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Introduc  on

1.1 Congenital diaphragma  c hernia: A brief introduc  on to its 
 versa  le clinical aspects, embryology and challenges in care

Congenital diaphragma  c hernia (CDH) is a common and life-threatening developmental 

anomaly, which arises early during human development. Its birth incidence fl uctuates worldwide 

around 1 in 2000-3000 live births and it is an important cause of s  llbirths and abor  ons [1-3]. 

Despite advances in treatment, mortality from CDH con  nues to be high. The CDH registry shows 

a current overall survival rate of 67%, but rates vary widely based on pa  ent selec  on [4]. 

 Children born with CDH suff er from severe respiratory distress caused by a classical “trio” of 

features: a defect in the muscular or tendinous por  on of the diaphragm, pulmonary hypoplasia, 

and pulmonary hypertension. The diaphragm muscle is a cri  cal organ for proper respira  on and 

physically prevents the abdominal content from moving up into the thorax during respira  on. In 

CDH this func  on is disturbed [5]. As a result, during the prenatal period the abdominal contents 

may herniate into the thorax and compete with the lungs for space, thereby disturbing lung 

development. Aside from this secondary eff ect on lung development, some authors argue for a 

primary pulmonary defect in CDH [6, 7]. More importantly, since it has become rela  vely easy 

to repair the diaphragm defect, lung aberra  ons are now considered the main determinant for 

postnatal outcome. Therefore many CDH research ini  a  ves focus on fi nding good treatment 

op  ons for both the underdevelopment of the lungs and the persistent high resistance of the 

pulmonary vasculature. 

Diaphragm development
Studies on the embryological origin of the diaphragm are sparse despite its presence in 

all mammalian species and its importance in respiratory system func  oning. Conven  onal 

understanding of diaphragm embryology and pathophysiology – the so-called classical four-

structure view – was based on analysis of the Carnegie collec  on of human embryos [8-10]. 

 In this tradi  onal view, it was suggested that the diaphragm (including its musculature 

component) arises from four diff erent structures between the fourth and twel  h week of human 

gesta  on: the septum transversum would give rise to the anterior por  on of the diaphragm, the 

pleuro-peritoneal folds (PPFs) to its postero-lateral part, the esophageal mesentery to its central 

por  on and fi nally the thoracic body wall to the rim of musculature around the diaphragm’s 

periphery. However, more recent insights suggested that the neuromuscular component arises 

from myogenic cells that coalesce within the mesenchymal pleuro-peritoneal folds instead and 

then migrate to the other diaphragm parts. So, in this revised model it is hypothesized that 

a four-structure derived mesenchymal substrate provides a migra  on pla  orm for the “true” 

diaphragm muscle cells. These new insights were founded on experiments both in normal 

Re  noic Acid rodent animal models and rodent models of chemically induced diaphragm defects 
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that target the RA-signalling pathway at various levels (i.e. the Nitrofen-, BMS493- models) [11-

17]. Advantages of the use of rat over human material were: 1) the presence of the diaphragm 

as a thin and essen  ally two-dimensional structure; and 2) the opportunity to visualize the 

migratory path of the nervus phrenicus and primordial diaphragm  ssue with immuno-labelling 

[11, 12]. 

 Diaphragm development is intrinsically related to the separa  on of the intra-embryonic 

coelom into pleural, pericardial, and peritoneal cavi  es. In the second month of gesta  on, these 

cavi  es interconnect via two large openings: the pleuro-pericardio-peritoneal canals. Next, at 

the level of the pericardial cavity (Figure 1A [18]), the lungs begin to expand into the pleuro-

peritoneal cavity and the heart into its pericardial cavity raising two ridges of  ssue termed the 

pleuro-pericardial folds [19]. More distal at the level of the septum transversum, two paired 

pleuro-peritoneal folds arise as well, separa  ng the pleural and peritoneal cavi  es (Figure 1B). A 

breakthrough into CDH research was the realiza  on that the primordial posterolateral part of the 

diaphragm – and its defects in chemically exposed rats – could be traced back to an (abnormality 

of) these PPFs [11]. In retrospect, this  ssue was labelled Post-Hepa  c Mesenchymal Plate (PHMP) 

by Iritani et al. and most probably arises from lateral plate mesoderm that is associated with the 

lateral body wall [8, 20, 21]. The PPF structure was iden  fi ed as the most likely candidate for the 

primordial diaphragm, because it is targeted by migra  ng diaphragma  c muscle precursor cells 

extending from the phrenic popula  on. In transverse sec  ons of 10 to 14-day-old rat embryos 

the mesenchymal-derived PPFs can be transiently visualized as paired, pyramid-shaped fusion 

structures. In humans this can be demonstrated between the 4th and 5th week of gesta  on [15]. 

As explained above, the PPFs shape the dorsolateral part of the future diaphragm and in turn 

protrude ventrally and medially to merge with the esophageal mesentery and with the septum 

transversum. Note that in contrast to earlier hypotheses, defects in the PPFs are not merely 

restricted to the mesoderm  ssue that expands to close the pleuro-peritoneal canals. 

 Summarised, the current hypothesis on CDH pathophysiology posits that gene  c and/

or environmental triggers disrupt forma  on of mesenchymal cells encompassing the future 

posterolateral part of the diaphragm (the mesenchymal-hit hypothesis). In the discussion sec  on 

of this thesis we will provide a more extended summary on the current issues of lung- and 

diaphragm development in rela  on to CDH, focusing specifi cally on the underlying molecular 

and cellular signalling pathways. 

Clinical presenta  on and management
CDH can broadly be classifi ed into two types based on its anatomical posi  on: posterolateral 

and non-posterolateral. The defect is most o  en located on the le   side (85%); less frequently 

on the right side (13%) or bilateral (2%). The posterolateral defect commonly referred to as 

Bochdalek hernia accounts for 70-75% of cases [22-25]. Non-posterolateral defects can be further 

dis  nguished into anterior- and central types. The anterior type occurs in approximately 23-28% 

of cases and is labelled the Morgagni-Larrey type if the defect is posi  oned para- or retrosternal 

and a so-called “hernia sac” is seen. Central hernias account for the remaining 2-7% of cases 
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Figure 1 | Embryological overview of the development of the Pleuro-Pericardio-Peritoneal Folds 
(PPFs)
A: depicts the level of cross-sec  ons in the embryo: PPFs at the level of the pericardial cavity. B (le  ): shows the 
development of the mesodermal pleuro-pericardial folds (PPFs) from the dorsolateral body wall. As these PPFs 
grow toward the midline (B (right)), they separate the heart from the expanding lungs resul  ng in a division of the 
thoracic cavity into one pericardial cavity and two pleural cavi  es. The phrenic nerves are posi  oned within these 
PPFs as they descend to innervate the diaphragm. C: PPFs at the level of the septum transversum. D (le  ): the 
pleuro-peritoneal folds arise from the posterior body wall as well and lie in a plane that is parallel to the septum 
transversum and perpendicular to the pleuro-pericardial folds. As they grow (D (right)) these folds will separate the 
pleural from the peritoneal cavi  es and a  ach to the other three diaphragm-building structures: the lateral body 
wall mesoderm, the septum transversum, and the dorsal mesentery of the esophagus (see page 244 for color fi gure).
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and may occur together with a dis  nct constella  on of birth defects referred to as Pentalogy 

of Cantrell (OMIM 313850). Although these diff erent manifesta  ons of CDH have been well-

described [26], iden  fying them in daily prac  ce can be problema  c because there is considerable 

overlap in loca  ons. Furthermore, subtle details – such as the presence or absence of a rim of 

musculature might be of importance – and these are usually not recorded in medical records. The 

classifi ca  on process is further complicated by the occurrence of another type of CDH called an 

eventra  on. This subtype is characterized by a lack of musculariza  on of the diaphragm leading 

to a thin membranous sheet of diaphragm  ssue. Because eventra  ons can coexist with and/or 

be misdiagnosed as Bochdalek hernias, it is diffi  cult to es  mate its true occurrence frequency. 

Yet, accurate iden  fi ca  on of the basic anatomical defect in each pa  ent is highly important for 

our understanding of the molecular gene  c pathways that underlie this heterogeneous disease 

and is considered a good risk assessment tool [27].

 Further clinical classifi ca  on is based on the presence or absence of other non-hernia 

related anomalies. If present, the case is referred to as non-isolated or complex. This is seen in 

37 to 48% of infants diagnosed with CDH and display mostly cardiac, limb, orofacial, or body wall 

defects [23-26, 28-31]. The remaining 52-63% of the pa  ents have .isolated CDH. Malforma  ons 

that are considered secondary to CDH are patent ductus arteriosus, persistant foramen ovale, 

intes  nal malrota  on and cardiac shi   away from the defect.

 An increasing number of CDH cases are diagnosed in the prenatal period by means of 

structural ultrasound in the second trimester of pregnancy. Therefore, parental counselling and 

treatment planning (including abs  nence of care or termina  on of pregnancy) have evolved 

into detailed assessment of the fetus by a mul  disciplinary team of clinicians both in terms 

of prognosis and presence of gene  c defects. Early assessment also allows to consider fetal 

endoscopic interven  ons such as tracheal occlusion to improve lung prognos  cs in severe cases 

[32, 33]. Indeed, a recent mul  centre trial showed that this procedure improved survival rates 

in fetuses with severe CDH, both le  - and right-sided, despite more preterm deliveries [34]. 

However, interna  onal debate on the safety of this procedure con  nues and addi  onal studies 

are warranted to analyse its long-term eff ects and its use in less severe cases. 

 The current postnatal treatment approach focuses in the acute phase on stabilisa  on of 

the cardio-pulmonary status and a gentle ven  la  on strategy, followed by surgical repair of the 

defect usually within 2-5 days a  er birth. Some 20 to 30% of the pa  ents fail to respond to this 

“conven  onal” approach and require Extra-Corporeal Membrane Oxygena  on (ECMO). Survivors 

of the acute phase may encounter a wide variety of short-term and long-term complica  ons, 

which determine morbidity and quality of life and need to be monitored by a mul  disciplinary 

team. It can be diffi  cult to decide whether a chronic complica  on is intrinsic to CDH or secondary 

to its treatment. However, two interna  onal ini  a  ves (the CDH registry and the CDH-Euro 

consor  um) have been launched to register (acute and) chronic aspects prospec  vely [35-37]. It 

is expected that the data will allow for an evidence-based standardisa  on of (postnatal) care of 

CDH pa  ents worldwide.
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Future challenges in CDH treatment 
Eff ec  veness of CDH-treatment protocols is hard to assess because management is not 

standardised interna  onally and popula  on-based reports yielding enough sta  s  cal power are 

lacking [1, 3, 35, 37-42]. Researchers encounter diff erences in, for example,  ming and opera  ve 

approach, ven  lator technique, and preference of diagnos  c tests to accurately predict mortality 

and morbidity. Furthermore, outcome fi gures are greatly infl uenced by  me of diagnosis (prenatal 

or at birth) and heterogeneity of the pa  ent cohort with regard to addi  onal malforma  ons, size 

of the defect, severity of the pulmonary manifesta  ons, CDH laterality, and presence of liver 

hernia  on [36, 40, 43]. Finally, as more pa  ents survive, the prevalence of (long-term) morbidity 

will increase [44]. Notably respiratory, nutri  onal, musculoskeletal, neurological and gastro-

intes  nal complica  ons are frequent and require coordinated long-term clinical follow up [44-49]. 

 Improved insights into the pathogenesis of CDH and its co-occurring pulmonary problems 

will aid the development of new treatment modali  es and will enable more evidence-based 

counselling of parents on expected outcomes. 

1.2  CDH Ae  ology; complexity as a central theme

Iden  fying the exact cause of the congenital diaphragm anomaly has proven to be very diffi  cult 

for several reasons. First of all, due to its heterogeneous and mul  factorial character. The 

heterogeneity is refl ected in the con  guous spectrum of diaphragm-defect sizes and variability 

in pulmonary hypoplasia severity presented in CDH children worldwide. Moreover, the diversity 

in associated anomalies in the complex CDH cases suggests a mul  factorial base. Secondly, 

although strong evidence points to a gene  c predisposi  on [26, 50-57], a signifi cant percentage 

of isolated CDH cases might be the result of exposure to environmental factors at a cri  cal 

embryologic  me window. 

The environmental base of CDH
Epidemiological studies presented evidence for an increased risk for the development of CDH by 

prenatal exposure to various nutri  ous and medicinal maternal factors such as: alcohol, smoking, 

periconcep  onal low intake of re  nol, maternal body mass index above 30, an  microbial drugs 

and an  epilep  c drugs [24, 58-67]. Large pa  ent cohorts would be needed to iden  fy addi  onal 

contribu  ng environmental components, each presumably with a small eff ect size. However, this 

is hardly feasible because the disease is so rare. In addi  on, the maternal factors associated 

with an increased CDH risk iden  fi ed to date are correlated to an increased risk for congenital 

anomalies in general and therefore not specifi cally linked to diaphragm defects [24, 58-63]. 

Recently, a poten  al associa  on with the immunosuppressive drug mycophenylate mofe  l 

(MMF) was suggested for one syndromic case of CDH with a Fryns-like phenotype [68]. The 

mechanism by which MMF could cause this defect is unknown. Another study reported on a low 

plasma free vitamin A level (consistent with moderate to severe vitamin A defi ciency) in a CDH 

case diagnosed with PAGOD syndrome, while maternal plasma vitamin A levels were normal [69]. 
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This report thereby refers to the “re  noid-hypothesis”, sta  ng that disrup  on of the re  noid 

signalling pathway is involved in the pathogenesis of CDH. On a popula  on level, associa  on 

with low levels of re  nol and re  nol binding protein (RBP) in newborns, again independent of 

maternal re  nol status, was recently confi rmed in a case-control study [70, 71]. However, the 

ques  on remains whether these changes are a primary cause of CDH or merely refl ect the 

diseased state. Up  ll now, no cases of CDH in humans have been unequivocally a  ributed to 

teratogenic or environmental factors [72].

 Evidence for the re  noid-hypothesis will only be briefl y summarized below, since others 

have reviewed it extensively [54, 73-76]. Figure 2 presents a schema  c overview of all the key 

players in the canonical re  noic acid (RA) pathway.

Figure 2 | Overview of ATRA metabolism and nuclear canonical RA-signalling
Circula  ng re  nol is taken up by RBP4 and transferred intracellularly by STRA6. Transforma  on into re  naldehyde 
occurs mainly by RDH10, a  er which RALDH2 can generate RA. RA in turn can either bind to CRABPI and be 
transported to CYP26 enzymes and metabolized into polar metabolites or bind to CRABPII and be transported to 
the nucleus. In the nucleus RA will bind to a RAR/RXR heterodimer, which in turn can bind to RAREs located in the 
promoter area of specifi c genes and ac  vate/inhibit transcrip  on. 
RoI, re  nol; RBP, re  nol binding protein; STRA6, s  mulated by re  noic acid 6; CRBP, cellular re  nol binding protein; 
RaI, re  naldehydeI; ADH, alcohol dehydrogenase; RALDH, re  naldehyde dehydrogenase; CYP26, cytochrome P450 
26 enzymes; RAR, re  noic acid receptor; RXR, re  noid X receptor; RARE re  noic acid response element; B-ctn, 
beta-carotene; LRAT, Lecithin re  nol acyltransferase; NR2F2; Nuclear receptor 2, subfamily F2 (see page 244 for 
color fi gure).
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In the early fi  ies, abnormali  es – among which diaphragma  c defects – observed in animal 

models fed on a vitamin A defi cient diet (VAD) formed the fi rst clue for the importance of vitamin 

A in the development of the diaphragm. Since then several studies have backed up this theory 

showing: 1) reduced CDH incidence a  er reintroduc  on of vitamin A in the VAD models in 

addi  on to a similar eff ect in teratogenic RA models [13, 15, 77-82]; 2) occurrence of CDH, albeit 

with markedly reduced penetrance, in (par  al) knock-out models of RA-pathway genes [83-87]; 

3) expression of RA pathway genes in the primordial diaphragm of in-vitro RARE perturba  on 

studies with and without RA [14]; 4) recurrent iden  fi ca  on in human CDH pa  ents of aff ected 

genomic areas that harbour crucial RA-pathway genes [52]; 5) iden  fi ca  on of muta  ons of 

the cellular re  nol-binding protein-receptor (STRA6) in complex human phenotypes featuring 

diaphragma  c defects [88, 89]; and 6, our recent paper confi rming the associa  on between CDH 

and low re  nol or low re  nol-binding protein levels in human cases, independent of maternal 

status [70, 71]. 

Gene  c strategies in the unravelling of CDH causes
When we focus on the gene  c factor contribu  ng to CDH, complexity seems to be the general 

theme as well. Aside from a small percentage of complex CDH cases caused by a single rare gene  c 

muta  on i.e. the monogenic disorders [72], the gene  c basis in most isolated cases is expected 

to be complex. Large pa  ent numbers would be needed to iden  fy individual CDH causing genes 

and modifi ers. This complex nature implies that most of the classic gene  c approaches, based on 

the Mendelian laws, are diffi  cult to apply in CDH research. A brief summary of their limita  ons 

is given below, followed by a more detailed overview of gene  c data generated in human CDH 

cohorts by genome-wide array approaches.

Classic gene  c analysis in CDH
In the linkage-approach a common haplotype among rela  ves with the same condi  on can 

point to a specifi c chromosomal region or gene causing that disease. This method requires 

the availability of phenotypically homogenous CDH families in which more than one child is 

aff ected. However, the majority of CDH cases are sporadic with a recurrence risk for isolated 

defects typically quoted as <2% [90]. In our CDH registry 12 small families have been iden  fi ed, of 

which 9 of Dutch origin. Increasing survival rates and second-trimester ultrasound screening are 

expected to increase the number of reported CDH-families worldwide. Although each of these 

mul  ple kindreds deserves detailed gene  c inves  ga  on, the phenotypic heterogeneity of these 

family cohorts itself will limit successful contribu  on to general CDH ae  ology insights. 

 The homozygosity mapping-approach (which is a linkage-analysis deriva  ve) was 

introduced to iden  fy genes underlying recessive diseases [91]. It is based on the premise that 

there will be evidence of an enrichment of homozygosity in the genomic region harbouring 

the aff ected genes in the aff ected subjects. Subsequently, this method iden  fi ed autosomal 

recessive CDH-associated syndromes such as Donnai-Barrow syndrome (OMIM 222448)[92-95] 

and more recently Ma  hew-Wood syndrome (OMIM 661086)[69, 88, 89, 96-100]. The limita  on 
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of this method is that it can only contribute to the general knowledge of CDH if autosomal 

recessive syndromes have a high penetrance rate for the diaphragm defect. Yet, CDH associated 

syndromes usually show occurrence rates for diaphragm defects in the order <5% [72]. [Table 

1]. A central registra  on point for detailed CDH syndrome data is available in the London 

Dysmorphology Medical Database; over 130 diff erent CDH-syndromes have been reported to 

date [www.lmdatabases.com]. This database was recently complemented by three other gene  c 

databases which focus on the phenotypic eff ects of submicroscopic chromosomal imbalances in 

humans including CDH: ECARUCA [h  p://www.ecaruca.net/], DECIPHER [h  p://decipher.sanger.

ac.uk/] and the database of the ISCA consor  um [Interna  onal Standards for Cytogenomic 

Arrays, h  ps://www.iscaconsor  um.org/]. These fi nd their basis in the applica  on of molecular 

cytogene  c techniques such as SNP- and oligo-based arrays, which allow for the smallest-

region of overlap approach at a whole new resolu  on level [101]. Furthermore, a database of 

naturally occurring and transgenic mice mutants has been set up [h  p://www.informa  cs.jax.

org/]. Because the human and mice databases are linked through phenotype, gene loca  on and 

synteny, they will allow for a quicker applica  on of the candidate-gene approach. This method 

is based on phenotypic data in (knock-out) animal models and provides a pla  orm for targeted 

muta  on screening of human gene homologues in selected cases. 

 Currently, 102 CDH associated mice models are registered in the MGI database. The 

most informa  ve ones have been extensively reviewed by others [28, 63, 102]. Summarized, 

mice that lack c-Met, MyoD or Pax3 displayed muscularisa  on defects of the diaphragm, while 

incomplete closure of the diaphragm was observed in null mutants for Wt1, RaRa/RaRβ2, 

Gata4 and CoupTF-II. The most recently published null mutant suggested the Fgfrl1 gene as the 

candidate for diaphragm defects associated with the phenotype of Wolf-Hirschhorn [57, 103, 104]. 

In chapter 2.2, we will show that the Chtop gene can be added to this list of genes causing 

CDH as part of a complex phenotype. However, similar to human CDH associated syndromes, 

diaphragma  c defects in these mice models might merely be incidental to the other observed 

“core” malforma  ons since mice o  en do not display the diseased phenotype in a heterozygous 

state [104]. These dissimilari  es may arise from diff erences between mice and humans in the 

genomic region surrounding the candidate gene. 

