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ABSTRACT 

Mechanisms underlying congenital malformations are largely unknown 
despite its high incidence, affecting 2-3% of liveborn infants. A broader 
knowledge about the causes of birth defects would provide valuable 
information regarding the outcome and prognosis of the anomaly, the 
development and establishment of diagnostic protocols, the design of 
therapeutic strategies and genetic counseling to the family. Different 
approaches have been used in the present thesis regarding technologies and 
model diseases to elucidate the contribution of genetic and epigenetic 
alterations in the etiopathogenesis of congenital malformations. Copy 
number variations, methylation patterns, as well as point mutations have 
been explored. Moreover, a study to analyze genetic counseling in relation to 
one of the new molecular techniques used has been performed. Obtained 
data reveal a relevant role of genetic and epigenetic alterations in congenital 
malformations, in some cases as a unique cause to explain the disease and in 
others as part of an oligogenic or multifactorial model. 

 

 

RESUM 

Els mecanismes causants de les malformacions congènites són poc coneguts 
malgrat l’elevada incidència d’aquestes patologies, que afecten el 2-3% de 
recent nascuts. Un coneixement més ampli de les causes de les anomalies 
congènites proporcionaria informació rellevant pel que fa a al pronòstic de 
l’anomalia, el desenvolupament i establiment de protocols diagnòstics, el 
disseny d’estratègies terapèutiques, així com l’assessorament genètic a la 
família. En la tesi que es presenta s’han utilitzat diferents estratègies, pel que 
fa a tecnologies i models de malalties, amb l’objectiu d’esbrinar la contribució 
d’alteracions genètiques i epigenètiques en l’etiopatogènia de les 
malformacions congènites. S’han analitzat variacions en número de còpia, 
patrons de metilació, així com mutacions puntuals.  D’altra banda, també 
s’ha realitzat un estudi per aprofundir en l’assessorament genètic en relació a 
una de les noves tècniques moleculars utilitzades. Els resultats obtinguts 
indiquen que les altercacions genètiques i epigenètiques tenen una 
contribució molt rellevant en l’etiologia de les malformacions congènites, en 
alguns casos com a causa única de la malaltia i en altres com a component 
d’un model oligogènic o multifactorial.    
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PROLOGUE 

The eclosion in recent years of new molecular techniques in genetic and 
epigenetic research has provided an amazingly large amount of data 
regarding the genome and its alterations leading to disease. The application 
of those techniques in several disorders has supplied valuable information 
that contributes to the understanding of genetic and epigenetic mechanisms 
involved in the etiopathogenesis of several diseases. 

This thesis presents the results of the application of new molecular 
techniques, such as chromosomal microarray analysis, exome sequencing and 
methylation arrays in the study of congenital malformations, a group of 
severe disorders affecting 2-3% of liveborn infants. The clinical application 
of one of those techniques and its implications in genetic counseling was also 
explored due to the relevance of translating research into clinical practice.  

This thesis is divided in several chapters following the classical structure. 

In the introduction a general overview regarding congenital malformations, 
possible causes for the disorder and model diseases used in this thesis are 
included, as well as a brief description of those techniques. 

In the main body of the thesis, the articles describing the different studies 
and approaches used are included, as well as a short explanation of the 
reasons to design each study.  

A general discussion contrasting all the results obtained and possible 
interpretations is provided. Following the discussion and as a final chapter, 
the main conclusions of the thesis are summarized.  
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1 CONGENITAL MALFORMATIONS 

The term anomaly or defect refers to structural abnormalities that, when 
present at birth, are called congenital anomalies or birth defects. Anomalies 
and defects may be classified into two main categories: 

-Major defect: A structural abnormality that requires medical 
and/or surgical treatment or creates significant problems for the 
patient. Neural tube defects or renal dysplasia are examples of major 
defects.  

-Minor defect: A structural abnormality that does not require 
medical or surgical treatment but might be an indicator of some 
problem during development. Minor defects can also be defined as 
the features that vary from those that are most commonly seen in 
the population but do not increase morbidity. Hypotelorism and 
single palmar crease are minor defects.    

When a major defect is detected, it is relevant to search for associated minor 
defects in order to define whether the major defect is part of a more 
complex syndrome affecting more organs or systems.  

Four categories may be considered for major birth defects (1, 2): 

-Malformation: fetal growth and development do not proceed 
normally due to underlying genetic, epigenetic or environmental 
factors which alter a particular structure. Holoprosencephaly and 
transposition of great arteries are examples of malformations in the 
central nervous system and heart, respectively.  

-Deformation: an abnormal external force during in utero 
development results in abnormal growth or formation of a fetal 
structure. For example, fetuses that grow in a uterine environment 
where not enough amniotic fluid is present may have a flattened face 
due to compression of the face against the uterine wall.  

-Disruption: structural defect caused by the destruction of some 
previously well-develop organ or tissue due to a disrupting event. 
The most common disruptions are those caused by amniotic bands 
where a digit or extremity growing normally is disrupted due to the 
development of amniotic band at the end of that extremity. This 
may result in missing fingers, toes, hands or feet depending on the 
localization of the amniotic band.  
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-Dysplasia: abnormal tissue structure because of an alteration in 
size, shape and/or organization of the cells. Many skeletal 
syndromes and some renal diseases such as multicystic kidney are 
due to dysplasia in the developing bone or renal tissue.  

It is important to properly classify major defects into the four mentioned 
categories because the causes underlying them are substantially different. 
Deformations and disruptions do not have a genetic origin, although they 
can be the consequence of a genetic disease. As mentioned before, a low 
quantity of amniotic fluid may cause some deformations in fetuses; 
oligohydramnios could be caused by a genetic disease like multicystic kidney. 
Otherwise, dysplasies and malformations might have a genetic cause (1, 2). 
From now on, the term congenital malformation will be used referred to 
major birth defects with a potentially genetic basis included in two of the 
categories described above, malformation as well as dysplasies.  

Congenital malformations often occur in the setting of multiple congenital 
anomalies, including dysmorphic facial features, or in association with 
different organ malformations, developmental abnormalities, or growth 
abnormalities (3, 4). When a combination of multiple birth defects occurs 
together it is known as a polymalformation syndrome. On the other hand, in 
an important proportion of cases, only one malformation is detected without 
the presentation of other minor or major defects. 

 

1.1 Incidence 

A potentially lethal or disabling major defect occurs in 2–3% of liveborn 
infants (5).  Congenital malformations have become the main cause of infant 
mortality during the first years of life (6) and are associated with long term 
morbidity (7, 8). 

In the next table, most common major malformations and their incidence in 
Spain between 1980 and 1995 are shown (9).  

The most common congenital malformations are heart defects, with a global 
incidence of 8/1.000 livebirths, and neural tube defects, with an incidence of 
1/1.000. 
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Table 1. Incidence per 10,000 liveborns of the most common malformations 
reported in Spain between 1980 and 1995 by the registers for congenital 
malformations existing in the conuntry.  

1.2 The relevance of identifying the cause of congenital defects 

An increase of knowledge of the etiology of congenital malformations would 
provide valuable insight about the pathophysiology of these developmental 
anomalies. Establishing genotype-phenotype correlations may provide 
information about the outcome and prognosis of the anomaly and could also 
be relevant in order to design therapeutic strategies. In addition, the 
identification of disease causing alterations might be essential for the 
development and establishment of diagnostic procedures and strategies in 
similar patients to ensure efficient diagnostic protocols. As an example, some 
birth defects can be detected during pregnancy and, when it occurs, 
identifying the cause of those alterations is relevant to monitor the gestation, 
to determine the fetal viability and / or to anticipate medical problems at 
birth or later. 
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Moreover, the identification of the basis of genetic diseases is essential to 
provide an accurate definition of disease risk, a critical element to ensure 
proper genetic counseling and disease prevention. Genetic counseling has 
become more relevant in this area considering that more individuals with 
congenital malformations are living into adulthood due to advances in 
medical and surgical care and may have the opportunity to reproduce (3). 

1.3 Causes 

Congenital disorders vary widely in causation. A congenital disorder may be 
the result of a non-appropriate intrauterine environment, medication or drug 
exposures or maternal infections during pregnancy, or the result of a genetic 
abnormality.  

It is hypothesized that in a significant percentage of congenital 
malformations, especially in cases where the malformation is isolated and 
none dimorphic features are identified, the etiology might be multifactorial 
with variable contribution of genetic and environmental factors that alter 
developmental pathways.  

1.3.1 Teratogenic agents: medication and drug exposures 

Some medications and drugs may cause congenital malformations by 
disturbing the development of the embryo or fetus.  

Alcohol intake during pregnancy has been strongly related to a well-
established disease called Fetal Alcohol Spectrum Disorder. The main 
features of this disorder include affectation of the central nervous system -
causing intellectual disability and behavioral problems-, distinctive facial 
features and growth retardation. Some malformations, like congenital heart 
defects (10) or genitourinary malformations also have an increased incidence 
in children with Fetal Alcohol Spectrum Disorder (11). 

Other drug exposures, such as cocaine, may also be related to congenital 
anomalies. Cocaine intake during gestation seems to be involved in several 
complications during pregnancy. The mentioned drug might act having 
disruptive effects mediated by a vasoconstriction which, depending on the 
stage of the pregnancy, might cause spontaneous miscarriages, prematurity, 
intrauterine growth restriction or congenital malformations (12, 13). Several 
birth defects have been related to maternal cocaine intake, including 
urogenital anomalies (14), distal limb deformities (12), intestinal atresia (12), 
cardiac defects (15, 16) and central nervous system malformations (17).  
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Not only drugs but also medications have been linked to birth defects. 
Nearly 50% of pregnant women are exposed to at least one medication 
during gestation (18), while 52% of 200 individuals referred for genetic 
counseling had been exposed to more than one potential teratogen (19).  

Some antiepileptic medications, such as valproic acid and carbamazepine, 
have been implicated in congenital malformations, mainly in neural tube 
defects. The use of valproic acid monotherapy in the first trimester has been 
associated with significantly increased risk for other congenital 
malformations such as atrial septal defect, cleft palate, hypospadias, 
polydactyly and craniosynostosis (20). Systemic retinoids, used for several 
diseases such as skin conditions or some types of cancer, are related to an 
increased risk of spontaneous miscarriage, dysmorphic features, congenital 
heart defects, limb defects, hydrocephaly and microcephaly.  

1.3.2 Maternal diseases 

Some infections and other diseases suffered by the mother during pregnancy 
might cause birth defects. Diabetes (21, 22), hyperthyroidism (23-25), 
hypothyroidism (24, 25), phenylketonuria (26, 27) and epilepsy (28, 29) are 
some of the diseases that may affect pregnancy outcome. Several maternal 
infections such as rubella, cytomegalovirus, varicella-zoster, toxoplasmosis, 
syphilis or parvovirus B19 may contribute to alterations of fetal development 
(30-33). The severity of birth defects depends on the developmental stage 
when the infection occurs; usually the outcome is worse if the infection takes 
place at earlier developmental stage. Infection for cytomegalovirus is one of 
the most frequent infections during pregnancy that may cause deafness, 
mental retardation or microcephaly to the fetus. 

1.3.3 Genetic causes 

Genetic factors are clear contributors to congenital malformations. Several 
genetic and genomic alterations have been reported in patients with multiple 
congenital anomalies, with or without developmental delay or growth 
abnormalities. Deletions and duplications, corresponding to recurrent 
genomic disorders and other genomic regions, can be detected in 15-24% 
(34, 35) of patients with multiple congenital anomalies and/or intellectual 
disability. Point mutations in genes such as TBX1 (DiGeorge syndrome) (36) 
or ASXL1 (Bohring-Opitz syndrome) (37) have also been described in 
patients with multiple congenital anomalies and intellectual disability 
(MCA/ID).  
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The role of genetic factors in isolated congenital malformations is not as 
clear as in MCA/ID. Epidemiological studies have shown that siblings and 
offspring of individuals with congenital malformations have an increased risk 
of this type of anomalies (38-40) pointing out the high heritability of this 
type of diseases. Nevertheless, when considering isolated congenital 
malformations it is hypothesized that, in an important proportion of cases, 
genetic factors are relevant included within a multifactorial model (41-43). As 
an example, for some malformations like left heart hypoplasia an oligogenic 
model has been proposed (44). In other cases, genetic alterations related to 
the disease are identified in patients but inherited from a healthy parent, 
meaning that other factors –genetic or environmental ones- are also related 
to the disease.  

1.3.3.1 Genetic rearrangements 

Birth defects are often caused by chromosomal imbalances, especially when 
associated with dysmorphic features or developmental delay. Nevertheless, 
there are many syndromes and diseases related to developmental 
abnormalities as well as major malformations without a known molecular 
cause. It is likely that some of these syndromes are due to genomic 
alterations involving small chromosomal regions not identified so far. Several 
techniques, such as standard karyotyping, MLPA (Multiplex ligation-
dependent probe amplification), aCGH (array Comparative Genomic 
Hybridization) or SNP (Single Nucleotide Polymorphism) array are used in 
order to detect genetic rearrangements.  

Standard karyotyping might detect numerical and structural anomalies larger 
than 5–10 Mb and other techniques, such as FISH  (45) or MLPA (46, 47), 
allow the identification of submicroscopic chromosomal imbalances. In the 
last decade, the development of molecular karyotyping by CMA 
(Chromosomal microarray analysis, including aCGH as well as SNP arrays) 
has led to a detection rate of as much as 15–24% of causative segmental 
aneusomies in patients with multiple congenital anomalies and/or mental 
retardation (MCA/MR) (34, 35). Retrospective studies in fetuses with 
multiple malformations have obtained a detection rate of causative 
chromosomal imbalances from 8 to 15% by using CMA (48-50). Several 
recurrent genomic disorders are frequently associated with congenital heart 
defect (CHD). Specifically, microdeletions at 22q11 (51, 52) and 
microduplications at 1q21.1 (53, 54) are a common cause of conotruncal 
heart defects .  
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Concerning isolated congenital malformations, few data is available. In those 
cases, the detection of genomic rearrangements could represent the 
identification of the genetic basis of the disease, perhaps as part of a more 
complex syndrome without other recognizable manifestations at this stage of 
development, or the finding of genetic susceptibility factors contributing to 
mutational load in a multifactorial model. Therefore, submicroscopic 
deletions and duplications may play a significant role in the etiology of this 
condition, either as direct cause or as possible genetic risk factor for isolated 
congenital anomaly (55). 

1.3.3.2 Methylation alterations 

Epigenetic mechanisms seem to contribute to many physiological processes 
as development or aging. Therefore, its alterations could have an important 
role in several diseases. Epigenetics includes those changes in the regulation 
of gene expression not caused by modification of the nucleotide sequence. 
DNA methylation and histone modification are both epigenetic processes. 
DNA methylation refers to the addition of a methyl group in 5’ carbon of 
citosines, which alters the secondary interactions of the DNA molecule 
modifying the gene expression pattern. Aberrant DNA methylation may 
result in changes in transcription and subsequently in gene expression. As an 
example, hypermethylation of CpG islands located in promoter regions has 
been described as a mechanism to prevent the transcription of some genes 
leading to an abnormal gene expression profile related to tumor 
development, for example.  

Genetic diseases with a well-established cause such as Prader-Willi or 
Angelman syndrome are related to a misregulation of epigenetic mechanisms 
(56). Regarding methylation, some studies have shown its relevance in 
diseases with a genetic component such as schizophrenia or bipolar 
disorders. Furthermore, some data is already available regarding the role of 
methylation in congenital anomalies, including correlation of genetic variants 
in genes regulating methylation, such as the folate pathway, and the risk for 
heart malformations in Down syndrome patients (57). Folate-pathway has 
also been related in some articles with isolated heart defects without Down 
syndrome, as in a meta-analysis with polymorphisms in the MTHFR gene 
(58). 

1.3.3.3 Point mutations 

Point mutations have been described as the basis of many single gene 
disorders usually with Mendelian inheritance. Next generation sequencing 
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technologies developed in the last few years have increased the number of 
known genetic diseases caused by point mutations.  

Point mutations in some genes have also been reported as the cause of 
congenital malformations. In MCA/MR mutations in several genes, such as 
DHCR7 (59), FOXF1 (60) and NIPBL (61) have been reported. In isolated 
congenital heart malformations mutations in genes with a crucial role in 
heart development have been detected, such as mutations in GATA4 (62) or 
NKX2-5 (63). Also in other types of malformations, as holoprosencephaly or 
microcephaly, point mutations are strongly related to the phenotype.  

Otherwise, in neural tube defects point mutations detected in genes related 
to planar cell polarity have been described in affected patients, although an 
apparently healthy progenitor was also a carrier of the same variant. In those 
cases, point mutations might be a mutation with incomplete penetrance or a 
susceptibility factor that requires other genetic or environmental factors to 
cause the malformation.  

 

1.4 The relevance to study fetal tissues 

The availability of fetal samples to study congenital malformations may 
provide additional information compared to other types of studies. Usually, 
terminations of pregnancy due to congenital malformations are related with 
severe anomalies, with a higher chance to have a genetic background. In 
addition, the possibility to perform the experiments in the tissue affected, 
DNA as well as RNA analysis, would provide more accurate information. 
Thus, it would be possible to obtain additional data, such as the detection of 
somatic mosaicism or the expression level of candidate genes in the tissue 
affected. Apparently, the information regarding expression profiles should be 
more interesting if the affected tissue is considered. Otherwise, the study of 
expression levels in blood if the malformation is located in the heart could 
not be the most appropriate strategy in order to obtain information about 
the consequences of a genetic alteration. 
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2 MODEL DISEASES 

2.1 Multiple malformations 

Congenital malformations often occur in the setting of multiple congenital 
anomalies, including dysmorphic facial features, or in association with 
different organ malformations, developmental defects, or growth 
abnormalities (3, 4). In these cases in which there is a more complex 
syndrome, chromosomal aberrations are a frequent cause of disease, 
although point mutations in specific genes have also been described. As an 
example, Wolf-Hirschhorn (64) syndrome is a polymalformation syndrome 
caused by a recurrent microdeletion in 4p16.3. The most common clinical 
features in Wolf-Hirschhorn syndrome are growth retardation, microcephaly, 
skeletal anomalies, hypotonia, severe developmental delay and congenital 
heart defects. Other polymalformation syndromes are DiGeorge (65) 
syndrome or 1p36 deletions. In other diseases polymalformation syndromes 
are caused by a point mutation as Kabuki syndrome (66) or Rubinstein-Taybi 
(67).  

Nevertheless quite often when multiple congenital anomalies are identified is 
not possible to recognize a known syndrome. In those cases, screening 
methodologies such as MLPA for subtelomeric rearrangements or recurrent 
genomic disorders or CMA are useful to diagnose the cause. In those cases, 
CMA leads to a detection rate of 15-24% of causative segmental aneusomies 
in patients with MCA/MR (34, 35). 

2.2 Congenital Heart Defects 

In particular, CHD represent a high percentage of clinically significant birth 
defects. The incidence of CHD is approximately 8 per 1000 live births, 
making CHD the most common malformation (68, 69). In a definition 
proposed by Mitchell et al, congenital heart defect is “a gross structural 
abnormality of the heart or intrathoracic great vessels that is actually or 
potentially of functional significance.” Diseases such as hypertrophic or 
dilated cardiomyopathy, long QT and Wolff-Parkinson-White syndromes are 
usually not included in CHD because, even though the genetic alteration 
which causes the disorder is present at birth, the cardiomyopathy presents 
later in childhood or adolescence. In table 2 and 3 the incidence of most 
common congenital heart defects is described (70, 38). 
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Table 3. Recurrence risk of heart malformations and type of CHD in relatives 
of patients with left heart defects.     

 

 

 

 

 

 

 

 

 

 

About half of congenital cardiovascular malformations are severe and require 
one or more surgical procedures in the neonatal period or during childhood  
(71). Because of its severity, congenital heart disease is a leading cause of 
morbidity and mortality during infancy; about 8% of all infant deaths is due 
to congenital heart defects (72). 

Table 2. Incidence per million live births of the most 
common congenital heart malformations reported in England 
between.    
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There are several classification systems for CHD. In 2000 the International 
Congenital Heart Surgery Nomenclature was developed to provide a generic 
classification system. 

2.2.1 Hypoplasia of the heart 

Hypoplasia of the heart refers to an underdevelopment of one side of the 
heart and is the most severe form of CHD. It may compromise the right 
ventricle or the left one resulting in an ineffective blood pumping. If the 
hypoplasia affects the right ventricle, the blood circulation to the lungs is not 
functioning properly; hypoplasia of the left ventricle prevents the correct 
blood pumping to the body. Hypoplasia of the heart has an approximate 
incidence of 3/10.000 pregnancies. Regarding left heart hypoplasia, often 
associated with obstruction to left ventricle outflow when is severe, surgery 
is required for long-term survival due to the inability of the left ventricle to 
support the systemic circulation. There are two possible surgical treatments: 
neonatal cardiac transplantation or a sequence of complex open-heart 
operations in infancy in order to achieve a univentricular circulation in which 
the right ventricle supports the systemic circulation and pulmonary blood 
flow is passive. When hypoplasia is mild, the outflow obstruction repair may 
prevent further complications since the left ventricle may be capable of 
supporting the systemic circulation (73). 

It is though that heart hypoplasia has an important genetic background, 
taking into consideration the proven high heritability. Nevertheless, the 
mechanisms causing this type of malformations are poorly known.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Picture of a normal developed heart (left) and a 
heart with left heart hypoplasia (right). Note the 
underdevelopment of the left part of the heart.    
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2.2.2 Obstruction defects 

Obstruction defects refer to malformations of heart valves, arteries or veins, 
which difficult blood circulation because of its narrowing or blocking. When 
it occurs, the heart has to pump harder to achieve a proper circulation, 
causing heart hypertrophy. 

Common obstructive defects include pulmonic stenosis, aortic stenosis, and 
coarctation of the aorta. Bicuspid aortic valve stenosis and subaortic stenosis 
are also obstructive defects with a lower incidence. Some studies have shown 
a high heritability of some of these conditions, hypothesizing an important 
genetic component in the etiology of this type of heart defects (74). 

2.2.3 Septal defects 

The septum is the partition wall that separates the left heart from the right 
heart. A defect in the septum allows blood to circulate from the left side of 
the heart to the right, reducing heart efficiency. Depending on where the 
defect is placed, it is called atrial septal defect or ventricular septal defect. 
Ventricular septal defects (VSD) are the most common type of CHD, 
affecting approximately 0.44-0.48 per 1.000 elementary school children (75). 
VSD is an abnormal opening in the interventricular septum which allows 
communication between the right and left ventricles. VSD might be part of a 
more complex heart malformation or an isolated malformation. Severity of 
VSD may depend on the size, location and conjunction with other heart 
malformations.   

Point mutations in GATA4, GATA6 and JAG1 have been identified in patients 
with VSD, as well as deletions in 8p23.11, which have been related to VSD and 
auricular septal defects (ASD).  

2.2.4 Cyanotic defects 

Cyanotic defects include those heart malformations causing cyanosis because 
of a lack of oxygen in the body. The most frequent cyanotic defect is 
Tetralogy of Fallot, a complex heart malformation which consists of 
pulmonary infundibular stenosis, overriding aorta, VSD and right ventricular 
hypertrophy. This conjunction of heart malformations implies a low 
oxygenation of blood because of the mixing of oxygenated and 
deoxygenated blood. Tetralogy of Fallot has a high incidence in patients with 
22q11.2 deletion syndrome (22%). In addition, point mutations in some 
genes such as FOG2 and Nkx2-5 have been identified related to the same 
malformation (76).  
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2.3 Central Nervous System malformations 

There are several types of central nervous system malformations. Some of 
the most frequent ones are described below. 

 

.2.3.1 Holoprosencephaly 

Holoprosencephaly is a complex brain malformation in which the 
prosencephalon fails to develop into two hemispheres, affecting the 
forebrain and the face. Prevalence is estimated to be 1/10,000 live and 
stillbirths and 1/250 of pregnancies. Mechanisms underlying 
holoprosencephaly are partially understood and it seems that HOX genes, 
which may guide the placement of embryonic structures, do not function 
properly along the midline of the head. Activation of HOX genes prevents 
the merge of the left and right side of prosencephalon by the division of that 
embryonic structure (77).  

Depending on the severity, three forms have been described: lobar, semi-
lobar and alobar. Another form, the less severe one, has also been described 
and it is called microform and is characterized by midline defects without the 
typical holoprosencephaly brain malformation. Often it is not easy to classify 
this type of malformations into those categories taking into account that 
holoprosencephaly is a continuous spectrum of abnormal separation of the 
hemispheres (77).  

The cases with cyclopia, proboscis, premaxillary agenesis or median or 
bilateral cleft lip/palate with also a severe brain malformation leading to 
miscarriages or stillbirths in some cases are at the most severe end of the 
spectrum. In less severe cases, patients might present a normal or near-
normal brain development and facial defects such as hypotelorism, solitary 
maxillary median incisor or even normal face. In affected patients, a wide 
range of associated clinical manifestations is reported: developmental delay, 
hydrocephalus, motor impairment, feeding difficulties, oromotor 
dysfunction, epilepsy or hypothalamic dysfunction. Prognosis depends on 
the severity and the associated complications. 

The etiology of holoprosencephaly is partially known and it is very 
heterogeneous. Chromosomal abnormalities such as trisomy 13 have been 
described as being related to the malformation. Other known syndromes, for 
example, Smith-Lemli-Opitz syndrome or Charge syndrome have also been 
related to holoprosencephaly. In non-syndromic holoprosencephaly, several 
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genes have been implicated: SHH, ZIC2, SIX3, GIF, PTCH1, GLI2, 

FOXH1, TDGF1 , DISP1 , NODAL, FGF8, GAS1, DLL1, and CDON (78, 
79). Environmental factors such as maternal diabetes or hypocholesterolemia 
during gestation might be also related to that brain malformation.   

2.3.2 Ventriculomegaly 

Ventriculomegaly is one of the most common abnormal brain findings on 
prenatal ultrasound, occurring in around 1–2 per 1000 pregnancies. 
Ventriculomegaly might be an isolated malformation or part of a more 
complex syndrome. Ventriculomegaly is a brain malformation which occurs 
when the lateral ventricles are abnormally dilated or enlarged. 
Ventriculomegaly is diagnosed when the width of the atrium of the lateral 
ventricle measures more than 10 mm. Depending on that measurement, 
ventriculomegaly is described as mild to moderate (between 10 and 15 mm) 
or severe (greater than 15mm). In many cases of mild ventriculomegaly, 
there is resolution during the pregnancy. Ventriculomegaly may affect also 
the third and fourth ventricle. Enlargement of the ventricles may occur for a 
number of reasons, such as loss of brain volume or impaired outflow or 
absorption of cerebrospinal fluid from the ventricles. The underlying 
mechanisms for the decreased of brain volume or the accumulation of 
cerebrospinal fluid may include genetic alterations, maternal infections or 
tumors located in the fetal brain. Some genetic syndromes, like Walker-
Walburg syndrome, include ventriculomegaly as one of their main features. 
Mutations in L1CAM have been reported in families with X-linked 
aqueductal stenosis causing ventriculomegaly. Often, however, there is no 
identifiable cause (80). 

2.3.3 Neural tube defects 

Neural tube defects (NTDs) are one of the most common birth defects, 
occurring in approximately one in 1,000 live births. The neural tube is a 
narrow channel that folds and closes during the third and fourth weeks of 
pregnancy to form the brain and spinal cord. An NTD is an opening in the 
spinal cord or brain that occurs very early in human development as a result 
of the failure in neural tube closure.  

