTGCTTTGCAGAACAAATGC 
Reverse: GGAGAGTCCATCCCAGTGAA 

237 

H Forward: AGCTTCCTTCGTGGAACAGA 
Reverse: TCACATTGGTCGTTGATGCT 

178 

I Forward: AGGCAAAGCTCCAGAATTGA 
Reverse: TTCCAGGAACTGGCATTAGG 

240 

J Forward: CTGCCCTTGCTCATTTTCTC  
Reverse: TGCATGCAGAGAGTCCAATTA  

166 

K Forward: ACAATTGAGGAGGCAAATGG 
Reverse: TGGGTTCCAGGTCCTACTTG   

222 

L Forward: TGGATCCCTCAACCTGCTAC 
Reverse: AGGAAAAACCAAAACGTCCT 

176 

M Forward: TCCTGATAGCTAGTCGATC   
Reverse: GATCCTAGCTGATCGATAGAT 

165 

N Forward: TTTGCAGTTTCCATCAGCAG 
Reverse: ATCAAAATGCCAATGGGAGA 

224 

O Forward: GTCCAACTGGCATCATTGTG 
Reverse: TGGTGGCACGTGTCTGTAGT 

222 

P Forward: TGTGTGCTCCTGTGTTGGAT 
Reverse: GGAAAATGGCACAAGCAAAT 

237 
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Appendix 2 Breakpoint spanning primers for chromosome 14 continued 

AMPLICON PRIMER SEQUENCE  AMPLICON 
LENGTH 

Q Forward: AGAGGCCAACACTCATCTGG 
Reverse: TTCCTGGTCACAGGGAAAAA 

187 

R Forward: ACTGTCTCACACCGGGTTTC 
Reverse:: CACATCCCACCAGTTTAGGC 

239 

S Forward:  GCTCTGTGCATGATGGAGAA 
Reverse:  GACCTACCCAAGATCCACCA 

244 
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Appendix 3 Breakpoint spanning primers for chromosome 15 

AMPLICON PRIMER SEQUENCE  AMPLICON 
LENGTH 

1 Forward: GGGATGGGGAATTGTTTTGT 
Reverse: TGAATTACCGATGAATGCTCA 

162 

2 Forward: CCTACCCAACAACTGCCCTA 
Reverse: CACTCCCTTTTTAAAATCAGTGAA 

153 

3 Forward: CGCTTCCTTTTTGCTACGTC 
Reverse: CGTGTTCAGGTGTGAGGCTA 

196 

4 Forward: GGTGCTTTCTTGCTTTGGAG 
Reverse: GGACAGAGAGGGTCGCTTC 

197 

5 Forward: GCAATTCTGTGCTCTGTCCA 
Reverse: CACTGGCGAAGAGGTGATTT 

164 

6 Forward: TAGCACATGGAGCAGAATGG 
Reverse: CGGACTTCATTGTTCCTCAAG 

191 

7 Forward: GTCCTGGGTACGTTTGGCTA 
Reverse: GCAAAGGAAATGGAAACAGC 

192 

8 Forward: GGCTGGATATGGATGTTGCT 
Reverse: GGAAAGCCAGACACCTTCAA 

150 

9 Forward: ATTGGGTCCCGCTTAGTTCT 
Reverse: CACGTTACCTATAAGTGCCAACA 

160 

10 Forward: GGTATAGGGGGATGGGAAGA 
Reverse: AGCCTCCTTTCCCACAACTT 

194 

11 Forward: GCTTAAGTGCCCTGCTTTTG 
Reverse: CATTCGTTCTGGGCACATC 

152 

12 Forward: CCGAACCCAGTGAAGTGATT 
Reverse: TCCCAGACCTTCCTCACAAT 

191 
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Appendix 4 Breakpoint spanning primers for chromosome 15 