 The smallest-region of overlap approach is based on the iden  fi ca  on of overlapping 

(submicroscopic) structural chromosomal anomalies in unrelated pa  ents with a similar 

phenotype. These small overlapping structural aberra  ons (also called hot-spots) are then 

presumed to contain a gene or genes responsible for the development of the inves  gated 

disorder, in our case CDH. The detec  on-resolu  on of these overlapping anomalies was greatly 

enhanced in recent years by the development of the array technique. Subsequently, arrays 

were applied incidentally to a few CDH cohorts worldwide [50, 56, 105-107] and have led to the 

iden  fi ca  on of the most common chromosomal CDH hot spot to date; the 15q26 monosomy 

[108]. Other apparent chromosome “hotspots” for CDH include: 1(q41-q42), 8p23.1 (the 

GATA4 locus), 8q22.3 (the ZFPM2 locus), and possibly (11)(q23-qter) [54], which all have been 
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extensively reviewed by others [52, 54, 75, 76, 109]. Because arrays are much more sensi  ve and 

cost-eff ec  ve than G-banded karyotyping, the ISCA consor  um recently advised this approach 

as an ini  al cytogene  c diagnos  c step in congenital anomaly cohorts [110]. Applica  on of this 

advise to the interna  onal CDH cohort will therefore yield more small chromosomal areas that 

could harbour genes involved in lung- and diaphragm development. Yet, this approach also has 

some limita  ons and fl aws in general and specifi cally for CDH [56]. These limita  ons will be 

discussed separately in Chapters 2 and 4 of this thesis.

1.3  The Ro  erdam cohort of CDH pa  ents

The Erasmus MC – Sophia Children’s Hospital in Ro  erdam, the Netherlands, is a ter  ary referral 

centre for the mul  disciplinary treatment of various congenital anomalies, including CDH. It is 

one of the two hospitals in the Netherlands off ering ECMO treatment to CDH pa  ents. A long-

standing clinical and molecular oriented CDH research program at the department of paediatric 

surgery has resulted in a clinical database with detailed phenotypic data of over 600 CDH pa  ents 

and a rich  ssue bank of gene  c material (i.e. DNA, RNA, cell lines) of these pa  ents and their 

parents. 

 The Ro  erdam CDH database currently (reference date 01-06-2011) consists of 639 CDH 

pa  ents treated at the Erasmus MC – Sophia Children’s Hospital since 1988. These numbers 

also include 110 pa  ents from VUmc and AMC in Amsterdam, the university medical centres in 

Nijmegen and Groningen and University Hospital of Mannheim, Germany; University Hospital in 

Leuven, Belgium, and Baylor College of Medicine, Houston, USA. Table 2 gives an overview of this 

cohort. Table 3 and fi gure 3 show the phenotype characteris  cs. 

 CDH occurs in isolated form in 339 of the 639 pa  ents (53%), with all 53% having no 

iden  fi ed cause. The other 300 pa  ents (47%) exhibited at least one other congenital anomaly 

apart from malforma  ons that are considered secondary to CDH. These pa  ents are designated 

Complex in Table 3 and are further subdivided into Complex-Mul  ple major (93/300) and 

Complex-simple (203/300). Complex-Mul  ple major indicates the co-occurrence of at least two 

other major congenital anomalies. These pa  ents are more likely to have a gene  c cause or 

to be diagnosed with a well-defi ned syndrome, which indeed was demonstrated in 37 out of 

93 cases. In the remaining subcohort of 203 Complex CDH pa  ents, the addi  onal phenotype 

could be classifi ed based on the co-aff ected organ system (=Table 3 Complex-Simple), although 

this meant that some pa  ents were assigned to mul  ple groups. The most frequently aff ected 

organ systems included the cardiac, urogenital and gastro-intes  nal system, which is in line with 

literature [23, 31]. 

 Table 4 shows an overview of the large structural chromosomal aberra  ons iden  fi ed 

in the Ro  erdam database in total, several of which were published before. Further detailed 

informa  on on the gene  c features of this cohort will be presented in Chapter 2, which deals 

with the clinical u  lity of screening for genomic altera  ons – using the SNP array technique – in 

individuals with both isolated and non-isolated diaphragma  c defects. 
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Table 2 | General characteris  cs CDH cohort Ro  erdam

Characteris  c Number of Pa  ents Propor  on (%) Median (range)
Maternal obstetric   
Maternal age at delivery (years) 288  21.9 [12.6-29.4]
Complica  on during pregnancy $ 146 (355)* 41.1  
Number of Pregnancies 277   

G1 113 40.8  
G2  84 30.3  
G3  41 14.8  
>G3  39 14.1  

Parity 277   
P0 130 46.9  
P1  85 30.7  
P2  23  8.3  
>P2  39 14.1  

Consanguinity 17 (557)*  3.1  
Neonatal    
Birth features    
Gesta  onal age at delivery (weeks) 485  37.3 [27-42.5]

Preterm births (<37 weeks) 117 24.1  
Birthweight (gram) 485  2793 [726-5630]
Gender 639   

Male 366 57.2  
Female 273 42.8  

Outcome variables    
Side of hernia  on 639   

(Bochdalek) Le  460 72.0  
Right 107 16.7  
Bilateral  17  2.7  
Unknown  55  8.6  

Liver hernia  on 145 (348)* 41.7  
L/H ra  o less than 1.0 incomplete data   
Size of the defect incomplete data   
Time of diagnosis 470   

Prenatal 252 53.6  
Within 1 day 171 36.4  
Within 1 week  15  3.2  
Within 4 weeks  32  6.8  

Outcome 563   
Livebirths 537 95.4  
S  llbirths  0  0.0  
Termina  on of pregnancy 26 (366)*  7.1  
Postnatal death 254 45.1  

Surgical treatment 329   
Primary closure 131 39.8  

ECMO  88 26.7  
$ including maternal drug-(ab)use, medica  on and maternal disease. *Number of cases with with available; info on 
item: It was not possible to obtain complete informa  on on all 639 CDH cases due to incomplete medical records or 
medical care in other hospitals.
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Table 3 | Distribu  on of associated malforma  ons in Ro  erdam CDH cohort

System Number of pa  ents Propor  on

Complex-”Mul  ple major” $ 93 14.6

Known structural chromosomal anomaly 6 6.5

Known muta  on or well-defi ned syndrome 37 39.8

Unknown Cause 56 60.2

Complex-”simple” 207 32.4

Cardiovascular 60 29.0

Gastro-intes  nal 38 18.4

Urogenital 50 24.2

Musculoskeletal 30 14.5

Central Nervous (Neuro-general and Cranium-Brain) 20 35.7

Limb abnormali  es 39 18.8

Syndromic (including facial dysmorphisms) & 72 34.8

Isolated 339 53.1

Totaal 639  

$  Mul  ple Major  defi ned as more than 2 addi  onal major anomalies. An anomaly is considered major if it implicates 
loss of func  on or requires opera  ve care.
& Defi ned as abnormali  es that go along with an increased risk of malforma  ons or gene  c abnormali  es but do 
not defi ne a disease themselves.

1.4  Epigene  c analysis in CDH

The primary focus of congenital anomaly studies in the past has been solely on the iden  fi ca  on 

of gene  c muta  ons – in other words, errors that changed the linear order of the DNA sequence. 

Indeed, increasing insights into the frequency of DNA-varia  on and errors -both in normal as 

well as in diseased cohorts- has provided valuable insight into the gene  c mechanisms behind 

physiologic and pathophysiologic human phenotypes. However, epigene  c features of the 

genome might be of equal and crucial importance to genomic func  ons. The hypothesis of mul  ple 

environmental factors disrup  ng normal diaphragm development by means of altera  ons in the 

epigenome therefore refl ects on a more general paradigm shi   in developmental biology [111]. 

Both epigene  c factors and gene  c factors are now thought to regulate embryonic development. 

Since numerous epigene  c factors – each with a dis  nct role – have been iden  fi ed since 

the 1970s (DNA methyla  on, histone modifi ca  on, chroma  n structure, small non-coding 

RNAs) another complex layer in the process of developmental regula  on is added. New high-

resolu  on, genome-wide, molecular techniques enable rapid iden  fi ca  on of these epigene  c 

marks nowadays. Yet, the lack of human early-embryonic diaphragm- and lung-  ssue remains 

an impediment to this process. Interes  ngly, the epigenome now provides us with a mechanism 

in which paternal exposure to environmental factors may induce developmental defects [112], 

including those of the diaphragm. 
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Figure 3 | Classifi ca  on of pa  ents Ro  erdam CDH cohort
CDH pa  ents can either present with an isolated defect only (Isolated) or as part of a complex phenotype (Complex), 
meaning that in the la  er group the defect is accompanied by other congenital anomalies. Usually these addi  onal 
birth defects only aff ect 1 other organ system or consist of minor abnormali  es (Complex-Simple). The term 
Complex-Major describes those CDH subjects that are more severely aff ected, defi ned by the co-occurrence of at 
least two other major congenital anomalies. In turn, these three subgroups can be further subdivided based on 
the type of causa  ve gene  c aberra  on present (Isolated and Complex-Major) or based on the type of addi  onal 
aff ected organ system (complex-Simple). CM, Complex-Major; CS, Complex-Simple (see page 245 for color fi gure).
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Table 4 | Structural Chromosomal anomalies/Syndromes iden  fi ed in Ro  erdam CDH cohort

Type of (large) Structural Chromosomal anomaly Number of 
pa  ents

Reference

46,XX,del(1)(p36.23),dup(1)(p36.23p36.22) 1  

46,XX,inv(1)(p36.1q42)pat 1 Thesis Klaassens et al.

46,XY,der(3)t(3;8)(p23.1;p23.1)pat 1 Thesis Klaassens et al.

46,XY,der(3)t(3;11)(p25.1;q23.1)mat 1  

46,XY.ish del(4)(p16.1) 2 van Dooren et al., Veenma et al.

46,XY.arr 4p15.2p14(22,819,570-36,306,519)x1 1  

46,XX,der(5)t(5;12)(p13.2;p12.3) 1 Veenma et al.

46,XY,inv(6),t(1:14), del(15)(q26) 1 Klaassens et al.

46,XX,del(8)(q23.1q23.1)(mat) 1 Wat et al.

46,XX.arr 9p11(0- 46.310.390)x4 1  

47,XX,+i(12)p 2 Thesis Klaassens et al.

46,XY,der(12)t(11;12)(q23.3;q24.3)mat 1 Klaassens et al.

47,XX,+13 or 47,XY, +13 2 Thesis Klaassens et al.

46,XX,r(15)(p11q26.1) 1 Klaassens et al.

46,XY,r(15)(p11q26) 1 Klaassens et al.

46,XX,der(15)t(2:15)(q37.2;q26.2) 1 Klaassens et al.

46,XX,der(15)t(4;15)(q35;q26.1) 1  

46,XY.arr 15q11.2q13.1(18.421.386-27.018.622)x3  1  

46,XX.arr 15q25.2q25.2(80,689,404-82,938,351)x1,
17p12 (14.049.619-15.497.020)x3

1  

46,XY.arr 17q21q21(39,182,612-39,660,170)x1 1  

47,XX,+18 or 47, XY, +18 9 Thesis Klaassens et al.

47,XX,+21 or 47, XY, +21 4 Thesis Klaassens et al.

47,XY,t(5:21),+21 1 Thesis Klaassens et al.

46,XX,der(22)t(9;22)(q13;q13) 1  

47,XY,der(22)t(11;22)q23.3;q11.2)mat 1 Klaassens et al.

46,XX.arr 22q11.21(17,249,767-17,392,385)x1 pat 1  

46,XX.arr Xp22.31(0-8681596)x1,
Xp22.31p22.11(8681596-24776649)x3 pat

1  

46,XY.arr Xq21.1q21.32(79,399,169-92,250,507)x3 1  

 42
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Type of Syndrome Number of pa  ents

Babuki 1

Beckwith-wiedemann 1

Cohen 1

Cornelia de Lange 4 (1 proven NIPBL muta  on)

OAIS complex 1

Opitz 1

Pentology of Cantrell 1

Sex-reversal 3

Simpson-Golabi 1 (proven GPC3 muta  on)

Steinert’s 3

VACTERL 2

19

New gene  c Muta  ons of undefi ned signifi cance Number of pa  ents

HCCS muta  on (paternal) 1

FOP muta  on (maternal) 1

SHOX duplica  on (maternal) 1

3

Total 64

Grey color; recently iden  fi ed and/or Discussed in this thesi s.

The role of three-dimensional nuclear genome organisa  on on gene transcrip  on
Numerous factors are known to be key in gene expression regula  on. For instance, the binding 

of a specifi c transcrip  on factor (TF) complex (consis  ng of several  ssue-specifi c units) to the 

promoter of a gene has been recognized for a long  me. Yet, this TF-complex binding requires 

accessibility of the chroma  n fi ber by means of recruitment of remodeling factors and DNA/

Histone modifying enzymes in a so called “chroma  n hub”. The human genome consists of 3 x109 

base pairs divided over 23 chromosomes and is packaged and folded to allow for storage in a cell 

nucleus with a diameter of around 5 micrometres. Therefore, modifi ca  on of the chroma  n fi ber 

– leading to dynamic changes in DNA strand accessibility- is considered equally important to the 

process of gene transcrip  on. Besides these primary and secondary characteris  cs of chroma  n 

structure, researchers gained interest in a possible role of the genome’s three-dimensional 

posi  oning in the nuclear space on its expression regula  on. It was found that chromosome 

territories (CT) occupy an evolu  onary well-conserved specifi c radial loca  on within the nucleus 

[113], yet cell-type specifi c [114-116]. Moreover, spa  al posi  oning on an individual gene level 

was shown to impact gene expression regula  on. In this respect, several groups studied the 

posi  oning of genes/chromosome segments rela  ve to their CT and rela  ve to the lamina 

[117-123]. Interes  ngly, some of these lamina-related processes have already been linked to 
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the pathophysiology of certain neurodegenera  ve and muscular diseases [124-126], which 

emphasizes the func  onal relevance of spa  al posi  oning. Preferen  al long-range interac  ons 

between gene-loci have been iden  fi ed as well, mainly in-cis and on the same chromosome [127, 

128] but also in-trans and between diff erent chromosomes [129-133]. These physical associa  ons 

may serve diff erent processes, such as 1) the sharing of common regulatory resources for 

gene ac  va  on/silencing during specifi c diff eren  a  on- and developmental programs; 

2) the associa  on and no  fi ca  on of homologous alleles prior to silencing during imprin  ng 

or X-inac  va  on; and 3) the induc  on of physiologic rearrangements (in case of olfactory and 

cytokine receptor choice) or even pathologic transloca  on events [134, 135].

 Although debate con  nues on several aspects of chromosomal interac  ons, changes in 

these interac  on pa  erns during development and/or as a consequence of cell diff eren  a  on are 

thought to represent a specifi c blueprint of the func  onal output of the genome. Interes  ngly, 

these blueprints might in turn serve as markers to iden  fy diseased states [125, 136, 137]. Therefore, 

many research ini  a  ves have focused on adequate research techniques to inves  gate the spa  al 

ordering of the genome. Below, we will briefl y elaborate on Mul  colour three-dimensional 

FISH (M-FISH) and Chromosome Conforma  on Capture-sequence (3C-seq): complementary 

epigene  c research tools that enable iden  fi ca  on of interac  ng elements of the genome. Both 

techniques were applied to analyse the possibility of a changing nuclear architecture as one of 

the elements in CDH-pathophysiology (Chapter 3).

 Conven  onal fl uorescence in situ hybridiza  on (FISH) is a widely used molecular 

cytogene  c technique in which fl uorescently labelled DNA probes are hybridised to metaphase 

spreads or interphase nuclei for chromosome analysis or for studies of the chromosomal 

loca  on of specifi c DNA segments [138]. Cremer et al. [139] developed an adapta  on to the 

standard FISH protocol, which allowed for both preserva  on of the nuclear structure and for 

an effi  cient probe accessibility. In turn, FISH on 3D-preserved nuclei (3D-FISH) in combina  on 

with 3D-(confocal) microscopy and image reconstruc  on emerged as an effi  cient tool to analyse 

the spa  al arrangement of targeted genomic sequences in the nucleus [139]. Subsequently, 

developments in next-genera  on confocal microscopes made possible dis  nct visualiza  on of at 

least fi ve diff erent fl uorochromes within one experiment and opened up the way for mul  colour 

3D-FISH experiments. Thus, numerous diff erently labelled nuclear targets could now be 

delineated simultaneously and their spa  al interrela  onships could be analysed on the level of 

individual nuclei [139]. However, mul  colour 3D-FISH has several limita  ons. It is a rela  vely low-

throughput technique that allows the analysis of only a few hundred nuclei in a single experiment. 

Perhaps this limita  on will be overcome as more high-throughput and automated FISH scanning 

techniques are being developed [140]. Sensi  ve detec  on and discrimina  on of separate DNA 

loci is limited by the size of the used probes (commonly 100-150 kb) and the size of the recorded 

image stacks by confocal microscopy. Also, mul  colour 3D-FISH cannot dis  nguish between loci 

that are very close to each other or come into contact and it is also biased towards the loci or 

nuclear structures selected for analysis. Finally, when fi xed cells are used, this technique only 

enables analysis of spa  al arrangements in a non-dynamic/sta  c way.



26 | Chapter 1

In order to get a less biased look on the general concepts of nuclear spa  al organisa  on, 

several high-throughput approaches were recently developed, among which the Chromosome 

Conforma  on Capture (3C) technique – fi rst described by Dekker et al. [141] and adjusted (4C) 

by de Laat and co-workers [128, 142]. The 4C-technique iden  fi es all the DNA fragments in 

the genome that are frequently in spa  al vicinity to a selected locus. 4C protocols (Figure 4, 

adapted from E. Splinter [143]) begin with “cross-linking” using formaldehyde to fi x the DNA to 

its associated proteins. Next, the DNA is cut up with restric  on enzymes giving rise to “hairballs” 

of tangled DNA and protein. Then, liga  on products of DNA strands that had been close together 

on the same “hairball” are generated to create hybrid molecules. The liga  on junc  ons are 

then trimmed and circularised a  er de-crosslinking. Next, DNA fragments captured by a locus 

of interest are simultaneously amplifi ed via inverse PCR using bait-specifi c primers that amplify 

circularised liga  on products. Finally, PCR products are analysed by large-scale sequencing. 

 In parallel to 3D-FISH, the 4C-technique has disadvantages as well. Separa  on of relevant 

hybrid molecules from the background signal requires replica  on of experiments and specialised 

bio-informa  cs approaches. Most of the hybrid DNA molecules produced by 4C are the result of 

random interac  ons, par  cularly between loci that are just a few kilobases apart on the same 

chromosome. In addi  on, chromosome conforma  on capture represents a stochas  c “averaged” 

view of genomic interac  ons in millions of cells at the same  me. The resul  ng high number of 

interac  ng regions makes it unlikely that all these contacts are made simultaneously in the same 

nucleus. Instead, many diff erent combina  ons of preferen  al contacts exist in a popula  on of 

cells at any point in  me, and 4C-confi rmatory FISH experiments showed that co-associa  ons are 

usually of low frequency (less than 10% of cells at a given point in  me)[144, 145]. In conclusion, 

Mul  colour 3D-FISH and 4C are complementary epigene  c research tools, which enable to 

iden  fy interac  ng elements of the genome. 

1.5  Aim and Outline of this thesis 

Chapter 2: Copy Number Varia  ons and muta  ons in the CDH cohort
In line with the paragraph on “gene  c strategies in the unravelling of CDH causes”, the second 

chapter of this thesis will mainly focus on all diff erent aspects of Copy Number Varia  on (CNV) 

research in ar  cle 1 describing CDH cases.

 It starts with the search for germ-line and soma  c CNV events in 117 CDH pa  ents 

registered in Ro  erdam that yielded both known CDH-associated chromosomal hot spots and 

new ones. The possibility of soma  c muta  ons restricted to the aff ected diaphragm  ssue was 

excluded by screening for CNVs in aff ected  ssue of 13 isolated CDH pa  ents. Finally, targeted 

screening of a new CDH-candidate gene in a selected subgroup of complex pa  ents iden  fi ed an 

inherited Chroma  n target of Prmt1 (Chtop) muta  on (Ar  cle 2). Since Chtop is a main target 

of the protein arginine methyltransferase Prmt1 [146], this muta  on stresses the possibility that 

DNA errors in chroma  n associated protein genes might confer epigene  c suscep  bility to CDH.
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Figure 4 | Schema  c overview of the 4C-sequencing (4C-seq) method 
Sample prepara  on in 4C-sequencing (4C-seq) is similar to the earlier published 4C-array protocols [127] apart 
from some small adjustments (adding adapter-sequences) in the primer design stage. The 4C-seq method has the 
advantage of improved signal to noise ra  os over the 4C-array approach. Briefl y, nuclei are fi xed with formaldehyde 
to cross-link co-localising chroma  n (red and blue lines, light-and dark-green lines). DNA is digested with a restric  on 
enzyme, for example Bgl-II. A  er dilu  on of the sample, cross-linked fragments are ligated (ideally only at one end), 
and subsequently cross-links are reversed. This way, the Bgl-II fragment of interest (red line) is ligated to fragments 
co-localised (blue line) within the studied cell-popula  on. Next, liga  on products are trimmed by diges  on with 
a frequent cu   ng enzyme (NLA-III), because Bgl-II fragments are too big to be amplifi ed by PCR. The trimmed 
products are circularised, such that an inverse PCR on the red fragment will amplify its interac  ng (blue) partners. 
Of note, the “contents” of the circles formed between cross-linked DNA fragments vary depending on the three-
dimensional structure at the start of the protocol and whether liga  on occurs to one or both ends of the cross-linked 
material (grey and black lines [127]). All these sequences can be analysed by next-genera  on sequencing (see page 
245 for color fi gure). 