There are several types of neural tube defects depending on the placement 
and the presence or lack of cover. Open neural tube defects, which are more 
common, occur when the brain and/or spinal cord are exposed at birth 
through a defect in the skull or vertebrae without being covered; examples of 
open NTDs are anencephaly, encephaloceles, hydranencephaly and spina 
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bifida. Closed NTDs occur when the spinal defect is covered by skin; 
common examples of closed NTDs are lipomeningocele and tethered cord 
(81-84). 

2.3.3.1 Anencephaly 

Anencephaly is a neural tube defect that occurs when the head end of the 
neural tube is not closed properly resulting in an absence of a major portion 
of the brain and skull, including the cranial vault and the covering skin. As a 
consequence of this malformation, the brain mass is reduced and infants 
with this condition are born without the main part of the forebrain. Infants 
are either stillborn or usually die within a few hours or days after birth. Its 
prevalence at birth ranges from 1 in 5000 to 1 in 2000 (81).  

2.3.3.2 Encephalocele 

Sac-like protrusions of the brain and the membranes that cover it through 
opening in the skull are known as encephalocele. Encephalocele might be 
located in different parts of the skull as in the middle of it, between the 
forehead and nose or on the back side of the skull. The severity of 
encephalocele varies depending on its location and depending on the 
quantity of brain tissue affected (82). 

2.3.3.3 Spina bifida  

Spina bifida is another type of neural tube defect in which the opening of the 
tube is located along the spinal cord and therefore one or more vertebral 
arches may be incomplete. The most common locations of those 
malformations are the lumbar and sacral areas. Spina bifida malformations 
fall into three categories: spina bifida occulta, spina bifida cystica with 
meningocele, and spina bifida cystica with myelomeningocele (83).  

Spina bifida occulta is the mildest form of spina bifida consisting in an 
incomplete close of, the outer part of some vertebrae. The opening is small 
and the spinal cord does not protrude through it. Many people with this type 
of spina bifida do not even know they have it, as the condition is 
asymptomatic in most cases. The incidence of spina bifida occulta is 
approximately 12% of the population (84).  
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Meningocele is the protrusion of the meninges of the spinal cord through a 
defect in the spinal column forming a cyst filled with cerebrospinal fluid that 
does not contain neural tissue. As the nervous system remains undamaged, 
individuals with meningocele are unlikely to suffer long-term health 
problems. They are treated surgically.  

 

 

 

 

Myelomeningocele is the most significant form of spina bifida and it leads to 
disability in most affected individuals. In individuals with myelomeningocele, 
the unfused portion of the spinal column allows the spinal cord to protrude 
through an opening. The meningeal membranes that cover the spinal cord 
form a sac enclosing neural tissue. The neural tissue enclosed in the 
protrusion and the nerves that originate at that level of the cord are damaged 
or not properly developed. As a result, there is usually some degree of 
paralysis and loss of sensation below the affected area of the spine. 
Therefore, the higher the level of the myelomeningocele, the more severe the 
nerve dysfunction may be. Affected individuals may have loss of sensation, 
deformities of the hips, knees or feet, difficulty walking or inability to walk, 
loss of muscle tone, bladder and bowel incontinence, urinary tract infections 
and impaired renal function.  

Many individuals with spina bifida will have an associated abnormality of the 
cerebellum, called the Arnold Chiari II malformation. In affected individuals, 
the cerebellar tonsils are displaced from the back of the skull down thorough 

Figure 2. Picture of NTD: myelomeningocele and 
meningocele. Note the opening of the tube and the 
protrusion of the sack in both pictures. On the left 
side, the spinal cord protrudes as well as the meninges, 
so the neural tissue might be damaged; this image 
corresponds to a myelomeningocele. On the right side, 
a meningocele is shown: the meninges protrude trough 
the opening but not neural tissue is included within the 
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foramen magnum. In an important proportion of patients with Arnold-
Chiari malformation, hydrocephalus will also occur because the displaced 
cerebellum interferes with the normal flow causing an accumulation of 
cerebrospinal fluid. Other central nervous system malformations such as 
corpus callosum abnormalities or cortex anomalies are also seen in patients 
with spina bifida.   

The elected treatment for neural tube defect varies depending on the type of 
the malformation. For instance, some mild versions of spina bifida require 
minimal treatment. Otherwise, more severe forms require surgery to correct 
the problems and, despite the operation, the normal function to the affected 
part of the spinal cord might not be restored. Intrauterine surgery for spina 
bifida has also been performed and the safety and efficacy of this procedure 
is currently being investigated (85).  

2.3.3.4 Prevention of neural tube defects  

Regarding the cause of this malformation, it is hypothesized that neural tube 
defects present a multifactorial inheritance, the result of gene-environment 
interactions. Mutations in some genes related to planar cell polarity have 
been described (86-90) although in the majority of cases mutations were 
inherited from a healthy parent. Those results arise doubts about the role of 
these mutations in the etiology of the disease, probably being one of the 
contributing factors, but not the only one, to neural tube defects. 
Nonetheless, familial cases with a seemingly autosomal recessive mode of 
inheritance have been reported.  

Since several years ago, the relation between folic acid intake before and 
during pregnancy and neural tube defect has been proven. The incidence of 
spina bifida may decrease by up to 70% when daily folic acid supplements 
are taken prior to conception and during the pregnancy. However, the 
mechanism underlying the role of folic acid in neural tube defects is poorly 
understood (91, 92).  

2.4 Renal malformations 

Congenital anomalies of the kidney and urinary tract occur in 1 in 500 births 
and are a major cause of morbidity and mortality in children. Some renal 
anomalies are part of a more complex syndrome, although most cases are 
isolated urinary tract malformations. Several genes have been reported in 
association to isolated renal malformations, such as Ret, PAX2, SALL1 and 

BMP4 (93-97). Renal malformations might also be caused by mother's 
exposure to certain drugs or medication during pregnancy. Medications 
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which may cause renal malformations include blood pressure medicines such 
as angiotensin-converting enzyme inhibitors and angiotensin receptor 
blockers. Illegal drugs, such as cocaine, may also cause renal malformations 
in the fetus. Nevertheless, the majority of cases remain unsolved. Two of the 
most common renal malformations are renal hypoplasia/agenesis and renal 
dysplasia. 

2.4.1 Renal agenesis 

Renal agenesis or hypoplasia may have different levels of severity regarding 
the affectation of a single or both kidneys and also considering the grade of 
hypoplasia, being agenesis the most severe end of the spectrum. Bilateral 
renal agenesis is the failure of both fetus kidneys to develop during gestation. 
The absence of kidneys is a lethal condition that causes oligohydramnios, a 
deficiency of amniotic fluid in pregnancy that may lead to fetal 
malformations known as the Potter sequence. The etiology of bilateral renal 
agenesis is unclear, although some autosomal recessive cases have been 
described related to Fraser syndrome. It is also known that bilateral renal 
agenesis is more common when one of the progenitors has some type of 
kidney malformation, especially unilateral renal agenesis. Those results 
indicate a common genetic background related to unilateral and bilateral 
renal agenesis (98, 99).  

2.4.2 Renal dysplasia 

In kidney dysplasia, the internal structure of one or both kidneys is not 
developed properly and fluid-filled sacs called cysts replace normal kidney 
tissue. If kidney dysplasia only affects one kidney the prognosis is good, only 
requiring regular checkups to ensure the correct functioning of the remaining 
kidney. When kidney dysplasia affects both kidneys is generally a lethal 
condition, and those who do survive require dialysis and kidney transplant 
very early after birth. In some cases, a silent renal dysplasia in one progenitor 
is discovered after the birth of an affected child. When kidney dysplasia is 
discovered in an infant, an ultrasound examination may reveal the condition 
in one of the parents (99). 

2.5 Down syndrome  

Trisomy 21 or Down syndrome (DS) is a polymalformation syndrome 
characterized by the presence of a third copy of chromosome 21. In 95% of 
the cases, trisomy 21 is free, which means that the extra chromosome is not 
integrated to another chromosome and it is present in all analyzed cells. In 
those cases, the trisomy is due to a non-disjunction during meiosis. In 2-3% 
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of the cases the trisomy 21 is free and mosaic, namely, not found in all 
studied cells but only in a proportion of them. In the remaining 2-3% of the 
cases, the supernumerary chromosome 21 is integrated to another 
chromosome as part of a translocation. The diagnosis can be made by 
karyotyping, although other techniques may also detect the trisomy. The 
recurrence risk for the parents of an affected child is only slightly higher if 
the trisomy is free. In cases of DS caused by translocation, the risk is 
increased only if one of the parents has a balanced rearrangement. For a 
person with Down syndrome, the risk of transmitting the disease to the 
descendants is 1/3 (100). 

The most severe features related to DS are congenital heart defects -mainly 
atrio-ventricular canal, digestive malformations as duodenal atresia, 
congenital cataract, small size, Hirschsprung disease, seizures, leukaemia, 
sleep apnea, sensory deficiencies, auto-immune and endocrine pathologies, 
earlier aging, Alzheimer disease and mental retardation. Patients with DS also 
present a recognizable dimorphic pattern with upslanting palpebral fissures, 
epicanthus, flat neck, round face, small nose or bilateral single palmar crease. 
Median life expectancy is now above the age of 50 years (101). 

Although the cause of DS is well established, the factors influencing the 
appearance of different types of malformations are poorly understood. For 
example, it is well known that patients with trisomy 21 have a higher 
incidence of congenital heart malformations than other children, even 
though little is known about the factors related to that. Concretely, the 
incidence of CHD in these patients is between 43-58%  (102, 103). 

Considering that all patients with trisomy 21 carry the same genetic 
alteration, it is clear that other factors, genetic or epigenetic, are involved in 
the development of the CHD, as well as in the development of other 
malformations reported in DS.  
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Figure 3. Overview of MLPA steps. In 
this figure the main steps of MLPA are 
shown (denaturation, hybridization, 
ligation, PCR and fragment analysis) as 
well as the structure of MPA probes.   

3 TECHNIQUES TO DETECT THE CAUSE OF THE 

MALFORMATION 

3.1 Techniques to study genetic rearrengements 

There are multiple techniques that can be applied to the detection of possible 
etiology of congenital malformation, either driven by the clinical suspicion or 
as a screening approach. This review does not pretend to be exhaustive but 
only to introduce the genetic and genomic technologies that have been 
applied in the course of this project. 

3.1.1 MLPA 

The MLPA (Multiplex Ligation-dependent Probe Amplification) is a method 
for the detection of multiple chromosomal imbalances in a single reaction. 
This technique allows semiquantitative screening of specific genomic 
regions, based on the simultaneous hybridization and subsequent 
amplification of up to 40 different 
probes in a single reaction. It is a 
procedure easy to implement and 
requires a minimum of 50 ng of 
DNA. In the MLPA technique, the 
genomic DNA is hybridized in 
solution with a set of probes, each 
one divided into two fragments. One 
(L) consists of a sequence of 
approximately 30 nucleotides 
specific to a particular target in the 
DNA. This sequence is flanked by 
nucleotides that are complementary 
to a universal primer. The other 
fragment (R) also contains both the 
specific sequence for the chosen 
target DNA region and the 
hybridization sequence for the 
universal primer. Probe L, between 

the primer binding region and the 
target binding portion, includes a 
region variable in length called 
stuffer in order to generate size 
differences between probes included 
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in the same reaction. This strategy allows electrophoretic resolution of the 
amplified fragments (figure 3). 

Both fragments of the MLPA probe complementary to the DNA sequence 
are designed in order to hybridize with the target sequence one adjacent to 
the other; then both are joined by ligase enzyme. The joining of both 
fragments generates a single probe for each target region that can be 
amplified by conventional PCR using universal primers; the fragments not 
attached to another one cannot be amplified. The amount of bound probes 
is proportional to the number of copies of the target sequence. After PCR 
amplification the relative height of the peaks may indicate deletion or 
duplication of the target sequence, namely the gene dose (104). 

The MLPA technique is inexpensive, simple, fast and provides flexibility for 
the study of regions of interest. Moreover, MLPA allows the study of a large 
number of samples in the same experiment. Despite the advantages, the 
main limitation of this technique is the inability to detect balanced 
rearrangements, eg, translocations or inversions. MLPA might be useful to 
screen easily several samples and loci of interest (aneuploidy screening in 
prenatal diagnosis, regions associated to microdeletion and microduplication 
syndromes in patients with mental retardation) or to validate results of other 
techniques, such as the results obtained with CMA technologies. 

3.1.2 ACGH 

The most recently developed technique for the detection of duplications and 
deletions is based on comparative genomic hybridization, so called aCGH. 
This technique is based on a competitive hybridization between two DNAs, 
the sample of interest and a control sample. Each of these samples is labeled 
with a different fluorochrome and it is hybridized on a support containing an 
array of probes. Different types of probes might be used in aCGH such as 
BACs (Bacterial Artificial Chromosome) or oligonucleotides. The resolution 
of this technique depends on the size of the probes, the number of them and 
their distribution through the genome (Figure 4).  

The competitive hybridization between the DNA sample and the control 
DNA allows the detection of deletions and duplications: an intense signal of 
the patient fluorochrome would indicate a duplication of the region and a 
decrease in the signal given by patient fluorochrome may correspond to a 
deleted region (105-107).  
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The aCGH permits the study of copy number variations in a large-scale 
manner by the screening of regions throughout the genome, as well as a very 
detailed analysis of some selected regions, depending on the design of the 
array probes. The aCGH has the same limitation than the MLPA, as it does 
not detect balanced alterations. 

aCGH is useful for the screening of chromosomal imbalances for which 
there is no suspicion, as it may have coverage throughout the genome with 
high resolution. Using aCGH it is also possible to detect rearrangements in 
mosaicism. Recent published articles describe a detection of mosaicism as 
low as a 10% level.  

3.1.3 SNP arrays 

SNP arrays do not rely on the same system than comparative genomic 
hybridization described in the previous section, but the same term is used 

Figure 4. Schematic overview of aCGH. In the first step, genomic DNA 
samples from a test and a reference are differentially labeled. Then, both 
DNA samples are mixed in equal amounts and hybridized to the array 
containing the probes. After that, the array is scanned and computer 
image assesses the relative fluorescence for each probe in the array. In the 
spots where the same fluorescence is detected for both fluorochromes no 
alterations is present in the patients; when more fluorescence is detected 
for patients’ fluorochrom a duplication is considered in patients samples; 
when the ratio is higher for reference fluorochrom, a deletion is present in 
the patient.  
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when it is applied to study the copy number variants along the genome. SNP 
arrays allow the study of the alleles present in each individual in a specific 
number of SNPs, depending on the design of the experiment. This technique 
quantifies the intensity of each of the alleles of the SNPs analyzed. The 
information provided allows, in addition to deletions and duplications, the 
analysis of heterozygosity and uniparental disomy. There are two relevant 
parameters for the analysis of SNP array: the intensity of the fluorescent 
signaling for each position and the BAF (B allele frequency), which 
represents the proportion of signaling between both alleles, namely, the B 
allele signal divided by the sum of the A and B signals. 

The data for the detection of deletions and duplications is provided by the 
intensities of the fluorescent signaling for each position and also by the 
relative intensity between the two alleles in each nucleotide tested. For 
example, in deleted regions the intensity is reduced and no heterozygous 
positions are detected.  In duplicated regions the intensity is higher and in 
heterozygous positions one of the alleles is detected in a doubled intensity 
compared to the other. Homozygous regions might be recognized because 
normal intensities are detected but no heterozygous positions are identified 
inside that fragment, namely, BAF is 0 (not B allele detected) or 1 (only B 
allele is detected). Recently, some softwares have been developed to analyze 
the presence of mosaic rearrangements by using data from SNP arrays. As in 
the MLPA and aCGH, the main limitation of SNP arrays is the inability to 
detect balanced rearrangements (108). 

 

 

 

 

 

 

Figure 5. SNP array plots. A: Plot corresponding to a duplication. Within the 
duplicated region the intensity (LogR) is higher and BAF shows a proportion of 
the alleles of 2:1. B: Plot showing a deletion. LogR of that region is reduced and 
there are none heterozygous positions within the region, as there are no BAF 
values of 0.5 meaning a proportion of 1:1 of the alleles in this SNP.    
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3.2 Techniques to study methylation alterations 

3.2.1 Methylation arrays 

Methylation arrays have been developed recently in order to interrogate 
thousands of CpG sites per sample in the same experiment. Before the 
genome-wide methylation array, a bisulfite treatment of DNA is required. 
This procedure converts unmethylated citosine residues to uracile but does 
not modify 5-methylcitosine residues. Therefore, bisulfite treatment 
introduces modification in the DNA sequence depending on the methylation 
status of citosine nucleotides. The microarray contains two different bead-
bound probes for each interrogated CpG. One of the bead-bound probe is 
complementary to the DNA sequence without the modification in citosine 
residue, while the other one is complementary to the DNA sequence with 
the conversion of the unmethylated citosine to uracile. The hybridization of 
DNA with bead-bound probe is followed by a single-base extension with a 
labeled nucleotide. The ratio of fluorescent intensity between the two bead-
bound probes for each CpG provides information about the level of 
methylation in each CpG. Available softwares permit the comparison of 
methylation patterns between single samples and between groups of samples 
(109).  

 

 

 

 

 

 

 

 

Figure 6. Principle of methylation array. A: as the CpG analyzed is unmethylated, 
the cytosine residue is converted to uracile in bisulfate treatment. Due to the 
modification, the gDNA sequence is complementary to the unmethyalted bead. 
Therefore, the extension only occurs in the unmethylated probe. B: the CpG tested 
is methylated. For that reason no modification occurs during bisulfate treatment and 
the gDNA sequence hybridizes with the methyalted probe and extension takes place 
in that bead.  
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Figure 7. MS-MLPA overview. Steps in MS-
MLPA are the same than in standard MLPA 
except for the digestion of probes by the 
methylation sensitive enzyme. This step allows 
the quantification of methylation level as the 
enzyme cuts depending on the methylation level. 

3.2.2 Methylation specific MLPA 

Methylation Specific MLPA (MS-MLPA) is a method to study methylation 
profiling based on the standard MLPA technique. The combination of the 
usual MLPA procedure with a methylation sensitive restriction enzyme 
provides information regarding methylation levels in target regions. As in 
standard MLPA, it is possible to study several regions in each reaction and 
by using MS-MLPA both information about CNV (copy number variation) 
and methylation levels is obtained. 

MS-MLPA shares several 
steps with the standard 
MLPA procedure. First 
step, includes the 
denaturation of DNA, the 
hybridization with MLPA 
probes which are 
complementary to the 
regions of interest and the 
ligation of the two 
fragments in which each 
MLPA probe is divided. 
The MLPA probes must 
contain a restriction site for 
the methylation sensitive 
enzyme used in the 
procedure. After the 
ligation, an additional step 
is introduced in MS-MLPA 
compared to standard 
MLPA. At that point, the 
reaction should be split into 
two tubes in order to 
obtain information about 
CNV and methylation 
profiling. One of the tubes 
is processed as a standard 
MLPA reaction to obtain 
one undigested sample for copy number detection; the other tube is 
incubated with a methylation-sensitive restriction enzyme which cuts the 
fragments depending on the methylation status to obtain methylation data. 
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After that, a PCR is done for both tubes separately; digested probes are not 
amplified during the PCR. Therefore, the comparison of produced signal 
during capillary electrophoresis between both tubes provides information 
about the proportion of digested probes and, consequently, the proportion 
of methylated/unmethylated DNA (110).  

3.2.3 EpiTyper 

EpiTyper is a methodology to study methylation ratios for individual CpGs 
within a target sequence. This procedure is based on mass spectrometry to 
quantify the different obtained fragments. Firstly, it is necessary to perform a 
bisulfite treatment of the DNA to convert unmethylated cytosine to uracil. 
After that, an RNA transcription is performed since in the next step an 
Rnase is used in order to cleave RNA specifically at cytosine and uracil 
nucleotides. The cleavage produces different patterns depending on the 
changes introduced to the DNA sequence during bisulfite treatment. Those 
fragments are quantitatively measured with MALDI-TOFF (Matrix-assisted 
Laser Desorption/Ionization-Time of Flight )technology (111).  

 

3.3 Techniques to study point mutations 

3.3.1 Sanger sequencing 

Sanger sequencing was develop in 1975 by Sanger and Coulson in order to 
establish the nucleotide content for a target sequence. Before sequencing, a 
polymerase chain reaction is done with a pair of primers flanking the region 
of interest in order to obtain the target sequence amplified. Subsequently, 
cycles of template denaturation, primer annealing and primer extension are 
carried out with the four deoxynucleotide bases and a low concentration of 

Figure 8. Scheme of the steps in 
EpiTYPER technology. On the left of 
the image, the procedure for a 
methylated CpG. As the CpG is 
methylated, no modification is done 
during the treatment with bisulfate.  
On the right side, as the CpG is not 
methylated, a modification is 
introduced in the sequence. Due to 
this difference, the pattern obtained 
after the base-specific RNA cleavage 
and, consequently the profile obtained 
in MALDI-TOF technology will be 
different.  
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Figure 9. Schematic overview of 
Sanger sequencing procedure. The 
use of dideoxynucleotide might cause 
the end of the chain synthesis. As 
each dideoxynucleotide is labeled 
with a different colour, the separation 
of the products in an electrophoresis 
gel will allow the reading of the 
sequence.    

fluorescently labeled dideoxynucleotides, each dideoxynucleotide with a 
different color. The formers allow primer extension but the latters terminate 
the extension. At the end of the reaction different length fragments are 
obtained with a different labeled dideoxynucleotide at the end. Those 
fragments are size-separated by electrophoresis and the color is detected in 

order to compose the sequence. 
Nowadays, up to 1000 bases might be 
read using Sanger sequencing with a 
high accuracy. Nevertheless, this 
target sequence approach might be 
used to sequence concrete regions but 
it is limited by its throughput. 

 

3.3.2 Next generation sequencing 

Regarding the relevant limitation of Sanger sequencing, a new technology 
called Next Generation Sequence (NGS) has been develop in order to 
sequence DNA using a large-scale approach. During the last five years, NGS 
or Massive parallel sequencing instruments have been develop and are 
capable to sequence millions of DNA fragments with a considerably lower 
cost. Several different technologies are now available. By using this 
technology, several genes related to Mendelian diseases have been identified 
(112, 113). 

Considering the costs of the technology and the challenges in the 
interpretation of whole-genome sequencing data, DNA enrichment is a 
worthwhile option. DNA enrichment prior to sequence allows you to 
analyze target regions, such as the exome. The exome, which accounts for 
approximately 1% of the genome, contains the coding fragments of genes. 
Therefore, exome sequencing provides data from regions relevant in protein 
codification.  Considering the costs of the technology and the challenges in 
the interpretation of whole-genome sequencing data, DNA enrichment is a 
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valuable option. Using DNA enrichment prior to sequence it is possible to 
analyze target regions, such as the exome.  

The exome, which accounts for approximately 1% of the genome, contains 
the coding fragments of genes. Therefore, exome sequencing provides data 
from regions relevant in protein codification.  

To perform exome enrichment before sequencing two different methods are 
mainly used: array-based hybridization and liquid-based hybridization. Both 
procedures rely on the hybridization of DNA of interest to target-specific 
probes. In the former process the probes are bond on a microarray surface 
and in the latter probes are in solution. Regarding the sequencing method 
itself several technologies are available, each one presenting different 
characteristics an features considering throughput, read length and accuracy.  

Nonetheless, the main steps in the workflow are similar among different 
technologies and instruments. Firstly, a random fragmentation of DNA is 
performed followed by ligation of adapter sequences. Those adaptors allow 
us to amplify all fragments within the same PCR. After the amplification, an 
enrichment step might be considered depending on the aim of the 
experiment. If DNA enrichment is done, only target regions will be captured 
for the following step, sequencing. In order to sequence the fragments 
obtained, several cycles of cyclic reversible termination are performed with 
an image capture after each cyclic reversible termination. The reversible 
nature of the cycle allows the cleavage of the terminators and the repetition 
of the described cycle several times to sequence the fragment (114, 115).  

Considering the amount of data generated by NGS, the parallel evolution of 
bioinformatics has been mandatory. The development of software has been 
completely imperative for data management and data analysis.  
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4 GENETIC COUNSELING 

In 1975, the American Society of Human Genetics adopted the following 
definition of genetic counseling: "Genetic counseling is a communication 
process which deals with the human problems associated with the 
occurrence, or the risk of an occurrence, of a genetic disorder in the family. 
This process involves an attempt by one or more appropriately trained 
persons to help the individual or family to (1) comprehend the medical facts, 
including the diagnosis, probable course of the disorder, and the available 
management; (2) appreciate the way heredity contributes to the disorder, and 
the risk of recurrence in specified relatives; (3) understand the alternatives 
for dealing with the risk of occurrence; (4) choose the course of action which 
seems to them appropriate in view of their risk, their family goals, and their 
ethical and religious standards, to act in accordance with that decision; and 
(5) to make the best possible adjustment to the disorder in an affected family 
member and/or the risk of recurrence of that disorder." 

Genetic counseling is an educational process that seeks to assist affected 
and/or at risk individuals to understand the nature of the genetic disorder, its 
transmission and the options open to them in management and family 
planning. The process requires the participation of one or more 
appropriately trained professionals to assist patients and / or their family to 
understand and cope with medical and non-medical aspects related to the 
disease trying to minimize the psychological stress that such information 
might cause. In genetic counseling, the way in which genetic counseling is 
provided is as important as the information given. Patients and / or their 
relatives may use the information provided in genetic counseling session to 
decide the most appropriate course of action considering the risk, family 
goals and the ethical and religious convictions. The ultimate goal of genetic 
counseling is enable patients and relatives to make the best possible 
adjustment to the disease and / or the risk of recurrence of it. In specific 
situations, such as common diseases with a relevant genetic component, the 
promotion of healthy habits in relation to the individual risk is also one of 
the objectives of genetic counseling.   

In order to offer appropriate genetic counseling is necessary to establish an 
accurate diagnosis in the index case or, when it is not possible, try to 
determine the inheritance pattern of disease in the family. With this aim, the 
genetic counselor might use different tools and resources. The proper 
collection of genetic and clinical information is the first step in providing an 
adequate genetic counseling; otherwise, a wrong or incomplete collection of 
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data might lead to an inaccurate genetic counseling. Clinical data 
documentation of patients and their families is essential to have a complete 
picture of the case and correctly inform patients about the genetic disorder, 
associated risks and possible options available.  Another crucial tool in 
genetic counseling is the correct drawing of the family tree, which helps to 
clearly visualize family structure, kinships and the most relevant clinical data. 
A family tree can also give information about the inheritance pattern of the 
genetic disease in the family, a crucial issue when determining genetic risks 
and identifying family members at risk.  

 

In genetic counseling, apart from the information given, the way in which 
genetic counseling is provided is essential. Communication skills and 
empathy are relevant in order to achieve and effective communication 
process. Some studies have pointed out the importance of communication 
skills to explore the emotional state of patients or the level of 
comprehension in order to provide information in a comprehensive manner 
for patients and families. It is relevant to identify factors influencing 
comprehension, attitudes and decision making to improve genetic counseling 
practice and to ensure a proper attention to all patients and families. 
Previous publications have described a different risk perception for patients 
and / or families depending on the manner in which the advice was provided 
(118) or the vocabulary used (119, 120).  

It is also important to be aware of the non-directiveness nature of genetic 
counseling as the genetic counselor provides information to family and 
patients that enable them to make a decision based on their beliefs and way 
of life. Genetic counseling should promote the autonomy and the decision-
making process in the patient and / or relatives by providing the right 
information in a non-directiveness manner. The counselor should attempt to 
provide the information, tools and resources needed to enable the patient to 
make a real informed choice (121-123). 