AMPLICON PRIMER SEQUENCE  AMPLICON 
LENGTH 

H1 Frd: AAGAAAGAGAATAGGAAGAGGTAGCA  
Reverse:  CCCTCAATCCTACAGCGACT   

250 

H2 Forward: CGCTGTAGGATTGAGGGAAG 
Reverse:  CCACTCTGTGCTGGAGTTCA 

195 

H3 Forward: TGAACTCCAGCACAGAGTGG 
Reverse: GCTGAGAAGTGGGAAGCTGA 

174 

H4 Forward:  GCTTCCCACTTCTCAGCTTC 
Reverse:  GCAGGACACTTAGGGGAGTG 

240 

H5 Forward: GTCCTGCTTGGGTGATGAAT 
Reverse: CCTTTGGGTTGTCTGCAAAT  

206 

H6 Forward: GTTGGCTGTGATGACTGTGC 
Reverse: TAGACAGCCCACTGCTTCCT 

163 

H7 Forward: CCCTCACAGGCAAACACTTT 
Reverse: AAAGTTGCAGGGTGAATTGG 

164 

H8 Forward: CCAATTCACCCTGCAACTTT 
Reverse: GGGTTCTGGGCTGATGTCTA 

226 

H9 Forward: CCTACCTTGGGGATCACCTT 
Reverse: TGAGGCTCAGACCACAATGA 

244 

H10 Forward: TGGTACTGTCCCTTAACCCTAGT 
Reverse:  GTGGGGAGAGTGGAGAAGAA 

250 

H11 Forward: TTCTACAAACTTTCTGTGCATCAA 
Reverse: CCTGGCCCACTTTTCTTTT 

244 

H12 Forward: CATGGTGACTCATGCCTGT  
Reverse: GGGATTACATGTGCACACCA 

158 

H13 Forward:  TGGGTGACACAGCAAGACTG 
Reverse: TTGACCTTGAAGAGCGTGTTT 

249 

H14 Forward:  AAACACGCTCTTCAAGGTCAA 
Reverse:  TCGCTGAAAATGTCAAATGC 

210 

H15 Forward:  TGACATTTTCAGCGATCGAG 
Reverse: TCCCATTTGCCCTGAGAATA 

233 

H16 Forward: TGTTCCCTCTGAGCTTTGGT 
Reverse: TCTCAAACTCCTGGGCTCAA 

205 

H17 Forward: GAGGGGATTGCTTGAGTGTG 
Reverse: GGCATAGAATGCCATTTCCT 

217 

H18 Forward: GGCATTCTATGCCACAAACT 
Reverse: TGTCTCCCTTTGTCTGAGCA 

176 
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Appendix 5  Breakpoint spanning primers for chromosome 14 for additional 
breakpoint refinement 

AMPLICON PRIMER SEQUENCE  AMPLICON 
LENGTH 

7a Forward: TAGCCTGCTCTGGGTAAGGA 
Reverse: CTTGCAGAAAGGCAGACTCC 

212 

7b Forward: TGGCAATTTTATGCACTTCG 
Reverse: CGCTCGGCGAATTTTATATC 

232 

7c Forward: CTTTAGCCGGCCTCTCTCTC 
Reverse: AAAGGCACGAGGGTCCAC 

200 

7d Forward: GGCCAATTCTGGGTCCTC Reverse: 
GGGGAGGAAAGGAGACACTC 

261 

7e Forward: CCCAACAACATCATGGGTATC 
Reverse: GCTTCTCCACTTGCTCTTGG 

298 

7f Forward: CTCCTTGAAAGGCCAAACTG  
Reverse: TAGAGAAAACCGAGGGCTTG   

280 

7g Forward: TGTCTGCAGGAGGTTGAAGA 
Reverse: AGCCAAAAAGCTCAGGTGTG 

276 
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Appendix 7 Non coding transcripts and hypothetical proteins within 0.5 Mb of 
chromosome 14 breakpoint (Build 2009, GRCh37/hg19) 

TRANSCRIPT  DESCRIPTION LOCATION (BP) SIZE (BP) 

RP11-665C16.1 Processed pseudogene 55,749,014-55,749,361 348 

AL158801.1 scRNA pseudogene 55,751,945-55,752,276 332 

RP11-665C16.4 Processed pseudogene 55,765,362-55,765,949 588 

RP11-665C16.5 Predicted mRNA 55,792,552-55,806,219 13668 

RP11-454L9.1 Processed pseudogene 55,880,274-55,880,777 504 

C14orf33 Processed transcript 55,965,996-56,046,810 80815 

RP11-132J14.1 Processed pseudogene 56,010,119-56,010,887 769 

Y_RNA misc_RNA 56,118,252-56,118,352 101 

RP11-813I20.2 Processed transcript 56,214,926-56,239,921 24996 

RPL13AP3 Processed pseudogene 56,232,895-56,233,508 614 

Corf34 Non-coding RNA 56,247,854-56,263,392 15539 

RP11-813I20.3 Processed transcript 56,249,127-56,263,406 14280 

AL163952.1 Pseudogene 56,464,932-56,465,307 376 

Y_RNA misc_RNA 56,535,161-56,535,245 85 

AL163952.2 miRNA 56,542,198-56,542,285 88 

AL138995.1 snRNA_pseudogene 56,582,150-56,582,310 161 
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Appendix 8 Transcripts other than protein coding chromosome 15 breakpoint (Build 
2009, GRCh37/hg19) 

TRANSCRIPT  DESCRIPTION LOCATION (BP) SIZE (BP) 

BC040875 Hypothetical gene 95,822,521-95,870,329 47809 

LOC145820 H.sapiens cDNA 95,976,322-96,051,074 74753 

AK307134 H.sapiens cDNA 96,812,001-96,870,577 58577 

AC087477.1 lincRNA 96,902,892-96,907,471 4479 

7SK RNA miscRNA 97,029,812-97,030,121 310 

DQ600900 piwiRNA 97,311,812-97,311,840 29 

DQ584981 piwiRNA 97,312,032-97,312,063 32 

DQ595383 piwiRNA 97,315,518-97,315,563 46 

DQ590792 piwiRNA 97,318,769-97,318,799 31 

DQ576810 piwiRNA 97,319,865-97,319,897 33 

DQ599228 piwiRNA 97,321,487-97,321,517 31 

DQ574839 piwiRNA 97,321,672-97,321,713 42 

DQ577036 piwiRNA 97,321,736-97,321,767 32 

DQ577036 piwiRNA 97,321,736-97,321,767 32 

DQ584667 piwiRNA 97,321,839-97,321,867 29 

DQ584301 piwiRNA 97,322,265-97,322,296 32 

DQ595853 piwiRNA 97,322,340-97,322,371 32 

DQ597589 piwiRNA 97,322,774-97,322,812 39 

DQ594400 piwiRNA 97,323,004-97,323,040 37 

DQ593500 piwiRNA 97,324,276-97,324,309 34 

DQ586610 piwiRNA 97,325,381-97,325,409 29 

DQ599953 piwiRNA 97,326,313-97,326,353 41 

AC055873.1 miRNA 97,634,492-97,634,582 91 

BC024169 H,sapiens, mRNA 98,080,199-98,081,456 1258 

LOC91948 Hypothetical protein 98,285,846-98,417,659 131814 

FAM169B Hypothetical protein 98,980,391-99,057,611 77221 
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