Chapter 2 then con  nues with ar  cle 3, describing germ-line CNV events in another interna  onal 

cohort of CDH pa  ents. In addi  on, in this ar  cle we searched for Zfpm2 (alias fog2) muta  ons 

in a specifi c cohort of 52 CDH/Eventra  on pa  ents. The discussion highlights the iden  fi ca  on of 

Zfpm2 aberra  ons in isolated pa  ents with reduced penetrance, the further delinea  on of the 

well-known 1q41-42 CDH hot spot, and the iden  fi ca  on of a new CDH candidate gene called 

frizzled-2 (Fzd2). All these elements strongly endorse the recent ini  a  ve of the ISCA consor  um 
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for screening CDH pa  ents with array-based techniques. It also shows the importance of 

availability of parental material, since most rare CNVs in the isolated CDH subgroup are inherited.

 The fourth ar  cle in this chapter elaborates on the possibility of CNV (muta  ons) occurring 

in soma  c cells only, by looking into the CNV status of a unique cohort of discordant monozygo  c 

twins. The occurrence of phenotypic diff erences between MZ twins is commonly a  ributed to 

environmental factors. Yet, recently several lines of evidence showed that both gene  c and 

epigene  c factors could play a role in phenotypic discordance a  er all.

 In the fi  h ar  cle of Chapter 2, we present the detailed clinical and cytogene  c analysis 

of a prenatally detected complex CDH in a pa  ent with a mosaic unbalanced transloca  on 

t(5;12). Iden  fi ca  on of this specifi c case underscores the possibility of associa  on of low-level 

mosaicism with severe birth defects. It also stresses the importance of collec  ng and analysing 

 ssues of both spontaneous and induced CDH-abor  ons. Because these fetuses are more likely 

gene  cally aff ected,  ssue analysis might provide valuable insight into CDH pathophysiology. 

To put similar (mosaic) results into a be  er clinical perspec  ve, material from terminated 

pregnancies of phenotypically normal fetuses should be checked for the occurrence of this type 

of soma  c aberra  ons as well. 

Chapter 3: Disrupted RA signalling in CDH: gene-expression & patho-epigene  c 
mechanisms in 15q26 monosomy pa  ents and the nitrofen rodent model
The fi rst ar  cle in this chapter describes the spa  al posi  oning of CDH candidate genes in a 

15q26 deleted fi broblast pa  ent model. Disrup  on of the mul  -gene locus on chromosome 15q 

leads to a dis  nct constella  on of birth defects with 100% mortality. The cardinal clinical fi nding 

of this microdele  on syndrome is a defect of the diaphragm, which suggests a causa  ve role of 

haploinsuffi  ciency of 15q26 genes in diaphragm development. In addi  on, candidate genes in 

this region are involved in re  noic acid signalling, one of the most important pathways thought 

to be disrupted in CDH. Subsequently, gene-ontology analysis pointed to the NR2F2 gene (OMIM 

107773) as one of the most promising 15q candidates. Nevertheless, a concomitant search for 

pathologic NR2F2 muta  ons in >450 isolated CDH samples worldwide failed to iden  fy any. 

These data implied that addi  onal – possibly epigene  c – mechanisms aff ec  ng the normal 

expression of 15q26 genes could account for the diaphragm defect. Therefore, in this ar  cle 

we hypothesise and inves  gate the possible role of three-dimensional co-associa  on of CDH 

candidate genes in the nuclear space as a requirement for their coordinated expression during 

diaphragm development. 

 Ar  cle 2 con  nues with work on the 15q26 monosomy model. In this manuscript we 

compared the genome-wide expression pa  erns of two 15q deleted fi broblast cell lines to 

those of healthy controls with and without RA induc  on. Extensive pa  ent-oriented and animal 

based research suggests that disrup  on of RA- signalling plays a small but crucial role in the 

pathophysiology of CDH. In this manuscript, we assumed that deleted genes in the15q area could 

be crucial for both CDH and RA-signalling. Secondly, we hypothesized that overs  mula  on of 

15q26 deleted fi broblast cell cultures with vitamin A could mimic a normal “healthy” genome 
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wide expression status or at least elicit diff erent eff ects as compared to controls. Goumy et al. [147] 

proposed that skin fi broblasts form an excellent model system to study the diff erent components 

of the RA pathway in CDH, since they have the same mesodermal origin as diaphragm  ssue and 

express all the necessary metabolic components of this pathway. The main output measures in 

this study concerned the expression array profi les of RNA isolated from the two15q26 monosomy 

CDH pa  ents versus two sex-matched controls a  er a 48-hour period of four diff erent RA-

concentra  on s  mula  ons. Results showed that this “complex-phenotype approach” is indeed 

able to shed new light on the existent knowledge of 15q26- and RA- candidate CDH-genes and 

point to several new early mesenchymal and lung vascular candidate factors.

 In the third ar  cle of Chapter 3 we show the results of our search for new associa  on 

partners of the NR2F2 gene in a rodent CDH model using Chromosome Conforma  on Capture-

sequencing (4C-seq). This technique, which was recently developed in Erasmus MC, iden  fi es all 

the genomic regions in contact with a locus of interest. It is based on formaldehyde cross-linking 

and locus-specifi c PCR to detect the physical contacts between genomic loci. We hypothesized 

that we would fi nd diff erences in global DNA interac  ons pa  erns by comparing 4C contacts 

between normal and CDH-induced (Nitrofen) rats. Since such contacts are known to be  ssue-

specifi c, we analysed material of both CDH-aff ected (lung, diaphragm) and unaff ected-  ssues 

(liver, heart). 

Chapter 4: General Discussion 
In this chapter we place all fi ndings in a broader perspec  ve.

 We start off  with the current views and pi  alls of applica  on of array techniques to 

congenital anomaly cohorts such as CDH. Next, we briefl y comment on the usefulness of the 

4C technique in general and summarise the current views on how genome-wide DNA-DNA 

interac  ons can contribute to gene-expression regula  on. Our expression array results of 

chapter 3 stressed the puta  ve importance of disrup  on of early developmental factors/

master regulators in CDH, which in turn may cause or confer suscep  bility to both the lung- and 

diaphragm defects in pa  ents. We speculate that it is likely that the same gene  c disturbances 

target both similar cell types and cell-processes in lung- and diaphragm development. An overall 

summary of the current knowledge of diaphragm development is provided, thereby specifi cally 

focusing on the underlying molecular signalling pathways. In this respect, an alterna  ve RA-

signalling disrup  on pathway is hypothesized to be important for diaphragm maldevelopment 

as well. Finally, we close off  with some ideas on future CDH research; proposing the induced 

Pluripotent Stem Cell (iPSC) technique as a sophis  cated way to circumvent the lack of human 

early-embryonic diaphragm and lung-  ssue. 
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Abstract

Copy number analysis has proven to be a powerful tool for iden  fying individual genes and 

genomic regions that contribute to the development of congenital diaphragma  c hernia (CDH) 

and associated structural births defects. In this study, we screened a cohort of 117 subjects 

with isolated or complex CDH of varying severity for genome-wide copy number imbalances 

using high-resolu  on SNP-array. This approach yielded 25 inherited and 16 de novo CNVs of 

which several new gene  c aberra  ons that involved interes  ng disease related genes. These 

varia  ons were absent or rarely occurring in published cohorts of normal individuals and an 

in-house control cohort. In addi  on, we performed paired analysis of the copy number pa  ern 

of diaphragm  ssue to blood of 13 isolated CDH cases. Results showed no evidence for soma  c 

CNVs neither for discrepancies in Loss Of Heterozygosity (LOH) between the two  ssues. 

 Data from this large cohort study gave us a valuable insight into the incidence of de novo 

and inherited copy number events in both complex as well as isolated pa  ents. We showed 

overlap with various previously iden  fi ed CDH associated hot spots such as on chromosome 

11q23 and 8p23.1 and added cardiac features to the recently described microdele  on syndrome 

of 15q25. Finally, we propose various new CDH-candidate genes (i.e. on chromosome 5p15.31, 

9p22.3 and 12q24.13-q24.21) with the la  er two associated with mild complex CDH. 

 In conclusion, high-resolu  on SNP-arrays allow for implementa  on of the smallest-region 

of overlap approach at a whole new resolu  on level and will increase the iden  fi ed number 

of small chromosomal areas which harbour genes involved in diaphragm development in both 

isolated and complex CDH cases.
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Introduc  on

Congenital Diaphragma  c Hernia (CDH)[OMIM 142340] is a life-threatening birth defect with 

an es  mated incidence of 1 in 2000-3000 live birth and accounts for 8% of all major congenital 

anomalies [1, 2]. Despite medical advances, mortality from CDH con  nues to be high with an 

overall survival rate of 67% [3]. CDH is viewed as a phenotypically heterogeneous disorder with 

a complex inheritance pa  ern [4]. Pa  ents either present with an isolated defect (isolated CDH) 

or with a diaphragm defect in addi  on to other non-hernia related anomalies. These cases 

are classifi ed as complex CDH pa  ents and encompass 40-50% of the CDH cohort. Further 

subdivision into complex-major and complex-simple might be instrumental, since the complex-

major subgroup is more likely to have a gene  c cause or to be diagnosed with a well-defi ned 

syndrome. The term complex-major describes those CDH pa  ents that are severely aff ected, 

defi ned by the co-occurrence of at least two other major congenital anomalies. Aside from the 

small percentage of complex cases caused by one rare gene  c muta  on [5], the majority of CDH 

pa  ents is expected to have a complex gene  c basis with mul  ple CDH causing- and modifi er 

genes.

 An interna  onal consor  um recently advised for the implementa  on of arrays as an ini  al 

cytogene  c diagnos  c step in congenital anomaly cohorts, as they were shown to be much 

more sensi  ve and cost-eff ec  ve in the iden  fi ca  on of gene  c aberra  ons than G-banded 

karyotyping [6]. Subsequently, applica  on of this technique to complex and syndromic forms 

of CDH already lead to the discovery of the most common chromosomal CDH hot spot to date; 

the 15q26 monosomy [7]. Whether screening for genome wide (copy number) altera  ons is of 

clinical-diagnos  c value for isolated CDH as well will become clear in the next few years. Other 

apparent chromosome hotspots for complex CDH include: 1(q41-q42) [8, 9], 8p23.1 (the GATA4 

locus) [10-13], 8q23.1-22.3 (the ZFPM2 locus) [14], and possibly (11)(q23-qter) [15], which have 

been extensively reviewed by others [4, 16-18]. 

 These gene  c overviews are recently complemented by array data from four addi  onal 

interna  onal CDH research groups [19-22]. Pa  ent numbers, ethnic background, phenotype 

and  ming of array analysis varied widely between the studies. The smallest one concerned 

12 prenatal cases and the largest one demonstrated data of 79 isolated subjects. Some of the 

structural events iden  fi ed in these studies overlapped with recurrently deleted or duplicated 

regions in CDH-individuals, but no new hot spots were discovered. However, applied array 

techniques diff ered from high-resolu  on genome-wide, to high-resolu  on targeted and low-

resolu  on approaches and therefore don’t allow for a proper meta-analysis on screening 

eff ec  veness. In contrast, the recent study of Wat et al. [19] did demonstrate the value of oligo-

array techniques in the iden  fi ca  on of new genomic changes and in the discovery of inheritance 

pa  erns, also for isolated cases. This type of evidence will lead to be  er parental counselling 

opportuni  es for CDH. In addi  on, it stresses on the importance of screening larger isolated 

pa  ent groups using high-resolu  on techniques in order to iden  fy the possibly overlapping 

(rare) gene  c aberra  ons in non-related CDH subjects. 
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In this study, we screened a previously unpublished cohort of 117 subjects with diaphragma  c 

hernias- or eventra  ons of varying severity for genome-wide copy number imbalances using SNP-

based array. We iden  fi ed 208 structural events in total of which 167 concerned polymorphisms. 

Sixteen were de novo causa  ve aberra  ons, some of which allowed us to make new phenotype-

genotype associa  ons. Twenty-fi ve CNVs were inherited. Thirteen out of these 25 inherited events 

were absent or rarely occurring in normal cohorts and might therefore confer suscep  bility to 

CDH as well. The remainder 12 inherited cases did not show an obvious link to the diaphragm 

phenotype. To analyse the possibility of CNVs restricted to the aff ected diaphragm  ssue, we 

screened DNA derived from a subcohort of isolated CDH subjects and found no evidence for 

soma  c CNVs.

Materials & methods

Subject accrual 
Since February 2008, high-resolu  on SNP-array screening of specifi c sub-cohorts of complex CDH 

was performed in a research se   ng at the Erasmus MC-Sophia Children’s hospital in Ro  erdam. 

Erasmus MC’s review board approved for blood withdrawal of the proband and his/her parents in 

addi  on to diaphragm biopsy during correc  ve surgery. Diaphragm sampling was executed only 

a  er obtaining separate informed consent of the parents. Pa  ent material was selected based 

on the existence of specifi c co-occurring anomalies and availability of good quality DNA, which is 

recorded in an in-house CDH registry. Currently this database consists of 639 CDH pa  ents treated 

at Erasmus MC since 1988 and also includes pa  ents from various na  onal and interna  onal 

collabora  ng centres (University Hospital of Mannheim, Germany; University Hospital in Leuven, 

Belgium). The screened cohort cons  tuted of 50 non-isolated CDH pa  ents in total. In the past 

2 years, isolated CDH cases (n=67) were added to this array-rou  ne and in 13 out of 67 isolated 

subjects the blood-derived copy number profi le was compared to diaphragm-  ssue derived DNA 

of the corresponding pa  ent. Finally, as a consequence of changing interna  onal protocols, the 

screening of CDH subjects recently switched from a research se   ng to a diagnos  c one [6].

DNA isola  on and pre-array gene  c screening
Karyotyping was performed according to standard analysis methods. DNA for genomic analysis 

was extracted from peripheral blood or fi broblast cells by the puregene DNA purifi ca  on kit 

(Gentra Systems, USA). 

 Diaphragm biopsies were excised from the (remaining) le   posterolateral- or anteriolateral 

part of the diaphragm and snap frozen immediately in liquid isopentane containing canisters 

in conjunc  on with liquid nitrogen. Ten out of 13 pa  ents required a patch repair due to a 

considerable diaphragm defect size. Samples were stored at -80°C. From each frozen sample 

20 slices of fi ve μm were used to isolate DNA via the Qiagen DNeasy Blood & Tissue Kit method 

(Qiagen Benelux BV, Venlo, the Netherlands).
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All DNA was tested for subtelomeric aberra  ons, using the P0361 and P070A2 Salsa telomere 

kits (MRC Holland, Amsterdam, the Netherlands) as published previously [23]. In some cases, 

prenatal targeted FISH analysis according to local standard protocols was performed as well.

Microarrays
DNA of 117 pa  ents was hybridized to high-resolu  on Illumina cyto-SNP bead chips version 12.2 

(Illumina, San Diego, CA, USA). Ten respec  vely eleven DNA samples were hybridized to earlier 

chip versions Quad 610 and Aff ymetrix NSP 250K arrays (Aff ymetrix, Santa Clara, USA) instead. 

Filtering, normaliza  on and data analysis of each array was done using the Nexus® so  ware 

program (version fi ve, Biodiscovery, El Segundo, CA, USA) as previously described [24]. To review 

func  onality of each puta  ve CNV, occurrence frequencies in qualifi ed normal cohorts of CHOP 

[h  p://www.chop.edu], DGV [projects.tcag.ca/varia  on/] and Decipher databases [h  ps://

decipher.sanger.ac.uk] were checked. Since these popula  ons display various ethnic backgrounds, 

comparison to an in-house local reference set of 470 normal individuals was executed also. 

Valida  on of microarray results
Confi rma  on of each puta  ve candidate with q-PCR and/or FISH was executed in the proband 

and his/her parents according to local standard protocols as recently described [24, 25]. Briefl y, 

for FISH, BAC clones were selected from the UCSC genome browser [h  p://genome.ucsc.

edu/], purchased at BACPAC resources centre (Oakland, California, USA) and labelled (Random 

Prime labelling system Invitrogen Corpora  on, Carlsbad, California, USA)) with Bio-16-dUTP or 

Dig-11-dUTP (Roche applied science, Indianapolis, USA). A  er valida  on on control metaphases, 

BAC clones were used on chromosome prepara  ons from specifi c pa  ents for confi rma  on. 

Primer pairs for quan  ta  ve real-  me PCR were designed from unique sequences within the 

minimal deleted or duplicated regions of each copy number change using Primer Express 

so  ware v2.0 (Applied Biosystems, Carlsbad, California, USA). The nucleo  de-nucleo  de BLAST 

algorithm at NCBI [h  p://www.ncbi.nlm.nih.gov/BLAST/] was used to confi rm that each PCR 

amplifi ca  on product was unique. Quan  ta  ve PCR analyses were performed using an ABI7300 

Real-  me PCR system in combina  on with KAPA-SYBR fast master mix (KapaBiosystems, Woburn, 

MA, USA). Experiments were designed with a region of the C14ORF145 gene serving as a control 

locus. Recently, MAC assays (Mul  plicon N.V., Gent, Belgium) were used as a subs  tute for q-PCR 

as well and performed according to the manufactures protocol.

Results

The study cohort consisted of 117 pa  ents. Pa  ents with defi ned syndromes, such as trisomies 

or proven muta  ons in disease causing genes such as Simpson-Golabi or Cornelia de Lange 

syndrome had been excluded (n=5). Over 40% of pa  ents showed an isolated diaphragma  c 

defect (n=64) or eventra  on (n=3) with varying degrees of lung hypoplasia and lung hypertension. 
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The remainder complex-CDH group was sub classifi ed into: CDH and heart anomalies (n=10 

including VSD (n=3), hypoplas  c le   heart n=2, coarcta  o aortae n=1, other n=4), CDH and 

craniosynostosis (n=3), CDH and esophageal atresia (n=4), CDH and various dysmorphologies 

(n=15, including pa  ents with facial dysmorphisms without a recognisable pa  ern n=3, complex 

dysmorphisms n=7, other n=5), CDH in discordant monozygo  c twin subjects (n=5, except 1 

concordant pair). Large(r) structural anomalies were iden  fi ed (n=4) or confi rmed (n=8) by array 

screening in 12 addi  onal cases (CDH and structural anomalies (n=12)). 

 Table 1 depicts the detailed gene  c results of the twelve large de novo anomalies, all of 

which are most likely phenotype aff ec  ng. Further results from this array cohort are summarised 

in Supplemental Table 1 showing only those CNVs that were considered de novo- or registered 

as a rare variant. Included were also those CNVs that had a -minor- par  al overlap with events 

in normal individuals. A Copy Number Polymorphism (CNP) was defi ned by the occurrence in 

more than 5 individuals of appropriate online or in-house CNV databases of unaff ected controls 

[h  p://cnv.chop.edu and (depending on the technique used in the original source), h  p://

projects.tcag.ca/varia  on]. In total, 167 benign Copy Number Polymorphisms were established. 

All rare variants were confi rmed in both the proband and his/her parents. 

 The signifi cance of the majority of the changes presented in Supplemental Table I is currently 

unknown, yet future research in both humans and animals will help clarify whether they oppose 

an increased risk for CDH or not. Below, we will briefl y discuss the six most remarkable events 

(Table 2A and 2B), which might provide us with a few new CDH-candidacy regions and/or provide 

us with valuable insight into the gene  c mechanisms causing the variable CDH phenotypes. 

Table 1 |Large, puta  vely phenotype aff ec  ng, de novo Copy Number changes in Ro  erdam CDH 
cohort

Subject Event Pa  ent Phenotype

RD 1 46,XX.arr 1p36.23(0-8,049,376)x1,1p36.23p36.22(8,049,376-10,206,849)x3 Complex

RD 2 46,XY,der(3)t(3;11)(p25.1;q23.1) Complex

RD 3 46,XX.arr 4p16.1(0-9,945,373)x1 Complex

RD 4 46,XY.arr 4p15.2p14(22,819,570-36,306,519)x1 Isolated-right

RD 5 46,XX,der(5)t(5;12)(p13.2;p12.3)[27]/46,XX[4] Complex

RD 6 46,XX.arr 8p23.1(8,139,051-11,916,439)x1 Complex

RD 7 arr 9ptelp11.2(0- 46,310,390)x4 Isolated-le  

RD 8 46,XY.arr 15q11.2q13.1(18,421,386-27,018,622)x3 Isolated-le  

RD 9 46,XX,der(15)t(4;15)(q35;q26.1). Complex

RD 10 46,XX.arr 15q25.2(80,689,404-82,938,351)x1,17p12(14,049,619-15,497,020)x3 Complex

RD 11 46,XY.arr 17q21q31(39,182,612-39,660,170)x1 Complex

RD 12 46,XX.arr Xp22.31(0-8,681,596)x1,Xp22.31p22.11(8,681,596-24,776,649)x3 Complex

RD: Ro  erdam CDH subjects
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Causa  ve Genomic changes in complex-major CDH pa  ents of the Ro  erdam 
cohort
Event 1 is a de novo 2.5 Mb dele  on on chromosome 15q25 iden  fi ed in a female pa  ent (RD 

10, Table 1 + 2) that was prenatally diagnosed with le  -sided CDH. Prenatal tracheal occlusion 

was executed to improve her prognos  c poor lung-hypoplasia (L/H ra  o of 0.7 and liver-up). 