In the context of congenital malformations genetic counseling is essential. 
There are many situations were genetic counseling is indispensable, for 
instance when there is an ultrasound finding in an ongoing gestation or a 
termination of pregnancy due to birth defects, after a spontaneous 
miscarriage or when a newborn presents a congenital malformation. Several 
studies have proved the need for genetic counseling regarding prenatal 
screening and prenatal diagnostic tests to improve the information provided, 
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the understanding and also to reduce decision-making conflicts without 
increasing maternal anxiety (119). 

Although the high incidence of congenital malformations in miscarriages, 
stillborns or liveborns the mechanism underlying those diseases are poorly 
understood. In the absence of well established cause, genetic counseling 
becomes quite difficult and only a strong family history of congenital 
anomalies may provide valuable information concerning risk determination. 
In most cases, no family history is reported with a unique case identified. If 
the malformation is part of a more complex syndrome the chances to find a 
diagnostic increase; otherwise, when an isolated malformation is described 
the likelihood of finding the cause is drastically reduced.  

Since the genetic aspects of congenital malformations are largely unknown, 
the enforcement of new technologies to explore different genetic mechanism 
is valuable for the diagnosis and to provide an adequate genetic counseling to 
patients and families. Therefore, it is worthwhile to draw on to recently 
developed technologies in research as well as in clinical practice to elucidate 
the genetic mechanism underlying congenital malformations with the aim of 
improving patients’ and family care. Nevertheless, it is important to take into 
consideration that the emerging molecular techniques involve a challenge in 
genetic counseling considering that they extend the diagnostic capability and 
the potential impact of variants of uncertain clinical significance. The 
increase of the difficulty related to new molecular techniques make genetic 
counseling even more necessary related to prenatal testing and congenital 
malformations.  

 

 

 

 

 

 





                                                      

 

 

 

 

 

HYPOTHESIS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  HYPOTHESIS 

37 

 

 

1) The etiology of congenital malformations is heterogeneous with 
several factors involved, including genetics and environment.  

 

2) Genetic rearrangements, point mutations, epigenetic alterations or a 
combination of them altering developmental pathways may contribute in a 
relevant manner in the etiology of congenital malformations.  

 

3) Novel techniques developed in recent years for genetic, genomic and 
epigenomic analyses may provide valuable knowledge in the study of 
congenital malformations. 

 

4) The identification of alterations underlying congenital malformations 
and the subsequent characterization would ensure proper genetic counseling 
to the family, with relevant implications for family planning. 

 

5) The application of molecular techniques to improve patients care' and 
diagnosis should be accompanied by an appropriate genetic counseling and a 
high rate of acceptability by patients and families. A detailed and 
comprehensive explanation in the context of genetic counseling would lead 
to higher acceptability of the procedure. Systematic studies of patients' 
opinions about the provided service may contribute to the ultimate goal of 
improving genetic counseling with new technologies. 
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1) Identify genomic rearrangements in fetuses with different types of 
congenital malformations by using BAC aCGH, oligonucleotides aCGH and 
SNP arrays and characterize those alterations in order to determine their 
possible implication in the etiology of congenital malformations. Explore the 
possible contribution of mosaicism, uniparental disomies and multiple hits in 
congenital malformations. 

 

2) Explore the clinical utility of chromosomal microarray analysis in 
invasive prenatal diagnosis in comparison to other available techniques such 
as G-banding karyotype analysis, quantitative fluorescent PCR and Multiplex 
Ligation-dependent Probe Amplification in order to determine the detection 
rate of each technique as well as the identification of variants of uncertain 
clinical significance, costs and turn-around time.  

 

3) Analyze the strengths and weaknesses of genetic counseling in relation 
to congenital malformations and the use of novel high throughput molecular 
techniques, such as chromosomal microarray analysis, in order to provide 
and appropriate genetic counseling to the families. 

 

4) Investigate the contribution of epigenetic alterations to the etiology of 
isolated congenital malformations using isolated congenital heart defects as a 
disease model and DNA from the targeted tissue. Analyze how alterations in 
methylation affect gene expression to establish their implication in congenital 
heart defects. Define candidate genes and pathways involved in congenital 
heart disease 

 

5) Elucidate the role of de novo and inherited point mutations in 
congenital malformations using exome sequencing data from two selected 
and well-phenotyped cohorts, one with isolated heart hyopoplasia and the 
other one with neural tube defect plus Arnold-Chiari malformation. 
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CHAPTER 1 
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The emergence during the last decade of molecular technologies based on 
CMA has implied a revolution in genetics field. The study of deletions as 
well as duplications with high resolution and in a genome-wide manner has 
provided valuable information regarding genome structure and has revealed 
a relevant contribution of genetic rearrangements in genetic diseases.  

CMA, including array CGH and SNP microarrays, has allowed the 
identification of causative chromosomal imbalances in 15-24% of patients 
with multiple congenital anomalies and/or intellectual disability. Concerning 
the study of congenital malformations in fetuses, retrospective studies using 
CMA have reported a detection rate of 8-15% of causative segmental 
aneusomies. Those rearrangements included recurrent genomic disorders 
frequently associated with congenital malformations, as 22q11.2 
microdeletion.  

Despite those studies, few data is available regarding isolated congenital 
malformations. In order to elucidate the role of deletions as well as 
duplications in birth defects, a study based on CMA mainly in isolated 
congenital malformations was designed. Cryptic genomic rearrangements 
were analyzed in a cohort of fetuses with isolated congenital malformations 
and in a second cohort of fetuses with multiple birth defects, with the 
purpose of exploring the mechanisms underlying congenital anomalies.  
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ABSTRACT 

Background: Congenital malformations are present in approximately 2-3% of live born babies 
and 20% of stillborn fetuses. The mechanisms underlying the majority of sporadic and isolated 
congenital malformations are poorly understood, although it is hypothesized that the 
accumulation of rare genetic, genomic and epigenetic variants converge to deregulate 
developmental networks. 

Methodology/Principal Findings: We selected samples from 95 fetuses with congenital 
malformations not ascribed to a specific syndrome (68 with isolated malformations, 27 with 
multiple malformations). Karyotyping and multiplex ligation-dependent probe amplification 
(MLPA) discarded recurrent genomic and cytogenetic rearrangements. DNA extracted from 
the affected tissue (46%) or from lung or liver (54%) was analyzed by molecular karyotyping. 
Validations and inheritance were obtained by MLPA. We identified 22 rare copy number 
variants (CNV) [>100kb, either absent (n=7) or very uncommon (n=15, <1/2,000) in the 
control population] in 20/95 fetuses with congenital malformations (21%), including 11 
deletions and 11 duplications. One of the 9 tested rearrangements was de novo while the 
remaining were inherited from a healthy parent. The highest frequency was observed in fetuses 
with heart hypoplasia (8/17, 62.5%), with two events previously related with the phenotype. 
Double events hitting candidate genes were detected in two samples with brain malformations. 
Globally, the burden of deletions was significantly higher in fetuses with malformations 
compared to controls. 

Conclusions/Significance: Our data reveal a significant contribution of rare deletion-type 
CNV, mostly inherited but also de novo, to human congenital malformations, especially heart 
hypoplasia, and reinforce the hypothesis of a multifactorial etiology in most cases. 

 

INTRODUCTION 

A potentially lethal or disabling major 
malformation occurs in 2–3% of live born 
infants and 20% of stillborn fetuses [1].  
Congenital malformations have become the 
main cause of infant mortality during the first 
years of life [2] and are associated with long 
term morbidity [3,4]. In particular, congenital 
heart defects (CHD) represent a high 
percentage of clinically significant birth 
defects. The incidence of CHD is 
approximately 8 per 1,000 live births making 
CHD the most common malformation [5,6].  

 
Congenital malformations often occur in the 
setting of multiple congenital anomalies, 
including dysmorphic facial features, 
developmental aberrations of different 
organs, or growth abnormalities [7,8]. In 
these cases with a more complex syndrome, 
chromosomal aberrations are a frequent 
cause of disease, although point mutations in 
developmental or metabolic genes have also 
been described in specific syndromes [9,10]. 
Standard karyotyping can detect numerical 
and structural anomalies larger than 5–10 Mb  
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and other techniques, such as fluorescent in 
situ hybridization (FISH) [11] or MLPA [12-
14], allow the identification of 
submicroscopic chromosomal imbalances. In 
the last decade, the development of 
molecular karyotyping by array comparative 
genomic hybridization (aCGH) or single-
nucleotide-polymorphism (SNP) microarrays, 
globally termed chromosomal microarray 
analysis (CMA), has allowed the detection of 
as much as 15–24% of causative segmental 
aneusomies in patients with multiple 
congenital anomalies and/or intellectual 
disability [15,16]. Retrospective studies in 
fetuses with multiple malformations have 
obtained a detection rate of causative 
chromosomal imbalances from 8 to 15% by 
using CMA [17-19], and the clinical utility of 
a targeted CMA has been demonstrated in 
standard invasive prenatal diagnosis [20,21]. 
CHD are among the malformations in which 
genomic rearrangements have been shown to 
play a major role. For instance, 
microdeletions at 22q11.2 [22,23] and 
microduplications at 1q21.1 [24,25] are a 
common cause of conotruncal heart defects .  

In an important proportion of cases, only 
one malformation is detected without the 
presentation of other minor or major defects. 
Although some isolated congenital 
malformations can be caused by 
environmental risk factors, such as maternal 
diseases or exposure to teratogenic agents 
during pregnancy [4], there is strong evidence 
that genetics plays a major role, as 
epidemiological studies have shown an 
increased risk of this type of anomalies in 
siblings and offspring of individuals with 
sporadic congenital malformations, as well as 
increased paternal age and high concordance 
in monozygotic twins [26,27,28]. A small 
percentage can be attributed to point 
mutations in development related genes 
[29,30], although this type of genetic 
alterations have been insufficiently tested 
until recently.  

 

Submicroscopic deletions and duplications 
may play a significant role in the etiology of 
this condition, either as direct cause or as 
possible genetic risk factor for isolated 
congenital anomaly [31]. Nevertheless, the 
mechanisms underlying the majority of non-
chromosomal or sporadic congenital 
malformations are poorly understood.  

Finding the cause of congenital 
malformations is necessary to better 
understand the pathophysiological basis of 
these developmental anomalies and define 
disease risks, both critical elements to ensure 
proper genetic counseling and disease 
prevention. Genetic counseling has become 
more relevant in this area considering not 
only the recurrence risk of healthy parents 
after having an index case, but also that more 
individuals with congenital malformations are 
living into adulthood due to advances in 
medical and surgical care and may have the 
opportunity to reproduce [7]. 

We have searched for cryptic genomic 
rearrangements in fetuses with isolated 
congenital malformations and fetuses with 
more than one congenital anomaly. Our data 
illustrate a significant contribution of rare 
deletion-type CNV, mostly inherited but also 
de novo, to human congenital malformations. 
These genomic rearrangements could 
represent the single genetic etiology of the 
disease, perhaps as part of a more complex 
syndrome without other recognizable 
manifestations at this stage of development, 
or genetic susceptibility factors contributing 
to the mutational load in multifactorial 
disorders.  

METHODS 

Ethics Statement 

All studies were performed as part of an 
expanded diagnostic protocol approved by 
the Medical Ethical Committee of the Vall 
d’Hebron Hospital, after receiving written 
informed consent from the family. 
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Samples / Patients 

Fetuses were selected from medically 
terminated pregnancies between 17 and 22 
weeks of gestation owing to one or more 
malformations with bad prognosis detected 
during pregnancy. Samples were collected 
from frozen tissues stored in the Tissue Bank 
of Vall d’Hebron Hospital. A complete 
fetopathological examination had been 
performed and the samples were classified in 
two different groups: 1) 68 samples with an 
isolated congenital malformation, including 

33 with isolated CHD, 26 with isolated 
central nervous system (CNS) malformation 
and 9 with isolated renal malformation; 2) 27 
fetuses with more than a unique 
malformation. Prenatal GTG banding 
chromosome analysis was normal for all 95 
fetuses. An overview of the clinical features 
of the fetuses included in the study is 
summarized in table 1 (detailed in Tables S1-
S4).  

Parental blood samples were collected in 
cases in which an alteration was identified.

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

DNA extraction from tissue and blood 
samples 

 

In fetuses with an isolated congenital 
malformation, the affected tissue (heart, brain 
or kidney) was obtained when available 
(n=44); liver or lung tissue was used for the 

remaining samples with insufficient target 
tissue (n=24). For fetuses with multiple 
congenital anomalies (n=27), liver or lung 
tissue was used. Parental DNA was isolated 
from total blood. DNA was extracted using 
the Gentra Puregene Blood kit (Qiagen) 
according to manufacturer’s instructions.  

Table 1. Overview of malformations in the 95 analyzed fetuses.  
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Multiple Ligation-Dependent Probe 
Amplification (MLPA) 

Genomic rearrangements in subtelomeric 
regions (P036 and/or P070, MRC Holland) 
as well as recurrent microdeletion or 
microduplication syndromes (custom made, 
Table S5) were also discarded prior to 
selection by using two MLPA panels.  

An MLPA assay was also designed to validate 
the genomic alterations detected by CMA 
and to study the inheritance in those cases 
with available parental samples. A total of 
100 ng of genomic DNA from each sample 
was subject to MLPA using specific synthetic 
probes [Table S6] designed to target the 
specific CNV detected by different types of 
array. All MLPA reactions were analyzed on 
an ABI PRISM 3100 Genetic analyzer 
according to manufacturers' instructions. 
Each MLPA signal was normalized and 
compared to the corresponding peak height 
obtained in control samples [32,33]. 

 

Molecular karyotyping by CMA 

The entire cohort was studied by using BAC 
(Bacterial Artificial Chromosome) aCGH. 
DNA samples (1ugr) were labeled by random 
priming with Cy3-dCTP and Cy5-dCTP and 
hybridized against a reference pool of the 
same gender. Samples were hybridized onto a 
BAC aCGH containing 5,600 clones with a 
backbone mean coverage of ~1Mb and 
increased density in hotspot regions for 
genomic rearrangements (subtelomeres, 
pericentromeres and regions flanked by 
segmental duplications). Analyses of BAC-
aCGH data were performed as previously 
described [32]. A total of 25 samples were 
also studied by using an oligonucleotide 
Agilent H244K aCGH. Samples were 
processed and hybridized according to 
manufacturer’s recommendations (Agilent 
Protocol v6.0, ref. G4410-90010). This 
technique allowed us to validate and better 
map the breakpoints of the alterations 
detected by BAC aCGH, as well as to 
increase the resolution of the study in 

samples in which no alteration had been 
detected using BAC aCGH. Only CNVs with 
genes, longer than 100kb and with a 
frequency in control samples lower than 
1/2,000 were considered. The frequency of 
each CNV in the control population was 
determined using 1M Illumina SNP array 
data from a control database of 8,329 
samples already reported [34], along with data 
from 1,991 Spanish adult samples from the 
Spanish Bladder Cancer/EPICURO study 
including 1034 patients with urothelial cell 
carcinoma of the bladder and 957 hospital-
based generally healthy controls with a mean 
age of 63.7 years [35]. 

DNA from 70 samples was studied by using 
the 370K Illumina SNP array. This technique 
permitted us to increase the resolution in 
samples in which no alteration had been 
identified using BAC aCGH. Moreover, 
using SNP array uniparental disomy and 
regions with high level of homozigosity were 
studied. Copy number changes were 
identified using the PennCNV software with 
stringent filtering, as previously described 
[35]. Only CNVs with genes, longer than 
100kb and with a frequency in control 
samples lower than 1/2,000 were considered. 
A search for possible mosaic copy number 
and copy neutral changes was also performed 
using the MAD algorithm [36]. 

Genetic counseling  

Genetic counseling was offered to all couples 
when an alteration was identified in order to 
explain the findings and the need for further 
testing including parental samples. After the 
study of the parents’ samples, follow-up 
counseling was provided along with a written 
report explaining the alteration, the putative 
relation with the phenotype and the 
implications to the family.  
 

Bioinformatic and statistical analyses 

The frequency of each CNV in the 
population was determined using 1M 
Illumina SNP array data from a control 
database of 8,329 samples already reported  
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[34], along with data from 1,991 Spanish 
adult samples studied in our laboratory with 
the same arrays [35].  

In addition, already available data from a 
randomly selected cohort of 168 generally 
healthy Spanish adult control individuals 
(Spanish Bladder Cancer/EPICURO study 
genotyped with Illumina 1M SNP array [35]) 
was used in order to compare the different 
frequencies of rare rearrangements between 
controls and fetuses with congenital 
malformations (global CNV burden and 
CNV combinations).  In order to avoid or 
minimize a possible bias due to the different 
detection yield of the array platforms used, 
we only considered alterations larger than 
100kb that should be detected with any of 
the platform arrays. For the comparative 

analyses, only CNVs with genes, a minimum 
length of 100kb and a frequency lower than 
1/2,000 were considered. Alterations totally 
overlapping with segmental duplications were 
also excluded to minimize biases due to the 
different probe coverage among microarray 
platforms.  
 

Gene content and enrichment analyses 

The gene content (genes included or 
disrupted) of the rare CNVs identified in the 
cohort of fetuses was analyzed using a 
computational resource, Consensus Path DB 
[37], to obtain an overview of the pathways 
which could be altered, with the aim of 
identifying overrepresented pathways. The p-
value of each pathway was considered 
(p>0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Strategy followed to study samples of fetuses with 
congenital malformations. MLPA: multiplex ligation-
dependent probe amplification; CNS: central nervous 
system; BAC: bacterial artificial chromosome; SNP: single 
nucleotide polymorphism.  
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RESULTS 

Prenatal GTG banding chromosome analysis 
was normal for all 95 fetuses. Known 
microdeletion/microduplication syndromes 
and subtelomeric genomic rearrangements 
were also discarded by MLPA in all cases. All 
samples were first studied using BAC aCGH 
and then by oligonucleotide or SNP array.  

Globally, CMA detected 22 CNVs fulfilling 
the established criteria (>100kb, gene 
containing and present in <1/2000 controls) 
in 20 samples (21.05%), 11 deletions and 11 
duplications (100.6-2,207kb in length), with 2 
samples harboring two rearrangements. 
MLPA probes were designed to define the 
inherited or de novo nature of the CNVs in 
all 9 cases from whom parental samples were 
available. In 8 cases the alterations were 
inherited while the rearrangement was de novo 
in a single case. The detected alterations are 
listed in table 2, including information about 
the genomic coordinates, size, arrays used for 
detection and validation, inheritance and 
genes included in the region. Among the 22 
alterations identified, 7 (4 duplications and 3 
deletions) have never been found in the 
10,320 adults used as controls. Two 
aberrations, both of them identified in 
fetuses with CHD, overlap with previously 
reported alterations associated with 
developmental anomalies and are likely the 
underlying genetic cause [38-40]: 1) A 363kb 
de novo deletion in 16q24.1, encompassing five 
genes (FOXF1, FOXC2, MTHFSD, 
FLJ30679 and FOXL1), was detected in a 
fetus with left heart hypoplasia (case 1); 2) 
the recurrent 2Mb 15q13.3 deletion was 
identified in a fetus with right heart 
hypoplasia as well as in the healthy mother. 
The remaining 20 rearrangements have not 
been described in patients with disease.  

Although not included in the listed 22 
aberrations because its reported frequency in 
controls is 0.14% (>1/1,000), we also 
detected the recurrent 1.6Mb 16p13.11 
duplication in two samples, one case of CNS 
malformation (neural tube defect and 
Arnold/Chiari malformation) and another  

with multiple malformations (anal 
imperforation, right heart hypoplasia and 
esophagus atresia). The reciprocal deletion of 
this region has been clearly associated with 
increased risk for congenital malformations 
and developmental difficulties but published 
data for the duplication are not clearly 
conclusive [41]. 

In order to define whether the global burden 
of rare CNVs in the fetuses with congenital 
malformations was or not significantly 
increased, we compared it with CNV data in 
a cohort of 168 control subjects analyzed 
with the Illumina 1M SNP array. For 
consistency, only CNVs larger than 100kb, 
containing genes, not totally overlapping with 
segmental duplications, and found at a 
frequency <1/2,000 were considered (listed 
in Table S7). Rare CNVs fulfilling criteria 
were identified in 17.86% of the control 
samples including 2 samples with 2 
alterations. These rare CNVs in controls were 
predominantly duplications (78.12% vs 
21.88% deletions). Thus, the global CNV 
burden in malformed fetuses was only 
slightly increased with respect to that in 
normal controls (21.05% vs 17.86%), 
although the number and proportion of 
deletions was significantly higher in 
malformed fetuses.  

The proportion of samples with 
rearrangements was different between the 
different groups of malformations, being 
higher in fetuses with CHD (10/33 samples, 
30.30%) and even higher if only heart 
hypoplasia was considered (8/17, 47.06%). 
The difference in aberrations frequency 
between groups was statistically significant 
comparing fetuses with heart hypoplasia and 
controls (p=0.009). The difference in the 
frequency of deletion-type CNV between 
controls and cases was also statistically 
significant (p=0.03) and more evident 
comparing only fetuses with heart hypoplasia 
and controls (p=0.001). These differences 
were due to the increased number of 
deletions, but not duplications, in cases with 
congenital malformations (Table 3).  
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The frequency of individuals with more than 
one CNV hit fulfilling the established criteria 
was not different between cases and controls, 
around 2% (Table 3). 

Regarding the overrepresentation analysis, 
phosphatidylinositol phosphate metabolism 
was the only pathway significantly 
overrepresented in cases with respect to 
controls. Three genes directly involved in this 
pathway, PIK3C2G, GPLD1 and INPP5A, 
are included in the CNVs identified in two 
fetuses. Interestingly, two of these genes are 
located in two deletions found in the same 
sample, a fetus with holoprosencephaly. One 
deletion encompassing three genes, 
ALDH5A1, GPLD1 and MRS2, was 
inherited from the mother, while the other 
one including only one gene, PIK3C2G, was 

inherited from the father (Fig.2). An 
additional sample with two events was a fetus 
with hydrocephalus found to have two 
duplication CNVs, on chromosome bands 
1p33 (including the genes FAAH, DMBX1 
and KNCN) and 10q11.22 (containing the 
genes SYT15, GPRIN2 and PPYR1), but 
parental samples were not available in this 
case.  

No large stretches of homozygosity 
suggestive of parental consanguinity or 
uniparental disomy (UPD) were identified in 
any sample (70/95 fetuses studied with SNP 
arrays). In addition, despite the use of DNA 
from the affected tissue in 46% of cases, no 
events of copy number or copy neutral 
changes suggestive of somatic mutations 
were detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Comparisons of rare copy number changes >100kb detected in the fetuses with 
congenital malformations and controls. In brackets the proportion of samples with the CNV 
and the proportion of the specific type of rearrangement. *A subcategory of CHD only 
considering heart hypoplasia has been added to the table due to remark the different 
frequency of CNVs with respect to the other CHD.   

CHD, congenital heart defect; CNS: central nervous system. 
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DISCUSSION 

Chromosomal aberrations have been 
reported as a frequent cause of congenital 
malformations, especially when they are 
associated with growth or developmental 
delay, malformations affecting a second 
organ or dysmorphic features [6,16,18,42]. 
Many of the chromosomal unbalances 
associated with such syndromes are large and 
encompass multiple genes. A detection rate 
of 10% chromosomal abnormalities, 
including one marker chromosome and one 
rearrangement of 9Mb, has been reported 
studying by aCGH a population of 50 fetuses 
with more than three malformations [42]. A 
yield of 17%, considering aneuploidies and 
known syndromes, was found in a cohort of 
638 newborns with birth defects. The role of 
submicroscopic deletions and duplications in 
isolated congenital malformations has been 
documented for CHD with the identification 

of 18 putatively pathogenic CNVs (17.1%) in 
105 samples from infants with isolated CHD 
[31], including 4 recurrent rearrangements in 
22q11.2 (responsible of DiGeorge 
syndrome), 17p11 (causative of Smith-
Magenis syndrome), and 1q21.1, a large 
alteration of 14Mb, and an aberration with no 
genes.  

In our series, chromosomal alterations 
detected by karyotyping and cryptic 
alterations in subtelomeric regions or known 
microdeletion / microduplication syndromes 
were previously excluded. Rare CNVs larger 
than 100kb were detected in 21% of fetuses 
with prenatally detected malformations, with 
a yield of 30.3% in fetuses with CHD. The 
CNV burden was slightly but significantly 
higher in malformed fetuses compared with 
controls (21.05% vs 17.86%). Deletions were 
also more prevalent in cases than controls 
(50% vs 21.88%), as well as larger in size. As 

Figure 2. Detection, validation and inheritance of the two imbalances in 
case 57. A and B: Ideogram showing the regions included in the deletions 
and plot of Log R Ratio of SNP array; it shows the SNPs included in the 
deletions, as well as the ones included in the flanking regions. C: MLPA 
showing the inheritance of both deletions.  
 



CHAPTER 1: Contribution of rare CNVs to isolated human malformations  

  

54 

 

expected, large CNVs and mostly deletions 
are more likely to affect gene expression with 
relevant effect on developmental pathways. 
The difference in the detection rate in 
comparison with other studies might be 
explained by the different selection criteria 
and resolution of the array platforms used.  

We detected abnormalities previously 
reported as causative of CHD in two cases. A 
363kb de novo deletion in 16q24.1 
encompassing the FOX gene cluster was 
detected in a fetus with left heart hypoplasia. 
Overlapping deletions have been previously 
reported in patients with alveolar capillary 
dysplasia, misalignment of pulmonary veins 
and distinct malformations including 
congenital heart defect, specifically 
hypoplastic left heart [38]. Deletion of 
FOXF1 is thought to be responsible for 
alveolar capillary dysplasia while FOXC2 is 
related to the lymphoedema-distichiasis 
syndrome. Larger deletions, as in our case, 
may cause a more complex syndrome which 
includes CHD likely due to additive effects of 
haploinsufficiency for contiguous genes [38]. 

We also identified the recurrent 2Mb 15q13.3 
deletion in a fetus with right heart hypoplasia, 
inherited from the healthy mother. 
Interestingly, the brother of the mother also 
had a cardiac malformation on anamnesis but 
he rejected to be studied. Deletions and 
duplications at 15q13.3 have been related to 
different developmental anomalies, such as 
dysmorphic features, intellectual disability, 
seizures, schizophrenia, and in 17% of 
patients congenital heart defects [39]. Based 
on previous studies in animal models, 
KLF13, encoding the Kruppel-like factor 13, 
is the best candidate gene for the cardiac 
defects associated with the 15q13.3 deletion. 
KLF13 knockdown in Xenopus embryos 
caused atrial septal defects and 
hypotrabeculation similar to those observed 
in humans or mice with hypomorphic 
GATA4 alleles [40]. Rearrangements in this 
region show incomplete penetrance and 
variable expressivity, with various cases in 
which the deletion or duplication is inherited 
from a healthy progenitor, as in our case [39]. 

Given this incomplete penetrance of clinical 
manifestations and the relatively low 
proportion of patients affected by cardiac 
disease, it is assumed that factors other than 
the 15q13.3 deletion should also be involved 
in the appearance of the clinical traits. In this 
case, no additional genomic alterations were 
detected.  

Among the additional rare rearrangements 
identified in fetuses with malformations, all 
tested were inherited from an apparently 
healthy progenitor, which is consistent with 
previous data [31,39]. The rarity and gene 
content of some of these rearrangements 
suggest their possible pathogenic implication 
in congenital malformations. Nevertheless, 
like in some recurrent microdeletion 
syndromes, the existence of healthy carriers 
among progenitors and the adult population 
indicates that the rearrangements are not the 
only cause of the disease. Considering the 
epidemiologic evidence for multifactorial 
etiology of major malformations, these 
rearrangements could represent just one of 
the several factors involved. In this regard, a 
case with holoprosencephaly showed two 
deletions, one inherited from the mother and 
the other from the father, both harboring 
genes of the same pathway 
(phosphatidylinositol metabolism). Two 
duplication-type CNV events were also 
found in a fetus with hydrocephalus, 
although parental samples were not available 
to determine their inheritance pattern. 
However, candidate genes for brain 
malformation were also located in both 
CNVs: DMBX1 codes for a diencephalon-
mesencephalon homeobox implicated in 
brain development and GPRIN2 encodes a 
G-protein regulated inducer of neurite 
overgrowth involved in formation and 
extension of neurite-like processes [43,44]. 
Given the very low frequency of these 
alterations in controls, the functional 
relationship of altered genes and their 
inheritance from different progenitors at least 
in the first case, it is logical to propose that 
the double hits may have contribute to the 
fetal malformations by additive effect of the 
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CNVs on altering developmental regulation. 
A two-hit model with several recurrent and 
non-recurrent CNVs has been already 
reported for neurobehavioral and relatively 
severe phenotypes [45].  

In addition, we also detected the 16p13.11 
1.6Mb duplication in two cases with different 
phenotypes. This duplication has been found 
in 0.14% normal adult controls (12/8,329 
controls) and in 0.27% patients with 
developmental delay and/or malformations 
(42/15,767) [34]. Given the higher frequency 
of this duplication in our series (2%) as well 
as in reported patients with developmental 
anomalies [41], the data highly suggest that 
this CNV is indeed a susceptibility variant for 
developmental disorders including congenital 
malformations. The different phenotypes 
related to the microduplication might also be 
related to the concurrence of this contiguous 
gene alteration with other undefined genetic 
or environmental second hit. Depending on 
the concurrence of other factors that may 
contribute to reach the gene dysfunction 
threshold in a specific tissue or 
developmental time, the phenotype would 
correspond to different diseases or 
malformations. Although additional CNVs 
were not found with increased frequency in 
cases with respect to controls in our cohort, 
including the two cases with 16p13.11, 
secondary events of other type, such as point 
mutations or epimutations cannot be ruled 
out. 

On the other hand, UPD and shared 
homozygosity regions were discarded by SNP 
array and mosaic alterations were also not 
identified. Although the number of samples 
studied is low, UPD does not seem to be a 
highly frequent cause of isolated congenital 
defect. Since DNA from the affected tissue 
was analyzed in 46 samples, we can also 
conclude that mosaicism for large 
rearrangements in the abnormally developed 
tissue is not frequent in isolated congenital 
malformation.  

In addition to the most common 
aneuploidies and genomic disorders also 

detected by karyotyping and targeted assays, 
CMA significantly increases the detection 
yield of cryptic segmental aneuploidies in 
fetuses with congenital malformations. The 
highest yield for rare CNVs was found in 
samples with hypoplasia of the left/right 
heart, doubling the frequency of any other 
group of malformations and suggesting a 
higher genetic component for this type of 
malformation, which is consistent with its 
higher heritability [46,47]. Recently published 
data [48] also suggests a higher frequency of 
rearrangements in patients with left heart 
hypoplasia comparing with controls even 
though the difference is only statistically 
significant for those aberrations smaller than 
60kb. However and from a clinical 
perspective, CMA can detect the single 
causative alteration in a relatively low 
percentage of cases with isolated congenital 
malformations, about 2% once the most 
common aneuploidies and recurrent 
rearrangements are discarded. Therefore, 
although many rare CNVs detectable by 
CMA, like those reported here, presumably 
contribute to the disorder, they should be 
considered as variants of unknown 
significance until more information is 
available to better predict phenotype based 
on genotype.  

Accumulation of multiple rare genomic and 
epigenetic variants converging to deregulate 
developmental genes leading to mutational 
loading of developmental networks may 
cause congenital malformations [49]. Rare 
copy number variants, point mutations 
and/or epigenetic variations, either inherited 
or de novo, can impact gene function or alter 
dosage and contribute to mutational load. 
Changes affecting multiple genes and 
networks related to development may induce 
developmental anomalies. This concept 
implies that if threshold levels of flux are 
exceeded, compensatory mechanisms may 
fail, leading to an inadequate development. 
This hypothesis has been tested in mouse 
model and some results suggest that the 
accumulation of alterations in regulatory 
development networks results in an 
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inadequate development [50]. Although it is 
reasonable to expect homologous genes to 
behave similarly in humans, more evidence 
supporting this hypothesis is needed. Further 
studies, including whole genome sequencing 
and epigenomic analyses as well as expression 
profiles of genes related to development 
should be done in order to improve the 
knowledge of the etiology and the diagnostic 
tools for isolated congenital malformations.   
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SUPPLEMENTARY MATERIAL 

 
Supplementary table 1 
List of heart malformations present in the cohort of 33 studied fetuses with isolated congenital 
heart defect. 
 
Supplementary table 2 
Overview of the central nervous malformations in 26 of the analyzed fetuses. 
 
Supplementary table 3 
Type of renal malformations observed in 9 of the studied fetuses.  
 
Supplementary table 4  
Overview of the affected organs and systems in fetuses with multiple malformations.    
 
Supplementary table 5  
MLPA probes used to discard well-known genetic alterations related to MCA / MR. 
 
Supplementary table 6  
MLPA probes used to validate the alterations detected by CMA and to study parental samples. 
 
Supplementary table 7  
Summary of rare copy number variations >100kb detected in samples of 168 control subjects. 
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CHAPTER 2 
 

Clinical utility of chromosomal microarray 

analysis in invasive prenatal diagnosis 

Armengol L, Nevado J, Serra-Juhé C, Plaja A, Mediano C, García-Santiago 

FA, García-Aragonés M, Villa O, Mansilla E, Preciado C, Fernández L, 

Ángeles Mori M, García-Pérez L, Lapunzina PD, Pérez-Jurado LA. 

Hum Genet. 2012 Mar;131(3):513-23 

 
CMA has become an essential tool in genetic research as well as in 
diagnostics. Nevertheless, the implementation of new molecular techniques 
in some settings, like prenatal setting, requires specific and large studies to 
prove its efficiency and to deal with the difficulties. With the aim of 
exploring the clinical utility of CMA in prenatal setting and to compare its 
detection rate, sensitivity, specificity and VOUS detection with gold standard 
techniques, a multicentric study was designed.  

900 pregnant women who had to undergo invasive prenatal sampling were 
offered to participate in this study. MLPA, standard karyotype, targeted 
CMA and QF-PCR were done in all cases and the detection rate, turn-
around-time and costs were considered in order to compare different 
techniques. 
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CHAPTER 3 
 

Genetic counseling with high throughput 

prenatal screening methodologies: identification 

of relevant factors in decision making 

C.Serra-Juhé, L.Fernández García-Moya, I.Valenzuela,  C.Giménez, 

N.Bosch, F.García-Santiago, E.Mansilla, N.Capdevila, M.Cendrós, M.Del 

Campo, J.Nevado, L.Armengol,  P.Lapunzina, L.A.Pérez-Jurado 

Under review in Clinical Genetics 

 

Taking into consideration that the ultimate goal of research in genetic 
diseases is the improvement in patients’ care, it is important to establish 
genetic counseling strategies at the same time that techniques and 
technologies are developed. The relevance of genetic counseling in prenatal 
screening and prenatal invasive testing has been proved in previous 
published studies. The lack of appropriate information has been identified as 
one of the factors related to the rejection of prenatal tests due to the 
perception of having not enough information to decide. It has been also 
reported that various demographic and social factors such as the educational 
level, the reproductive history or the religiousness influence in decision-
making. Some of those factors also influence the comprehension and 
assimilation of the information received by pregnant women. Programs and 
strategies should be designed to minimize the current difficulties and ensure 
that women receive and comprehend the information about the situation.  

During the studies described in the chapters of this thesis, genetic counseling 
was provided in relation to CMA and exome sequencing. In addition, a study 
to deeply analyze the acceptability and the most appropriate manner to 
provide genetic counseling in relation to those techniques was designed. 
CMA was the elected technique to perform the study considering that, 
nowadays, is the only one among the techniques used that has been broadly 
implemented in clinical setting. CMA shares several characteristics with other 
techniques taking into account the difficulty to counsel regarding variants of 
unknown significance. For this reason, the results of this study could also be 
considered in the context of other molecular techniques.  
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Genetic counseling with high throughput prenatal screening 

methodologies: identification of relevant factors in decision making 

 
C.Serra-Juhé, L.Fernández García-Moya, I.Valenzuela,  C.Giménez, N.Bosch, 

F.García-Santiago, E.Mansilla, N.Capdevila, M.Cendrós, M.Del Campo, J.Nevado, 
L.Armengol,  P.Lapunzina, L.A.Pérez-Jurado 

 
 
 
ABSTRACT 
Pregnant women with an indication for prenatal invasive sampling due to risk for fetal 
anomalies, visited in Vall d’Hebron (Barcelona) and La Paz (Madrid) hospitals during 2009, 
were offered to participate in a study of the feasibility and cost-efficiency of novel methods for 
prenatal screening of chromosomal abnormalities and the factors influencing acceptance or 
rejection of these tests. We provided pre-test genetic counseling, including information on 
risks, expected detection rates and potential findings. A questionnaire about social and 
demographic characteristics and reasons to accept or refuse advanced prenatal testing was 
obtained from 402 women. 94% agreed to extend prenatal studies and 91.3% considered they 
had enough information to take decisions, provided by pre-test counseling. The average 
anxiety level was intermediate-high, related to the indication for testing and previous 
reproductive history. The academic level of progenitors influenced the reasons to participate 
and their understanding of the benefits and limitations of these techniques. Refusal of the 
study was related to anxiety, birth place and the indication for the invasive sampling. Our data 
show a high level of acceptance of novel high throughput molecular techniques in prenatal 
setting reinforcing the relevance of pre-test genetic counseling to minimize anxiety and help in 
decision making. 

INTRODUCTION 

The average risk in the general population of 
having a child with birth defects is ~2-3%. 
(1) Some of those birth defects and/or their 
cause can be detected during pregnancy, 
which is highly relevant to monitor gestation, 
determine fetal viability, and anticipate 
medical problems at birth or later. The 
identification of the causal genetic 
abnormality of birth defects is also of utmost 
importance for genetic counseling to the 
couple and other family members.  

Currently, prenatal ultrasound and maternal 
blood screening in the first or second 
trimester of the pregnancy are usually offered 
to pregnant women in most countries, being 
an almost universal practice in Spain. 
Depending on the predicted risk derived  

 

from these screenings, maternal age and 
family history, invasive sampling of fetal cells 
through amniocentesis or chorionic villous 
biopsy may be offered for prenatal genetic 
diagnosis. Karyotyping and quantitative 
fluorescent PCR (QF-PCR) are commonly 
performed in all samples. 

Conventional karyotyping can detect all 
aneuploidies and other chromosomal 
abnormalities such as translocations – 
balanced or unbalanced -, inversions and 
deletions or duplications with a resolution of 
~5-10 Mb (2-4). Due to the requirement of 
cell culture, karyotype results usually take 2 or 
3 weeks. The most common aneuploidies 
(13, 18, 21, X and Y), accounting >80% of 
the diagnosable clinically relevant 
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chromosomal abnormalities in the prenatal 
period, can also be detected by QF-PCR or 
interphase FISH (5-8) and the results are 
obtained in 2 days. In recent years, higher 
resolution molecular techniques such as 
Multiplex Ligation-dependent Probe 
Amplification (MLPA) or Chromosomal 
Microarray Analyses (CMA) have been 
developed with the aim of improving the 
detection rate of genetic alterations (9-15), 
which can be increased with next generation 
sequencing of part or the whole genome (16). 
Despite potential improvement in detection 
rate, higher resolution genomic analyses may 
also increase the detection of variants of 
uncertain clinical significance (VOUS) with 
doubtful or unclear clinical impact (17, 18). 
The detection of VOUS in prenatal diagnosis 
can be reduced, but not eliminated, by 
targeted designs to analyze only genomic 
regions whose alterations cause a well-
established phenotype (19). 

Several studies have proved the need for 
genetic counseling in prenatal screening and 
diagnosis to facilitate well informed decision-
making without increasing maternal anxiety 
(20). In general, there is a lack of information 
in pregnant women who had decided to 
undergo a prenatal screening or diagnostic 
test in relation to relevant aspects of the 
process, such as the limitations of the tests 
used (20). This lack of appropriate 
information has been related to screening 
rejection because of the perception of not 
having enough information to decide. 
Skepticism about the usefulness of the test 
and misunderstanding of its purpose are 
among the main reasons for rejecting 
prenatal screening tests (21).   

The emerging molecular techniques 
described above involve a challenge in 
genetic counseling considering that they 
extend the diagnostic capability and the 
potential impact of VOUS (22). As in all 
genetic counseling processes, the pregnant 
woman should have the choice to decide 
whether she is interested in extending 
prenatal diagnostic tests to make a decision 
about the continuation of the pregnancy (23, 

24). The counselor should attempt to 
provide, in a non-directive manner, the 
necessary information to the woman to 
enable her to make a real informed choice 
(24-26).  

Communication skills of the counselors in 
prenatal setting, including the manner in 
which the advice is provided (27) or the 
vocabulary used (20, 28), are important for 
risk perception of pregnant women.  
Demographic factors may also influence 
decision-making. The educational level, the 
country of origin, the reproductive history, 
the marital status, the personal experience 
with people suffering a genetic disease and 
the opinion regarding the interruption of 
pregnancy are other factors that have been 
identified as relevant in the decision process 
(20, 21, 29-31). Religion and also 
religiousness have been described as two of 
the most relevant factors influencing prenatal 
choices (21, 29, 30, 32). It is important to 
identify all these aspects in order to design 
programs and strategies to minimize the 
current drawbacks and ensure that women 
receive and comprehend the information and 
choices. In this manuscript we have 
investigated the acceptance or rejection of 
novel high-throughput genetic tests for 
prenatal screening among pregnant women 
and the factors influencing their decision. 

 

MATERIAL AND METHODS 

In January 2009 we launched a study in the 
Hospitals Vall d'Hebron in Barcelona and La 
Paz in Madrid, Spain, to define the clinical 
utility and cost-efficiency of CMA and 
MLPA in invasive prenatal diagnosis in 
comparison with the currently available 
techniques, QF-PCR and karyotype (19). 
Pregnant women who underwent 
amniocentesis or chorionic villus sampling in 
those hospitals during 2009 were offered to 
participate. We also explored the challenge 
that new technologies represent for genetic 
counseling and the psychosocial and 
demographic aspects related to the 
acceptance or rejection of novel techniques. 
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The study included a pre-test genetic 
counseling and informative session, which 
involved the signing of the informed consent, 
along with a survey about psychosocial and 
demographic issues. A post-test genetic 
counseling session was provided when the 
result of some of the tests was positive.  

Pre-test genetic counseling 

This genetic counseling session included the 
explanation and discussion with the pregnant 
women or couple, in an adequate level of 
understanding, of the most relevant aspects 
related to the study: 1) the nature of the four 
techniques to be performed (karyotype, 
MLPA, QF-PCR and CMA) and possible 
outcomes; 2) the limitations of the tests 
performed, the possible finding of VOUS 
with requirement of parental samples, and 
the time required to obtain the results; 3) the 
detection of genetic anomalies with clinical 
impact would be informed by a post-test 
genetic counseling session.  

Relevant factors in decision making 

At the end of the pre-test session, pregnant 
women had some time to decide before 
accepting or rejecting their participation in 
the study. Regardless of their decision, they 
were offered to answer a short survey to 
explore reasons related to their decision, 
including psychosocial and demographic 
aspects. The survey (see Supplemental 
material) was based on the already known 
relevant factors for decision-making in 
prenatal setting (20, 21, 29-31). The reasons 
for pregnant women to accept or reject the 
study were collected in the questionnaire as 
an open question.  

Moreover, considering the experience gained 
during the counseling of all women in 
relation to new methodologies in prenatal 
screening, the main aspects for pre-test and 
post-test proper genetic counseling were 
identified. 

Statistical analyses.  

To explore the correlation between the level 
of anxiety and demographic characteristics 

and other parameters considered in the 
survey, the Mann-Whitney U and Kruskal-
Wallis tests were used. To analyze whether 
demographic characteristics were significantly 
different between women who accepted to 
extend prenatal studies and the ones who 
rejected it, Fisher exact test was used. The 
same test was also used to explore the 
correlation between the reasons to extend 
prenatal studies and the level of education. 

Post-test genetic counseling 

When a genetic alteration with known clinical 
impact was detected, the mother/couple was 
informed of the anomaly by the counselor or 
doctor. During the post-test session, the 
genetic alteration, its possible clinical 
significance and the recurrence risk in future 
pregnancies were all explained. Options 
related to the pregnancy in progress were also 
discussed. When the identified alteration had 
unknown or unclear clinical impact, the 
couple was informed about the uncertainty 
while asking for parental samples to prove 
the inherited or de novo nature of the genetic 
alteration.  

 

RESULTS 

Demographic characteristics 

A total of 402 pregnant women agreed to 
participate in this study answering the survey. 
Mean age was 35.6+/-4.8, being 44.5% of 
them between 36 and 40 years old. Among 
them, 94% decided to extend prenatal 
studies. The great majority, 91.3%, 
considered to have enough information for 
decision-making, while only 8.7% thought 
their information was not appropriate.  

Most participants were Spanish (84%) with 
Southern Americans accounting for 11%; 
61% were married and an additional 16% 
were non-married co-habiting couples. 
Regarding educational background, 52% had 
university studies, 36% high school studies 
and the remaining 12% middle school 
studies. Slightly more than 2/3 (69%) of 
women considered themselves religious 
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persons, while 31% were atheistic or 
agnostic. In table 1, there is an overview of 
the social and demographic characteristics of 
participants in the survey, including 

information about their reproductive history 
and the indication for invasive prenatal 
sampling in the current pregnancy.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristics Percentage of participants 
Age  

<20years 1% 
20-25 years 3% 
26-30 years 11% 
31-35 years 29% 
36-40 years 44% 
41-45 years 12% 

Education level  
Middle school 12% 
High school 36% 
University 52% 

Marital status  
Single 19% 

Separated 1% 
Widowed 1% 
Divorced 2% 
Married 61% 

With partner 16% 
Religious beliefs  

Atheistic 17% 
Agnostic 14% 
Christian 63% 
Muslim 1% 
Other 5% 

Reproductive history  
Prior pregnancy 71% 
Prior live births 53% 

Prior miscarriage 27% 
Prior termination of pregnancy 18% 

Previous invasive test 22% 
Assisted reproductive technologies 6% 

Indication for invasive prenatal sampling  
Ultrasound finding 11% 

Altered biochemical screening 26% 
Maternal age 46% 

Family history 17% 
Anxiety level  

Very low 3% 
Low 18% 

Intermediate 42% 
High 28% 

Very high 9% 
Table 1. Social and demographic characteristics of participants in the survey.  
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 Reasons to extend prenatal studies 

The reasons why pregnant women decided to 
accept the extension of prenatal tests were 
asked as open question. The answers were 
classified within one or more of the following 
groups: 1) to have more information (44.6%); 
2) to contribute to scientific progress 
(48.1%); 3) to be less worried / to be sure 
that everything is correct (5.1%); and 4) to be 
grateful for the attention received (2.2%). As 
expected, the most relevant issues for 
pregnant women related to any novel genetic 
tests were the expected sensitivity and 
specificity of the potential findings in terms 
of accurate prognosis for the fetus, the 
turnaround timing for delivery of results and 
whether additional testing might be required. 
Avoiding repetition of invasive sampling was 
a priority. 

We explored a possible correlation between 
the level of academic education and the 
reasons to participate in the study. 
Contribution to scientific progress was most 
frequent answer in the group of women with 
university studies (main reason in 69.3% of 
women of this group), and less frequent in 
the other groups (38.5% in women with high 
school studies and 28.2% in women with 
middle school studies, p < 0.001) . Likewise,  

the answer ”to be sure that everything is 
correct”, was more frequent in women with 
middle school studies (10.3%) compared with 
women with high school studies (4.4%) or 
university studies (2%) but the differences in 
frequencies were not statistically significant. 

Anxiety level 

Several comparisons were done with the aim 
to identify factors that may influence 
maternal anxiety in prenatal setting. The 
average anxiety level was 3.19 in a 0-5 scale, 
with 42.3% of women considering their 
anxiety level as medium, 36.4% high or very 
high and 21.3% low or very low.  

Anxiety was slightly higher, but not 
statistically significant,  in women who had 
used assisted reproductive technologies (3.5 
versus 3.32 for those who did not) and 
inversely correlated with the education level 
(3.33 average in middle or high school 
studies, 3.11 in the group with university 
studies, p < 0.05). Other factors, such as the 
reasons to extend prenatal studies or the 
indication for invasive prenatal sampling also 
correlated with anxiety level (figure 1 and 
table 2).  

Reasons to reject additional prenatal 
studies 

A total of 8/128 (6.3%) women, with mean 
age 33.8 years old, rejected additional 
prenatal studies. Reasons for rejecting 
additional studies were only explored in the 
cohort of 128 women attended in Vall 
d’Hebron hospital. Among them, there was 
an increased proportion of South American 
origin,  and lower proportion with university 
degree (20%). The average anxiety level for 
this group was higher than the total group, 
3.8, and the main reason for rejection was 
increased anxiety in 50% of them.  

 

Indications for invasive prenatal sampling p-value 

Age vs altered biochemical screening 0.001 

Age vs Previous medical history 0.001 

Age vs Ultrasound finding 0.001 

Reasons to extend prenatal studies p-value 

“Contribute to scientific progress” vs “have more information” 0.05 

“Grateful for the attention received” vs “have more information” 0.05 

Table 2. Significant correlations in anxiety levels between different socio-demographic 
characteristics.  
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The possible need for invasive resampling 
was considered a potential cause for rejection 
while collection of parental samples was not 
regarded as conflictive.   

 

DISCUSSION 

We have shown here that there is a high 
acceptance rate for the use of novel genomic 
high throughput technologies in invasive 
prenatal diagnosis among pregnant women 
with at risk gestations. Our data reinforce the 
idea that detailed pre-test genetic counseling 
is crucial to help decision-making in prenatal 
setting. The script we used was apparently 
appropriate for the aim of the session, given 
that more than 90% of pregnant women 
considered to have received sufficient 
information to make a decision. Relevant 

issues to clearly explain during the session 
include the actual sensitivity and specificity of 
the applied tests, potential certainty (or lack 
of it) in the prognosis of the detectable 
alterations, and the turnaround timing for 
result delivery.  

Given that the educational level is a key 
factor for decision-making in prenatal 
studies, it is important to consider it during 
genetic counseling sessions, in order to make 
sure that the explanations are understandable. 
This becomes even more relevant when a 
result of uncertain significance has to be 
reported. Therefore, it is recommendable to 
promptly assess the level of understanding of 
the recipients to provide a counseling session 
according to their level of comprehension. It 
is also important to allow them to set the 
pace of the session according to their 
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Figure 1. Anxiety level of pregnant women depending on reasons to 
extend prenatal studies and indication for invasive prenatal sampling  
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understanding and emotional situation, as 
well as to create a suitable atmosphere for 
them to feel comfortable expressing their 
doubts and concerns. 

We have identified relevant factors 
influencing decision-making, some of them 
previously reported, such as educational level, 
place of origin and reproductive history (20, 
21, 29-31). However, communication failure 
and misunderstanding of the purpose of the 
test, common reasons for rejecting prenatal 
studies, were rare in our study, since 91.3% 
had enough information to decide with no 
differences between those who accepted and 
those who refused additional testing.  

The level of education emerged as the most 
important factor 
influencing anxiety and global understanding. 
Anxiety inversely correlated with education 
level, indicating that a better understanding 
reduces anxiety despite potentially increased 
uncertainty. The answers to the questionnaire 
also showed a greater sensitization of the 
participants with higher education towards 
scientific research and progress. 

Anxiety of pregnant women was also 
influenced by the previous reproductive 
history and the perception of risk depending 
on the indication for invasive prenatal 
sampling. Slightly higher anxiety levels were 
found in women during first pregnancies 
and/or after assisted reproductive 
technology. The perception of risk was 
greater, and therefore also the anxiety, if 
invasive testing was indicated due to family 
history of disease or ultrasound findings. In 
those cases, some information related to the 
risk for the fetus had already been provided 
prior to referral.  

Despite the small size of the group that 
rejected additional prenatal studies, there was 
a clear correlation with the countries of 
origin. Half of them were of South American 
origin compared to the 20% proportion of 
the entire cohort, with lower proportion 
having a higher education level. These data 
suggest that the success in making counseling 

understandable was worse for South 
American than for Spanish women despite 
having the same language, likely due to 
cultural differences. Interestingly, half of the 
women who refused to extend prenatal test 
but agreed to answer the survey had an 
indication of invasive testing due to 
ultrasound findings. In those cases, there was 
a likely denial of the possible unfavorable 
evolution of the pregnancy, considering that 
complications had already been detected and 
the additional studies were indicated for 
validation and prognosis of the findings: 
pregnant women might try to avoid testing 
that could confirm a bad prognosis for the 
gestation.  

The level of religiosity and the religion of the 
mother had also been described as one of the 
most influential factors in prenatal decision-
making with higher religiosity correlating 
with rejection of invasive prenatal sampling 
(21, 29-31). In our study, this aspect was not 
relevant, as the studied population had 
already considered undergoing invasive 
prenatal testing.  

In summary, there is a high acceptance rate 
for expanded prenatal diagnosis with novel 
technologies among pregnant women with at 
risk gestations, assuming appropriate pretest 
genetic counseling is provided. We have also 
identified relevant factors that may condition 
women’s decision and should be taken into 
account during counseling. Given the proven 
clinical utility and the predictable increased 
availability of high throughput prenatal 
genetic testing, further studies are granted.  
Studies addressed to evaluate opinion and 
satisfaction of women after receiving the 
results of this type of testing, either 
predictable alterations or VOUS, will 
significantly complement the current data. 
Understanding how all this information 
about detectable genetic alterations in the 
fetus during the pregnancy is received by the 
family, how they cope with the situation and 
what they think about its usefulness is of 
utmost importance for appropriate 
counseling and clinical implementation.  
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SUPPLEMENTAL MATERIAL: SURVEY 

Age:................................................................................................. 

Gender:.................................................................................................. 

Place of birth:..................................................................... 

Place of residence:....................................................................... 

 

Education level: 

1. Middle school 
2. High school 
3. University 

 
Marital status: 

1. Single  
2. Married 
3. Divorced 
4. Separated 
5. Widowed 
6. Co-habiting partner 
 

Religious beliefs: 

1. Atheistic 
2. Agnostic 
3. Christian 
4. Muslim 
5. Other 

 

Why will you undergo amniocentesis or chorionic villous sampling? 

1. Ultrasound finding 
2. Altered biochemical screening 
3. Maternal age 
4. Family history 

 
Have you been pregnant before? 

.................................................................................................................. 

  

Do you have children? 

.................................................................................................................. 

  

Have you had a miscarriage? 

.................................................................................................................. 