At 38 weeks gesta  on she was born in a ter  ary centre with ECMO facili  es. Postnatal cardiac 

evalua  on showed an addi  onal major anomaly of the heart (coarcta  o aortae) for which she 

was transferred to our hospital for surgical treatment. Unfortunately, despite ECMO treatment, 

her cardiac-and pulmonary condi  on did not stabilise to permit surgical interven  on. She died at 

15 days of age from respiratory insuffi  ciency and pulmonary hypertension.

 Event 2 is a maternally inherited 759 Kb dele  on on chromosome 5p15.3-p15.2 which 

includes the methionine synthase reductase (MTRR) gene. The aff ected pa  ent (RD 21, Table 2 

& Supplemental Table 1) was a Caucasian female born at 36 weeks of gesta  on and diagnosed 

prenatally with le  -sided CDH. Postnatal screening revealed a VACTERL associa  on with bilateral 

dilata  on of the ventral basis of the kidneys, abnormali  es of the vertebral bodies and an 

esophageal atresia type IIIb. Surgical liga  on of the fi stula was performed within 24 hours of 

birth, yet she died shortly a  er because of respiratory insuffi  ciency.

 In a Caucasian German family, we iden  fi ed event 3 in a complex female CDH pa  ent 

(RD12, Table 1 and 2) with a combined dele  on/duplica  on event on chromosome Xp that was 

8.72 Mb and 16.1 Mb in size respec  vely. Classical cytogene  c analysis of parental blood showed 

no signs of a predisposing Xp inversion. Familial history suggested a gene  c predisposi  on to 

congenital anomalies with mul  ple spontaneous abor  ons and a brother who exhibited a heart 

defect (VSD). Yet, SNP array analysis of both parents and the sibling were normal showing no 

evidence for pathologic CNVs. The pa  ent died 1 day a  er birth apart from CDH because of 

oxygena  on diffi  cul  es. Post-mortem exam demonstrated the following anomalies: Facial 

dysmorphisms including micrognathia and abnormal posi  on and shape of external ears, 

pulmonary atresia, ventricular septum defect, microstomy, syndactly of toes 2-3, overlapping 

toes 4-5, hydronephrosis and intra-uterine growth retarda  on.

Causa  ve Genomic changes in Complex-simple CDH pa  ents of the Ro  erdam 
cohort
Event 4 is a very small maternally inherited 86 Kb dele  on which involves only the FRAS1-related 

extracellular matrix protein 1 (FREM1) gene on chromosome 9p22.3. Primarily, this pa  ent 

(RD 23 in Supplemental Table 1 and Table 2) was diagnosed with isolated CDH iden  fying only 

mild dysmorphisms of the toes (so  -  ssue syndactyly of toe 2-3). However, at clinical follow-up 

dysmorphisms of the nose (bifi d nose) and growth-retarda  on were recognised as well. These 

addi  onal features overlapped with the clinical phenotype described in aff ected members of 3 

consanguineous families with homozygous FREM1 muta  ons (BNAR syndrome (OMIM 608980): 

Bifi d Nose with or without Anorectal and Renal anomalies [26, 27] but were absent in the mother.
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Addi  onal imaging studies in our pa  ent showed no evidence for gastro-intes  nal or renal 

anomalies. Her le  -sided CDH -including a sac- was corrected 9 days a  er birth. One-year follow 

up showed a normal motoric and developmental pa  ern.

 Events 5 and 6 are partly overlapping duplica  on events on the long arm of chromosome 12 

(12q24) iden  fi ed in CDH pa  ents RD 14 and RD 25 (Table 2 and Supplemental Table 1). The fi rst 

pa  ent is a Caucasian female born at 38.4 weeks of gesta  on. She had a prenatally diagnosed 

le  -sided CDH plus sac. Cardiac evalua  on at birth demonstrated a persistent le   vena cava 

superior. Dysmorphologic evalua  on showed minor dysmorphisms with a prominent forehead, 

upward slanted palpebral fi ssures, large ears and a nodule on the proximal interphalangeal 

ar  cula  on of digitus III (Bouchard nodules). SNP array analysis revealed a small, de novo 280 

Kb duplica  on (46, XX, dup (12) (q24.13)(112.768.187-113.042.079) x3), disrup  ng the coding 

region of the RNA-binding mo  f protein 19 (RBM19) and situated just proximally of TBX5 (Figure 

1A). Hemizygosity of the la  er gene is known to cause a combined phenotype of Holt-Oram 

(OMIM 142900) and Ulnar-mammary syndromes (OMIM 18450)[28]. 

 The second pa  ent concerned a Caucasian male with mild-complex, le  -sided CDH who 

was born at 38.3 weeks of gesta  on. The only addi  onal anomaly concerned a bicuspid aor  c 

valve. Pregnancy was complicated by maternal SSRI use. Paternal family history revealed that 

the proband’s aunt was diagnosed with bilateral anomalies of the hands possibly induced 

by teratogens during pregnancy. A nephew of the proband (maternal side) was diagnosed 

postnatally with a duplica  on of the small intes  ne, which was surgically removed within 2 days. 

Our pa  ent was iden  fi ed with a 334 Kb duplica  on (46, XY, dup (12)(q24.13q24.21)(112.528.59-

112.856.256) x3) posi  oned just proximal of the one of pa  ent-RD 12 and also disrup  ng the 

coding region of the RBM19 gene (Figure 1B). Considering the congenital anomalies in this 

family: both parents, his nephew and his aunt on maternal side were screened for RBM19 

CNVs. Unfortunately; DNA material of the aunt on paternal side was unavailable. Q-PCR results 

showed a paternally inherited duplica  on on 12q24 (Figure 1C), with all other subjects having a 

normal copy number status for this gene locus. These results might suggest that the limb defects 

at paternal side are linked to a gene  c defect a  er all and (with reduced penetrance) to the 

diaphragm hole in our proband. 

Soma  c CNV pa  erns in isolated CDH cases
To exclude the possibility of structural varia  ons restricted to the aff ected diaphragm  ssues, 

we screened for CNVs in diaphragm material of 13 isolated pa  ents and compared this pa  ern 

to the blood-derived copy number profi le. Results showed no evidence for soma  c CNVs nor 

could we fi nd discrepancies in CNV distribu  on or Loss Of Heterozygosity (LOH) between the two 

 ssues (Table 3) in any of the subjects that could be related to the diaphragm phenotype.
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Figure 1 | Results high-resolu  on SNP array and RT-qPCR analysis events 5 and 6 
A: Nexus result of the chromosome 12q24 duplica  on event in RD pa  ent 14 showing a clear increase in log2 
intensity signal, concomitant with changes in the B-allele frequency (BAF). This event clearly disrupts the coding 
region of the RBM19 gene.
B: Nexus results of the partly overlapping duplica  on event in RD pa  ent 25. Analogous to pa  ent 14, this CNV 
aff ects the coding region of RBM19, yet is posi  oned more proximally.
C: Confi rma  ve rela  ve q-PCR results of events 5 (pink bar) and 6 (blue bars). Parental analysis (results not shown) 
demonstrated that the genomic event of pa  ent RD 14 (event 5) is de novo. In contrast, event 6 is inherited from the 
father. Green bars represent the results of two non-related healthy controls (see page 246 for color fi gure).
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Figure 1 | Con  nued (see page 246 for color fi gure)

Table 3 |Germline CNVs detected in blood & diaphragm  ssue of 13 CDH pa  ents

CDH
Pa  ent

Chromosomal loca  on
(bp)

CNV
type

Length
(bp)

Genes
miRNA

Normal Cohort Valida  on

1-6 – – – – – –

7 chr22:19,778,080–21,465,347 CN Gain 1687268 22 Yes: 7/2026 FISH, de novo

8 – – – – – –

9 – – – – – –

10 chr22:17,249,767-17,392,385 CN Loss 142619 5 Yes: 14/2026 Q-PCR, inherited 
paternally 

chr2:57,249,627-57,302,586 CN Gain 52960 0 Yes: 25/2026 Copy Number 
Polymorphism

chr8:137,774,224-137,917,718 CN Loss 143495 0 Yes: 8/2026 Copy Number 
Polymorphism

11 chr15:18,725,221-19,642,760 CN Loss 917540 7 Yes: 6/2026 Copy Number 
Polymorphism

12-13 – – – – – –

The following abbrevia  ons are used: CN; Copy Number, Homoz; Homozygous, All Imb; Allellic Imbalance, bp; 
basepairs, EA; esophageal atresia, CDH; Congenital Diaphragma  c Hernia. 
Normal Cohort: CNV detec  on in blood- or cell-line derived DNA (CHOP, DGV & Decipher)
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Discussion

Copy number analysis has proven to be a powerful tool for iden  fying individual genes and 

genomic regions that contribute to the development of congenital diaphragma  c hernia (CDH) 

and associated structural births defects. 

 This is the fi rst report on CNV analysis in aff ected diaphragm material of CDH pa  ents. In 

addi  on, this study provides a valuable insight into the occurrence frequency of germline de 

novo and inherited CNVs by screening the largest mixed CDH cohort (n=117) published to date. 

In total, 41 unique and/or rare events were established of which sixteen de novo and twenty-fi ve 

inherited. Six out of 16 de novo CNVs were present in isolated or mild complex (complex-simple) 

CDH cases. The remainder 10 events were demonstrated in more complex (some of which 

complex-major) CDH pa  ents and overlapped with previously iden  fi ed CDH-associated hot 

spots on chromosome 4pter, 8p23.1, 11q23.1 and 15q26. In contrast, 18 out of 25 inherited CNVs 

were detected in isolated/mild complex cases with the remainder 7 associated with complex-

CDH. Subsequently, these results provide us a few new CDH-candidate regions for both complex 

as well as isolated CDH and/or fi ne tune exis  ng phenotype-genotype correla  ons. 

Soma  c CNV pa  erns in isolated CDH cases
Gene  c studies usually aim at the iden  fi ca  on of germ line muta  ons as a cause of structural 

birth defects. Yet, recently it was shown that soma  c mosaicism for stochas  c CNVs occurs in 

a substan  al percentage of cells, both in normal as well as in diseased cohorts [29-36]. These 

soma  c CNVs might explain phenotypic variability and/or reduced penetrance in physiologic and 

diseased phenotypes such as CDH. To exclude the possibility of structural varia  ons restricted 

to the aff ected diaphragm  ssues, we screened for CNVs in this material of a small group of 

isolated pa  ents. Results indicated that aff ected  ssue-specifi c CNV is not a major contributor 

to CDH, although larger  ssue collec  ons should be screened to rule out more rarely occurring 

muta  ons. Applica  on of high-resolu  on SNP arrays and next-genera  on sequencing methods 

allow for an easier and more sensi  ve detec  on of this type of gene  c aberra  ons in the near 

future and will add up to the (scarce) data generated recently on this topic by some other groups.

The 15q25 microdele  on phenotype includes both diaphragm- as well as heart 
defects
Wat et al. [37] recently suggested the existence of another candidate region on the distal arm of 

chromosome 15 associated with diaphragm defects i.e. the 15q25 monosomy syndrome. Its core 

clinical phenotype is characterized by an increased risk for mental retarda  on, cryptorchidism, 

short stature and (possibly) Diamond-Blackfan anaemia. The 2,25 Mb dele  on event iden  fi ed in 

our CDH pa  ent RD 10 did not allow for refi nement of the 15q25-cri  cal interval for diaphragm 

defects [37], however based on this report a cardiac defect should be added to the list of 

congenital anomalies associated with this gene  c aberra  on. Addi  onally, the co-occurring 1,44 
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Mb de novo dele  on on chromosome 17 could theore  cally be responsible for this anomaly as 

well, but is registered in 4 individuals of normal DGV-cohorts.

Disrup  on of alterna  ve embryonic pathways: the homocystein/folic acid 
pathway in combined CDH and Esophageal Atresia (EA) phenotypes
Event 2 iden  fi ed in our complex-CDH pa  ent with VACTERL-associated esophageal atresia 

(RD 21) shows only 7.5% overlap with CNVs of 4 healthy individuals and includes the MTRR 

gene. Although inherited from a phenotypically normal mother, the importance of the MTRR 

protein in the homocystein/folic-acid pathway suggests a suscep  bility role for this event in 

our pa  ents’ phenotype. MTRR encodes a methionine synthase reductase which re-ac  vates 

methionin synthase (MTR). The la  er is a cobalamin-dependent enzyme which catalyses the re-

methyla  on of methionine using s-adenosylmethionin as a methyl donor. The eventual product 

of the remethyla  on of methionine is homocystein. Therefore, haploinsuffi  ciency of MTRR could 

theore  cally lead to hyper-homocysteinemia. In turn, hyper-homocysteinemia is frequently 

associated with congenital defects of the heart and the neural tube [38, 39]. Preliminary results 

from a nested cross-sec  onal CDH case (n=22)-control (n=28) study from our group did not fi nd 

signifi cantly diff erent biomarker levels of the methyla  on pathway in cord-blood [40]. Limpach 

et al. [41] suggested that homocystein-induced congenital defects are caused by the ability of 

homocystein to inhibit the conversion of re  nal to re  noic acid, thereby providing a link to 

the well-known RA disrup  on hypothesis of CDH [42]. Unfortunately, our pa  ent died 1 day 

postnatally and parents did not permit autopsy or storage of serum blood-and  ssue samples. 

These would have allowed for a more detailed assessment of serum vitamin B12, folic acid, 

re  nol and homocystein levels to provide func  onal evidence for the puta  ve associa  on with 

the combined EA- and CDH phenotype. 

Chromosome Xp aberra  ons: is the Holocytochrome C synthase gene a CDH 
candidate or not?
Various chromosome Xp aberra  ons are recurrently reported in pa  ents with diaphragm defects, 

sugges  ng the importance of one or more genes in this region for diaphragm development. 

Based on a dis  nct phenotype of micropthalmia combined with linear skin defects (MLS, OMIM 

309801) and CDH, Qidwai et al. [43] recently proposed the Holocytochrome C synthase (HCCS) 

gene as a new Xp22 candidate for diaphragma  c hernia. A few earlier reports on diaphragma  c 

hernia cases with terminal dele  ons of Xp22.2-pter [44] backed up this associa  on. However, 

the deleted region on Xp in female pa  ent RD 12 does not include the HCCS gene and posi  onal 

eff ects are unlikely due to the large distance of the dele  on breakpoint (>1 Mb) to HCCS. These 

results suggest that the proposed role of HCCS haploinsuffi  ciency in CDH is not valid or at least 

not fully penetrant [43]. Obviously, the co-occurring large Xp duplica  on interferes with the 

defi ni  on of a more precise phenotype-genotype correla  on. 



54 | Chapter 2.1

FRAS1-related extracellular matrix protein 1 (FREM1): a new CDH candidate 
gene?
Event 4 concerned a very small dele  on on the short arm of chromosome 9 iden  fi ed in a mild 

dysmorphic CDH case (RD 23) whose addi  onal symptoms could be assigned to the variable 

BNAR syndrome (OMIM 608980). The core clinical features of BNAR are usually caused by 

homozygous missense and frameshi   muta  ons in FREM1 [26, 27]. FREM1 protein is known for its 

overlapping role with FRAS1, an extracellular matrix protein that is -to a large extent- func  onally 

interdependent on FREM1 and aff ected in pa  ents with Fraser syndrome [OMIM 219000]. 

However, Frem1 mice mutants display a considerable wider and milder phenotype and lack the 

characteris  c cryptophthalmos (skin covering the globe of the eye) iden  fi ed in human and mice 

Fraser-syndrome pa  ents. Subsequently, Alazami et al. [45] suggested that BNAR represents a 

milder variant of Fraser syndrome. This idea is supported by data of Slavo  nek et al. [46], who 

recently added the features of Manitoba-Oculo-Tricho-Anal (MOTA) syndrome (OMIM:248450) 

to the human phenotypic spectrum of the FREM1-FRAS1 complex. 

 The occurrence of CDH in our female pa  ent (RD 23) contradicts this idea of a milder 

FREM1 phenotype and suggests that haploinsuffi  ciency of this gene opposes an increased risk 

for the development of diaphragma  c defects. The announcement of a recent new recessive 

Frem1 mouse model [47] backs up this idea. In addi  on, a few human Fraser syndrome pa  ents 

have been described with CDH in literature [48]. However, true associa  on is only valid a  er 

iden  fi ca  on of addi  onal CDH pa  ents, since this is the fi rst report of a human FREM1 case 

exhibi  ng CDH. Finally, the sugges  ve autosomal recessive inheritance modus of FREM1 

associated birth defects is supported by the unaff ected phenotype of our pa  ents’ mother. 

Interes  ngly, her daughter displayed a co-occurring 183 Kb duplica  on event on chromosome 

Xq21.1 that included the ATRX gene. This extra CNV stresses on the possibility of an addi  onal 

“second” hit in the same or associated disease pathway causing a recessive phenotype to emerge 

in off spring of an unaff ected carrier-parent (as proposed by Girirajan et al. [49]). However, 

ingenuity pathway analysis [www.ingenuity.com] showed no links between FREM1 and ATRX and 

diaphragm defects have not been reported for this gene. Muta  ons of ATRX are known to cause 

alpha-thalassemia combined with mental retarda  on. 

Haploinsuffi  ciency of RNA-binding mo  f protein 19 (RBM19) gene predisposes to 
mildly complex CDH: iden  fi ca  on of a unique new CDH hot spot on 12q24 
The SNP array technique allows for the iden  fi ca  on of gene  c aberra  ons not biased by 

phenotypic informa  on (genotype-fi rst approach). In this way we iden  fi ed events 5 and 6 on 

the long arm of chromosome 12 in two unrelated mild-complex CDH pa  ents (RD 14 and RD 25). 

This in contrast to the well-known CDH-associated 12p locus that is described in 30% of Pallister-

Killian pa  ents (OMIM #601803). 

 The RBM19 gene is the most likely causa  ve CDH-candidate in our pa  ents, since both 

duplica  ons disrupt its coding region. Func  onal informa  on on the conserved nucleolar protein 

RBM19 suggests an important role in diges  ve organ development. Mayer et al. (2003) showed 
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that the zebrafi sh variant of RBM19 (called Nil Per Os) induces organ hypoplasia when knock-

downed and causes overgrowth of gastro-intes  nal organs when overexpressed [50]. In addi  on, 

Zhang et al. [51] recently displayed an important role of RBM19 in murine pre-implanta  on 

development. Interes  ngly, the rela  ves of pa  ent RD 25 displayed features (limb and intes  nal 

malforma  ons) that are either related to the same chromosomal anomaly or func  onally related 

to RBM19 in literature [28, 50]. Muta  on screening of this gene in all family members is therefore 

necessary to rule out second hits in the RBM19-associated developmental pathway.

 Theore  cally, a posi  on eff ect of the small de-novo duplica  ons in both pa  ents could 

aff ect the func  on of the TBX5 gene more distally and explain their (mild-cardiac) phenotype. 

This gene is a member of the Brachyury (T) family of transcrip  on factors, whose muta  ons cause 

anomalies of the heart and upper limbs in varying severity. In mice, Tbx5 transcripts have been 

demonstrated in lungs, pharynx and thorax body wall. Hiroi et al. [52] found that TBX5 associates 

with NKX2-5 to synergis  cally promote cardiomyocyte diff eren  a  on. Interes  ngly, Garg et al. 

[53] demonstrated an interac  on between TBX5 and GATA4 and implicated that disrup  on of 

this associa  on induces human cardiac septal defects. Knowing the important role for GATA4 

in CDH [48, 54], such a process might be suggested for the diaphragm defect in our pa  ents as 

well. Further func  onal studies in both pa  ents (and their rela  ves) will help to answer these 

ques  ons. 