Have you ever decided to terminate a pregnancy? 

.................................................................................................................. 
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Before this pregnancy, have you ever undergone prenatal invasive sampling 

(amniocentesis or chorionic villous sampling)?  

1. Yes 
2. No 

 
Do you have a family history of a genetic disease, congenital malformation or mental 

retardation? 

.............................................................................................................................................

.............................................................................................................................................

............................................................ 

 

Have you ever got pregnant with the aid of assisted reproductive technologies? If the 

answer is yes, which technique has been used? 

.............................................................................................................................................

.............................................................................................................................................

............................................................ 

  
Do you think you have enough information to make a decision regarding prenatal 

analysis extension? 

.............................................................................................................................................

.............................................................................................................................................

............................................................ 

 
Why have you decided to participate or not to participate in this study regarding new 

molecular techniques in prenatal diagnosis?  

.............................................................................................................................................

.............................................................................................................................................

............................................................ 

 
How would you define your anxiety level?  

 
1. Very low 
2. Low 
3. Intermediate 
4. High 
5. Very high 
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CHAPTER 4 
 

DNA methylation abnormalities in congenital          

heart disease  

Clara Serra-Juhé, Ivon Cuscó, Aïda Homs, Raquel Flores, Benjamín 

Rodríguez-Santiago, Teresa Vendrell, Núria Torán, Luis A. Pérez-Jurado 

In preparation 
 

Epigenetics, including DNA methylation and histone modification, has been 
recently identified as one of the most promising fields in a broad number of 
diseases, including cancer, autism or neurodegenerative disorders. 
Considering the relevant role of epigenetics in the regulation of gene 
expression, alterations in those mechanisms might be also related to aberrant 
gene expression and altered development pathways leading to congenital 
malformations. 

This work was designed in order to study the role of methylation alterations 
in congenital malformations using CHD as a disease model. In order to 
elucidate the role of methylation in heart development and heart disease, 
samples with isolated CHD as well as samples with Down syndrome and 
CHD were included, regarding the high prevalence of CHD in patients with 
trisomy 21.  Down syndrome was considered an appropriate disease to 
explore methylation patterns because all Down syndrome patients share the 
same genetic alteration although distinct clinical features are present among 
them. Therefore, other factors may determine the presence or absence of 
some of the clinical manifestations, such as CHD.  

To explore the role of methylation alterations in CHD, a genome-wide 
methylation array was used to analyze isolated CHD, as well as CHD 
associated to Down syndrome.  
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DNA methylation abnormalities in congenital heart disease 

Clara Serra-Juhé, Ivon Cuscó, Aïda Homs, Raquel Flores, Benjamín Rodríguez-

Santiago, Teresa Vendrell, Núria Torán, Luis A. Pérez-Jurado 

ABSTRACT 

Congenital heart defects (CHD) represent the most common malformation at birth occuring 
also in ~50% of Down syndrome (DS) patients and are assumed to have multifactorial 
etiology, but the main cuses are largely unknown. We have searched for potential abnormal 
methylation profiles on developing heart-tissue DNA in samples with syndromic (DS) and 
non-syndromic CHD compared to controls. Among the significant differences, the vast 
majority of sites were hypermethylated in CHD patients comparing to controls altering genes 
involved in growth regulation, apoptosis and folate pathway. A likely pathogenic epimutation 
in the MSX1 gene, involved in outflow tract morphogenesis, was found in a fetus with isolated 
CHD. In addition, several patients with DS and CHD also showed epimutations in a few 
candidate genes. Finally,  hypermethylation of the GATA4 gene was present in all fetuses with 
DS with or without CHD as well as in fetuses with isolated CHD. In summary, our data 
indicates that relevant epigenetic alterations are present in the developing heart DNA in fetuses 
with CHD and may contribute to the pathogenesis of the malformation. Further work is 
granted to better define the role of epigenetics in CHD. 

 

 

INTRODUCTION 

Epigenetic mechanisms contribute to the 
regulation of multiple physiological processes 
concerning development or aging (1). Among 
epigenetic mechanisms, aberrant DNA 
methylation has been recently associated to 
several diseases including cancer (2, 3), 
diabetes (4, 5) or psychiatric disorders (6, 7, 
8). DNA methylation, by the addition of a 
methyl group in 5’ carbon of citosines, alters 
the structure of the DNA molecule resulting 
in possible modifications of gene expression 
patterns. Aberrant DNA methylation may 
result in changes in transcription and 
subsequently in gene expression and may 
have important role in human disease.  

Congenital heart defects (CHD) represent a 
high percentage of clinically significant birth 
defects occurring in ~8 per 1,000 live births, 
making CHD the most common 
malformation and an important public health 
burden (9, 10). Although there is strong 
evidence that genetics plays a major role,  

 

environmental factors are also likely to 
contribute and the molecular bases remain 
unclear in the majority of cases. The 
incidence of congenital heart defects (CHD) 
in patients with trisomy 21 is between 43% 
and 58% (11, 12). Given that all patients with 
Down syndrome (DS) carry an identical 
chromosomal alteration, other factors, 
genetic or epigenetic, might be involved in 
the development of the CHD. 

A possible implication of methylation 
abnormalities in CHD has been recently 
explored by studying the role of the 
methylation regulatory folate-pathway in 
relation to this type of malformations (13, 
14). Several SNPs in the reduced folate 
carrier gene (SLC19A1) showed significant 
association with the incidence of CHD in DS 
patients. In addition, over transmission of 
functional MTHFR gene polymorphisms to 
DS cases with CHD with respect to controls, 
suggested that disruption of the folate 
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pathway may contribute to CHD in DS (13). 
The folate-pathway has also been related with 
isolated CHD by several studies, with a 
confirmatory meta-analysis showing 
association of MTHFR variants with 
increased risk for CHD (14). 

However, methylation profiles have not been 
explored in relation to CHD to date. 
Considering the relevant role of epigenetics 
in the regulation of gene expression in 
development and the increasing evidence 
linking epigenetic alterations with congenital 
malformations, we have searched for 
potential abnormal methylation profiles on 
developing heart-tissue DNA in samples with 
syndromic and non-syndromic CHD 
compared to controls.  

 

METHODS 

Samples 

We selected 22 heart tissue samples from 
four different groups of fetuses from 
medically terminated pregnancies: fetuses 
with normal development, fetuses with DS 
without CHD, fetuses with DS with CHD 
and fetuses with CHD not presenting DS.  

To minimize the potential bias introduced by 
other variables known to influence 
methylation profiles, such as developmental 
age and gender, patient samples and control 
samples were matched by gestational age and 
gender (15, 16). Heart tissue was used in all 
cases. 

It was not possible to match the DS and no-
DS samples for the type of CHD in all cases. 
Since the most frequent heart malformations 
in DS are septal defects (11, 12) with 
relatively good prognosis, parents usually do 
not decide to terminate the pregnancy in the 
case of isolated malformation but do it in DS. 
For this reason, isolated CHD (iCHD) were 
generally more severe than the CHD in DS. 
In addition to fetal ultrasound data (including 
fetal echocardiography) a detailed necropsy 
report was available for all samples included 
in the study. It was useful in order to define 

precisely the CHD detected by ultrasound or 
to assure the absence of heart malformation 
in control samples.  

Trisomy 21 was diagnosed or discarded using 
prenatal QF-PCR and/or GTG banding 
chromosome analysis. All patients presenting 
heart malformations were also analyzed using 
a chromosomal microarray analysis to discard 
the presence of large rearrangements related 
to CHD.  

In table 1, there is an overview of the 
samples, weeks of pregnancy, gender and 
type of CHD. 

DNA was extracted from heart tissue using 
the Gentra Puregene Blood kit (Qiagen) 
according to manufacturer’s instructions.  

 

Methylation array 

All 22 samples were studied by using the 
Illumina Infinium Human Methylation array 
Platform which covers 27,000 cytosine 
positions located in genes, intergenic regions, 
CpG islands and miRNA. Samples from 
different groups were randomly distributed in 
the chip to avoid position bias. A biological 
replica and a technical replica were included 
in order to determine the quality of the 
experiment. Quality controls were performed 
according to manufacturer instructions.  

 

Bioinformatic and statistical analysis 

Two different types of data analysis were 
performed in order to detect methylation 
alterations between groups and also in 
individual samples, with and without 
previous data normalization. The results of 
both analyses were very similar.  

The software provided by Illumina, Genome 
Studio, was used to analyze differences in 
methylation between groups and among 
samples. β values are used, which range from 
0 (completely unmethylated) to 1 (completely 
methylated).  
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A second analysis was done by using an R 
package. Data normalization was performed 
using R 2.12.0, Cran HumMeth27QCReport, 
based on Lumi package quantile 
normalization. This package transforms beta 
values into M-values, which range from -6 
(completely unmethylated) to 6 (completely 
methyalted). The differential methylation 
analysis was done using limma R Package 
with the statistical eBayes function (17, 18).  

 

Quality control 

Quality controls were performed according 
to manufacturer instructions. To check batch 
effects, the correlation between the technical 
replicates was analyzed and the correlation 
parameter was above 95% (r2 = 99.7%). 
Bisulfite conversion was also considered and 
values for all samples were above the 
minimum required (4000) described in 
previous articles.  

 

Differential methylation analyses 

Considering the probable heterogeneity of 
causes underlying CHD, analyses comparing 
individual samples with control group were 
performed. Each sample with iCHD was 
compared with the group of 4 controls and 
each sample with CHD and DS was 
compared with the control group as well as 
with the group of DS fetuses without CHD. 
A CG was considered to be differentially 
methylated (DM) if the β value difference 
was greater than ±0.25 in not normalized 
data. In the analyses with normalized data, 
DM was considered significant if the log fold 
change was greater than ±1.8 and with a p-
value<0.05. The CpG located in the same 
position as a described SNP were discarded 
because of the possibility that differences in 
methylation were a false positive due to the 
SNP.  

Comparisons between groups were also done 
by using Genome Studio and R package. 
Genome Studio did not provide any 
DMCpG between groups. For this reason, 

comparisons between groups were done with 
normalized data. Only DMCpG with a p-
value lower than 0.05 and a log Fold change 
greater than ±0.7 were considered.  

 

Validations 

To validate the predicted alterations using 
Infinium Human Methylation arrays Platform 
27k two different techniques were used: a 
methylation specific Multiple Ligation-
Dependent Probe Amplification (MS-MLPA) 
and EpiTYPER analysis. 

 

MS-MLPA  

A MS-MLPA assay was designed to validate 
methylation differences detected by the array. 
A total of 100 ng of genomic DNA from 
heart tissue was subject to MLPA using 
specific probes designed to detect 
methylation levels in target CpG (19, 20). In 
MS-MLPA to parallel assays are performed in 
order to detect copy number changes and 
methylation patterns in selected CpG. For 
the methylation analyses, a sensitive 
methylation enzyme (HhaI) was used. This 
enzyme differentiates methylation status of 
its target sequence ad only digests DNA if it 
is methylated. All MLPA reactions were 
analyzed on an ABI PRISM 3100 Genetic 
analyzer according to manufacturers' 
instructions. Each MLPA signal was 
normalized and compared to the 
corresponding peak height obtained in 
control samples. MS-MLPA probes used in 
validations are shown in Supplementary 
material table 1.  

 

EpiTYPER 

In order to validate the results obtained in 
Infinium Human Methylation arrays Platform 
27k, Sequenom MALDI-TOF technology 
was used to analyze 9 regions (15 CpG). The 
first step in this procedure is the treatment of 
DNA with bisulfate in order to convert 
cytosine nucleotides into uracile. After the 
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Figure 1. Proportion of hypomethylated, hemimethylated and 
hypermethylated CpG per samples considering the 27,578 CpG 
included in the Illumina Infinium Human Methylation arrays 
Platform 27k.   

conversion, an enzyme cleaves specifically at 
some nucleotides giving different patterns 
depending on the uracile and cytosine 
content, that it to say, depending on 
methylation state (21, 22). Those fragments 
are quantitatively measured by MALDI-TOF 
technology.   

A technical replicate was done for all the 
samples and regions and the ones with a SD 
greater than 0.1 were removed. The 
procedure was performed according to 
manufacturer instructions.  

 

Enrichment analyses 

The genes nearby the DMCpG were 
analyzed using a computational resource, 
Consensus Path DB (23), to obtain an 
overview of the pathways which could be 
altered, with the aim of identifying 
overrepresented pathways. The p-value of 
each pathway was considered (p<0.05).  

 

RESULTS 

Whole genome methylation pattern 

Globally, a total of 17,877 (64,8%) CpG were 
found to be hypomethylated, 5,370 (19,5%) 
were identified as hemimethylated and the 
remaining 4,331 (15,7%) hypermethylated, as  

 

 

 

 

 

 

 

 

 

 

shown in figure 1.  

Dendograms were obtained in order to study 
the distribution of the samples (figure 2). A 
Manhattan dendogram with all 22 samples is 
presented showing that samples cluster 
regardless of phenotype or gender, after 
excluding the X chromosome. A Manhattan 
dendogram for groups is also shown. The 
most resembling samples were from DS 
patients, regardless the presence or absence 
of CHD, even when chromosome 21 was 
excluded for the data. 

No clear methylation patterns were identified 
among the different groups analyzed; samples 
in the same group did not cluster closer than 
samples in different groups. Nevertheless, 
enough differences in methylation profiles 
were present between fetuses with trisomy 21 
and fetuses with a normal karyotype, since 
the two groups with Down syndrome cluster 
closer than fetuses with normal development 
and fetuses with iCHD.  

 

Differential methylation analyses: 
individual cases vs controls  

Each subject with CHD was compared to the 
control group. For each DS-CHD subject, a 
comparison with the DS without CHD group 
was also done.   
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Figure 2. A: Manhattan dendogram with the 22 samples included in the 
study; samples cluster randomly considering gender and group (X 
chromosome was excluded from the analysis). B: Manhattan 
dendogram with the four different groups used in the study. DS 
samples (with and without CHD) cluster closer comparing to iCHD 
samples and fetuses with normal development. 

 

 

 

 

 

A total of 26 DMCpGs corresponding to 18 
regions were found in individual iCHD cases 
respect to the control group (Table 2). While 
14 regions showed a hypermethyaltion status 
in iCHD, the remaining regions presented 
hypomethyaltion. One third (6/18) of the 
CpG sites were located in promoter regions 
and 12 in intragenic regions.  

The comparison between individual DS-
CHD cases with two control groups (normal 
development and DS without CHD) pointed 
out 21 DMCpG corresponding to 18 regions 
(Table 3): 13 regions showed a 
hypermethyaltion status in DS-CHD samples 
and the remaining presented 
hypomethyaltion. Regarding location, 6 lied 
in promoter regions, 8 in intragenic regions 
and 4 in both.  

 

 

 

 

 

A total of 13 DMCpG corresponding to 13 
regions were identified in more than one 
sample of fetuses with CHD: 7 regions 
showed a hypermethylation status in CHD 
samples compared to controls and the 
remaining ones presented a hypomethyaltion. 
2 of them were located in promoter regions 
and 11 in intragenic regions. Results are 
shown in table 4.  

 

Differential methylation analyses: cases 
vs controls  

Fewer DMCpG were identified when 
compared different groups of patients with 
controls. DMCpG were only obtained when 
compared DS fetuses (DS and DS-CHD) 
versus controls and all patiens (DS, DS-CHD 
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and iCHD) versus controls. Only 10 
DMCpG were identified between DS (with 
CHD and without CHD) and controls, 
corresponding to 10 different regions: 1 CpG 
was located in a promoter region and 9 in 
intragenic regions. For 7 of them patient 
samples showed hypermethylation with 
respect to controls and for the remaining 
ones, controls presented a hypermethylation 
(Table 5). Comparing all patients’ samples 
(DS, DS-CHD and CHD) with controls 13 
DMCpG corresponding to 8 different 
regions were identified, being 3 CpG in 
promoters and 10 intragenic. For 11 of them 
patient samples presented a hypermethylation 
state compared to control samples and for 
the remaining ones, controls showed a 
hypermethylation state (Table 6). 
 

Validations 

Two alterations identified by Infinium 
Human Methylation arrays Platform 27k 
could be validated by MS-MLPA. This 
multiple assay was used to check the 
hypermethylation in MSX1 in one of the 
patients presenting double outlet right 
ventricle and the hypermethylation in two 
DS-CHD samples in the CHES1/FOXN3 
gene. Both methylation alterations were 
validated.  

By using EpiTYPER, 8 regions 
corresponding to 14 CpG were analyzed 
using the same DNA samples. The 
differences in methylation patterns were 
clearly validated for 4 of the regions 
(LYCAT, NALP2, ACRBP and MSX1). In 3 
cases (MTHFD2, SERPINB5 and 
KIAA0101), the EpiTYPER results showed 
the same tendency as the array results, but 
the difference was not enough to definitively 
validate the alteration. For the 7 remaining 
region, it was not possible to conclude if the 
methylation pattern was different than in 
controls due to technical problems.  
 

Enrichment analyses 

Two different overrepresentation analyses 
were done with the genes closed to DMCpG 

in samples with iCHD and DS-CHD, 
respectively. For the genes in DS-CHD 4 
pathways were found to be enriched and for 
the samples with iCHD 7 pathways were 
identified as enriched ones. The same analysis 
was also done with the genes identified in 
comparisons between groups. 5 pathways 
emerged as being enriched in patients (DS, 
DS-CHD, CHD) versus controls and 1 in DS 
patients (with and without CHD) versus 
controls. The gene ontology term, the genes 
contained in the pathway and the p-value are 
shown in table 7.  

 

DISCUSSION 

Although no clearly differentiated patterns of 
abnormal methylation have been identified in 
relation to CHD in this study, a few 
remarkable changes have been defining 
indicating that epigenetic abnormalities likely 
contribute to the etiology of some CHD. 
Interestingly, the vast majority of DMCpG 
showing differences were hypermethylated in 
CHD patients comparing to controls (73.2% 
hypermethylated versus 26.8% 
hypomethylated). Repression in gene 
expression is expected when the promoter 
region is methylated, as methylation is one of 
the mechanisms to silence DNA expression, 
while promoter hypomethylation is generally 
related to increased expression (24, 25). 
Given the global finding of increased 
hypermethylation in some gene promoters of 
our cohort of patients, reduced gene 
expression in developing heart tissue seems 
more relevant in CHD.  

Overrepresentation analysis identified 
enriched pathways related to cell growth and 
cell death in iCHD samples. The regulation 
of both processes is essential in development, 
as the formation of several structures requires 
a precise control of cell and tissue growth. 
Therefore, the misregulation of pathways 
related to cell growth and cell death could 
cause an abnormal heart development. 
Mainly at early stages in development, 
cardiomyocytes have a high proliferation rate, 
which decreases progressively in late 
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Figure 3. Hypermethylation of 8 CpGs located in MSX1 
(implicated in cardiac development in animal models) in 
case 17. The position of the gene with respect to the 
chromosomal band 4p16.2 is shown above. The location 
of the CpGs with respect to the two exons of the gene 
and the hypermethylated sites (in red) is shown below.  
 

gestation (26). As an example, a proliferating-
center in the caudal coelomic wall has been 
proved to be crucial in the elongation of the 
heart tube at both its venous and arterial 
pole, providing a morphological mechanism 
for early heart formation; when this process 
fails, the formation of the atria and the right 
ventricle is impaired (27).  

Some genes related to cell growth and 
apoptosis have already been reported in 
association to CHD. Hes1 knockout mouse 
embryos display defects in proliferation at 
earlier developmental stages which induce a 
reduction in cardiac neural crest cells and 
failure to completely extend the outflow tract 
(28). Increased postmigratory neural crest cell 
apoptosis in a mice model defective for Alk5 
leads to severe outflow tract defects (29). The 
identification of pathways related to cell 
growth and cell death in fetuses with iCHD 
might provide insights into pathways and 
genes potentially related to heart 
development and heart disease. 

Folate pathway was also overrepresented in 
the enrichment analysis. Folate pathway has 
been explored in relation to different types of 
malformations including CHD, as isolated 
malformations or in Down syndrome 
patients. Some SNPs have been reported in 
associations with a higher risk of CHD in 

patients with trisomy 21 (13). In our study, 
genes in this pathway were found to be hypo 
or hypermethylated in patients with CHD 
compared to fetuses with normal 
development, including alterations of the 
MTHFS in one case and MTHFD2 in three. 
Our data further reinforce the hypothesis 
that deregulation of the folate pathway, either 
by genetic mutations or epigenetic 
mechanisms, can contribute to CHD.  

Hypermethylation of a CpG island located in 
the gene MSX1 has been documented in a 
single fetus with double outlet right ventricle 
with IVC and hypoplasia of the ascending 
aorta (figure 3). MSX1 is a strong candidate 
for the heart malformation presented in the 
fetus given its role cardiac development. 
Chen et al. (30) described, by using a mice 
model, the relevant role of Msx1 and Msx2 in 
outflow tract morphogenesis by both 
protecting secondary heart field precursors 
against apoptosis and inhibiting excessive 
proliferation of cardiac neural crest, 
endothelial and myocardial cells in the 
conotruncal cushions. They also showed that 
the impairment of Msx1 and Msx2 was 
associated with reduced expression of Hand1 
and Hand2 (31). As a result of Msx1 and 
Msx2 disruption, mice model presented 
outflow tract malalignment defects including 
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double-outlet right ventricle, overriding aorta 
and pulmonary stenosis.  The 
hypermethylation in the fetus is likely an 
epimutation causative of the phenotype of 
this patient through impaired MSX1 
expression leading to the abnormal heart 
development.  

In two other fetuses with DS and CHD a 
hypomethylation has been identified in a 
CpG in the KLF17 gene. This gene, from the 
Kruppel-like family, is a transcription 
repressor that binds to the promoter of target 
genes and prevents their expression acting as 
a negative regulator of epithelial-
mesenchymal transition (32). Another gene 
related to tumor development (33), 
FAM107A, has been found to be altered in 
two different samples with iCHD. In one 
case there was a hypermethylation and in the 
other case a hypomethylation; one fetus had 
tetralogy of fallot and the other one right 
heart hypoplasia. In addition, a 
hypermethylation in another gene potentially 
related to cell growth control, 
CHES1/FOXN3, a checkpoint suppressor in 
cell cycle (34), was identified in two samples 
with DS and CHD.  

In three samples with CHD, two DS fetuses 
and one fetus with normal karyotype, a 
hypermethylation was detected in the gene 
TCL1B. This gene interacts with AKT1 and 
AKT2 and enhances the phosphorilation and 
activation of both mentioned genes. 
Interestingly, AKT1 and AKT2 have been 

reported in relation to heart function and 
heart development. The animal model with a 
disruption in Akt1 displays CHD and a 
reduction in cell proliferation (35).  

When comparing the methylation patterns 
between groups (figure 4), GATA4, a known 
gene associated to CHD (36), was identified 
as being hypermethylated in all patients 
respect to controls. This hypermethylation 
was present in all fetuses with DS with or 
without CHD as well as in fetuses with 
iCHD. Considering these results, it might be 
hypothesized that GATA4 is a gene whose 
methylation can be deregulated by the effects 
of the trisomy of chromosome 21 
contributing to the high incidence of CHD in 
these patients, although the main modifier 
for the penetrance of the phenotype is still 
unknown. Abnormal hypermethylation was 
also identified in fetuses with iCHD; this 
alteration could be a consequence of a 
misregulation of expression patterns in 
cardiac tissue due to the underlying cause of 
CHD in each patient.  

In summary, our data strongly indicates that 
some epigenetic alterations are present in the 
developing heart DNA in fetuses with CHD 
and may contribute to the pathogenesis of 
the malformation through deregulation of 
gene expression, providing novel genes 
relevant for heart development. Further work 
is granted to better define the role of 
epigenetics in CHD and its relationship with 
genetic sequence and environment. 

Figure 4. We observed 
hypermethylation of several CpGs 
in GATA4 patients with respect 
to controls. A: the position of the 
gene with respect to the 
chromosomal band 8p23.1 is 
shown above and the GATA4 
CpGs analyzed below. In grey, 
GATA4 CpGs analyzed; in red, 
the CpGs significantly altered in 
patients. B:Beta value of the CpGs 
in controls (black) with respect to 
the 3 groups of samples (colored 
lines).  
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After CMA, the development of next generation sequencing technologies 
has induced a revolution in genetic research increasing substantially the 
knowledge about the genome and, consequently, about genetic diseases. 
Several publications have proved the utility and efficiency of NGS in the 
identification of genes causing mendelian diseases. In addition, some studies 
have also pointed out the usefulness of this technology to elucidate the 
genetic mechanisms underlying diseases considered, at least until now, 
oligogenic or mulifactorial disorders.  

In the studies described up to now in this thesis, we analyzed the role of 
CNV and epigenetic alterations in congenital malformations. Although some 
interesting findings were done, most of the cases were not solved by using 
CMA or methylation arrays. Therefore, the role of point mutations in 
congenital malformations was explored.  

LHH is a severe CHD with an incidence of 2/10,000. Some studies have 
described a high heritability of this malformation, also in relation to other 
left ventricular outflow tract malformations. In addition, the study of 
congenital malformations by CMA revealed a high frequency of deletion-
type CNVs in fetuses with heart hypoplasia compared to the control cohort, 
pointing out a strong genetic component among the causes underlying the 
disease. A cohort of 14 fetuses with LHH, previously studied by CMA, was 
studied by exome sequencing in order to elucidate the contribution of point 
mutations in LHH.  
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Steehouwer, Núria Toran, Joris A. Veltman, Luis Pérez-Jurado*, Alexander Hoischen* 

* shared last author 

 

Left heart hypoplasia (LHH) is a severe form of congenital heart defect (CHD) which remains 
a leading cause of infant mortality and childhood morbidity. The causes underlying LHH are 
largely unknown although several studies suggest a main contribution of genetic factors in the 
etiology of this malformation. The high heritability of LHH and the identification of 
chromosomal aberrations and point mutations in some patients support this hypothesis. 

We selected 14 fetuses with isolated LHH from the fetal tissue bank of Vall d’Hebron hospital 
(Barcelona); all samples showed normal G-banding karyotype and no relevant copy number 
variants (CNVs) in a chromosomal microarray analysis (CMA). Here we aimed for genome-
wide detection of point mutations. Therefore exome sequencing was performed for 2 patients-
parent trios as well as 12 individual samples.  

We identified one de novo mutation in each of the trios analyzed in USP32 and NCAPD3 
respectively. An additional variant in USP32 was identified in another fetus from the cohort. 
Two additional cases presented with variants in NCAPD2, a gene encoding for another 
subunit in the same complex as NCAPD3. In two singleton cases we identified variants in 
genes previously linked to CHD, DTNA and ACVR2B. In other cases several novel non-
synonymous variants in possible novel candidate genes such as FBXO25 or PROX1 were 
detected. Strikingly, we identified 3 genes in which possible mutations were identified in three 
different samples (ATP3A5, SCAF11 and RB1CC1).  

Our data reveal a significant contribution of point mutations in LHH suggesting several new 
candidates, which may act in a monogenic fashion while others as part of an oligogenic disease 
model.  

 
 
INTRODUCTION 

Left heart hypoplasia (LHH) is a severe 
congenital heart defect (CHD) affecting 
2/10,000 liveborns and causing high infant 
mortality and childhood morbidity. The bases 
underlying this severe malformation remain 
unknown although several studies point out 
genetic factors as the main cause of this type 
of malformations. Hinton et al. described a 
high heritability of hypoplastic left heart 
alone (99%) and with associated 
cardiovascular malformations (74%) and a 
sibling recurrence risk of 8% and 22%,  

 

 

respectively, suggesting that LHH is largely 
determined by genetic factors (1). 

Nonetheless, to date, genetic factors 
contributing to LHH are largely unknown. 
Chromosomal defects have been described in 
some patients with LHH (2, 3), as well as 
point mutations in single gene disorders such 
as Holt-Oram syndrome (4). In those cases, 
left heart hypoplasia is usually part of a more 
complex syndrome which includes other 
major malformations and/or intellectual 
disability, as it has been described in Jacobsen 
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syndrome (5) or in the deletion in 16q24.1 
encompassing the FOX gene cluster (6).  

Regarding isolated LHH, a multifactorial 
model has been proposed accounting for an 
important proportion of cases. McBride et al. 
suggested an oligogenic pattern of inheritance 
for LHH and other left ventricular outflow 
tract malformations, obtaining the highest 
maximum likelihood score in a model with 2 
loci (7). Consistently, a model considering 
one or more minor loci with rare dominant 
alleles was hypothesized.  

In order to explore the genetic basis of 
isolated LHH, we used a whole exome 
sequencing approach to identify de novo and 
inherited mutations in a cohort of fetuses 
with this malformation. We focus on the 
analysis of this CHD as an isolated 
malformation in fetuses. In a previous study 
(8) we analyzed the role of copy number 
variants (CNVs) in this cohort and identified 
a significantly higher rate of rare CNVs in 
LHH comparing to control population or 
other cohorts of fetuses with congenital 
malformations (47% vs 18% in a control 
cohort). All cases in which the underlying 
CNVs could not explain the phenotype, were 
subject of the present study. 

 

MATERIALS AND METHODS 

14 samples of fetuses with LHH, 6 male and 
8 female fetuses, were included in the cohort, 
all born from apparently health parents. 
Induced abortion occurred between 17 and 
22 weeks of pregnancy, based on severity of 
the ultrasound finding. Extensive necropsy 
report was available for all of them (detailed 
information in table 1). DNA was extracted 
from the affected tissue when available 
(n=10); liver or lung tissue was used for the 
remaining samples with insufficient heart 
tissue (n=4). Parental DNA was available for 
6 fetal samples. All the samples showed 
normal chromosomes in standard karyotype 
and no CNVs clearly linked to the phenotype 
were detected in a chromosomal microarray 
analysis. 

We sequenced the exomes of 2 patient-
parent trios as well as 12 additional samples 
of fetuses with isolated left heart hypoplasia. 
On average, 5.1Gb of mappable sequence 
data was obtained per samples after exome 
enrichment using SureSelect 50Mb human 
exome kit (v2, Agilent, Santa Clara, CA, 
USA) and SOLiD 5500 sequencing. Color 
space reads were mapped to the hg19 
reference genome with the SOLiD LifeScope 
software which utilizes an iterative mapping 
approach. Single nucleotide variants were 
subsequently called by the DiBayes algorithm 
using the high call stringency. Small 
insertions and deletions were detected using 
the SOLiD Small InDel Tool. Called SNV 
variants and indels were combined and 
annotated using a custom analysis pipeline.  
On average, 80.1% of reads mapped in the 
region and 86.4% of the exome was covered 
at least 10-fold (table 2). On average 44,390 
variants were called per exome, 20,520 of 
which were coding variants. Detailed 
information per sample is shown in 
supplementary table 1. 

In order to identify potentially causative 
variants three different approaches were used 
to analyze the results. The analysis workflow 
is summarized in supplementary figure 1. 

Firstly, a prioritization strategy was used to 
identify possible de novo mutations in both 
trios (9). For that analysis, non-genic, intronic 
and synonymous variants were excluded, as 
well as likely benign variants present in 
dbSNP or in the Nijmegen inhouse database 
containing variants detected in 672 exomes. 
Next, all inherited variants were filtered out 
by comparison with parental exome data. 
This analysis resulted in 3 and 4 possible de 
novo variants, respectively; for all those 
variants Sanger sequencing validation was 
performed.  

Subsequently, an unbiased approach for the 
entire cohort was considered to analyze the 
results regardless to the gene function. With 
this aim, only private variants were 
considered (not described in dbSNP or in the 
Nijmegen in-house database). An overlap  
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Table 2. Exome sequencing statistics. 

analysis was performed in order to identify 
genes with a possible mutation in several 
samples (10). We prioritized  the genes with 
variants in three or more samples and also 
some genes with a variant in two samples if 
both variants showed a high phyloP (basepair 
conservation) value (phyloP > 5.0). In order 
to exclude genes from this overlap analysis 
that frequently show private variants also in 
the general population, a cohort matched for 
size and ethnicity presenting with a different 
phenotype was used. Therefore, the list of 
genes obtained in the overlap analysis was 
compared to the genes with variants in a 
cohort of 14 samples of patients with neural 
tube defects. By using the same list of private 
variants, a second analysis was done 
regarding the most damaging variants, 
nonsense as well as frameshift. Among those 
variants, only the ones in genes that do not 
show similarly damaging variants in the 
Exome Variant Server (EVS) (11) were 
selected for further studies, to exclude an 
enrichment of non-functional or non-
essential genes. The availability of parental 
samples was also considered for validations.  

For the third approach, a candidate gene list 
consisting of 363 genes (supplementary table 
2) for LHH was elaborated including genes 
previously described in humans related to a 
similar type of disease, as well as genes 
identified in animal models linked to the 
same type of malformation. For this 
approach, all variants with a frequency below 
2% in dbSNP as well as the Nijmegen in-
house database were considered. Among 
them, two different lists were generated 

regarding both possible inheritance pattern 
(recessive versus dominant). An overlapping 
analysis with those lists and the candidate 
gene list was done in order to select for 
variants in those lists.  

Exome sequencing data of a cohort of 50 
Spanish individuals was used to exclude 
variants not described in public databases but 
frequently found in Spaniards.  

For each approach, the prioritized variants 
were validated by Sanger sequencing and 
parental samples were analyzed, when 
available.  

RESULTS 

De novo analysis 

One de novo mutation was validated in both 
patient-parent trio. For trio 1 (case 14), a de 
novo missense mutation in USP32 was 
identified in a fetus with LHH. The mutation 
causes an aminoacid change (N153S) and is 
located in a highly conserved nucleotide 
(phyloP 5.1) predicted to be probably 
damaging by PolyPhen2. A second private 
variant in the same gene (P417T) was 
detected in a second fetus with LHH, 
transposition of great arteries and atrio-
ventricular septal defect; parental samples 
were not available to test for de novo 
occurrence. USP32 is supposed to be 
involved in the ubiquitin-proteosome 
pathway (12).  

In the second trio (case 13), a de novo 
missense mutation was found in NCAPD3 in 
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a highly conserved nucleotide (phyloP 6.3), 
predicted to be damaging by PolyPhen2.  

The mutation causes a substitution of an 
alanine for a glycine (A718G). Interestingly, 
two additional highly conserved missense 
variants were identified in NCAPD2 in 2 
other LHH patients for whom no parental 
samples were available. NCAPD2 is a gene 
encoding a protein from the same complex as 
NCAPD3, condensin complex II. Condensin 
complexes I and II play relevant roles in 
mitotic chromosome assembly and 
segregation. In each complex, there are 2 
invariant structural maintenance of 
chromosome (SMC) subunits and different 
sets of non-SMC subunits. NCAPD3 and 
NCAPD2 are both non-SMC subuni ts of 
condensin complex II (13). The fetus with a 
mutation in NCAPD3 had LHH, as one of 
the fetus with a variant in NCAPD2. The 
other fetus with a variant in NCAPD2 
presented a more complex malformation, 
with LHH, transposition of great arteries and 
atrio-ventricular septal defect. 

All results are shown in table 3, and figures 1 
and 2. 

 

Genes with variants identified in multiple 
individual samples 

By using the overlap analysis, only three 
genes were found with variants in 3 or more 
samples with LHH (ATP13A5, RB1CC1 and 
SCAF11). For two samples with RB1CC1 
variants parental DNA was available and 
both variants were inherited from the 
unaffected mother. 

Two more genes (ENTHD1 and PROX1) 
were select ed regarding the fact that two 
samples with LHH carried a variant in a 
highly conserved nucleotide (phyloP>5). In 
PROX1, an identical missense variant 
(P195L) in a nucleotide with a high phyloP 
(6.4) was identified in two fetuses with LHH 
(case 12 and case 14). Parental samples were 
available for one of those two fetuses and the 
variant was inherited from the mother. The 

mother presents, as her brother, a Wolff-
Parkinson-White syndrome, requiring a 
surgery in the brother.  

Variants in those genes, as well as the 
inheritance pattern when available, are shown 
in table 4 and figure 3. 

 

Nonsense and frameshift variants 

13 nonsense and frameshift variants in genes 
without previously reported nonsense 
variants in EVS (11) were identified in six 
samples of fetuses with LHH for which 
parental samples were available. All of them 
were inherited. Those variants and the 
inheritance pattern are shown in table 5. 

 

 Candidate gene list approach 

Several missense variants not described 
previously in dbSNP, EVS as well as 
Nijmegen inhouse database or described with 
a frequency less than 2% were identified in 
candidate genes for LHH, as it is shown in 
table 6.  Among those variants, two were 
located in genes previously described related 
to LHH or a broader spectrum of heart 
malformations in humans, one in DTNA 
(case 6) and another one in ACVR2B (case 
8) (14-16). The variant identified in ACVR2B 
was identical to a previously described 
disease causing point mutation in association 
to heterotaxy (14, 15). Nonetheless, in the 
data available in EVS (11) the same variant is 
described in 60 subjects out of 4,346 in the 
African American cohort and in 2 individuals 
out of 8,598 in the European American 
cohort. 

A fetus with LHH carried a missense variant 
in the gene DTNA, in a nucleotide with a 
basepair conservation score phyloP of 4.9.  
No parental samples were available. DTNA, 
dystrobrevin gene, was described related to 
left ventricular non-compaction and 
additional heart malformations (14). 

In table 7, an overview of all variants found 
is shown per sample.  
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DISCUSSION 

Two patient-parent trios were analyzed and 
one de novo mutation was identified in each 
trio. Regarding USP32, a second missense 
variant was identified in another fetus with 
LHH, although the inheritance could not be 
established in that case. USP32 has been 
identified as one of the components of the 
ubiquitin-proteasome system (UPS). 
Specifically, it is an ubiquitin-specific 
protease whose function is the removal of 
ubiquitin from ubiquitin-conjugates. UPS 
recognizes specific protein substrates and 
places polyubiquitin chains on them for 
subsequent destruction by the proteasome. 
Therefore, UPS has an essential role in the 
regulation of protein degradation and its 
impaired functioning may cause 
misregulation in several pathways, such as the 
ones related to proliferation, adaptation to 
stress, regulation of cell size, and cell death 
(17). The relevant role of UPS in vascular 
development and cardiovascular diseases has 
been described in several articles (18-20), and 
the role of UPS has been studied in heart 
development (21-25). So far, UBR1 and 
UBR2, components of UPS, have been 
identified in mice model as key effectors of 
UPS whose impaired functioning leads to a 
defective heart development (21-23). 
Moreover, defects in posttranslational small 
ubiquitin-like modifier (SUMO) conjugation-
deconjugation pathway have also been shown 
in association to cardiac defects, because of 
the impairment in cardiomyocyte 
proliferation (24, 25). Accordingly to this 
data, UPS may play an important role in heart 
development.  

Strikingly the same fetus who carried a 
variant with unknown inheritance in USP32 
presented with additional variants in genes of 
the UPS pathway. Particularly, two variants 
were found in the gene FBXO25, a 6-bp 
deletion in intron 6 near the exon boundary 
and a missense variant in a nucleotide with a 
phyloP of 2.1 not described previously in 
dbSNP or in the Nijmegen inhouse database. 
Though no parental DNA was available, 
allele specific PCR showed that these two 

variants affected different alleles each. Jang et 
al. described FBXO25 as a cardiac-specific 
protein which acts as an ubiquitin E3 ligase 
for cardiac transcription factors such as 
NKX2-5, ISL1 and HAND1 (26). They 
revealed a high expression of FBXO25 in 
cardiomyocytes and a higher expression level 
in fetal heart than in adult heart (26). 
Mutations in NKX2-5 (27-30) have been 
described in patients with CHD, such as 
septal defects and tetralogy of Fallot. 
Missense mutations in NKX2-5 have also 
been described in two unrelated patients with 
LHH (27, 31). Regarding HAND1, 
mutations in cardiac tissue of patients with 
septation defects and heart hypoplasia were 
found (32, 33). Considering the role of 
NKX2-5 and HAND1 in heart defects it 
seems plausible that mutations in FBXO25 
lead to heart defects by the impaired 
regulation of those transcription factors.  

A de novo mutation in fetus 13 was identified 
in NCAPD3, a non-SMC subunit of 
condensin complex II. In addition, two 
missense variants were also detected in 
NCAPD2 in two other patients, another 
non-SMC subunit of the same complex. 
NCAPD3 is a gene located in 11q25 and it is 
included in the region deleted in Jacobsen 
syndrome. This syndrome is a rare 
chromosomal disorder caused by deletions in 
distal 11q. The deletion size ranges from ~7 
to 20 Mb, with the proximal breakpoint 
within or telomeric to 11q23.3 and the 
deletion extending usually to the telomere (5).  

To date, over 200 cases of Jacobsen 
syndrome have been reported. The most 
common clinical features include pre- and 
postnatal growth retardation, psychomotor 
retardation, characteristic facial 
dysmorphism, abnormal platelet function, 
thrombocytopenia and congenital 
malformations. One of the most common 
congenital malformations is CHD, which 
occurs in 56% of cases. The most frequent 
heart defects (2/3 of patients that have 
CHD) are ventricular septal defects or left 
heart obstructive malformations including 
abnormalities of aortic or mitral valves, 
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coarctation of the aorta or hypoplastic left 
heart. So far, a critical region for CHD in 
Jacobsen syndrome has been identified and 
contains 40 annotated genes, including 
NCAPD3 (5, 34, 35). 

Furthermore, Ye et al. reported a patient with 
a paracentric inversion in distal 11q who had 
hypoplastic left heart and congenital 
thrombocytopenia. The distal breakpoint 
mapped to JAM3, a gene previously 
identified as a candidate gene for causing 
LHH in Jacobsen syndrome patients and 
included in the critical region for CHD. 
Nevertheless, the mouse model for Jam3 
revealed no cardiac abnormalities. NCAPD3 
is the adjacent gene to JAM3; therefore, 
NCAPD3 emerges as a candidate gene to 
explain LHH in Jacobsen syndrome and in 
the fetus studied. (36) 

The identification of de novo mutations itself 
has already led to the identification of novel 
candidate genes in several diseases including 
defined syndromes (37), or similarly 
heterogeneous disorders like intellectual 
disability (9), schizophrenia (38) and autism 
(39, 40). The amount of identified non-
synonymous de novo mutations in our study is 
in line with the expected human de novo 
mutation rate and other findings in exome 
sequencing studies. The combination of de 
novo mutation occurrence, mutation severity 
(nucleotide conservation) and potential gene 
function, and importantly additional possible 
mutation in the same or similar genes in our 
cohort make both genes USP32 and 
NCAPD3 new candidate genes for LHH, 
either causing the phenotype itself, or are at 
least involved in the pathogenesis of this 
phenotype. The ultimate proof can only be 
delivered by identifying additional de novo 
mutations in fetuses with similar phenotype, 
such a study requires a much larger follow-up 
cohort.  

Two private variants in genes previously 
described as being related to CHD were 
identified. A missense variant in DTNA 
(R417W), the dystrobrevin gene, was 
detected in a fetus with LHH. A mutation in 

the same gene was previously described in a 
family with left ventricular non-compaction 
and additional heart malformations co-
segregating with the disease (14). In that 
family, there were 6 relatives affected and 
several of them also presented additional 
heart malformations. 2 of them had 
ventricular septal defects, one patent ductus 
arteriosus and 2 LHH.  The finding of a 
private missense variant in a highly conserved 
nucleotide in a fetus with LHH reinforces the 
role of DTNA in heart development and 
CHD  

A variant in ACVR2B was identified in one 
of the samples studied. This gene had been 
described previously in association with 
heterotaxy defects and additional heart 
malformations (15-16), but not linked to 
LHH. ACVR2B had been related to 
heterotaxy and additional heart 
malformations because of the phenotype in 
the animal model (14) -including atrial and 
ventricular septal defects and right-sided 
morphology malformations- and the 
identification of mutations in patients with 
this type of congenital defect (15, 16). 
Variants in this gene were found to be 
inherited from a healthy parent in most cases 
(15, 16). The identification of one of the 
mutations described before (R40H) in one of 
the fetus with LHH without heterotaxy 
defects in the studied cohort might indicate a 
broader spectrum of malformations in 
relation to mutations in ACVR2B. 
Nevertheless, this variant has shown to be 
quite frequent in African American 
population, considering the EVS (11) which 
describes the same variant in 60 subjects out 
of 4,346 in the African American cohort and 
in 2 individuals out of 8,598 in the European 
American cohort. In the light of the latter, it 
seems more likely that this variant represents 
at most a predisposing factor. This is one 
example that one has to carefully consider 
previous literature stating disease causality for 
a given genetic variant, but this also shows 
that population frequency information can be 
valuable to distinguish likely from unlikely 
disease candidate variants.  
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By using the unbiased approach and the 
candidate gene approach, other potentially 
related genes were identified. PROX1 and 
RB1CC1, as examples, emerged as two 
candidates for LHH. 

Regarding PROX1, exactly the same variant –
not present in dbSNP, Nijmegen inhouse 
database, EVS (11) and 50 Spanish exomes- 
was identified in two fetuses with LHH. In 
one of them, the variant was inherited from 
the mother, affected by Wolff-Parkinson-
White syndrome. Wolff-Parkinson-White 
syndrome is a disorder of the conduction 
system of the heart and it is caused by the 
presence of an abnormal accessory electrical 
conduction pathway between atria and 
ventricles, causing supraventricular 
tachycardia. An important proportion of 
patients remain asymptomatic although they 
have a higher risk of sudden death. Mutations 
in PRKAG2 have been reported related to 
Wolff-Parkinson-White syndrome (41); 
mutations in this gene were discarded in the 
mother of the fetus analyzed. Parental 
samples for the second case with a variant in 
PROX1 were not available. The homozygous 
knockout mouse model for Prox1 dies 
between E14.5 and E15 because of the 
reduction in heart size (up to 50%) and 
myocardial disarrays (42, 43). Prox1 
heterozygous mice present heart reduced in 
size (by an average of 30%) as compared with 
those of wild-type littermate controls (42) 
and hypoplastic ventricular walls, loss of 
muscle striation, a disorganized 
interventricular septum and abnormally 
persistent muscle surrounding the aorta. 
Interestingly, a patient with LHH and a de 
novo balanced rearrangement interrupting the 
regulatory region of PROX1 was described 

by Gill et al. (44). Published data concerning 
PROX1, as well as the variant identified in 
two fetuses with LHH, positions this gene as 
one of the best novel candidates regarding 
LHH.  

Finally, three missense variants were 
identified in RB1CC1 in three different 
samples of fetuses with LHH. Homozygous 
knockout mice for Rb1cc1 died because of the 
lost of the normal trabecular and external 
compact myocytes and a significantly thinner 
wall which contained fewer cells when 
compared with the wild-type littermates (45). 
Considering the high detection rate of 
variants -not described previously- in 
RB1CC1 in our cohort of fetuses with LHH 
(3/14) and data regarding mouse model, a 
role of that gene in heart development and 
heart defects might be considered.  

The results presented in this article highlight 
the heterogeneity of LHH and the difficulties 
to face regarding the interpretation of the 
results. Nevertheless, the work done point 
out several interesting genes related to this 
severe heart malformation, such as USP32, 
NCAPD3 or PROX1. At least in some cases, 
more than one variant in a potentially related 
gene has been identified perhaps as 
contributors in an oligogenic model for the 
disease. The study of larger cohorts as well as 
functional studies regarding those variants 
identified will provide valuable data in order 
to clearly establish the role of these genes in 
heart development and in heart disease. In a 
broader sense this study emphasizes efforts 
to expand the clinical spectrum of several 
disorder by even more severe phenotypes 
detected in aborted fetuses, miscarriages and 
stillborns (46). 
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Neural tube defects are one of the most common congenital malformations 
affecting 1/1,000 newborns. Despite its high incidence, the mechanisms 
underlying the disorder are poorly understood. It is well-established that 
folate intake during pregnancy reduces its incidence although the basis of 
this decrease is not known. Several studies in genes in the folate pathway 
have been done, as well as studies in animal models. Studies of folate 
pathway have reported some associations between SNPS in genes within the 
pathway and the incidence of NTDs. Using animal models several genes 
have been identified as causing NTDs and, among them, some pathways as 
planar cell polarity pathway or glycine cleavage system have been described. 
Recently, variants not present in control population in genes from those 
pathways have been reported in cohorts of patients with NTD. 

With the aim of improving the knowledge about described  genes and 
discovering new candidates, a cohort of 14 fetuses with a severe form of 
neural tube defect (mainly myelomenginocele plus Arnold-Chiari 
malformation) was sequenced. 
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* shared last author 

 

Neural tube defects (NTDs) are the second most common congenital malformation with a 
frequency of 1/1,000 in live births. Recently, many advances in the understanding of NTDs 
have been described, the identification of genes and pathways related to the disorder 
underscore a strong genetic component. Nevertheless, the etiology of the majority of cases of 
NTDs remains unclear. 

We selected 14 fetuses with severe forms of NTD from the fetal tissue bank of Vall d’Hebron 
hospital (Barcelona). All samples had been studied previously by G-banding karyotype and 
chromosomal microarray analysis (CMA) with no chromosomal aberration or relevant copy 
number variants (CNVs) identified. Exome sequencing was performed for 2 fetus-parent trios 
as well as 12 individual fetal samples.  

No de novo mutations were identified in any of the analyzed trios. However, several potentially 
pathogenic variants affecting protein function were detected in genes previously related to 
NTDs in humans, such as PRICKLE1, DACT1, GLDC1 or HSPG2. Additionally, disruptive 
variants in a number of novel NTD candidate genes were identified (FZD1, PTK7, TSC2 and 
PAMR1). Interestingly, a global enrichment of variants in genes of the planar cell polarity 
pathway was identified in this cohort. Also, evidence for a possible digenic inheritance model 
involving FZD1 and DACT1 genes was observed in a fetus with myelomeningocele and 
Arnold-Chiari malformation.  

Our data suggest a significant contribution of point mutations in NTDs, and further support a 
relevant role of the planar cell polarity pathway in the etiology of the malformation.  

 

 

INTRODUCTION 

Neural tube defects (NTD) are one of the 
most common birth defects which occur very 
early in human development as a result of the 
failure in neural tube closure. The incidence 
of NTD is approximately one in 1,000 live 
births (1, 2). There are several types of neural 
tube defects depending on the placement and 
the presence or lack of cover. Open neural 
tube defects, which are more common, occur 
when the brain and/or spinal cord are 
exposed at birth through a defect in the skull 
or vertebrae without being covered; examples  

 

of open NTDs are anencephaly, 
encephalocele, hydranencephaly and spina 
bifida. Some of these defects, as anencephaly, 
are lethal during the pregnancy or just after 
birth; in other cases, such as spina bifida, 
infants may survive with severe disabilities (1, 
2). One of the most severe NTD is 
myelomeningocele with Arnold-Chiari 
malformations, in which the unfused portion 
of the spinal column allows the spinal cord to 
protrude through the opening and, as a 
result, the nerves that emerged at that level of 
the cord are damaged or not properly 
developed. 
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It has been well-established that maternal 
periconceptional supplementation of folic 
acid reduces the incidence of neural-tube 
defects by 50 to 70% (3) but the mechanisms 
underlying this effect have not been clearly 
elucidated.  

Valuable information provided by animal 
model as well as by studies in patients with 
NTD (4-7) suggests a strong genetic 
component. Nevertheless, as most variants in 
those genes detected in patients are inherited 
from healthy parents a complex multigenic 
cause is suggested in the vast majority of 
patients with NTD, something that is 
confirmed by  heritability studies (8). 
However there might also be a more severe 
end to this phenotype, which may even 
involve less complex or even monogenic 
forms.  

With the purpose of exploring the genetic 
mechanisms underlying NTD and the role of 
point mutations in the pathophysiology of 
the disease, we performed exome sequencing 
in a cohort of 14 fetuses with severe forms of 
open neural tube defects, mainly 
myolomeningocele in combination with 
Arnold Chiari malformations.  

 

MATERIALS AND METHODS 

A cohort consisting of 14 samples of fetuses 
with neural tube defects, 6 male and 8 female, 
were included in this study. For all cases an 
induced abortion occurred before the 22nd 
week of pregnancy. All of them presented 
myelomeningocele and Arnold-Chiari 
malformationn except for one who had an 
encephalocele plus Arnold-Chiari 
malformation; a necropsy report was 
available for all the cases included in the 
study (detailed information in table 1).  

DNA was extracted from central nervous 
system tissue in ten cases and liver tissue was 
used for the remaining four samples because 
of insufficient central nervous system tissue. 
Parental DNA was available for 6 fetal 
samples. All samples showed a normal 
karyotype by G-banding and no CNVs 

clearly linked to the phenotype regarding 
previous published data in a chromosomal 
microarray analysis. 

We sequenced the exomes of 2 fetus-parent 
trios as well as 12 additional fetal samples 
with neural tube defect plus Arnold-Chiari 
malformation.  

On average, 5.2 Gb of mappable sequence 
data was obtained per sample after exome 
enrichment using SureSelect 50Mb human 
exome kit (v2 in one trio and v4 in another 
trio, Agilent, Santa Clara, CA, USA) and 
SOLiD 5500 sequencing. Color space reads 
were mapped to the hg19 reference genome 
with the SOLiD LifeScope software which 
utilizes an iterative mapping approach. Single 
nucleotide variants (SNVs) were 
subsequently called by the DiBayes algorithm 
using the high call stringency. Small 
insertions and deletions were detected using 
the SOLiD Small InDel Tool. Called SNVs 
and indels were combined and annotated 
using a custom analysis pipeline.  On average, 
80.9% of reads mapped in the region and 
86.6% of the exome was covered at least 10-
fold (table 2). On average 44,358 variants 
were called per exome, 20,467 of which were 
coding variants. Detailed information per 
sample is shown in supplementary table 1. 

Three different approaches were used to 
analyze the results. The analysis workflow is 
summarized in supplementary figure 1. 

Firstly, a prioritization strategy was used to 
identify possible de novo mutations in both 
trios (9). For that analysis, non-genic, intronic 
and synonymous variants were excluded, as 
well as likely benign variant described in 
dbSNP or in the Nijmegen inhouse database 
which contains exome sequencing data for 
672 subjects.  

Afterwards, by comparison with data from 
parental samples all inherited variants were 
discarded. This analysis resulted in 5 and 3 
possible de novo variants respectively; Sanger 
sequencing validation was performed for all 
those variants. No de novo mutations were 
validated by Sanger sequencing in this study. 
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Subsequently, an unbiased approach for the 
entire cohort was considered to analyze the 
results regardless to the gene function. With 
this aim, only private variants were 
considered (not described in dbSNP or in the 
Nijmegen in-house database). An overlap 
analysis was performed in order to identify 
genes with a possible mutation in several 
samples (10). We prioritized the genes with 
variants in three or more samples and also 
some genes with a variant in two samples if 
both variants showed a high PhyloP (basepair 
conservation) value (phyloP > 5.0). For the 
overlap analysis, data from a cohort of the 
same sample size but resenting a different 
phenotype was used to exclude an 
enrichment of genes displaying an excess of 
genetic variation. The list of genes obtained 
in the overlap analysis was compared to the 
genes with variants in a cohort of 14 samples 
of patients with congenital heart defects 
(CHD). By using the same list of private 
variants, a second analysis was done 
regarding the most damaging variants, 
nonsense as well as frameshift. Among those 
variants, only the ones in genes with no 
nonsense variants described in Exome 
Variant Server (EVS) (11) were selected for 
further studies. The availability of parental 
samples was also considered for validations.  