 In summary, high-resolu  on SNP-arrays allow for implementa  on of the smallest-region of 

overlap approach at a whole new resolu  on level and have replaced karyotyping in a diagnos  c 

screening se   ng. This approach will increase the iden  fi ed number of small chromosomal 

areas that harbour genes involved in diaphragm development in both isolated and complex CDH 

cases, which will improve gene  c counselling opportuni  es to parents. On a popula  on level, 

the genotype-fi rst approach will enable be  er stra  fi ca  on of CDH-associated phenotypes in 

the near future given the wide variability of the size of the diaphragm defect [55]. It may even 

allow for risk-assessment in terms of severity of pulmonary-arterial hypertension and risk for the 

development of chronic pulmonary morbidity. However, as suggested by Donahoe and all [56], 

these molecular approaches need to be integrated with computa  onal and func  onal analyses 

in order to truly make signifi cant changes in the care of pa  ents.
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Abstract

Congenital diaphragma  c hernia (CDH) is a life-threatening birth defect and is associated with 

defects in addi  onal organs in 30-40% of the cases. Apart from chromosomal anomalies, the 

e  ology of CDH is s  ll largely unknown. Here we show that mice lacking Chroma  n target of 

PRMT1 (CHTOP) have numerous developmental abnormali  es, including the dorsolateral 

“Bochdalek” type of CDH. CHTOP is a vertebrate-specifi c chroma  n-binding protein that plays 

a cri  cal role in transcrip  on regula  on and has a widespread expression pa  ern during 

embryogenesis. CHTOP null mice die in utero or shortly a  er birth; they are reduced in size 

and display complex cardiovascular malforma  ons. Addi  onally, they suff er from pulmonary 

hypoplasia, cle   palate and size reduc  on of spleen, pancreas, and kidneys. Expression profi ling 

of E9.0 embryos shows aberrant expression of genes involved in mesoderm and vasculature 

development, as well as a delay in the G2/M-phase of the cell cycle. We further iden  fi ed a 

CHTOP muta  on in a CDH pa  ent that severely aff ects the interac  on between CHTOP and 

PRMT1, the major protein arginine methyltransferase. Our results demonstrate that CHTOP is 

essen  al for vertebrate ontogenesis and that deregula  on of CHTOP may play a role in complex 

CDH syndromes observed in human pa  ents.
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Introduc  on

Congenital diaphragma  c hernia (CDH) is a severe developmental defect occurring in 

approximately 1 in every 3000 live births [1]. The hallmark of the disorder is a defect in the 

muscular or tendinous por  on of the diaphragm. The incomplete closure of the diaphragm 

can be variable in size, ranging from a small hole to agenesis of the diaphragm. This allows the 

abdominal contents, which may include liver, stomach, intes  nes, and spleen, to protrude into 

the thoracic cavity, thereby impeding lung growth and development. The resul  ng pulmonary 

hypoplasia and postnatal pulmonary hypertension are major causes for the high mortality and 

morbidity rates associated with CDH (reviewed by [2]. Three types of hernia can be dis  nguished: 

the “Bochdalek” form involves the dorsolateral por  on of the diaphragm (~70% of the cases), 

an anterior “Morgagni” form (~27%), and a central form (~2%) [3]. The vast majority of hernias 

is le  -sided (85%), whilst the remainder are right sided (13%) or bilateral (2%) [4]. Apart from 

the defects in diaphragm and lungs, CDH is accompanied by addi  onal malforma  ons in 30-40% 

of cases. In this “non-isolated” or “complex” CDH, the cardiovascular system is most commonly 

aff ected [5]. Furthermore, CDH has been described as a part of known gene  c syndromes for 

which, in some cases, a single causal gene is iden  fi ed, such as the WT1 (“ Wilms” Tumour 1) gene 

in Denys-Drash syndrome and the GPC3 (glypican-3) gene in Simpson-Golabi-Behmel syndrome 

[6]. In addi  on, several rearrangements in specifi c gene  c loci, including inters   al and terminal 

dele  ons of 8p23.1 and 15q26, are associated with “complex” CDH. However, whether CDH has 

a gene  c cause for all of these disorders or is merely an incidental occurrence in addi  on to 

the other observed malforma  ons, is unclear [7]. Further insight into the gene  c e  ology of 

CDH comes from the evalua  on of mutant mice. Mice that lack c-MET, MYOD or PAX3 display 

a musculariza  on defect of the diaphragm, incomplete closure of the diaphragm is observed in 

null mutants for Wt1, Rarα/Rarβ2 (re  noic acid receptor), Gata4, and Coup-TFII/Nr2f2, while 

diaphragma  c eventra  ons are seen in mice that are homozygous for a hypomorphic allele of 

Fog2/Zfpm2 (reviewed by [8, 9, 10]). Nevertheless, CDH does not display full penetrance in the 

diff erent mouse models, and muta  ons in the orthologous genes are rarely found in human CDH 

pa  ents. Together these observa  ons indicate that CDH is, gene  cally, a heterogeneous disease, 

and that mul  ple factors have to play an important role.

 We recently iden  fi ed Chroma  n target of PRMT1 (CHTOP), previously known as Friend 

of PRMT1 (FOP) and Small protein Rich in Arginine and Glycine (SRAG), encoded by the mouse 

2500003M10Rik and human C1orf77 genes, respec  vely [11, 12]. CHTOP is a highly conserved 

vertebrate-specifi c protein with no known paralogues. It is a chroma  n-associated protein and 

plays a cri  cal role in transcrip  onal ac  va  on, including estrogen-dependent gene induc  on in 

breast cancer cells and globin gene regula  on in erythroid cells [11, 13]. CHTOP has no known 

conserved domains, but its central sequence consists of a glycine-arginine-rich (GAR) domain 

that contains 26 arginine residues that are fl anked by a glycine. GAR regions are a common 

feature of many RNA-binding proteins (RBPs), but whether CHTOP interacts with RNA is currently 

unknown. GAR domains can be recognized and modifi ed by members of the protein arginine 
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methyltransferase (PRMT) family [14]. Indeed, CHTOP was iden  fi ed in a screen for novel 

PRMT1-interac  ng proteins and subsequent experiments have indicated that the GAR region is 

extensively modifi ed by the enzyme [11]. A role for arginine methyla  on in regula  ng protein-

protein interac  ons in gene regula  on is well documented [15]. Transcrip  onal regulators that 

are controlled by Prmt ac  vity include transcrip  on factors like NIP45 and RUNX1 [16, 17], 

cofactors like CBP/P300 [18], the nuclear hormone receptor ERα [19], the elonga  on factor SPT5 

[20], as well as histones H3 and H4 (reviewed by [21]). 

 To study the physiological role of CHTOP, we generated CHTOP -defi cient mice. The 

muta  on was induced by gene entrapment in mouse embryonic stem cells. Embryos that do not 

express CHTOP are reduced in size, display massive edema, and die at the perinatal stage with 

a complex and heterogeneous phenotype. By using high-throughput mul  -embryo magne  c 

resonance imaging (MRI), we found that all mutant animals suff ered from visceral and cardiac 

malforma  ons (including ventricular and atrial septal defects, double-outlet right ventricle, and 

right-sided aor  c arch), enlarged jugular lympha  c sacs (JLS; all animals), cle   palate (~85% 

of embryos), and “Bochdalek” type of CDH (~40% of animals). Our results suggest that the 

malforma  ons are the result of both the deregulated expression of several key regulators of 

mesoderm diff eren  a  on, as well as a general cell cycle defect. Furthermore, we iden  fi ed a 

muta  on in the CHTOP gene in a “complex” CDH pa  ent. The muta  on changes an arginine 

residue within the GAR domain, thereby severely aff ec  ng the recruitment of PRMT1. These 

results indicate that deregula  on of CHTOP and/or its associa  ng factors may contribute to 

syndromes with “complex” CDH in human individuals.

Results

CHTOP is essen  al for normal embryogenesis
In order to assess the role of CHTOP in vivo, a mutant mouse line was established from an 

embryonal stem cell clone carrying a gene trap inser  on in the fi rst intron of the Chtop gene 

(Figure 1A).This inser  on could poten  ally generate a full knockout, as the open reading frame of 

the Chtop gene starts in the downstream exon. Animals heterozygous for the gene trap, from here 

on referred to as Chtop+/tr, were fer  le and intercrossed to generate homozygotes (Chtoptr/tr). No 

homozygotes were recovered at weaning during the ini  al analysis (Figure 1B). Further analysis 

revealed no Chtoptr/tr animals at birth, indica  ng that a homozygous muta  on at the CHTOP locus 

results in embryonic lethality. At all embryonic stages tested (E9.5 to E16.5) Mendelian ra  os of 

wild-type (Chtop+/+),Chtop+/tr, and Chtoptr/tr embryos were detected by PCR (Figures 1B and 1C). 

Gross inspec  on demonstrated growth retarda  on and severe subcutaneous edema in Chtoptr/tr 

embryos (Figure 1D).

 Mouse embryonic fi broblasts (MEFs) were used to examine the eff ect of the gene trap 

inser  on on CHTOP protein and mRNA levels. CHTOP protein could not be detected in Chtoptr/tr 

cells (Figure 1E, upper panel), while the transcript level was reduced to ~5% (Figure 1E, lower 
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panel). Expression of CHTOP protein in heterozygous cells was comparable to wild type, while 

mRNA levels dropped to ~50%. This indicates that the protein level of CHTOP is mainly regulated 

by protein stability rather than transcrip  on. Furthermore, CHTOP could not be detected by 

immunohistochemistry in Chtoptr/tr embryos (Figure 1F and Supplement Figure 1). In contrast, 

wild-type li  ermates displayed a near-ubiquitous expression at this stage of development 

(E13.5). The intensity of staining varied per  ssue, with minimal/no expression in the nuclei of 

circula  ng primi  ve erythrocytes and a propor  on of liver cells (Figure 1F). Together, these data 

show that the gene trap inser  on results in complete abla  on of CHTOP protein expression and 

that CHTOP is required for normal embryonic development. 

Figure 1 | Genera  on of Chtoptr/tr mice
A: Schema  c representa  on of the Chtop genomic locus and the viral genetrap vector. Exons are indicated, the 
coding region is shaded. F1, R1, and R2 represent oligonucleo  des used for genotyping; LTR = long terminal 
repeat, SA = splice acceptor, b-Geo = combined selec  on and reporter gene, pA = poly-A tail. B: Genotype analysis 
of Chtop+/tr intercrosses at weaning (breedings) and embryonic (pluggings) stages. C: Wild-type (+/+) and mutant 
(tr/tr) embryos at E16.5 showing edema and growth retarda  on in the mutant. D: Genotype analysis on yolk sac 
cells by PCR. E: CHTOP protein levels (top panel) and mRNA levels (bo  om panel) in embryonic fi broblasts. One of 
three independent experiments is shown. F: Detec  on of CHTOP protein by immunostaining of fetal liver (E13.5). 
Circula  ng primi  ve erythrocytes (PE) are nega  ve for CHTOP staining. Bar,100 mm (see page 247 for color fi gure).
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Mul  -embryo imaging reveals mul  ple developmental abnormali  es, including 
heart defects
The development of edema in various mouse mutants is frequently associated with cardiovascular 

defects [22, 23]. As tradi  onal histology is labor intensive and loses 3D informa  on necessary for 

interpreta  on of complex cardiac malforma  ons, we used high-throughput magne  c resonance 

imaging (MRI) to analyze embryonic abnormali  es [24]. A series of 42 embryos was collected 

on day 15.5 of gesta  on, scanned at 43x43x36 μm resolu  on, and phenotypically scored, with 

the observer blinded to the genotype. All Chtoptr/tr embryos showed edema, bilateral cysts in 

jugular lympha  c sacs and heart defects (Table 1 and Figure 2A). All embryos had addi  onal 

abnormali  es not directly related to the cardiovascular system, such as small visceral organs 

(spleen, stomach, pancreas; 13 out of 14 embryos), abnormal right kidney (8 out of 14; Figure 

2B), small and abnormal lungs (9 out of 14), cle   palate (12 out of 14), and spinal cord defects 

(4 out of 14; Table 1). Furthermore, 6 out of 14 embryos displayed congenital diaphragma  c 

hernia (CDH). None of those anomalies was seen in wild type (11 embryos) or heterozygotes 

(17 embryos). The combina  on of defects points to a syndrome with CDH, although it does not 

fi t clearly all the criteria of comparable condi  ons observed in human pa  ents, such as Fryns 

syndrome [6]. The cardiovascular defects were pleiotropic and included various lesions, ou  low 

tract -, and aor  c arch malforma  ons (Table 2). All mutant hearts had markedly enlarged and 

dilated right atria (RA) combined with atrial septal defects (ASD), ventricular septal defects (VSD), 

and an abnormal atrioventricular junc  on (AVJ). Ou  low defects, like common arterial trunk 

(CAT) and double outlet right ventricle (DORV), were observed in ~50% of Chtoptr/tr embryos. 

Malforma  ons of the aorta were observed in ~40% of the mutant hearts and include overriding 

aorta, interrupted aor  c arch (IAA) and right-sided aor  c arch. For 3D reconstruc  on, a limited 

number of embryos were re-imaged at a resolu  on of 25x25x26 μm. Figures 2C (transverse 

sec  ons) and 2D (3D reconstruc  on) demonstrate a Chtoptr/tr heart with enlarged right atrium, 

common valve, VSD, DORV, and right-sided aor  c arch.

Congenital Diaphragma  c Hernia in Chtoptr/tr embryos
Anatomical analysis revealed diaphragma  c hernias in ~40% of Chtoptr/tr embryos, with hernia  on 

of the liver and stomach into the thoracic cavity (Figure 3A). All hernias were either le  -sided 

or bilateral and located in the dorsolateral region of the diaphragm. An example of a le  -sided 

hernia is shown as a 3D reconstruc  on (Figure 3B), illustra  ng the protrusion of the liver and 

the underdeveloped stomach, thereby compe  ng for space with the le   lung. Interes  ngly, like 

in humans, impeded development is not restricted to this side of the lung, as demonstrated by 

the severe hypoplas  city of the contralateral lung and absence of the accessory lobe (Figure 3C).

 Diaphragms from Chtoptr/tr embryos (E16.5) were thickened around the periphery of 

the defect compared with the intact contralateral side and wild-type controls (Figure 3D), as 

observed in nitrofen treated rats [25]. Staining with an an  body specifi c for smooth muscle ac  n 

showed that the diaphragms were well muscularized (Figure 3E). Together, these data confi rmed 

that the diaphragma  c defect did not originate from a myoblast migra  on defect, as observed 
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in c-Met and Pax3 null mice [26, 27]. Instead, we observed incomplete fusion of the  ssues that 

form the dorsolateral part of the diaphragm, the pleuroperitoneal fold (PPF) and the body wall 

component of the diaphragm (Figure 3F and Supplement Figure 2). This was most likely a result 

of a prolifera  on defect of the PPF and could be detected from E13.5 onwards (Supplement 

Figure 3). In conclusion, absence of CHTOP results in a classic Bochdalek-type of CDH in 40% of 

the animals.

Table 1 | High-throughput high-resolu  on magne  c resonance microscopy of Chtoptr/tr mice (E15.5). 

PHENOTYPE MP ID Chtop

+/+ +/tr tr/tr

n=11 n=17 n=14

Small body size MP: 0001698 0 0 14

Oedema (moderate to massive) MP: 0001785 0 0 14

Cle   palate MP: 0000111 0 0 12

Increased spinal cord size 
(spinal cord folded above the tail)

MP: 0002809 
(MP: 0000955 - abnormal SC)

0 0  4

Right kidney small and fused to the large le   kidney MP: 0002989 and 
MP: 0003605

0 0  8

Small spleen MP: 0000692 0 0 13

Small, abnormally looping stomach MP: 0002691 and 
MP: 0000470

0 0 13

Small pancreas (confi rmed by histology) MP: 0004247 0 0 13

Small, abnormal lungs MP: 0003641 and 
MP: 0001175

0 0  9

Herniated diaphragm 
(Congenital Diaphragma  c Hernia)

MP: 0003924 0 0  6

Cys  c jugular lympha  c sacks MP: 0004107 0 0 14

Cardiovascular anomalies various, see Table2 0 0 14

ID = mammalian phenotype ID.

Deregulated gene expression in Chtoptr/tr embryos
The type of CDH in Chtoptr/tr embryos is iden  cal to CDH observed in Coup-TFII null mice and 

nitrofen-treated rats [28, 25]. As CHTOP can act as a transcrip  onal coac  vator, we fi rst tested 

whether Coup-TFII or Raldh2, the enzyme inhibited by the herbicide nitrofen, were deregulated 

in Chtoptr/tr embryos [29]. No diff erence was observed in both the level and pa  ern of expression 

for these genes at day 10.5 and 14.5 of gesta  on as analyzed by immunohistochemistry (IHC; 

Supplement Figure 4). Next, we performed genome-wide expression profi ling of wild type 

and Chtoptr/tr embryos. As the abnormali  es observed in Chtop null embryos may be the 

consequences of general and earlier developmental defects, stage-matched embryos were-
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Figure 2 | MRI reveals developmental abnormali  es in Chtoptr/tr embryos 
A: Coronal sec  ons demonstra  ng oedema (Oe) and cysts in the jugular lymph sacks (JLS). B-C: Transverse sec  ons 
showing small and fused right kidney (RK) and mul  ple cardiac malforma  ons. Two thoracic sec  ons are shown 
from the same mutant. Structures indicated are spinal cord (SC), le   kidney (LK), bladder (Bl), le   lung (LL), le   
superior vena cava (LSVC), right atrium (RA), right ventricle (RV), le   ventricle (LV), mitral valve (MV), common 
valve (CV), and ventricular septal defect (VSD). D: 3D reconsruc  on of the wild-type and mutant hearts clearly 
demonstrates the VSD, narrowed pulmonary artery (PA), double outlet right valve (DORV), and right-sided aorta 
(Ao). T = trachea. Bars, 500 mm (see page 248 for color fi gure).

collected at the 22-25 somite stage (~E9.0). Total RNA was isolated, labeled and hybridized to 

Aff ymetrix Mouse Gene 1.0 ST arrays, allowing whole transcript analysis. Genes that showed 

≥2-fold up- or down-regula  on are listed in Table S1. As a common mesenchymal defect has 

been proposed to explain dorsolateral CDH and associated extra-diaphragma  c defects [9, 7], it 
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is highly interes  ng that non-supervised pathway analysis revealed mesoderm development as 

one of the most deregulated processes (Figure 4A). Notably, we observed a marked decrease 

in expression of the transcrip  on factors T (Brachyury) and Tbx6, genes that are cri  cal for the 

induc  on and specifi ca  on of mesoderm, respec  vely. We observed considerable varia  on in 

the expression values for the individual embryos; therefore we used quan  ta  ve PCR followed 

by correla  on analysis for valida  on. The correla  on coeffi  cients for T (r2=0,93), Tbx6 (r2=0,78), 

Tcf15 (r2=0,89), Slit2 (r2=0,66), and Btk (r2=0,60) proved the accuracy of these data sets. In line 

with the IHC data, no change in expression was detected for Coup-TFII and Raldh2, or for other 

cri  cal components of the re  noic acid (RA) signalling pathway. Furthermore, we did not fi nd any 

evidence that the expression of Wt1, Gata4, and Fog2 was aff ected in Chtoptr/tr embryos at this 

developmental stage. As the vasculature develops from mesoderm precursors, it is not surprising 

that vasculature development appeared deregulated (Figure 4B). Furthermore, we did note an 

increase of the expression of genes that are associated with the G2/M-phase of the cell cycle, 

including the cell cycle regulators Cyclin-dependent kinase inhibitor 1A (p21) and Cyclin G1, as 

well as proteins important for the mito  c spindle (Figure 4C). 

Figure 3 | Congenital Diaphragma  c Hernia in Chtoptr/tr embryos
MRI pictures of sagi  al sec  ons from wild-type (+/+) and mutant (tr/tr) embryos (E15.5). A: The mutant displays 
a „Bochdalek‟ type of CDH, with the hernia indicated with *. B: 3D reconstruc  on of the stomach and liver, 
demonstra  ng malrota  on of the stomach and hernia  on of the stomach and liver into the thoracic cavity. Scale 
bar = 0.5 mm. C: 3D reconstruc  on of the lungs, demonstra  ng hypoplas  city in mutant lungs. D: Diaphragm 
thickening around the diaphragm defect (bo  om panel) compared with the normal contralateral side of the 
diaphragm (top panel). E: Muscular cells are present in mutant diaphragms, as indicated by smooth muscle ac  n 
immunostaining. F: Sagi  al sec  on demonstra  ng dorsolateral CDH, resul  ng in massive expansion of the liver into 
the thoracic cavity. Structures indicated are: le   lung (LL), right lung (RL), accessory lobe (Acc), diaphragm D), liver 
(Liv), stomach (St), oesophagus (Oe), spleen (S), right crus (RC), and heart (H); axes: r – right; l – le  ; d – dorsal; v – 
ventral; a – anterior, p – posterior. Bars: 500 mm A-D, 100 mm E, 1 mm F (see page 248 for color fi gure).
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Figure 4 | Deregulated gene expression in Chtoptr/tr embryos
Expression profi ling was performed on E9.0 embryos (22-25 somite stage). Gene set analysis shows deregula  on of: 
A: mesoderm development, B: vasculature development, and C: the G2/M-phase of the cell cycle. D: Immunostaining 
with an an  body against phosphorylated H3 demonstrates an increase of G2/M cells in mutant lung (le   panels) 
and liver (right panels). One of three independent experiments is shown. E: Fetal liver cells (E13.5) with rela  ve 
high levels of CHTOP (red channel) are hepa  c precursors, as demonstrated by their coexpression of cytokera  n 
18 (Cyto 18; green channel). DNA was visualized by Dapi staining (blue channel). F: FACS analysis shows that wild 
type and mutant fetal liver derived erythroblasts have similar DNA profi les. In contrast, propidium iodide staining 
reveals a delay of the G2/M-phase in mutant MEFs G: Data are from a single experiment that is representa  ve of 
three independent experiments. Values represent the mean of 4 li  ermates ± SD. Bars: 200 mm D, 10 mm E (see 
page 248 for color fi gure).

The possible cell cycle defect was further studied, as it could play a role in the diverse 

developmental defects observed in Chtoptr/tr embryos. Chromosome condensa  on during mitosis 
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is associated with phosphoryla  on of histone H3 at serine 10 (pS10H3) [30]. Staining with an 

an  body specifi cally recognizing this modifi ca  on indeed demonstrates an increase of mito  c 

cells in various Chtoptr/tr  ssues (Figure 4D and Supplement Figure 5A). Therefore, we tested 

whether aberrant prolifera  on kine  cs could be involved in the e  ology of CDH. As observed 

earlier, the fetal liver contained cells with either high or low levels of CHTOP, CHTOPhi and 

CHTOPlo, respec  vely (Figure 1F). CHTOPlo cells were rounder, had smaller nuclei combined with 

less cytoplasm and their chroma  n was more condensed compared to CHTOPhi cells, sugges  ng 

that CHTOPlo cells were erythroid (precursor) cells, while CHTOPhi represented liver (precursor) 

cells. Immunofl uorescent co-staining with cytokera  n 18, a marker for the hepa  c cell lineage 

[31], confi rmed that the CHTOPhi cells represented the hepa  c popula  on (Figure 4E). Next, fetal 

livers from E13.5 embryos were isolated to grow erythroid cultures, while mouse embryonic 

fi broblasts (MEFs) were cultured from the remaining  ssues. Homogenous pro-erythroblast 

cultures were obtained in serum-free medium and their cell cycle profi le was analyzed. No 

diff erences in cell cycle dynamics were observed in wild type and Chtoptr/tr erythroid cells (Figure 

4F). In contrast, primary MEFs from Chtoptr/tr had a slower prolifera  on rate, which was due to an 

accumula  on in G2/M (Figure 4G). While growing the erythroid cells, we noted prolifera  on of 

specifi c adherent cells. The cells were fl a  ened, bi-nucleated and exclusively present in wild-type 

cultures (Supplement Figure 5B). Although there was not suffi  cient material to further analyze 

these cells, the experiments indicate that most cell types have a problem to progress through 

mitosis when CHTOP expression is perturbed. From E10.0 onwards, the fetal liver grows rapidly 

as a result of the massive expansion of the erythroid compartment [32]. Erythroid cells, that 

already have low CHTOP levels, are not aff ected by the abla  on of CHTOP expression. Therefore, 

expansion of the Chtoptr/tr fetal liver is less aff ected compared to the other embryonic  ssues. 

This may result in the protrusion of the liver into the thoracic cavity before the pleuroperitoneal 

canals are closed.

CHTOP muta  on analysis in CDH pa  ents
To test whether deregula  on of CHTOP, located on chromosome 1q21.3, could be involved in 

the gene  cs of human CDH, we sequenced parts of the CHTOP locus of 43 pa  ents with complex 

CDH (see Table S2). The coding region, the splicing boundaries, and the non-coding fi rst exon 

were fully sequenced (Figure 5A), revealing sequence varia  on at 7 nucleo  de posi  ons. Of 

these, 5 were observed mul  ple  mes and were located outside the coding region (Table S3). 

The other two were unique and located within the coding region. Both varia  ons resulted in 

an amino acid change, R175H and R196L, respec  vely, and could be validated by restric  on 

enzyme analysis (Figure 5B). Nevertheless, the R196L muta  on was the only detected varia  on 

not previously iden  fi ed as a single nucleo  de polymorphism (SNP). The R196L muta  on was 

also shown in the maternal DNA, indica  ng that it is not a de novo muta  on and demonstra  ng 

that it is not the sole cause of the clinical features displayed by the aff ected pa  ent. It should 

be noted that the mother of pa  ent DS05.1280 and carrier of the R196L muta  on, was also
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Table 2 | Cardiovascular defects observed in Chtoptr/tr embryos (E15.5)

EMBRYO ID VENTRICLES ATRIA AVJ OUTLET PA AORTA OTHER

#8 VSD both large, 
ASD

common 
AV valve

CAT R-sided R-sided arch ~

#18 VSD, 
small RV

RA large, 
ASD

common 
AV valve

DORV ~ IAA ~

#20 VSD 
(muscular)

both large, 
ASD

common 
AV valve

CAT ~ ~ ~

#22 VSD both large, 
ASD

common 
AV valve

CAT R-sided R-sided arch ~

#32 VSD RA large, 
ASD

common 
AV valve

~ ~ overriding ~

#34 VSD RA large, 
ASD

common 
AV valve

~ ~ ~ ~

#35 VSD ASD common 
AV valve

~ ~ ~ ~

#42 VSD both large ~ ~ ~ ~ ~

#44 VSD RA large, 
ASD

common 
AV valve

DORV ~ R-sided arch ~

#54 VSD ASD common 
AV valve

DORV ~ ~ retresophageal 
R subclavian 

artery 

#58 VSD both large, 
ASD

common 
AV valve

~ ~ ~ ~

#103 VSD both large, 
ASD

common 
AV valve

~ ~ IAA ~

#110 VSD (outlet and 
muscular)

ASD common 
AV valve

CAT ~ ~ retresophageal 
R subclavian 

artery 

#146 VSD ASD common 
AV valve

CAT ~ ~ ~

VSD = ventricular septal defect (MP:0000281), ASD = atrial septum defect (MP: 0000282), large RA (MP: 0008727), 
large both atria (dilated; MP: 0003140), abnormal AVJ (common AV valve; MP: 0002745), CAT (MP: 0002633), 
DORV= double outlet right ventricle (MP: 0000284), R-sided pulmonary artery (PA; MP: 0000486), R-sided AoA (MP: 
0004158), IAA (MP: 0004157), overriding Ao (MP: 0000273), Retresophageal RSA (MP: 0004160)

carrier of a balanced transloca  on t(11;22), resul  ng in a par  al trisomy 11 and 22 in the pa  ent 

(47,XY,+der(22)t(11;22)(q23.3;q11.2)). Yet, the mother displayed a normal phenotype. 

 Both the SNP R175H and the muta  on R196L were located within the C-terminal part of the 

GAR domain of CHTOP. As we have shown previously that this region is cri  cal for the interac  on 

with PRMT1, we tested whether the iden  fi ed varia  ons aff ected the interac  on between 

CHTOP and PRMT1. The corresponding nucleo  des were mutated in murine CHTOP cDNA, a  er 

which the tagged constructs were stably expressed in mouse erythroid leukemia (MEL) cells. 

Exogenous CHTOP was purifi ed from nuclear extracts using paramagne  c streptavidin beads.
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Figure 5 | Detec  on of CHTOP varia  ons in CDH pa  ents 
A: Schema  c representa  on of the human Chtop locus. Exons are indicated, the coding region is shaded. Ver  cal 
arrowheads indicate the posi  ons of iden  fi ed varia  ons (R175H and R196L), horizontal arrowheads represent 
oligonucleo  des used for amplifi ca  on and sequencing. B: Iden  fi ca  on of the G>A SNP and its valida  on by NlaIII 
diges  on (top panels); iden  fi ca  on of the GA>TT muta  on and its valida  on by StuI diges  on (bo  om panels). 
DS05.1284 = control DNA; DS09.1023 and DS05.1280 = pa  ent DNA C: Bio_HA_CHTOP with SNP R175H (le   panels) 
and muta  on R196L (right panels) were introduced into MEL cells and tested for their interac  on with PRMT1. In 
contrast to R175H, the R196L muta  on greatly reduced the binding to PRMT1. Compare lanes 5 and 8 for rela  ve 
high ectopic expression of CHTOP, and lanes 6 and 7 for rela  ve low expression. Data are from a single experiment 
that is representa  ve of three independent experiments (see page 249 for color fi gure).
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No diff erence in affi  nity for PRMT1 was observed between wild type CHTOP and CHTOP_R175H 

(Figure 5C). In contrast, binding of PRMT1 was strongly reduced to CHTOP_R196L, both in high 

– and low expressing clones (compare lanes 5 and 8, and lanes 6 and 7, respec  vely). Since 

arginine methyla  on plays a role in protein-protein interac  ons, reduced PRMT1 recruitment is 

likely to aff ect addi  onal interac  ons of CHTOP and/or the methyla  on status of those addi  onal 

CHTOP-binding proteins. In conclusion, the fi rst limited screen of 43 CDH pa  ents resulted in 

the iden  fi ca  on of a CHTOP muta  on. The CHTOP_R196L muta  on severely aff ects PRMT1 

recruitment and may therefore cripple the (epi) gene  c func  ons of CHTOP.

Discussion

Pa  ents with congenital diaphragma  c hernia form a heterogeneous group, both gene  cally 

and phenotypically. Malforma  ons in addi  on to CDH are observed in roughly 30-40% of the 

pa  ents. With the cardiovascular system most commonly aff ected, addi  onal clinical fi ndings 

are highly variable and range from limb and digital anomalies to growth retarda  on and ear/

eye defects [33]. How the diff erent clinical problems relate to each other is currently unclear as 

the pathogenic mechanisms are largely unknown. Here we describe that Chtop null-mutant mice 

display severe growth retarda  on and malforma  on of mul  ple organs during embryogenesis, 

including a “Bochdalek” type of hernia. The la  er defect resembles the type of CDH induced 

by the herbicide nitrofen, a powerful inhibitor of re  nal dehydrogenase 2 (RALDH2) [34, 29]. 

Comparable hernias are also observed in Wt1 null mutant mice, condi  onally inac  vated Coup-

TFII mice, RARα and RARβ2 double null-mutant mice, and MyoR and Capsulin double null-mutant 

mice [25, 28, 35, 26]. Like CHTOP, these are all transcrip  onal regulators. Although the factors 

have pleiotropic func  ons that are only par  ally overlapping, the common dorsolateral hernia 

suggests that they interact directly or gene  cally in the developing diaphragm. Previous studies 

indicate that abnormal re  noid signalling contributes to the e  ology of CDH [36]. In contrast to 

its role in estrogen receptor (ERa) mediated transcrip  on [11], CHTOP does not appear cri  cal in 

re  noic acid (RA) signalling. Abla  on of the Raldh2 gene leads to an almost complete block of RA 

synthesis, resul  ng in embryonic lethality at E10.5 because of defects in heart, hindbrain, and 

somites [37]. Also a hypomorphic allele of this gene does not result in a phenocopy of Chtoptr/tr 

mice [38]. Further experiments have to be performed to address whether CHTOP has a subtler 

role in the RA pathway. 

 Although the diaphragm consists of diff erent cell types, it is probably completely derived 

from mesodermal  ssue [8]. Consequently, the mesenchymal hit hypothesis has been proposed 

to explain the associa  on of diaphragma  c and extra-diaphragma  c defects, [39]. This hypothesis 

posits that: (1) similar signalling pathways are involved in the diff eren  a  on of mesenchymal 

cells in all of the aff ected organs; and (2) the func  on of mesenchymal cells in the aff ected organs 

is disrupted by gene  c or environmental triggers [9]. In line with this viewpoint, our expression 

profi ling data indicates that mesoderm development is one of the major deregulated processes 
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in the Chtoptr/tr animals. Misexpressed genes include T (Brachyury) and Tbx6, transcrip  on 

factors that play a crucial role in mesoderm specifi ca  on, somite segmenta  on, and le  -right (L-

R) axis determina  on [40]. It is currently unclear whether these genes are directly regulated by 

CHTOP, or that their downregula  on refl ects a general developmental delay. Disorders resul  ng 

from failure to establish normal L-R asymmetry include situs inversus and heterotaxy. In situs 

inversus, the internal organ arrangement is mirror image of normal anatomy (situs solitus). 

Heterotaxy (situs ambiguus) encompasses any abnormal arrangement of internal organs and is 

usually characterized by congenital anomalies [41]. Many of those, like cardiovascular defects, 

microgastria, neural tube defects and cle   palate are also observed in Chtoptr/tr embryos and in 

pa  ents with specifi c CDH-containing syndromes. It should be noted that asplenia or polysplenia, 

another clinical feature of heterotaxy, is not observed in CHTOP null mice, although Chtoptr/tr 

spleens are strongly reduced in size. Fryns syndrome is a mul  ple congenital anomaly/mental 

retarda  on syndrome [15]. Chtoptr/tr mice clearly display a Fryns-like disorder, but whether they 

might be considered as an animal model for Fryns syndrome is currently uncertain. Perinatal 

death obscures a detailed analysis of the distal digits and facial appearance, but no obvious limb 

defects were detected in any of the mutant embryos. The use of a condi  onal CHTOP knockout 

strategy may be of help to answer this ques  on.

 Chtoptr/tr embryos are growth retarded. In a mixed (129Se-C57BL/6) background, reduced 

growth is observed from E11.5 onwards. Backcrossing to C57BL/6 worsens the phenotype, 

resul  ng in reduced growth from E8.5 onwards. Our results show that this is due to a par  al 

block in mitosis rather than increased apoptosis. Interes  ngly, erythroid progenitors are less 

aff ected compared to other cell types. As a result of massive prolifera  on of erythroid cells, 

the fetal liver is rapidly expanding during the developmental stages at which the diaphragm 

is formed [32, 8]. Because diaphragm development is slowed down in Chtoptr/tr mice, the fetal 

liver may grow beyond the PPF before the primordial diaphragm contribu  ng to the postero-

lateral part of the diaphragm has completed formed and in this way contribute to the hernia. This 

mechanism may also explain why CDH is observed in only ~40% of the Chtoptr/tr animals, as the 

rela  ve growth of developing diaphragm and liver will vary between individual embryos.

 CDH is, gene  cally, a heterogeneous disease. Although several genes have been shown 

to underlie abnormal diaphragm development in mice, only a few CDH-related muta  ons have 

been iden  fi ed in the orthologous genes in humans. Nevertheless, we iden  fi ed a muta  on in 

the CHTOP gene in an ini  al screen of 43 pa  ents with complex CDH. The muta  on could be 

detected in the maternal DNA, indica  ng that it is not a de novo muta  on and demonstra  ng 

that it is not the sole cause of the clinical features displayed by the aff ected pa  ent. Furthermore, 

it should be noted that the mother was also carrier of a balanced transloca  on t(11;22), resul  ng 

in a par  al trisomy 11 and 22 in the pa  ent. This chromosomal anomaly has been associated 

with CDH previously, although the mechanism remains unclear [42]. The lack of full penetrance 

of CDH in pa  ents with karyotype 47,XY,+der(22)t(11;22)(q23.3;q11.2) strongly suggest that 

addi  onal pathogenic muta  ons are required. The iden  fi ed muta  on changed an arginine 

residue within the GAR region of CHTOP (R196L), thereby severely reducing the affi  nity for 
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PRMT1. Since arginine methyla  on plays a role in protein-protein interac  ons, reduced PRMT1 

recruitment is likely to aff ect addi  onal interac  ons of CHTOP and/or the methyla  on status of 

those addi  onal CHTOP-binding proteins. The iden  fi ca  on of such proteins will be important to 

further understand the func  on of CHTOP and its role in the e  ology of CDH.

Materials and methods

Ethics Statement
All work has been approved by the local animal ethics commi  ee.

Genera  on of mice and genotyping
The 129S2 ES cell clone D044F05 with the gene trap vector rFlpRosabetageo in the Chtop gene 

was obtained from the German Gene Trap Consor  um, now part of the Interna  onal Gene Trap 

Consor  um (h  p://www.genetrap.org). The 129S2 ES cell-derived chimeras were generated by 

injec  ng C57BL/6 blastocysts. The resul  ng male chimeras were bred to C57BL/6 females, and 

agou   off spring were tested for transgene transmission. Animals heterozygous for the gene trap 

inser  on were backcrossed to C57BL/6 mice. Genotyping by PCR was done with DNA isolated 

from tail biopsies or yolk sac  ssue and a mixture of three primers (Table S3).

Analysis of embryos
For MRI analysis, E15.5 embryos were fi xed in 4% paraformaldehyde containing 2 mM 

gadoliniumdiethylenetriamine pentaace  c anhydride (Gd; Magnevist) at 4°C for ~1 week, and 

then embedded in 1% agarose containing Gd. MRI, data reconstruc  on and analysis were 

performed as described [24].

 For histology, embryos were dehydrated in a graded ethanol series, cleared in xylene, 

embedded in paraffi  n, and sec  oned. Serial sec  ons (7 mm) were collected on slides and stained 

with eosin and/or hematoxylin. For immunohistochemistry, paraffi  n sec  ons were permeabilized 

in 10 mM citric acid (pH 6.0), and blocked with 5% bovine serum albumine (BSA). Primary 

an  body incuba  on was performed in blocking solu  on for 16 hrs at 4°C, followed by peroxidase 

staining or fl uorescent detec  on. Images were captured using SZX16 and BX40 light microscopes, 

a DP71 digital camera, and CellD imaging so  ware (all Olympus).

Cell culture
Mouse embryonic fi broblasts (MEFs) and fetal liver-derived erythroid cultures were obtained 

from E13.5 animals. MEFs were maintained in F10 + Dulbecco modifi ed Eagle medium (DMEM; 

50% each; Lonza) supplemented with 10% fetal calf serum (FCS). Erythroid cells were grown in 

StemPro-34 medium (Gibco), supplemented with human recombinant erythropoie  n (1 u/ml; 

Janssen-Cilag), dexamethasone (10-6 M; Sigma), and stem cell factor (100 ng/ml). MEL cells were 

grown DMEM supplemented with 10% FCS.
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Cell cycle analysis
Cells were resuspended in PBS, fi xed by addi  on of 9 volumes of 70% ethanol, and stored at 

4°C un  l further analysis. A  er washing with PBS, the cells were resuspended in 0.5 ml staining 

solu  on (0.1% Triton X-100 (Sigma), 20 μg/ml propidium iodide (Invitrogen), and 0.2 mg/ml 

RNase A in PBS. A  er incuba  on for 30 min at RT, cells were stored overnight at 4°C, and analyzed 

on a BD FACScan cytometer.

Western blo   ng and an  bodies
Western blot analysis was performed as described [11]. Nitrocellulose membranes were blocked 

in 1% BSA, incubated with appropriate an  bodies, and analyzed using the Odyssey Infrared 

Imaging System (Li-Cor Biosciences). The following primary an  bodies were used: CHTOP (KT64) 

from Absea Biotechnology, HA (sc-7392), Cytokera  n 18 (sc-6259) and Ac  n (sc-1616) from Santa 

Cruz, PRMT1 (07-404) and pS10H3 (06-570) from Millipore, COUP-TFII (PP-H7147) from Perseus 

Proteomics, Smooth muscle ac  n (1A4) from Thermo Scien  fi c, and RALDH2 was a kind gi   of 

Prof. Peter McCaff ery (University of Aberdeen, UK).

Microarray analysis
RNA was extracted from stage-matched embryos (22-25 somites). Microarray analysis was 

performed as described [43]. The microarray data have been submi  ed to the NCBI Gene 

Expression Omnibus database (GSEXXXXX).

Quan  ta  ve PCR
Total RNA was extracted using TRI reagent (Sigma-Aldrich). Sequences of the primers used are 

listed in Sup. Table 3. All reac  ons involved ini  al denatura  on at 95°C for 5 minutes, followed 

by 40 cycles of denatura  on at 95°C for 30 seconds, annealing at 60°C for 30 seconds, and 

elonga  on at 72°C for 30 seconds, using Pla  num Taq (invitrogen) on a C1000 Thermal Cycler 

(Bio-Rad). Ribonuclease Inhibitor 1 gene transcrip  on was used as a reference for normaliza  on.

Sequencing
Coding regions were amplifi ed by PCR using hybrid primers containing the M13 sequence and an 

amplicon-specifi c sequence (Supplement Table 3). PCR products were recovered using NucleoFast 

96 PCR clean-up plates (Machery-Nagel), according to manufacturer instruc  ons. Samples were 

sequenced using M13 primers and a 3730 DNA Analyzer (Applied Biosystems).

Site-Directed Mutagenesis 
The muta  ons mCHTOP_R175H and mCHTOP_R196L were generated using the QuikChange Site-

Directed Mutagenesis kit (Stratagene) following the instruc  ons of the provider.



76 |Chapter 2.2

Acknowledgements
We thank Alex Maas, Christel Kockx and the German Gene Trap Consor  um for technical 

assistance and Prof. Peter McCaff ery (University of Aberdeen, UK) for the generous gi   of the 

Raldh2 an  body



Chapter

2

77Copy Number Varia  ons and Chtop Muta  ons in the CDH Cohort | 

References

1. Langham MR, Jr., Kays DW, Ledbe  er DJ, Frentzen B, Sanford LL, et al. (1996) Congenital diaphragma  c 
hernia. Epidemiology and outcome. Clin Perinatol 23: 671-688.

2. Sluiter I, van de Ven CP, Wijnen RM, Tibboel D (2011) Congenital diaphragma  c hernia:  S  ll amoving 
target. Semin Fetal Neonatal Med 16: 139-144.

3. Torfs CP, Curry CJ, Bateson TF, Honore LH (1992) A popula  on-based study of congenital diaphragma  c 
hernia. Teratology 46: 555-565.

4. van Loenhout RB, Tibboel D, Post M, Keijzer R (2009) Congenital diaphragma  c hernia: comparison of 
animal models and relevance to the human situa  on. Neonatology 96: 137-149.

5. Stoll C, Alembik Y, Do   B, Roth MP (2008) Associated malforma  ons in cases with congenital 
diaphragma  c hernia. Genet Couns 19: 331-339.

6. Slavo  nek AM (2007) Single gene disorders associated with congenital diaphragma  c hernia. Am 
JMed Genet C Semin Med Genet 145C: 172-183.