For the third approach, a candidate gene list 
consisting of 390 genes (supplementary table 
2) for neural tube defects was elaborated 
including genes previously described in 
humans related to a similar type of disease, as 

well as genes identified in animal models 
linked to the same malformation. For this 
approach, all variants with a frequency lower 
than 2% in dbSNP or in-house database were 
considered, allowing for the detection of 
recessive mutations, for which carriers in the 
general population can be expected. Among 
them, two different lists were generated 
regarding the possible inheritance pattern 
(recessive versus dominant). An overlapping 
analysis with those lists and the candidate 
gene list was done.  

Exome sequencing data of a cohort of 50 
Spanish individuals was used to exclude those 
variants not described in public databases but 
frequently found in Spaniards.  

The prioritized variants were validated by 
Sanger sequencing and parental samples were 
analyzed, when available.  

 

RESULTS 

De novo analysis 

The de novo analysis resulted in 3 and 5 
possible de novo variants per trio; for all those 
variants Sanger sequencing validation was 
performed and no de novo mutations were 
validated.  
 

Genes with variants identified in multiple 
individual samples 

In the overlapping analysis only one gene was 
identified with variants in three different 

Table 2. Exome sequencing statistics considering all samples except for case 13 which was 
enriched using a different version (v4),  SureSelect 50Mb human exome kit v4, Agilent, 
Santa Clara, CA, USA. 
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samples of fetuses with NTD after excluding 
the ones also mutated in the cohort of 
fetuses with CHD used as a control cohort: 
PAMR1. All variants were missense. For two 
of the samples parental DNA was available; 
one variant was inherited from the father and 
the other one from the mother. Variants in 
this gene and the inheritance pattern when 
parental samples were available are shown in 
table 3 and figure 1.  
 

Nonsense and frameshift variants 

10 nonsense and frameshift variants in genes 
without previously reported (different) 
nonsense variants in EVS (11) were identified 
in six fetal samples with neural tube defects 
and Arnold-Chiari malformation for which 
parental samples were available to be able to 
establish the inheritance pattern. All of them 
were inherited. Those variants and the 
inheritance pattern are shown in table 4. 
 

Candidate gene list approach 

Several missense variants not described 
previously in dbSNP, EVS (11) and in the 
Nijmegen inhouse database or described with 
a frequency less than 2% were identified in 
candidate genes for NTD, as it is shown in 
table 5.  Variants in 5 genes previously related 
to NTD in humans were identified in the 
cohort of fetus analyzed in this study.  

In the only fetus (case 10) with encephalocele 
included in the cohort two missense variants 
not described previously in the gene HSPG2 
were identified (A2869P, R2609Q). No 
parental samples were available to establish 
the inheritance pattern in this case. This gene 
has been related to two severe 
polymalformation syndromes: Schwartz-
Jampel syndrome and dyssegmental dysplasia, 
Silverman-Handmaker type (12, 13). Some 
patients with these syndromes suffer from 
encephalocele. 

Two missense variants in the same fetus (case 
1) in GLDC were detected (R410K, M107V), 
both inherited from the healthy mother. 

Variants in this gene have been linked to 
NTD in humans (4).  

In fetus 62295 a missense variant (R463W) in 
a highly conserved nucleotide (PhyloP=6,4) 
was identified in MTHFD1, a gene largely 
explored in relation to NTD (14, 15). This 
variant has not been described in available 
databases.  

Mutations in genes of the planar cell polarity 
(PCP) pathway described previously in 
humans as being related to NTD were 
identified in this cohort. Specifically, variants 
in PRICKLE1 (5) (T275M), CELSR1 (6) 
(R958Q) and DACT1 (7) (S542C) were 
detected. The variant identified in 
PRICKLE1 (figure 2) was identical to 
previously described point mutations in 
patients with NTD (5). Additional variants in 
PCP pathway in genes not described 
previously related to NTD in humans were 
also identified (PTK7, INTU, CELSR2, 
FZD1). Overall, 7 variants that were never 
described previously affecting genes in the 
PCP pathway were detected in the cohort of 
14 fetuses with NTD; in a ethnically and size 
matched control cohort of fetuses with CHD 
only one private variant was identified in the 
genes from the PCP pathway. Except for the 
variant in CELSR2, all the variants detected 
in genes in the PCP pathway were predicted 
to be damaging or probably damaging by 
PolyPhen2.  

In table 6, an overview of all variants found 
is shown per sample.  

 

 

 

 

Figure 1. Heterozygous mutations in PAMR1 
identified in three fetuses with NTD. Scheme 
of the gene showing domain structure and 
the location of the mutations.  
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Figure 2: Heterozygous mutation in PRICKLE1 identified by exome sequencing in case 
12. The left panel shows sequencing reads from case 12 (hg19); the right panel shows the 
confirmation of the mutation by Sanger sequencing in the case and the presence of the 
same mutation in the father.  

 

DISCUSSION 

Though we were unable to detect any de novo 
mutations by the trio analysis, and we also 
were not able to show any de novo nonsense 
mutation, especially the candidate gene 
approach’ delivered several interesting 
findings in this study.  

The variant that we have identified in 
PRICKLE1 (case 12), can be considered as a 
proof-of-principle. The same variant, causing 
the substitution T275M, was described in a 
patient with lumbosacral myelomeningocele, 
hydrocephalus, Chiari type II malformations 
and tethered cord. The aminoacid is located 
in a LIM domain in an absolutely conserved 
“HWHAT” motif. The substitution is 
supposed to be damaging as it is not 
conservative because it reduces 
hydrophilicity. In the same article they 
showed that this variant in zebrafish acts 
antagonistically with the wild type protein (5). 
Bosoi et al. sequenced PRICKLE1 in a cohort 
of 810 NTD patients affected with 
nonsyndromic or isolated NTDs and 
identified 7 potentially damaging variants in 
this gene. The inheritance pattern was tested 
in 4 of them and all were inherited from an 
apparently healthy progenitor. By studying 
the exomes of 14 fetuses with NTD several 
variants in genes described previously related  

 

to NTD in humans were identified (4-7, 12, 
13, 17-18). Some of these variants were 
found in genes from the planar-cell-polarity 
(PCP) pathway, one of the most explored 
pathways in relation to NTD.  

Various PCP genes in mouse models have 
been described as causing NTD and several 
rare variants in those genes have also been 
reported in humans. PCP pathway is a non-
canonical Wnt signaling pathway implicated 
in embryonic patterning, including cell shape, 
movement and polarity within the plane of 
an epithelial sheet. In vertebrates, PCP genes 
are required for convergent extension, a 
morphogenetic process in which cells within 
an epithelial sheet rearrange in a coordinated 
manner to produce a narrowing of the tissue 
along one axis and an extension along the 
orthogonal axis. In neural tube closure, these 
movements lead to the progressive narrowing 
of the folding neural plate. A group of core 
PCP genes were identified by Simons et al.: 
frizzled, disheveled, prickle-spiny legs, van 
gogh, flamingo/starry nights, and diego in 
Drosophila. The PCP pathway is highly 
conserved in vertebrates where all these core 
PCP genes have corresponding orthologs and 
homologs. Vertebrate PCP genes include 
Fzd3, Fzd6, Vangl1, Vangl2, Dvl1-3, Celsr1-
3, Prickle1 and Dact1 among others (17).  
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Figure 3: Heterozygous mutations in FZD1 and DACT1 identified by exome sequencing in 
case 13. The left panel shows sequencing reads from case 13, father and mother for the 
nonsense mutation in FZD1 (hg19); the right panel shows sequencing reads of a missense 
mutation in DACT1 in the same sample. FZD1 is inherited from the mother and DACT1 is 
inherited from the father.  

In our study a fetus with NTD (case 8) we 
identified a missense variant in CELSR1 not 
described previously. Robinson et al. 
described 3 missense variants not described 
previously in CELSR1  in a cohort of 72 
patients with craniorachischisis, one of the 
most severe forms of neural tube defect in 
which both the brain and spinal cord remain 
open to varying degrees. The inheritance 
pattern could was explored in two patients 
and both variants were inherited form a 
healthy progenitor. They showed that the 
protein subcellular localization was modified 
by the missense variants identified in 
CELSR1 (6). An additional missense variant 
was also identified in CELSR2 in the studied 
cohort.  

In another gene of the PCP pathway, INTU, 
a missense variant was identified in a 
nucleotide with a phyloP of 3.9 in fetus 
62291. Park et al. reported defects in neural 
tube closure, including exencephaly, spina 
bifida, and holoprosencephaly-like features in 
Xenopus embryos with a disruption in Xit, 
the homolog gene of INTU (22).  

A missense variant in PTK7, another PCP 
pathway gene, was found in a fetus with 
NTD and Arnold-Chiari malformation (case 
9), this gene was previously described as 
causing NTD in mice. Paudyal et al. 
demonstrated that mutant embryos for the 

homolog of PTK7 fail to undergo initiation of 
neural tube closure, and had characteristics 
consistent with defective convergent 
extension (23, 24). 

The complexity of the possible disease 
mechanism might be demonstrated by the 
interesting finding in another fetus (case 13). 
Here even two variants in genes of the PCP 
pathway were identified. A nonsense variant 
in FZD1 was inherited from the healthy 
mother and a missense variant in DACT1 in 
a nucleotide with a PhP of 2.5 was inherited 
from the father (figure 3). Variants in 
DACT1 were described in patients with 
NTD by Shi et al. (7). Five missense 
heterozygous variants were identified in a 
cohort of 167 stillborn or miscarried fetuses 
with NTD. For two of the variants they 
proved a functional impairment, as DACT1 
showed loss-of-function or reduced activity 
in inducing Dishevelled degradation and 
inhibiting JNK phosphorilation (18). As it 
was mentioned, a stop variant in FZD1 was 
also identified in the same samples. No 
nonsense variant in FZD1 has been reported 
in EVS (11). Fzd1 was shown to be 
associated to tissue fusion processes in mice 
models, concerning the closure of the palate 
and ventricular septum and neural tube. Mice 
model with homozygous knockouts for Fzd1 
presented palate clefting as well as cardiac 
defects; nonetheless, NTD were not 
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reported. Interestingly, compound 
heterozygote combinations for Fzd1 and 
Vangl2 – a PCP gene – showed a high 
frequency of NTD (20). Suriben et al. showed 
in an animal model that Dact1 forms a 
protein complex with Vangl2 (21). Regarding 
the results of Yu et al. and Suriben et al., it 
could be hypothesized that a possible digenic 
inheritance for a nonsense variant in FZD1 
and a missense variant in DACT1 was the 
cause underlying NTD in the fetus studied.  

Regarding the data shown, it seems evident 
that the PCP pathway has a relevant role in 
NTD also in humans. Seven variants in genes 
related to this pathway have been identified 
in six samples of the analyzed cohort. In one 
of the fetuses, a possible digenic inheritance 
similar to the one described in mice has been 
detected and in another fetus a variant 
previously described in humans has been 
identified, placing PCP as one of the most 
interesting  pathways regarding mechanisms 
underlying NTD in humans. The significance 
of this finding was further shown by the 
pathway enrichment analysis, another cohort 
of 14 fetuses with congenital heart defects 
showed only 1 private variant in the same 
genes. 

Another pathway, folate one-carbon 
metabolism (FOCM) has also been strongly 
implicated in the causes underlying NTD due 
to the association of folic acid intake and the 
incidence of NTD. Nonetheless, the 
mechanisms have not been yet elucidated. 
FOCM comprises a network of enzymes 
required for the synthesis of purines and 
thymidylate (for the DNA synthesis) and 
methionine (for the methylation of 
biomolcules). FOCM operates in the cytosol 
as well as in the mitochondria. So far, several 
genes funcionally related to folate 
metabolism have been analyzed. Some SNPs 
in genes like MTHFR, DHFR, MTHFD1, 
MTRR and TYMS have been found in 
association to NTD although none strong 
findings have been reported (14-16). 
Recently, a mitochondrial component of 
FOCM, the glycine cleavage system (GCS) 
has also been explored and variants not 

described previously in two genes (AMT and 
GLDC) were identified (4). Moreover, the 
homozygous mice model that lacked GCS 
activity showed NTD (exencephaly and 
craniorachischisis). In our cohort of 14 
fetuses with NTD one missense variant in 
MTHFD1 not present in dbSNP134, in-
house database nor in EVS (11) was 
identified in fetus 62295. In another gene 
related to this pathway, GLDC, 2 missense 
variants in the same sample (62104) in both 
inherited from the healthy mother. Strikingly, 
several variants described by Narisawa et al. 
in GLDC were inherited from a healthy 
progenitor as well.  

We have also observed private non-
synonymous variants in other genes that have 
been previously been implicated in related 
disorders. Two variants in HSPG2 were 
identified in the same fetus (case 10). HSPG2 
has been related to two different syndromes: 
Silverman-Handmaker type of dyssegmental 
dysplasia and Schwartz-Jampel syndrome; in 
both with an autosomal recessive pattern of 
inheritance. Patients with Silverman-
Handmaker type of dyssegmental dysplasia 
present dwarfism with anisospondylic 
micromelia and, in some cases, 
encephalocele; patients with Schwartz-Jampel 
syndrome have osteoarticular abnormalities, 
short stature as well as myotonic myopathy. 
The mice model lacking Hspg2 have a severe 
chondrodysplasia with dyssegmental 
ossification of the spine and show 
radiographic, clinical and chondro-osseous 
morphology similar to a lethal autosomal 
recessive disorder in humans termed 
dyssegmental dysplasia, Silverman-
Handmaker type (13). Only a few patients 
have been reported with Silverman-
Handmaker syndrome and some of them 
presented exencephalocoele. The fetus with 
two hits in HSPG2 had exencephalocele. 
Nevertheless, the mutations reported in 
Silverman-Handmaker syndrome are 
frameshift or variants in splice site causing 
skipping of exons. In Schwartz-Jampel 
syndrome, missense mutations have been 
described. Both variants in the fetus analyzed 
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in this study were missense variants (13). 
Considering the phenoype of the fetus and 
the data published in relation to the gene, it 
seems plausible that those variants were 
related to the maformation. Nevertheless, the 
study of parental sampels to determine the 
inheritance pattern would be valuable in 
order to obtain more information supporting 
this hypothesis. Especially considering 
possible recessive disorders need to be 
considered carefully, as respective parents 
might have a 25% recurrence risk.  

One gene, PAMR1, emerged in the overlap 
analysis because three samples had a variant 
not described previously contained in this 
gene. PAMR1 has a high expression in brain 
and, particularly, in spinal cord (25). The 
combination of rare/private nature of these 
variants, the finding in 3 of 14 cases, and the 
neural and spinal cord expression might be 
sufficient to speculate that this is a new 
candidate gene for NTD. 

Among the genes which showed rare/private 
variants in more than 1 case, there was TSC2. 
Two missense variants in TSC2, not 
described previously, were identified in 2 
fetuses with NTD (case 2 and case 6). The 
tuberous sclerosis gene can act as a tumor 
suppressor whose mutations in an 
heterozygote state predispose to benign and 
malignant lesions in a variety of tissues, 
known as tuberous sclerosis disease. In rats, 
the heterozygous inactivation of TSC2 leads 
to the same phenotype as in humans. 
Nevertheless, the homozygous state mutation 

in rats is lethal in mid-gestation when TSC2 
mRNA is highly expressed in embryonic 
neuroepithelium. This rat model shows 
dysraphia and papillary overgrowth of the 
neuroepithelium (26). A similar phenotype 
has been reported in homozygous mutations 
in TSC1 (27). One might speculate whether 
heterozygous variants might predispose to 
NTD in humans, or whether our current 
analysis might have missed a 2nd variant. 

The results shown in this study proves the 
relevance of PCP pathway and FOCM 
pathway in NTD and provides a valuable 
example regarding a putative oligogenic 
model in NTD. Moreover the identification 
of previously known variants like the 
mutation in PRICKLE1 support that the 
severity of the phenotypes analyzed here 
allows speculations on monogenic forms, or 
at least major genetic contributors, with 
potentially candidate genes emerging from 
this study, as PAMR1 or TSC2, in the 
pathophysiological basis of NTD. In order to 
elucidate the contribution of all the genes 
indentified in this study as potential 
candidates in NTD, the analysis of larger 
cohorts will be essential. The study of the 
inheritance pattern will also be valuable, not 
only to identify de novo mutations but also to 
explore a possible oligogenic model. In 
general, we believe that systematic fetal 
pathology and a thorough genetic workup 
will improve future genetic counseling and 
add to fundamental genetic and biological 
knowledge and can be considered as one of 
the new frontiers in human genetics (28). 
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CHAPTER 6: Exome sequencing in neural tube defects 
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CMA in the study of isolated congenital malformations: a research 

perspective 

A cohort of 95 fetuses with congenital malformations was analyzed by CMA 
with the aim of indentifying rearrangements related to the disease. 
Considering previously published papers, CMA is a valuable tool to find the 
cause in patients with multiple congenital anomalies and/or mental 
retardation, as detection rates of 15-24% have been reported (34, 35). Rare 
CNV not described previously in more than 10,000 or described with a 
frequency less than 1/2000 were identified in several of the cases analyzed 
(21,05%); 50% of the rearrangements were duplications and 50% deletions. 
The high detection rate of rare deletion-type CNVs in fetuses with 
congenital malformations when compared to control population (4,2% vs 
11,6%) indicates a relevant role of CNV in birth defects. 

The results were significantly different among the groups analyzed. While the 
frequency of CNVs was similar in fetuses with multiple malformations or 
isolated renal malformations compared to controls, higher detection rates of 
rearrangements, especially deletions, were identified in fetuses with CNS 
malformations (15,4% vs 4,1%) and cases with iCHD (15,2% vs 4,1%). 
Among fetuses with iCHD, the frequency of rearrangements was 
substantially different depending on the type of malformation. The 
frequency of segmental aneusomies in fetuses with heart hypoplasia was 
remarkable (29,4% vs 4,2% in controls), while the frequency was similar to 
controls for the other heart anomalies excluding heart hypoplasia. These 
results highlight the genetic component underlying some congenital defects 
and point out the differences among malformations affecting different 
organs and systems.  

The inheritance pattern of the rearrangements identified in the study was 
explored in 9 cases and, except for one, all the rearrangements were inherited 
from an apparently healthy progenitor. Despite the rarity and the gene 
content of some of the rearrangements, the presence of the same alteration 
in a healthy progenitor hinders the causality proof. Although the findings in 
this study indicate a clearly role of deletion-type CNVs in some types of 
malformations, it is complicated to prove causality for individual cases.  

In our study, two of the rearrangements found, both deletions, could be 
strongly linked to the malformation detected due to previous findings in 
other patients. A de novo deletion encompassing the cluster of FOX genes in 
16q24.1 (60, 124) (FOXF1, FOXC2, MTHFSD, FLJ30679 and FOXL1) was 
identified in a fetus with LHH; this deletion has been reported in association 
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to heart malformations, including LHH. A deletion in 15q13.3 in a fetus with 
RHH was also detected inherited from the healthy mother. Based on 
reported epidemiological evidence (125, 126), it is plausible to associate the 
15q13.3 deletion with CHD, although some others factors might be involved 
in the physiopathology of the malformation considering the incomplete 
penetrance in this and other families.  

In summary, we can conclude that only 2 out of 95 cases (2,1%) had a 
confirmatory diagnosis of the probable cause of the malformation using 
CMA, 2 out of 33 (6,1%) when considering only iCHD. Thus, the diagnostic 
yield of CMA in individual cases was rather low in our cohort (2/95, 2,1%), 
better for iCHD (2/33, 6,1%). Two main factors could be related to the 
lower detection rate of CMA in congenital malformations of our study 
compared to previous reports (49, 50, 55, 127). First, we had discarded 
cytogenetic and most well-known rearrangements (i.e. subtelomeric and 
recurrent) by MLPA. Second, inclusion criteria were more stringent in our 
study while previous reports had included more polymalformation 
syndromes.  

However, besides the two cases clearly related to the disease, additional 
alterations potentially linked to the malformations were identified.  In a fetus 
with holoprosencephaly two novel deletions were identified each one 
inherited from a healthy parent (father and mother, respectively). Both 
deletions contained genes functioning in the same pathway-
phosphatidylinositol pathway- giving more relevance to the finding. 
Considering the heterogeneity of congenital malformations it is quite difficult 
to find exactly the same combination of deletions in another case of 
holoprosencephaly, which would be the manner to prove the causality of the 
rearrangements. A second case with a possible double-hit mechanism 
underlying the disease was identified: a fetus with hydrocephalus harbored 
two duplication-type CNVs, both containing candidate genes. One of the 
duplications encompassed the gene DMBX1, a diencephalon-mesencephalon 
homeobox associated to brain development (128), while the other 
duplication included GPRIN2, a gene related to neurite overgrowth (129). 

In summary, we can conclude that there is a clear role of deletion-type CNVs 
in some isolated congenital malformations, like heart hypoplasia as well as 
central nervous system malformations, as well as in polymalformation 
syndromes. Some rearrangements are strongly linked to the disease and can 
be used as predictive or diagnostic tools. However, other rearrangements are 
also likely to contribute to the phenotype but with incomplete penetrance 
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and through more complex models, in conjunction with point mutations or 
other rare CNV. From a diagnostic perspective and until more evidence is 
obtained, these findings should still be classified as variants of unknown 
significance (VOUS).  

 

CMA in the study of at-risk pregnancies: a clinical perspective 

The multicentric study launched to explore the feasibility and efficiency of 
CMA in a clinical setting provided valuable data regarding the acceptance 
and clinical utility of the test. The acceptability of informed pregnant women 
of the use of novel techniques for prenatal diagnosis was very high (94%). 
Technical performance was excellent for karyotype, QF-PCR, and CMA with 
a failure rate of 1%, but relatively poor for MLPA (10% failure). Mean turn-
around time was 7 days for CMA or MLPA, 25 for karyotype, and two for 
QF-PCR, with similar combined costs for the different approaches. The 
detection rate of CMA, when compared to other techniques, was 
significantly higher, with CMA yielding the highest detection rate (32% 
above other methods). Overall, 57 clinically significant chromosomal 
aberrations were found (6.3%).  

The main concern for CMA before starting the study was the detection of 
VOUS and how to deal with them. Indeed, the identification of VOUS by 
CMA (17, 1,9%) tripled that of karyotype and MLPA, but most alterations 
could be classified as likely benign after proving they all were inherited. 
Evidently, the design of CMA used in the study was targeted to specific 
regions in the genome, reported in association to genetic diseases. Even 
though the design of CMA can reduce the chances to identify VOUS, it is 
not possible to avoid completely the detection of rearrangements with 
unknown clinical significance. In order to interrogate some specific 
syndromes it is necessary to use probes located in variable regions and, by 
the time the array was designed, the knowledge of the genome distribution 
of CNVs was limited. Comparing the data from the study of congenital 
malformations by whole-genome CMA and the results from targeted CMA, a 
higher detection rate of VOUS in the first study due to the higher probe 
density was evident.  From a clinical perspective, several rearrangements 
(6/95, 6,3%) found by CMA in the study of fetuses with congenital 
malformations would have been classified as VOUS, as those alterations 
were not described as CNVs in control population.  Therefore, the chance to 
find VOUS is higher in whole genome CMA.  
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Not only VOUS entailed difficulties in clinical interpretation.  During the 
study, 6 cases of recurrent microduplication syndromes (0.7% of our series), 
3 inherited from a phenotypically normal parent and three de novo, were 
reported. The inclusion of probes to detect microdeletions syndromes with 
well-established clinical features involves the chance to detect the reciprocal 
microduplication, usually with uncertain clinical repercussion (133, 134).  In 
those cases, we dealt with the difficulty to counsel about genomic 
rearrangements associated with variable phenotypes and incomplete 
penetrance with scarce data in literature. We attempted to expose to the 
couple the limited information available in an appropriate manner to enable 
them to understand the situation and the possible implications for the child. 
Following a 20-week normal ultrasound evaluation, couples decided to 
continue the pregnancy.  

Besides the VOUS detection differences between both CMA studies 
performed, another difference can be noticed. The detection rate of clinically 
significant chromosomal rearrangements was higher in the multicentric study 
compared to the study of isolated congenital malformations by high 
resolution CMA, 6,2% vs 2,1%. This difference is due to the alterations 
discarded prior to CMA in fetuses with congenital malformations; all 
samples in the first study presented a normal G-banding karyotype and some 
recurrent genomic disorders, as well as subtelomeric imbalances, had been 
discarded before CMA.    

We can conclude from our data that the high acceptability among pregnant 
women, the significantly higher detection rate and the lower turn-around 
time of targeted CMA compared to karyotype and other standard methods 
could justify its the relatively higher cost to implement CMA as the first-tier 
method for detection of chromosomal rearrangements in all at-risk 
pregnancies after invasive prenatal sampling. 

 

Genetic counseling with novel high-throughput molecular techniques  

Among the new molecular techniques used in this thesis, CMA is the only 
one broadly implemented in clinical setting, although next generation 
sequencing is starting to be used in clinical practice with some specific 
indications. Taking advantage of the multicentric study to evaluate CMA in 
prenatal setting, we decide to also explore the utility of genetic counseling in 
relation the use of these technologies, including the acceptability of the 
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technique by pregnant women, the information which should be provided 
and the socio-demographic factors influencing decision-making.  

The acceptability rate of CMA in prenatal setting was high, as 94% of 
women decided to extend prenatal testing. 91% of them also considered that 
they had enough information to take decisions. Lack of information has 
been described in several articles as one of the reasons to reject genetic tests, 
as patients do not feel capable to make a decision. Therefore, it is essential in 
genetic counseling to ensure that patients understand properly the 
information provided so it enables them to decide the most appropriate 
course of action considering the risk, family goals and the ethical and 
religious convictions (135-138). Education level plays an important role in 
comprehension, considering that several concepts used in genetic counseling 
sessions are difficult to understand and not familiar for most patients. As it 
was mentioned, some findings in the study entailed difficult situations to 
counsel, such as VOUS or chromosomal abnormalities with unclear clinical 
repercussion for the child. A higher education level also provided couples 
more tools to cope with the uncertainty of the result.   

In the study presented in this thesis, education level was also identified as a 
relevant factor influencing anxiety level and reasons given by pregnant 
women to extend prenatal studies. Anxiety inversely correlated with 
education level, indicating that a better understanding reduces anxiety. 
Pregnant women with high education level also showed a greater 
sensitization towards scientific research and progress. Besides education 
level, indication to undergo prenatal invasive sampling and previous 
reproductive history also influenced anxiety. Thus, it is important to consider 
the education level and the anxiety of each woman to provide them an 
appropriate genetic counseling, according to her understanding and her 
emotional situation to encourage them to express their doubts and concerns. 