7. Brady PD, Srisupundit K, Devriendt K, Fryns JP, Deprest JA, et al. (2011) Recent developments in the 
gene  c factors underlying congenital diaphragma  c hernia. Fetal Diagn Ther 29: 25-39.

8. Ackerman KG, Greer JJ (2007) Development of the diaphragm and gene  c mouse models of 
diaphragma  c defects. Am J Med Genet C Semin Med Genet 145C: 109-116.

9. Bielinska M, Jay PY, Erlich JM, Mannisto S, Urban Z, et al. (2007) Molecular gene  cs of congenital 
diaphragma  c defects. Ann Med 39: 261-274.

10. Beurskens N, Klaassens M, Ro   er R, de Klein A, Tibboel D (2007) Linking animal models to human 
congenital diaphragma  c hernia. Birth Defects Res A Clin Mol Teratol 79: 565-572.

11. van Dijk TB, Gillemans N, Stein C, Fanis P, Demmers J, et al. (2010) Friend of Prmt1, a novel chroma  n 
target of protein arginine methyltransferases. Mol Cell Biol 30: 260-272.

12. Zullo AJ, Michaud M, Zhang W, Grusby MJ (2009) Iden  fi ca  on of the small protein rich in arginine and 
glycine (SRAG): a newly iden  fi ed nucleolar protein that can regulate cell prolifera  on. J Biol Chem 
284: 12504-12511.

13. van Dijk TB, Gillemans N, Pourfarzad F, van Lom K, von Lindern M, et al. (2010) Fetal globin expression 
is regulated by Friend of Prmt1. Blood 116: 4349-4352.

14. Zhang X, Cheng X (2003) Structure of the predominant protein arginine methyltransferase PRMT1 and 
analysis of its binding to substrate pep  des. Structure 11: 509-520.

15. Lee DY, Teyssier C, Strahl BD, Stallcup MR (2005) Role of protein methyla  on in regula  on of 
transcrip  on. Endocr Rev 26: 147-170.

16. Mowen KA, Schurter BT, Fathman JW, David M, Glimcher LH (2004) Arginine methyla  on of NIP45 
modulates cytokine gene expression in eff ector T lymphocytes. Mol Cell 15: 559-571.

17. Zhao X, Jankovic V, Gural A, Huang G, Pardanani A, et al. (2008) Methyla  on of RUNX1 by PRMT1 
abrogates SIN3A binding and poten  ates its transcrip  onal ac  vity. Genes Dev 22: 640-653.

18. Xu W, Chen H, Du K, Asahara H, Tini M, et al. (2001) A transcrip  onal switch mediated  by cofactor 
methyla  on. Science 294: 2507-2511.

19. Le Romancer M, Treilleux I, Leconte N, Robin-Lespinasse Y, Sen  s S, et al. (2008) Regula  on of estrogen 
rapid signalling through arginine methyla  on by PRMT1. Mol Cell 31: 212-221.

20. Kwak YT, Guo J, Prajapa   S, Park KJ, Surabhi RM, et al. (2003) Methyla  on of SPT5 regulates its 
interac  on with RNA polymerase II and transcrip  onal elonga  on proper  es. Mol Cell 11:1055-1066.

21. Pal S, Sif S (2007) Interplay between chroma  n remodelers and protein arginine methyltransferases. J 
Cell Physiol 213: 306-315.

22. Shou W, Aghdasi B, Armstrong DL, Guo Q, Bao S, et al. (1998) Cardiac defects and altered ryanodine 
receptor func  on in mice lacking FKBP12. Nature 391: 489-492.

23. Tevosian SG, Deconinck AE, Tanaka M, Schinke M, Litovsky SH, et al. (2000) FOG-2, a  cofactor for GATA 
transcrip  on factors, is essen  al for heart morphogenesis and development of coronary vessels from 
epicardium. Cell 101: 729-739.



78 |Chapter 2.2

24. Schneider JE, Bose J, Bamforth SD, Gruber AD, Broadbent C, et al. (2004) Iden  fi ca  on of cardiac 
malforma  ons in mice lacking Ptdsr using a novel high-throughput magne  c resonance imaging 
technique. BMC Dev Biol 4: 16.

25. Clugston RD, Kla   g J, Englert C, Clage  -Dame M, Mar  novic J, et al. (2006) Teratogeninduced, dietary 
and gene  c models of congenital diaphragma  c hernia share a common mechanism of pathogenesis. 
Am J Pathol 169: 1541-1549.

26. Babiuk RP, Greer JJ (2002) Diaphragm defects occur in a CDH hernia model independently of myogenesis 
and lung forma  on. Am J Physiol Lung Cell Mol Physiol 283: L1310-1314.

27. Li J, Liu KC, Jin F, Lu MM, Epstein JA (1999) Transgenic rescue of congenital heart disease and spina 
bifi da in Splotch mice. Development 126: 2495-2503.

28. You LR, Takamoto N, Yu CT, Tanaka T, Kodama T, et al. (2005) Mouse lacking COUP-TFII as an animal 
model of Bochdalek-type congenital diaphragma  c hernia. Proc Natl Acad Sci U S A102: 16351-16356.

29. Mey J, Babiuk RP, Clugston R, Zhang W, Greer JJ (2003) Re  nal dehydrogenase-2 is inhibited by 
compounds that induce congenital diaphragma  c hernias in rodents. Am J Pathol 162: 673-679.

30. Hendzel MJ, Wei Y, Mancini MA, Van Hooser A, Ranalli T, et al. (1997) Mitosis-specifi c phosphoryla  on 
of histone H3 ini  ates primarily within pericentromeric heterochroma  n during G2 and spreads in an 
ordered fashion coincident with mito  c chromosome condensa  on. Chromosoma 106: 348-360.

31. Wells MJ, Ha  on MW, Hewle   B, Podor TJ, Sheffi  eld WP, et al. (1997) Cytokera  n 18 is expressed on 
the hepatocyte plasma membrane surface and interacts with  thrombinan  thrombin complexes. J Biol 
Chem 272: 28574-28581.

32. Dzierzak E, Speck NA (2008) Of lineage and legacy: the development of mammalian hematopoie  c 
stem cells. Nat Immunol 9: 129-136.

33. Klaassens M, Galjaard RJ, Sco   DA, Bruggenwirth HT, van Opstal D, et al. (2007) Prenatal detec  on and 
outcome of congenital diaphragma  c hernia (CDH) associated with dele  on of chromosome 15q26: 
two pa  ents and review of the literature. Am J Med Genet A 143A: 2204-2212.

34. Iritani I (1984) Experimental study on embryogenesis of congenital diaphragma  c hernia. Anat 
Embryol (Berl) 169: 133-139.

35. Mendelsohn C, Lohnes D, Decimo D, Lu  in T, LeMeur M, et al. (1994) Func  on of the re  noic acid 
receptors (RARs) during development (II). Mul  ple abnormali  es at various stages of organogenesis in 
RAR double mutants. Development 120: 2749-2771.

36. Greer JJ, Babiuk RP, Thebaud B (2003) E  ology of congenital diaphragma  c hernia: the re  noid 
hypothesis. Pediatr Res 53: 726-730.

37. Niederreither K, Subbarayan V, Dolle P, Chambon P (1999) Embryonic re  noic acid synthesis is essen  al 
for early mouse post-implanta  on development. Nat Genet 21: 444-448.

38. Vermot J, Niederreither K, Garnier JM, Chambon P, Dolle P (2003) Decreased embryonic re  noic acid 
synthesis results in a DiGeorge syndrome phenotype in newborn mice. Proc Natl Acad Sci U S A 100: 
1763-1768.

39. Keijzer R, Liu J, Deimling J, Tibboel D, Post M (2000) Dual-hit hypothesis explains pulmonary hypoplasia 
in the nitrofen model of congenital diaphragma  c hernia. Am J Pathol 156: 1299-1306.

40. Wardle FC, Papaioannou VE (2008) Teasing out T-box targets in early mesoderm. Curr Opin Genet Dev 
18: 418-425.

41. Zhu L, Belmont JW, Ware SM (2006) Gene  cs of human heterotaxias. Eur J Hum Genet 14 
42. Holder AM, Klaassens M, Tibboel D, de Klein A, Lee B, et al. (2007) Gene  c factors in congenital 

diaphragma  c hernia. Am J Hum Genet 80: 825-845.
43. Hou J, Aerts J, den Hamer B, van Ijcken W, den Bakker M, et al. (2010) Gene expression-based 

classifi ca  on of non-small cell lung carcinomas and survival predic  on. PLoS One 5: e10312.



Chapter 2.3

Genomic Altera  ons that 
Contribute to the Development 
of Isolated and Non-Isolated 
Congenital Diaphragma  c Hernia 

M.Wat, D.Veenma, J.Hogue, A.Holder, Z.Yu, J.Wat, N.Hanchard, O.Shchelochkov, 
C.Fernandes, A.Johnson, K.Lally, A.Slavo  nek, O.Danhaive, T.Schaible, 
S-W.Cheung, K.Rauen, V.Tonk, D.Tibboel, A.de Klein, and, D.Sco  

J Med Genet (2011 May;48(5):299-307)



80 |Chapter 2.3

Abstract

Background: Congenital diaphragma  c hernia (CDH) is a life-threatening birth defect. Most of 

the gene  c factors that contribute to the development of CDH remain uniden  fi ed. 

Objec  ve: Iden  fy genomic altera  ons that contribute to the development of diaphragma  c 

defects. 

Methods: A cohort of 45 unrelated pa  ents with CDH or diaphragma  c eventra  ons were 

screened for genomic altera  ons by array compara  ve genomic hybridiza  on (aCGH) or SNP-

based copy number analysis.

Results: Genomic altera  ons that were likely to have contributed to the development of CDH 

were iden  fi ed in eight pa  ents. Inherited dele  ons of ZFPM2 were iden  fi ed in two pa  ents 

with isolated diaphragma  c defects and a large de novo 8q dele  on overlapping the same gene 

was found in a pa  ent with non-isolated CDH. A de novo microdele  on of chromosome 1q41q42 

and two de novo microdele  ons on chromosome 16p11.2 were iden  fi ed in pa  ents with non-

isolated CDH. Duplica  ons of distal 11q and proximal 13q were found in a pa  ent with non-

isolated CDH and a de novo single gene dele  on of FZD2 was also iden  fi ed in a pa  ent with a 

par  al pentalogy of Cantrell phenotype. 

Conclusions: Haploinsuffi  ciency of ZFPM2 can cause dominantly inherited isolated diaphragma  c 

defects with incomplete penetrance. Our data defi ne a new minimal deleted region for CDH on 

1q41q42, provide evidence for the existence of CDH-related genes on chromosomes 16p11.2, 

11q23-24 and 13q12 and suggest a possible role for FZD2 and Wnt signalling in pentalogy of 

Cantrell phenotypes. These results demonstrate the clinical u  lity of screening for genomic 

altera  ons in individuals with both isolated and non-isolated diaphragma  c defects.



Chapter

2

81Copy Number Varia  ons and Chtop Muta  ons in the CDH Cohort | 

Introduc  on

Congenital diaphragma  c hernia (CDH) is a life-threatening birth defect that occurs in 

approximately 1/4000 live births and is defi ned as a protrusion of abdominal viscera into the 

thorax through an abnormal opening or defect in that is present at birth [1, 2]. In some cases the 

herniated viscera are covered by a membranous sac and can be diffi  cult to dis  nguish from a 

diaphragma  c eventra  on in which there is extreme eleva  on of a part of the diaphragm that is 

o  en atrophic and abnormally thin. The majority of CDH cases are sporadic with the recurrence 

risk for isolated CDH typically quoted as <2% based on a mul  factorial inheritance [3]. However, 

there is a growing body of evidence that small chromosomal anomalies can predispose to the 

development of CDH [4-10]. 

 The iden  fi ca  on of a predisposing genomic change greatly enhances the ability of 

physicians to provide individualized gene  c counseling and to formulate op  mal treatment and 

surveillance plans. This would suggest that screening for genomic changes by array compara  ve 

genomic hybridiza  on (aCGH) or SNP-based copy number analysis should be performed on all 

pa  ents with diaphragma  c defects [10, 11]. However, this prac  ce has not been universally 

applied. 

 Eff orts to map the loca  ons of all reported chromosomal anomalies associated with 

CDH have revealed many regions of the genome that are recurrently deleted, duplicated or 

translocated in individuals with CDH [12, 13]. Each of these genomic regions is likely to harbor 

one or more CDH-related genes. For some of theses regions, a specifi c gene has been implicated 

in the development of diaphragma  c defects. Chromosome 8q22q23, for example, is recurrently 

deleted and translocated in individuals with CDH. This region harbors the zinc fi nger protein, 

mul  type 2 (ZFPM2) gene that has been implicated in the development of diaphragma  c defects 

based the iden  fi ca  on of a de novo trunca  ng muta  on in a child with a severe diaphragma  c 

eventra  on and the development of similar diaphragma  c defects in mice that are homozygous 

for a hypomorphic allele of Zfpm2 [14]. In contrast, chromosome 1q41q42- which is also 

recurrently deleted in individuals with CDH-harbors a number of genes, none of which have been 

clearly shown to cause diaphragma  c defects in humans or animal models [15].

 In this report we screened a cohort of 45 individuals with diaphragma  c defects for 

genomic altera  ons by high-resolu  on aCGH or SNP-based copy number analysis. Chromosomal 

anomalies that are likely to have caused or contributed to the development of diaphragma  c 

defects were iden  fi ed in eight pa  ents. These fi ndings allow us to defi ne the inheritance 

pa  ern of diaphragma  c defects associated with haploinsuffi  ciency of ZFPM2 and delineate a 

new minimal deleted region for CDH on 1q41q42. They also provide evidence for the existence 

of CDH-related genes on chromosomes 16p11.2, 11q23-24 and 13q12 and suggest a possible 

role for FZD2 and Wnt signalling in the development of various phenotypes seen in pentalogy of 

Cantrell [16]. 
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Methodology

Pa  ent accrual 
For array studies, informed consent was obtained from a convenience sample of 45 pa  ents with 

CDH or diaphragma  c eventra  ons and, when possible, their parents in accordance with IRB-

approved protocols. None of these pa  ents have been previously published with the excep  on 

of Pa  ent 5 and Pa  ent 7 whose clinical fi ndings were summarized by Shinawi et al. and Fruhman 

et al. respec  vely [17, 18]. 

 For sequence analysis of ZFPM2, a cohort of 52 pa  ents with CDH and 10 pa  ents with 

diaphragma  c eventra  ons were screened for deleterious changes. This cohort consisted of a 

subset of pa  ents from the array cohort and similarly consented individuals. ZFPM2 sequence 

analyses for these individuals have not been previously published.

Array compara  ve genomic hybridiza  on and SNP-based copy number analyses
In most cases, chromosomal dele  ons and duplica  ons were iden  fi ed or confi rmed by array 

compara  ve genomic hybridiza  on on a research basis using Human Genome CGH 244K or 

SurePrint G3 Human CGH 1M Oligo Microarray Kits (G4411B, G4447; Agilent Technologies, 

Santa Clara, CA) prepared according to the manufacturer’s protocols and analyzed as previously 

described using individual sex matched controls with no personal or family history of CDH [7]. 

Puta  ve copy number changes were defi ned by two or more adjacent probes at 244K resolu  on 

or three or more adjacent probes at 1M resolu  on with log2 ra  os sugges  ve of a dele  on or 

duplica  on when compared to those of adjacent probes. 

 In two cases – Pa  ent 2 and Pa  ent 6 – causa  ve chromosomal dele  ons were iden  fi ed 

prior to accrual and further aCGH tes  ng was unwarranted based on the molecular data already 

available. The dele  on in Pa  ent 2 was iden  fi ed using an Illumina CytoSNP bead version 12.2 

(Illumina, Inc., San Diego, CA, USA) and the dele  on in Pa  ent 6 was iden  fi ed and defi ned on 

a clinical basis using a 105K Combimatrix Molecular Diagnos  cs array (Combimatrix Molecular 

Diagnos  cs, Irvine, CA, USA) hybridized, extracted, and evaluated according to manufacturers’ 

instruc  ons.

Iden  fi ca  on of previously reported copy number variants
To determine if puta  ve changes iden  fi ed by aCGH or SNP-based copy number analysis had 

been described previously in normal controls, we searched for similar dele  ons or duplica  ons 

in the Database of Genomic Variants (h  p://projects.tcag.ca/varia  on/).

Confi rma  on of Genomic Changes 
Changes that were not iden  fi ed in the Database of Genomic Variants were confi rmed by real-

 me quan  ta  ve PCR with the excep  on of causa  ve changes iden  fi ed in Pa  ents 3 and 7, 

which were confi rmed by chromosome analysis and Pa  ents 4 and 6 which were confi rmed by 

FISH analysis. 
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Quan  ta  ve real-  me PCR 
Quan  ta  ve real-  me PCR (qPCR) analysis experiments were designed and carried out as 

previously described [7]. For quan  ta  ve real-  me PCR analysis within the ZFPM2 gene 

experiments were designed in a manner similar to the standard curve method described by 

Boehm et al. with a region of the c14orf145 gene serving as a control locus [19].

 

Chromosome Analyses and FISH Studies 
Chromosome analyses were performed for Pa  ents 3 and 7 on a clinical basis by the Molecular 

Gene  cs Laboratory at Baylor College of Medicine. FISH analyses were performed for Pa  ent 4 by 

the Cytogene  c Laboratory at Texas Tech University Health Sciences Center School of Medicine 

and for Pa  ent 6 by Combimatrix Molecular Diagnos  cs.

Long-range PCR amplifi ca  on and sequencing 
Long amplifi ca  on PCR was carried out using the TaKaRa long range PCR system (TaKaRa Bio, 

Otsu, Shiga, Japan) according to manufacturer’s instruc  ons. PCR products were gel-purifi ed, 

sequenced, and analyzed using Sequencher 4.7 so  ware (Gene Codes Corpora  on, Ann Arbor, 

Michigan, USA).

Iden  fi ca  on of ZFPM2 sequence changes
Primers were designed to amplify the coding sequence and the intron-exon boundaries of 

ZFPM2 and used to amplify pa  ent DNA. Sequence changes in PCR amplifi ed products iden  fi ed 

by comparison with control DNA sequences using Sequencher 4.7 so  ware (Gene Codes 

Corpora  on, Ann Arbor, Michigan, USA). Hispanic control samples were obtained from the Baylor 

Polymorphism Resource, a collec  on of approximately 600 anonymous control samples from 

major ethnic and racial backgrounds.

Results

Iden  fi ca  on of genomic changes in pa  ents with CDH or diaphragma  c 
eventra  ons 
Forty-fi ve subjects with congenital diaphragma  c hernias or diaphragma  c eventra  ons of 

varying severity were screened for chromosomal anomalies by aCGH or SNP-based copy number 

analysis. Eight subjects carried genomic changes that likely contributed to the development of 

their diaphragma  c defects. Clinical and molecular data from these subjects are summarized in 

Table 1.
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Pa  ent 1 is a male of mixed ancestry who was diagnosed at 9 days of age with intes  nal 

malrota  on and a large, le  -sided diaphragma  c eventra  on (Figure 1). Later in life, he was 

diagnosed with le  -sided radioulnar synostosis. Despite normal motor development, at 24 

months of age he had only two words. However, he made rapid progress with speech therapy 

and by 31 months of age he was speaking in 4-word sentences. aCGH analysis revealed an ~1 Mb 

dele  on that included only the ZFPM2 gene on chromosome 8q22.3-23.1 (Figure 1). Quan  ta  ve 

and long-range PCR analysis revealed that the pa  ent’s father carried the same dele  on (data 

not shown). A review of his father’s medical records did not reveal evidence of a diaphragma  c 

anomaly despite an extensive evalua  on a  er a severe automobile accident which included an 

abdominal CT scan. We screened the coding sequence and associated intron exon boundaries of 

Pa  ent 1’s remaining ZFPM2 allele looking for changes that might account for the diff erence in 

phenotype between him and his father but no sequence changes were iden  fi ed. 

Figure 1 | 
A: Array compara  ve genomic hybridiza  on data from Pa  ent 1 showing an 8q22.3q23.1 single gene dele  on of 
ZFPM2. B: The rela  ve loca  on of the ZFPM2 gene in rela  on to aCGH data from the dele  on region in Pa  ent 1 
is represented by a gray bar. C: A chest radiograph of Pa  ent 1 demonstra  ng a severe diaphragma  c eventra  on 
containing loops of bowel. D: The same radiograph shown in panel C with the limits of the diaphragma  c eventra  on 
outlined in yellow. E: Quan  ta  ve PCR analysis demonstrates a normal copy number for ZFPM2 Exon 6 but a reduced 
copy number for Exons 7 and 8 in DNA from Pa  ent 2 (Pt2) and his mother (M). Normal copy number values are 
seen in DNA from Pa  ent 2’s father (F) and DNA from two unrelated controls (C1, C2) (see page 249 for color fi gure).