Among women who rejected to extent prenatal tests, two factors –country 
of origin and indication for invasive prenatal sampling- were identified as 
influencing their decision. Half of them were of South American origin 
compared to the 20% proportion of the entire cohort. This data suggests 
that, likely due to cultural differences, genetic counseling was not as 
understandable for South American than for Spanish women despite having 
the same language. Cultural differences should be taken into account to 
ensure that the rejection of new molecular techniques is not due to a 
misunderstanding of the information provided. In addition to the country of 
origin, indication for prenatal test was also identified as a factor influencing 
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CMA rejection. Half of the women who refused CMA but agreed to answer 
the survey had an indication of invasive testing due to ultrasound findings. In 
those cases, there was already a complication in the pregnancy and the 
prenatal invasive sampling was indicated to try to find a molecular diagnosis 
and to define better the prognosis; the higher resolution of CMA could have 
provided relevant data. Therefore, in those women there was probably a 
denial of the possible unfavorable evolution of the gestation, trying to avoid 
testing which confirms a bad prognosis for the pregnancy. 

In the course of this study, the relevance of appropriate pre-test genetic 
counseling was noticed concerning findings of uncertain clinical significance. 
One of the aspects including in the pre-test genetic counseling session was 
the possibility to detect clinically relevant findings but also the chance to 
detect rearrangements of unknown clinical repercussion. Explaining in 
advance possible uncertain findings reduced the anxiety when VOUS were 
detected and, therefore, it was easy for the couple to cope with the finding. 
Otherwise, to communicate a VOUS without previous explanation would 
have generated a higher level of anxiety in pregnant women.  

In summary, there was a high acceptance rate for novel technologies in 
prenatal setting among pregnant women with at-risk gestations, when 
appropriate pretest genetic counseling was provided. Relevant factors as 
education level, anxiety or country of origin were identified influencing 
women’s perception and decision-making and should be considered during 
genetic counseling. It is indispensable to develop genetic counseling 
strategies simultaneously to technique improvements and discoveries, as it is 
essential to communicate in an effective manner the information to patients. 
Moreover, concerning novel molecular techniques new challenges appear, 
such as the need to counsel in relation to findings with low penetrance or 
variable expression, sometimes including the diagnosis of a progenitor who 
did not know before that had a genetic disorder. Studies to evaluate genetic 
counseling and to identify relevant factors influencing patients’ perceptions 
and decision making are valuable to improve patients care.  

 

Epigenetics in congenital malformations 

Several studies have shown the relevant role of epigenetics in various 
diseases such as cancer, psychiatric disorders or diabetes. DNA methylation 
and histone modification are two of the main processes influencing gene 
expression; therefore, epigenetics might also play an important role in 
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development and diseases. Data reported in the study of methylation 
alterations in CHD proved this fact, as altered methylation profiles were 
detected in genes related to heart development.   

Two alterations in methylation patterns in genes previously described in 
relation to heart development and heart defects were found among the 22 
samples studied. A hypermethylation of a broad region in MSX1 in a fetus 
with double-outlet right ventricle seems promising, as the animal model with 
alterations in MSX1 and MSX2 suffers the same CHD (130). An altered 
methylation pattern in GATA4 was identified in all patients when compared 
to control. Interestingly, it was also altered in samples of fetuses with Down 
syndrome without CHD. This finding could have two different explanations 
depending on the disease. In Down syndrome patients, considering that the 
alteration was detected independently of the presence or absence of CHD, 
hypermethayltion of GATA4 could be a result of trisomy 21 and probably 
related to the high incidence of CHD among patients with Down syndrome. 
Instead, in fetuses with CHD and normal karyotype the methylation pattern 
in GATA4 might be a consequence of a misregulation of essential pathways 
in heart development due to the cause underlying the CHD. Other genes 
were identified, some of them with alterations in more than one sample.  

In methylation studies it is valuable to analyze the tissue affected in order to 
detect more promising alterations. Otherwise, the detection of methylation 
aberrations in a tissue different from the one affected may not always 
provide relevant data, considering that methylation pattern might be, in some 
cases, tissue specific as it is related to gene expression.  

To properly define the involvement of methylation alterations in CHD it is 
necessary to linked epigenetic alterations to expression levels of the genes 
affected.  

Exome sequencing in congenital malformations 

In last years, exome sequencing has provided considerable amounts of data 
concerning mendelian diseases and several genes have been identified in 
relation to genetic disorders (37). This powerful technique is also valuable in 
the study of other diseases, more heterogeneous ones, like mental retardation 
or schizophrenia. In the light of the results obtained by exome sequencing in 
both studies, data provided by this technique is crucial in order to improve 
the knowledge of the mechanisms underlying congenital malformations. 
Some de novo mutations in promising genes were identified in LHH fetuses. 
Several hits in genes that had been already linked to congenital 
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malformations in humans were detected, as mutations in PRICKLE1, 
DACT1, GLDC1, DTNA or ACVR2B (89, 90, 139-142). In addition, 
mutations in genes related to developmental pathways or described in animal 
models as causing the same malformation were identified in LHH as well as 
in NTD patients. Further studies with larger cohorts are required in order to 
establish the precise role of those genes in development and in congenital 
malformations.  

Two de novo mutations were found in two patient-parent trios from the 
cohort of fetuses with LHH, USP32 and NCAPD3. A second case with a 
mutation in USP32 was also found but the inheritance pattern could not be 
determined because no parental samples were available. As it was mentioned 
in the chapter of exome sequencing in LHH, USP32 is a gene from the 
ubiquitin-proteosome system, a pathway potentially related to heart 
development (143). NCAPD3 encodes for a non-SMC subunit of condensin 
complex II (144) and it is included in the candidate region for CHD in 
Jacobsen syndrome (145, 146). Interestingly, a significant proportion of 
patients that suffers this syndrome present LHH. The combination of de novo 
occurrence, mutation severity considering the high conservation of the 
nucleotide and potential gene function make both genes USP32 and 
NCAPD3 new candidate genes for LHH. None de novo mutations were 
found in the two patient-parent trios analyzed from the cohort of NTD.  

In both studies, variants in genes already described in association to LHH or 
NTD were identified. Among the samples with LHH, mutations in DTNA 
and ACVR2B were detected. DTNA was described in a family with six 
members affected by non-compactation of the left ventricle; two of them 
also had LHH (140). The variant identified in ACVR2B, a gene related to 
heterotaxy disorder, could be a SNP regarding the data available now in 
database (141, 142). Regarding NTD, two mutations in HSPG2 were 
described in a fetus with encephalocele; this gene was described as the 
causative gene for Schwartz-Jampel syndrome and dyssegmental dysplasia 
Silverman-Handmaker type, some of these patients presenting with 
encephalocele (147, 148). Moreover, variants in GLDC1, DACT1, CELSR1 
(87-89, 139)and PRICKLE1 were also identified among the patients with 
NTD. Mutations in all those genes have been described in cohorts of 
patients with NTD. Some of the candidate genes mutated in NTDs are 
involved in the PCP pathway, which plays a relevant role in neural tube 
closure leading to a progressive narrowing of the folding neural plate. In 
total, 7 novel variants in genes of the PCP pathway were identified among 
the samples with NTD, while only 1 variant in PCP genes was identified in 
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the cohort of fetuses with CHD. Therefore, there was a clear enrichment of 
variants in the genes of the PCP pathway in fetuses with NTD, suggesting a 
likely pathogenic implication and reinforcing the essential role of this 
pathway in neural tube closure.  

In both cohorts, in the overlap analysis some genes were identified as being 
mutated in three samples with the same malformation. The fact that three 
samples with the same malformation carry mutations not described 
previously in the same gene is quite promising. In LHH, three genes 
(ATP13A5, SCAF11 and RB1CC1) were found to be altered in three 
samples; all of them were missense mutations. Moreover, one of these genes, 
RB1CC1, is a causative gene for heart hypoplasia in animal models (149); 
therefore, this gene emerged as a candidate gene for LHH. In the cohort of 
fetuses with NTD, three missense mutations were found in PMR1, a gene 
expressed in spinal cord; all the variants were missense mutations.  

Besides de novo mutations, variants in genes previously related to congenital 
malformations and overlap analysis, other promising findings were done, like 
variants in PROX1 or FBXO25 in LHH (150-152). Specifically in PROX1, 
the same mutation was identified in two samples and the animal model 
presents exactly the same phenotype. Furthermore, a patient with LHH and 
a balanced rearrangement truncating the regulating region of PROX1 was 
reported. Nevertheless, only parental samples of one of the fetuses were 
available and the mutation was inherited from the mother, who has Wolf-
Parkinson-White syndrome. Wolf-Parkinson-White syndrome is a 
conductive disorder of the heart and it is caused by the presence of an 
abnormal accessory electrical conduction pathway between atria and 
ventricles. No data is available nowadays linking this syndrome to LHH.  

Among the variants identified in the cohort of fetuses with NTD, a possible 
digenic mechanism was found. A stop codon in FZD1 was detected in a 
fetus inherited from the healthy mother, while a missense mutation in 
DACT1 was identified inherited from the father. Both genes had been 
described previously related to neural tube defects in animal models; DACT1 
had also been described in humans related to the same disease (88). 
Interestingly, in mice model, NTD were reported in animals heterozygous 
for the knockout of Fzd1 and an additional mutation in Vangl2 (90), a gene 
forming a protein complex with Dact1 (153). As in other cases discussed, a 
second case with the same combination of mutations would definitely prove 
the implication of those mutations in the ethiopathology of the disease.  
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The results in the exome sequencing approach clearly indicate a relevant role 
of point mutations in the genetic mechanisms underlying congenital 
malformations, probably as the only causative factor in some cases and as 
part of a digenic or oligogenic model in others. For both hypotheses, the 
study of larger cohorts of samples with the same malformation would be 
worthwhile.  

 

Concluding remarks 

Congenital malformations are truly heterogeneous disorders due to the 
amount of genes and processes related to development. As many genes are 
related to heart development, then mutations in multiple genes can cause 
CHD. As an example, for prioritizing the analysis of high throughput 
sequencing projects, the list of candidate genes that we used for NTD 
included 390 gens and 363 genes for LHH. This fact hinders the finding of a 
second case with the same genetic alteration in order to prove the causality 
of the genetic defect in the malformation. Considering the heterogeneity of 
the disease is essential to have well phenotyped cohorts with detailed 
necropsy reports in fetal cases and a complete and extensive clinical history 
in patients. The availability of this information would allow the researchers 
to study more homogeneous cohorts trying to minimize the existing 
causative heterogeneity. Availability of parental samples for analyses is also 
crucial to confirm or discard causality of the findings, checking for de novo 
occurrence of alterations or inheritance patterns compatible with recessive, 
additive or oligogenic models. Moreover, extended and detailed family 
history is also very helpful to find potentially affected individuals in the 
family with milder or related phenotypes, in order to better define causality 
of the findings and provide appropriate genetic counseling.  

Nevertheless, the results of this thesis highlight the genetic component 
underlying congenital malformations and the implication of CNVs, 
methylation alterations as well as point mutations in the etiopathology of the 
disease. Although the role of those alterations seems relevant, it is difficult to 
prove the causality for each individual alteration. As an example, detection of 
a high frequency of deletion-type CNV in fetuses with LHH and CNS 
malformations pointed out deletions as an important factor in the etiology of 
congenital malformations, but causality was only clearly defined for two of 
them. Similar difficulties occur with the detection of novel point mutations 
not previously described, even if they hit candidate genes. Most of them 
were proved to be inherited when parental samples were available, making 
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difficult to prove the relation between the variant and the malformation. The 
study of larger cohorts of patients with the same type of malformation might 
prove the role of those genes in the pathophysiology of the disease.  

In summary, we have proven the clinical utility of prenatal CMA and the 
implications for genetic counseling. In addition, using different genetic, 
genomic and epigenomic approaches several new candidate genes for 
congenital malformations have been found, mainly for LHH and NTD. 
Further studies including homogeneous and larger cohorts will provide 
additional data to definitively establish the role of those genes in 
development and in congenital malformations.  
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1. A higher frequency of deletion-type CNVs was detected by CMA in 
fetuses with isolated central nervous system malformations and isolated heart 
hypoplasia compared to a control cohort. The vast majority of the alterations 
tested were inherited from an apparently healthy progenitor denoting that 
the rearrangements were not the only cause of the disease. Nevertheless, 
given the rarity and the gene content of those alterations, some of them 
might be related to the disease as part of a multifactorial model with other 
genetic or environmental factors involved.  

2. Single causative rearrangements were found in 2,1% of fetuses with 
congenital malformations, a de novo deletion and a deletion inherited from the 
healthy mother. The first one encompasses the FOX gene cluster, a region 
previously described in relation to congenital heart defects. The second one 
was a deletion in 15q13.3 reported as a microdeletion syndrome with variable 
clinical features and incomplete penetrance.  

3. In each of two fetuses with central nervous system malformations, we 
identified two different hits potentially related to the phenotype. In one fetus 
with holoprosencephaly, two deletions encompassing genes in the 
phosphatydylinositol pathway were identified, one inherited from the mother 
and the other one from the father. In a fetus with hydrocephalus, two 
duplication-type CNVs were detected both harboring candidate genes for 
brain development, DMBX1 and GPRIN2. Therefore, a double hit 
mechanism causing cases has been hypothesized. 

4. We have proven a higher diagnostic yield for CMA compared to MLPA, 
QF-PCR and standard karyotype in the prenatal diagnosis of at-risk 
pregnancies. In terms of technical performance, sensitivity, and specificity, 
CMA proved to be the most reliable technology after invasive prenatal 
sampling in clinical setting. The number of detected VOUS increased in 
CMA compared to other techniques (~3 fold) although most alterations 
could be classified as likely benign after establishing the inheritance pattern. 

 

5. There was a high acceptance rate (94%) of novel techniques for prenatal 
diagnosis after appropriate genetic counseling among pregnant women with 
at-risk gestations. Education level was identified as the main factor 
influencing anxiety and reasons to extend prenatal testing. Higher education 
level correlated with a decrease in anxiety and with a greater sensitization of 
the participants towards scientific research and progress. Anxiety of pregnant 
women was also influenced by the previous reproductive history and the 
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perception of risk depending on the indication for invasive prenatal 
sampling.  

6. Country of origin and the indication for invasive prenatal sampling were 
the main aspects related to reject the extent of prenatal testing, as half of the 
women were from South-America and half of the women had an indication 
for prenatal sampling due to ultrasound findings. In those cases, there was a 
likely denial of the possible unfavorable evolution of the pregnancy, 
considering that complications had already been detected. 

7. In the light of the results obtained, it is recommendable to assess the level 
of understanding of the patients to provide a counseling session according to 
it. It is also relevant to allow them to set the pace of the session depending 
on their comprehension and emotional situation. In addition, it is worthwhile 
to consider the potential cultural differences to try to minimize their effects 
in women’s comprehension and decision-making. 

8. We found methylation abnormalities in heart tissue DNA from fetuses 
with congenital heart defects affecting genes related to heart development 
and heart malformations, such as GATA4 and MSX1. Other genes 
potentially related to cell proliferation also affected by methyl epimutations, 
some in more than one sample, include FOXN3/CHES1, KLF17, 
FAM107A or TCL1B.   

9. Pathways related to cell growth and cell death were enriched pathways 
among the epimutated genes in heart tissue from fetuses with iCHD. Cell 
proliferation and apoptosis are both processes whose regulation is crucial in 
heart development. Therefore, the genes identified in those pathways 
emerged as strong candidate genes for heart malformations.  

10. Point mutations in multiple genes play a relevant role in the mechanisms 
underlying congenital malformations. Thus, exome sequencing is a valuable 
tool to explore it. De novo  and some inherited events, affecting genes 
previously described in human diseases or candidate genes based on 
functional information or animal models, were identified in >50% of cases 
from two cohorts of 14 fetuses with isolated and severe congenital 
anomalies: LHH and NTD plus Arnold-Chiari malformation.   

11. Two de novo mutations in fetuses with LHH were identified in USP32 and 
NCAPD3, both potential candidates for heart development and heart disease 
considering available data. In two samples, mutations in genes previously 
described in association to heart diseases in humans were identified, DTNA 
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and ACVR2B. In addition, several hits in genes potentially related to LHH 
were detected, like mutations in PROX1, RB1CC1 or FBXO25.  

12. Planar cell polarity pathway emerged as one of the most relevant 
pathways affected in NTD, given the high mutation load of genes in this 
pathway among the studied cohort of fetuses with NTD. Interestingly, 
digenic inheritance in planar cell polarity genes was identified in a fetus with 
myelomeningocele. Additional genes, such as MTHFD1, PAMR1, TSC2, 
GLDC or CECR2 were also identified as potential candidates to explain the 
malformation in the neural tube.   

13. Congenital malformations are highly heterogeneous disorders due to the 
huge amount of genes regulating development, with genetic and epigenetic 
mechanisms involved in their etiopathogenesis. The heterogeneity and the 
oligogenic/multifactorial pattern underlying an important proportion of 
cases hinder to prove causality in individual cases. Nevertheless, promising 
findings and relevant data have been described in this work including several 
strong candidate genes that may explain the occurrence of the disease in 
some cases.  
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LIST OF ACRONYMS 

 

aCGH   array Comparative Genomic Hybridization 

ASD   auricular septal defects 

BAC   Bacterial Artificial Chromosome 

CHD   Congenital Heart Defect 

CMA    Chromosomal Microarray Analysis 

CNS   Central Nervous System 

CNV    Copy Number Variation 

dbSNP    Database of Single Nucleotide Polymorphisms 

DNA    Deoxyribonucleic Acid 

EVS    Exome Variant Server 

FISH    fluorescence in Situ Hybridization  

HLH/LHH   Hypoplastic Left Heart / Left Heart Hypoplasia 

iCHD   Isolated congenital heart defect 

Indel    Insertion / Deletion 

LHH/HLH   Left Heart Hypoplasia / Hypoplastic Left Heart 

LOH    Lost of Heterozigosity  

MAF    Minor Allele Frequency 

MALDI-TOFF   Matrix-assisted Laser Desorption/Ionization-Time 

of Flight  

Mb    Megabase 

MCA / MR Multiple Congenital Anomalies / Mental 

Retardation 

MLPA    Multiplex Ligation-dependent Probe Amplification 

MS-MLPA Methylation Sspecific Multiplex Ligation-dependent 

Probe Amplification 

NGS    Next Generation Sequencing 

NTD    Neural Tube Defect 

PCR    Polymerase Chain Reaction 

RNA    Ribonucleic Acid 

SNP    Single Nucleotide Polymorphism 

UPD    Uniparental Disomy 

VSD   Ventricular Septal Defect
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GLOSSARY 

Aortic valve stenosis: the aortic valve (guards the opening between the left 
ventricle and the aorta) becomes partially obstructed, leading to significant 
heart problems. When somebody develops aortic stenosis, the aortic valve 
no longer opens completely, so the heart must work harder to eject blood.  

Aqueductal stenosis: the cerebral aqueduct (of Sylvius) is a narrow channel 
that connects two of the ventricles and passes through the midbrain. Normal 
cerebrospinal fluid dynamics require an open aqueduct so that fluid can flow 
freely through this area. If the aqueduct is blocked, this is called stenosis and 
can lead to the symptoms of hydrocephalus. Aqueductal stenosis is one of 
the known causes of hydrocephalus and the most common cause of 
congenital (present at birth) hydrocephalus.  

Bicuspid aortic valve: congenital condition of the aortic valve where two of 
the aortic valvular leaflets fuse during development resulting in a valve that is 
bicuspid instead of the normal tricuspid configuration. 

Cerebellar tonsils: rounded lobule on the undersurface of each cerebellar 
hemisphere, continuous medially with the uvula of the vermis. Elongation of 
the cerebellar tonsils can, due to pressure, lead to this portion of the 
cerebellum to slip or be pushed through the foramen magnum of the skull 
resulting in a condition known as Chiari malformation. 

Cleft palate: is a birth defect that affects the roof of the mouth. It occurs 
when the tissues that form the roof of the mouth do not join before birth.  

CNV (copy number variation): DNA segment that is 1kb or longer and is 
present in a variable copy number in comparison with a reference genome.  

Coarctation of the aorta: congenital condition whereby the aorta narrows. 
The coarctation may be discrete, or a long segment of the aorta may be 
narrowed. 

Corpus callosum: thick band of nerve fibers that divides the cerebrum into 
left and right hemispheres. It connects the left and right sides of the brain 
allowing the communication between both hemispheres. The corpus 
callosum transfers motor, sensory, and cognitive information between the 
brain hemispheres 

CpG island: short region of DNA in which the frequency of the CG 
sequence is higher than in other regions. CpG islands are often located 
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around the promoters of housekeeping genes or other genes frequently 
expressed in a cell. 

Craniosynostosis: defection of the skull caused by early fusion of one or 
more cranial sutures. The shape alteration of the cranial vault varies, 
depending on the fused sutures, so that compensatory growth occurs in 
dimensions not restricted by sutures. 

Cyclopia: congenital abnormality in which there is only one eye centrally 
placed in the area normally occupied by the root of the nose. There is a 
missing nose or a nose in the form of a proboscis (a tubular appendage) 
located above the eye. Cyclopia and milder forms of the same developmental 
disorder result from holoprosencephaly. 

Developmental delay: it is an ongoing major or minor delay in the process 
of development. It is noticed because the child does not reach the 
developmental milestones at the expected times. Delay can occur in one or 
many areas—for example, gross or fine motor, language, social, or thinking 
skills. 

Dilated cardiomyopathy: progressive disease of heart muscle that is 
characterized by ventricular chamber enlargement and contractile 
dysfunction with normal left ventricular wall thickness. Dilated 
cardiomyopathy is the third most common cause of heart failure and the 
most frequent reason for heart transplantation. 

 
Duodenal atresia: condition in which the first part of the small bowel (the 
duodenum) has not developed properly. It is not open and cannot allow the 
passage of stomach contents. 

Gel electrophoresis: method used in biochemistry and molecular biology to 
separate a mixed population of DNA and RNA fragments by length, to 
estimate the size of DNA and RNA fragments or to separate proteins by 
charge. Nucleic acid molecules are separated by applying an electric field to 
move the negatively charged molecules through an agarose matrix. Shorter 
molecules move faster and migrate farther than longer ones because shorter 
molecules migrate more easily through the pores of the gel.  

Epicanthus: vertical fold of skin on either side of the nose, sometimes 
covering the inner canthus. Some infants with Down syndrome have marked 
epicanthal folds. 
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Foramen magnum: hole in the bottom of the skull through which the 
spinal cord passes in order to connect to the brain by merging with the 
brain's lowermost portion, the medulla oblongata. Several other nerves, 
blood vessels and tendons also pass through the foramen magnum. 

Forebrain: the largest part of the brain, most of which is made up of 
the cerebrum. Other important structures found in the forebrain include 
the thalamus, the hypothalamus and the limbic system. 

Heritability: proportion of observable differences between individuals that 
is due to genetic differences. 

Hirschsprung disease: blockage of the large intestine due to improper 
muscle movement in the bowel due to the absence of nerves from a part of 
the bowel. Areas without such nerves cannot push material through.  

Hydranencephaly: rare condition in which the brain's cerebral hemispheres 
are absent and replaced by sacs filled with cerebrospinal fluid. 

Hydrocephaly/Hydrocephalus: buildup of too much cerebrospinal fluid 
in the brain which puts harmful pressure on the brain.  

Hypospadias: birth defect in which the opening of the urethra is on the 
underside, rather than at the end, of the penis. 

Hypotelorism: abnormal decrease in the intraorbital distance. 

Hypothalamic dysfunction: disorder of the region of the brain called the 
hypothalamus, which helps control the pituitary gland and regulate many 
body functions. 

Hypotonia: decreased muscle tone. Infants with hypotonia seem floppy, 
with their elbows and knees loosely extended. They may have poor or no 
head control.  

Lipomeningocele: form of occult spinal dysraphism in which there is intact 
skin covering the defect. The spinal cord remains within the spinal canal, 
with the junction between the spinal cord and the lipoma also residing within 
the canal. In general, individuals with lipomeningoceles are normal at birth 
and neurologic findings are first noted during the second year of life, with 
most patients exhibiting some neurologic deficits by early childhood. 
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Long Qt syndrome: disorder of the heart's electrical activity. It can cause 
sudden, uncontrollable, dangerous arrhythmias in response to exercise or 
stress. The term "long QT" refers to an abnormal pattern seen on an 
electrocardiogram.  

MALDI-TOFF (Matrix-assisted laser desorption/ionisation-time of 

flight mass spectrometry): combination of laser ionization to fragment the 
molecules analyze (MALDI) with a mass detector based on time of flight 
(TOF) in order to analyze biomolecules, such as DNA, proteins, peptides 
and sugars.  

Non-disjunction in meiosis: failure of two members of a chromosome 
pair to separate from one another during meiosis, causing both 
chromosomes to go to a single daughter cell. Meiotic non-disjunction can be 
responsible for the extra chromosome 21 in trisomy 21 and for extra and 
missing chromosomes that cause other birth defects and many miscarriages. 

Microcephaly: condition in which a person's head is significantly smaller 
than normal for their age and sex, based on standardized charts. Head size is 
measured as the distance around the top of the head. Microcephaly most 
often occurs because the brain fails to grow at a normal rate.  

Polydactyly: condition in which a person has more than five fingers per 
hand or five toes per foot. Having an abnormal number of digits (6 or more) 
can occur on its own, without any other symptoms or disease.  

Potter sequence: constellation of findings demonstrated postnatally as a 
consequence of severe, prolonged oligohydramnios in utero. It consists of 
pulmonary hypoplasia (often severe and incompatible with life), growth 
restriction, abnormal facies (including low set ears, flattened nose, wrinkled 
skin and micrognathia) and limb abnormalities (including club feet and 
contractures). 

Proboscis: rare anomaly where an anterior tubular appendage-like structure 
is seen projecting from about the midline fetal face / forehead. The presence 
of a proboscis can be associated with several anomalies which include 
holoprosencephaly. 

Prosencephalon: part of the brain developed from the anterior of the three 
primary brain vesicles, comprising the diencephalon and telencephalon. The 
segment of the adult brain that develops from the embryonic forebrain 
includes the brain, thalamus, and hypothalamus. 



            GLOSSARY 

205 

 

Pulmonic stensosis: dynamic or fixed anatomic obstruction to flow from 
the right ventricle to the pulmonary arterial vasculature.  

Recurrent genomic disorder: an increasing number of human diseases are 
recognized to result from recurrent DNA rearrangements involving unstable 
genomic regions. These are termed genomic disorders, in which the clinical 
phenotype is a consequence of abnormal dosage of gene(s) located within 
the rearranged genomic fragments. Both inter- and intrachromosomal 
rearrangements are facilitated by the presence of region-specific low-copy 
repeats (LCRs) and result from nonallelic homologous recombination 
(NAHR) between paralogous genomic segments. LCRs usually span ∼10–
400 kb of genomic DNA, share ≥ 97% sequence identity, and provide the 
substrates for homologous recombination, thus predisposing the region to 
rearrangements. Moreover, it has been suggested that higher order genomic 
architecture involving LCRs plays a significant role in karyotypic evolution 
accompanying primate speciation. 

SNP (Single nucleotide polymorphisms): DNA sequence variation 
occurring when a single nucleotide in the genome differs between members 
of the same species. The nucleotide variation has to be present, at least, in 
1% of the population.  

Tethered cord: disorder in which a child's spinal cord is pulled down and 
stuck, or fixed, to the spinal canal. This can permanently damage the spinal 
nerves. 

Wolff-Parkinson-White syndrome: heart condition in which there is an 
extra electrical pathway in the heart. The condition can lead to episodes of 
rapid heart rate (tachycardia). Wolff-Parkinson-White is one of the most 
common causes of fast heart rate disorders in infants and children. 



 

 

 