Pa  ent 2 is a Caucasian male that was diagnosed prenatally with a le  -sided CDH. His brother 

was similarly aff ected with CDH and died of complica  ons related to his hernia. Except for a 

single umbilical artery, no addi  onal anomalies were iden  fi ed a  er birth. He died at 2 day of 

age from respiratory insuffi  ciency and pulmonary hypertension. SNP-based copy number analysis 
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revealed a dele  on on chromosome 8q23.1 that included a por  on of the 3’ coding region of 

ZFPM2 and the fi rst coding exon of oxida  on resistance gene 1 (OXR1) based on mRNA transcript 

variant 1. Quan  ta  ve PCR analysis revealed that exons 7 and 8 of ZFPM2 were included in the 

dele  on (Figure 1). No sequence changes were iden  fi ed in the coding sequence and intron/

exon boundaries of the remaining allele. 

 Pa  ent 3 had a de novo ~32 Mb dele  on from 8q22.3 to 8q24.23 that overlapped the 

ZFPM2 dele  ons seen in Pa  ent 1 and 2 and also included the EXT1 and TRPS1 genes that are 

associated with Langer-Giedion syndrome (OMIM #150230). This Hispanic female was diagnosed 

prenatally with a large le  -sided posterolateral CDH. Fetal MRI at 34 5/7 weeks also revealed an 

omphalocele and symmetrically short extremi  es. Due to severe pulmonary hypoplasia she was 

placed in neonatal hospice care immediately a  er birth and died shortly therea  er. 

 Pa  ent 4 is a Caucasian male who had a normal prenatal course. He was born at 37 weeks 

gesta  on and his perinatal course was complicated by persistent hypoglycaemia. A diaphragma  c 

hernia was iden  fi ed incidentally on a chest x-ray at 11 months of age during an inves  ga  on for 

failure to thrive. His motor and language development were delayed and he developed seizures 

at 20 months of age. CNS studies revealed right hemisphere cerebral volume loss with ex vacuo 

dilata  on of the right lateral ventricle with diff use thin cor  cal mantle, atrophy in the right 

hippocampus and a thin corpus callosum. aCGH analysis revealed a de novo 2.2 Mb inters   al 

dele  on of 1q41-1q42.12 (Figure 2). 

Figure 2 | 
Array compara  ve genomic hybridiza  on data from Pa  ent 4 is shown above a schema  c representa  on of a por  on 
of the 1q41-1q42 region. Genes in this region are represented by block arrows. Red ver  cal bars mark the limits of 
the dele  on in Pa  ent 4 and delineate the minimal deleted region for congenital diaphragma  c hernia (CDH) in this 
region of the genome. Genes with all or a por  on of their coding sequence inside the minimal deleted region are 
shown in green (see page 250 for color fi gure). 
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Pa  ents 5 and Pa  ent 6 were found to have de novo inters   al dele  ons of 16p11.2 – a recurrent 

microdele  on region fl anked by low-copy repeats. Pa  ent 5 is a two-year old male of mixed 

ancestry who had a severe right-sided posterolateral CDH, micrognathia, a U-shaped palatal cle  , 

paternally inherited autosomal dominant polydactyly, and dysmorphic features consistent with 

16p11.2 which were previously described [17]. He con  nues to need dietary supplementa  on via 

G-tube and supplemental oxygen when ill. 

 Pa  ent 6 was a male infant conceived by intrauterine insemina  on with non-consanguineous 

Caucasian parents as donors. A le  -sided diaphragma  c hernia was diagnosed prenatally. A  er 

birth, both of his thumbs were found to be proximally placed, hypoplas  c and non-ar  cula  ng 

with the le   thumb having a pedunculated appearance. Addi  onal fi ndings included an extra 

thoracic vertebra and 13 pairs of ribs. He required extra corporal membrane oxygena  on within 

the fi rst day of life, developed severe diff use edema, and died on the 17th day of life as a result of 

his severe respiratory insuffi  ciency and pulmonary hypertension.

 Pa  ent 7 was born at 37.6 weeks to non-consanguineous Hispanic parents. She had 

persistent respiratory distress at birth and intuba  on was complicated by micrognathia and a 

tongue anomaly. Further evalua  on revealed a le  -sided CDH, a ventricular septal defect (VSD), 

and atrial septal defect (ASD), par  al cle   palate, small anteriorly placed anus, and dysmorphic 

features. A marker chromosome was iden  fi ed by G-banded chromosome analysis and was 

shown be the result of an unbalanced maternal transloca  on between chromosome 13q and 11q 

resul  ng in a 47,XX,+der(13)t(11;13)(q23;q12.3) chromosome complement [18]. Her prognosis 

was deemed poor in light of her mul  ple anomalies, and she died shortly a  er support was 

withdrawn on day of life 8. Addi  onal fi ndings at autopsy included abnormal lung fi ssures and 

coronary artery anomalies. 

 Pa  ent 8 is a two-year old Caucasian male who was diagnosed prenatally with a le  -

sided anterior CDH, and a large omphalocele. Postnatal cardiac evalua  on revealed a large 

perimembranous VSD and a patent foramen ovale (PFO) versus ASD. Addi  onal anomalies 

included bilateral inguinal hernias, le  -sided cryptorchism and premature fusion of the coronal 

sutures evident on head CT performed at 7 and 12 months of age. An MRI obtained at 11 months 

of age revealed diminished bifrontal and bitemporal parenchyma white ma  er associated with 

thinning of the corpus callosum, delayed myelina  on and generous extra-axial CSF spaces. 

aCGH analysis revealed a de novo 17.4 kb dele  on that involved only the frizzled homolog 2 

gene (FZD2) on chromosome 17q12.2. Amplifi ca  on of the breakpoint by long-range PCR 

followed by sequencing revealed that the dele  on had occurred between two Alu repeats; an 

Alu-Sb proximally and an Alu-Sq distally. Matsuzaki et al. has reported dele  ons of this gene in 

3/90 normal Yoruban individuals from Ibadan, Nigeria [20]. However, these changes were not 

iden  fi ed by McCarroll et al. who analyzed the same cohort [21]. To determine if the muta  ons 

in Pa  ent 8’s remaining FZD2 allele may have contributed to his phenotype, we sequenced the 

coding region of his remaining FZD2 allele but did not iden  fy any sequence changes.  
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Twenty changes not reported in the Database of Genomic Variants were iden  fi ed in this cohort 

by aCGH and confi rmed by either qPCR and/or FISH analysis (Table 2). In two cases the extent 

of the copy number varia  on was larger than that seen in the parents. Pa  ent TX-28 appeared 

to have four copies of a region on 11q13.5 while her parents each had 3 copies compared to 

control. Pa  ent TX-50 had no copies of a region on 17q25.1 while his parents each had one copy 

compared to control. TX-50 also had two copies of a region on Xp27.1, similar to his mother, 

which could represent a de novo event.

Iden  fying ZFPM2 sequence changes in pa  ents with CDH and diaphragma  c 
eventra  ons
To determine if detrimental sequence changes in ZFPM2 were a common cause of CDH or 

diaphragma  c eventra  ons, we screened the coding region and intron-exon boundaries of this 

gene in 52 pa  ents with CDH (Table 3) and 10 pa  ents with diaphragma  c eventra  ons (Table 

4). Three non-synonymous changes were iden  fi ed which had not been previously described in 

the 1000 Genomes project or dbSNP. A D98N change was iden  fi ed in a male with an isolated 

posterior le  -sided hernia with a large sac. His mother did not carry a D98N allele but the father 

was unavailable for analysis. This change was predicted to be possibly damaging by PolyPhen 

(h  p://gene  cs.bwh.harvard.edu/pph/) but non-deleterious by SNPs3D (h  p://www.snps3d.

org/) [22, 23]. The same change was reported by Bleyl et al. in an individual with bilateral CDH 

[24]. However, they concluded that the change was likely to be a benign SNP since it was also 

iden  fi ed in control samples. A Q889E change was iden  fi ed in a Hispanic female with a right-

sided CDH, ambiguous genetalia and a double vagina. Her mother did not carry the change but 

the father was unavailable for analysis. This change was predicted to be benign by PolyPhen, 

non-deleterious by SNPs3D, and was subsequently iden  fi ed in 5 of 152 (3.3%) Hispanic control 

chromosomes. A paternally inherited S210T muta  on was iden  fi ed in an African American 

male with a le  -sided CDH and dysmorphic features. This change was predicted to be benign by 

PolyPhen and non-deleterious by SNPs 3D. 
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Table 3 | ZFPM2 sequence changes in pa  ents with CDH 

Observed 
change

Number of Pa  ents
(Inheritance Pa  ern)

Exon 1000 Genomes*/
dbSNP (Heterozygosity) 

Predicted eff ect 
(PolyPhen/SNPs3D)

Non-synonymous changes

D98N 1 (Non-maternal, 
father not available)

3 No/No Possibly damaging/
Non-Deleterious

S210T 1 (Paternal) 6 No/No Benign/
Non-Deleterious

A403G 11 8 Yes/Yes (0.341) Benign/
Non-Deleterious

E782D 10 8 Yes/Yes (0.078) Benign/ 
Non-Deleterious

Q889E 1 (Non-maternal 
father not available)

8 No/No – 3.3% Hispanic 
control chromosomes

Benign/ 
Non-Deleterious

A1055V 1 (Non-maternal, 
father not available)

8 Yes/Yes (0.146) Benign/ 
Non-Deleterious

Synonymous changes

P454P 4 8 Yes/Yes (0.234) –

P592P 3 8 Yes/Yes (0.101) –

V795V 2 8 Yes/Yes (0.120) –

Y992Y 3 8 Yes/Yes (0.104) –

H1069H 4 8 Yes/Yes (0.234) –

L1123L 3 8 Yes/Yes (0.156) –
* Data accessed on 3/8/2011 

Table 4 | ZFPM2 sequence changes in pa  ents with diaphragma  c eventra  ons

Observed 
change

Number of Pa  ents Exon 1000 Genomes*/
dbSNP (Heterozygosity)

Predicted eff ect 
(PolyPhen)

Non-synonymous changes

A403G 1 8 Yes/Yes (0.341) Benign/
Non-Deleterious

E782D 2 8 Yes/Yes (0.078) Benign/
Non-Deleterious

Synonymous changes

P454P 1 8 Yes/Yes (0.234) –

P592P 1 8 Yes/Yes (0.101) –

V795V 2** 8 Yes/Yes (0.120) –

H1069H 1 8 Yes/Yes (0.234) –
* Data accessed on 3/8/2011 
**Homozygous in one of the pa  ents
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Discussion 

aCGH and SNP-based copy number analyses are commonly used as a primary screening tool 

to iden  fy genomic ae  ologies in pa  ents with congenital anomalies. Iden  fi ca  on of these 

changes can provide informa  on that physicians can use to hone the prognos  c and recurrence 

risk informa  on given to families and to create individualized therapeu  c and surveillance plans 

for pa  ents.

Haploinsuffi  ciency of ZFPM2 causes autosomal dominant isolated diaphragma  c 
defects with incomplete penetrance
ZFPM2 is a transcrip  onal co-factor that forms heterodimers with GATA transcrip  on factors 

to regulate gene expression during development [25]. The role of ZFPM2 in development 

of diaphragma  c defects was fi rst demonstrated by Ackerman et al. who showed that mice 

homozygous for a hypomorphic muta  on in Zfpm2 develop diaphragma  c eventra  ons [14]. In 

the same publica  on, they reported a de novo heterozygous R112X muta  on in an infant with 

severe diaphragma  c eventra  ons and pulmonary hypoplasia who died shortly a  er birth [14]. 

 Pa  ent 1 is the second child in which haploinsuffi  ciency for ZFPM2 has been seen in 

associa  on with a severe diaphragma  c eventra  on. Although Pa  ent 2’s dele  on aff ects both 

the 3’ end of ZFPM2 and the fi rst coding exon of OXR1, it is likely that disrup  on of ZFPM2 

underlies the development of CDH in this pa  ent since OXR1 appears to be involved in the 

preven  on of oxida  ve damage – a process that has not been implicated in the development 

of diaphragma  c defects [26]. Although DNA is not available on Pa  ent 2’s brother, it is likely 

that he inherited the same dele  on from his mother which contributed to his CDH. Altera  ons 

in ZFPM2 ac  vity may also be the major, if not the sole, gene  c factor that contributed to the 

development of CDH in Pa  ent 3 and previously reported individuals with CDH with dele  ons 

and transloca  on involving 8q22q23 (Supplemental Table 2) [13]. Since both Pa  ent 1 and Pa  ent 

2 inherited their dele  ons from unaff ected parents we conclude that loss-of-func  on alleles of 

ZFPM2 are associated with autosomal dominant diaphragma  c defects – CDH or diaphragma  c 

eventra  ons – with incomplete penetrance. The iden  fi ca  on of the causa  ve genomic changes 

in Pa  ent 1 and 2, both of whom had only minor anomalies – radioulnar synostosis diagnosed 

at 2 and half years of age and a single umbilical artery, respec  vely – provide further evidence 

that such studies should be considered in individuals who appear to have isolated diaphragma  c 

defects. 

Altera  ons in ZFPM2 underlie a small frac  on of congenital diaphragma  c defects
Screening of the ZFPM2 gene in 52 pa  ents with CDH and 10 pa  ents with diaphragma  c 

eventra  ons failed to iden  fy any clearly deleterious changes in the ZFPM2 gene. Similarly, 

Ackerman et al. did not fi nd deleterious ZFPM2 sequence changes in 29 addi  onal post mortem 

samples from children with diaphragma  c defects [14]. However, Bleyl et al., screened 96 CDH 

pa  ents – 53 with isolated CDH, 36 with CDH and addi  onal anomalies, and 7 with CDH and 
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known chromosomal anomalies – and iden  fi ed a rare amino acid change, M703L, in a pa  ent 

with isolated CDH that is predicted to be possibly damaging by PolyPhen and deleterious by 

SNPs3D (Supplemental Table 3) [24]. These data suggests that severe, deleterious altera  ons in 

ZFPM2 account for only a small por  on of diaphragma  c defects. It is unclear, however, whether 

individual changes, like M703L, increase the risk for CDH and, if so, to what degree. 

Delinea  on of new minimal deleted region for CDH on 1q41q42
Chromosome 1q41q42 has been shown to be recurrently deleted in individuals with CDH. The 

1q41q42 minimal deleted region for CDH was previously defi ned by the maximal region of 

overlap between a pa  ent reported by Kantarci et al. and a pa  ent described by Van Hove et al. 

who were subsequently referred to as Pa  ent 7 and Pa  ent 4, respec  vely, by Shaff er et al. [6, 

15, 27]. This interval spanned ~6.3 Mb (220,120,384-226,397,002 hg19) and contained 48 RefSeq 

genes. The maximal proximal and distal breakpoints of our Pa  ent 4’s dele  on are located inside 

the CDH region defi ned by Shaff er et al. [15]. These breakpoints can be used to defi ne a new 

minimal deleted region for CDH on chromosome 1q41q42 which spans ~2.2 Mb (223,073,839-

225,318,623 hg19) and contains only 15 RefSeq genes (Figure 2). This refi ned minimal deleted 

region for CDH does not contain the H2.0-like homeobox (HLX) gene which has been considered a 

candidate gene for CDH based on its expression in the murine diaphragm and the diaphragma  c 

defects iden  fi ed in Hlx-/- mice [28-30]. Although it is possible that haploinsuffi  ciency of HLX 

can contribute to the forma  on of diaphragma  c defects in humans, its exclusion from the 

minimal deleted region for CDH suggests that altera  ons in HLX func  on are not required for the 

development of CDH in associa  on with 1q41q42 dele  ons. The dispatched homolog 1 (DISP1) 

gene has also been considered a candidate gene for CDH and is located within the new minimal 

deleted interval for CDH. DISP1 is a membrane spanning protein that plays an essen  al role in SHH 

signalling [31]. The poten  al role of DISP1 in the forma  on of CDH is supported by evidence that 

murine Disp1 is expressed in the pleuroperitoneal fold (PPF), a structure that is o  en considered 

to be the primordial mouse diaphragm and the iden  fi ca  on of a soma  c Ala1471Gly muta  on 

– predicted to be benign by PolyPhen but “not tolerated” by SIFT (h  p://blocks.  crc.org/si  /

SIFT.html) – in a pa  ent with CDH and other anomalies [32]. However, abnormali  es in other SHH 

signalling proteins have yet to be clearly shown to cause CDH. Trunca  ng muta  ons (W475X and 

Y734X) in DISP1 have been found in two individuals with microforms of holoprosencephaly and 

their unaff ected mothers – consistent with DISP1’s role in SHH signalling – but not in individuals 

with diaphragma  c defects [32, 33]. This suggests that considera  on should be given to the 

possible role of other 1q41q42 genes in the development of CDH. The tumor protein p53 binding 

protein, 2 (TP53BP2) gene could play a role in CDH development by modula  ng apoptosis and cell 

prolifera  on through interac  ons with other regulatory molecules and has been shown to play a 

cri  cal role in heart and CNS development in mice [34, 35]. The WD repeat domain 26 (WDR26) 

gene is another candidate gene that is widely expressed and could play a role in the development 

of CDH by regula  ng cell signalling pathways and modula  ng cell prolifera  on [36, 37].
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CDH is recurrently seen in 16p11.2 microdele  on syndrome
Recurrent 16p11.2 microdele  ons result in a constella  on of defects including developmental 

delay, cogni  ve impairment, behavioral problems, seizures and congenital anomalies [17]. Both 

Pa  ent 5 and Pa  ent 6 have de novo dele  ons of this region sugges  ng that CDH should be 

added to the list of congenital anomalies associated with this microdele  on syndrome. 

 The T-box 6 gene (TBX6) is located on 16p11.2 and encodes a transcrip  on factor that 

has been shown to play a cri  cal role in important developmental processes including paraxial 

mesoderm diff eren  a  on and le   right pa  erning [38, 39]. As a result, TBX6 has been hypothesized 

to contribute to many of the congenital anomalies associated with 16p11.2 [17]. It is possible that 

haploinsuffi  ciency of TBX6 also contribute to the development of CDH.

Evidence of CDH-related genes on distal chromosome 11q and proximal 
chromosome 13q
Pa  ent 7 carried an extra deriva  ve 13 chromosome making her trisomic for a por  on of the 

chromosome 13 extending to 13q12.3 and a por  on of chromosome 11 extending from 11q23 

to the telomere – 47,XX,+der(13)t(11;13)(q23.2;q12.3). A similar chromosomal complement 

47,XY,+der(13)t(11;13)(q21;q14) was seen in a boy with CDH described by Park et al. sugges  ng 

that upregula  on of genes on distal 11q and/or proximal 13q may play a role in the development 

of CDH [40]. In support of this hypothesis, duplica  ons of 11q have been recurrently seen in 

pa  ents with CDH with many cases being associated with an unbalanced 3:1 meio  c segrega  on 

of the common t(11;22) transloca  on – resul  ng in a 47,XX or XY,+der(22)t(11;22)(q23.3;q11.2) 

chromosomal complement [13, 41]. Mul  ple cases of CDH associated with trisomy 13 have 

also been described providing support for the existence of one or more CDH-related genes on 

chromosome 13 [13].  

The role of FZD2 and Wnt signalling in the development of CDH and defects 
associated with pentalogy of Cantrell
The cardiac, diaphragma  c and anterior wall defects seen in Pa  ent 8, are similar to those 

described in pentalogy of Cantrell – a constella  on of defects described by Cantrell et al. that 

includes, a supraumbilical omphalocele, a lower sternal cle  , a defect in the central tendon of 

the diaphragm, a defect in the pericardium, and an intracardiac anomaly [16]. A de novo dele  on 

of FZD2 was iden  fi ed in Pa  ent 8 but similar dele  ons have been reported in normal individuals 

from Ibadan, Nigeria [20]. Although this suggests that haploinsuffi  ciency of FZD2 is unlikely to be 

the sole cause of this pa  ent’s phenotype, several lines of evidence suggest that decreased FZD2 

expression may have contributed to this child’s phenotype. 

 Frizzled genes encode a family of seven transmembrane domain proteins that act 

as receptors for Wnt signalling proteins [42]. FZD2 is expressed in a variety of organs during 

development (Supplemental Table 1) and its protein product has been shown to interact with 

WNT3A and WNT5A and to signal through both the canonical (Wnt/beta-catenin) and non-

canonical (Wnt/Ca++ and cyclic GMP) Wnt pathways [43]. In chick embryos, Wnt3a and Wnt5a 
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modulate the migra  on of mesodermal precursors and Wnt3a has been shown to control the 

movement pa  erns of cardiac progenitor cells [44, 45]. Wnt signalling has also been shown to 

play a role in the development of CDH and omphalocele in humans. X-linked dominant muta  ons 

in PORCN, a gene that encodes a protein that modifi es Wnt proteins – including WNT3A – for 

membrane targe  ng and secre  on, have been shown to cause CDH and omphalocele as part of 

focal dermal hypoplasia (Goltz syndrome; OMIM #305600) [46, 47].

 It is possible that dele  on of FZD2, in combina  on with other gene  c and/or environmental 

factors, caused dysregula  on of these Wnt signalling pathways, leading to the development 

of the cardiac defects, CDH and omphalocele seen in Pa  ent 8. The poten  al role of frizzled 

signalling in developmental processes that require direc  onal  ssue movements followed by 

 ssue fusion is supported by the work of Yu et al. who recently showed that mouse frizzled 1 

(Fzd1) and frizzled 2 (Fzd2) genes play an essen  al and par  ally redundant role in the correct 

posi  oning of the cardiac ou  low tract and closure of the palate and ventricular septum [48]. 

Gene  c changes that disrupt these processes may ul  mately be found to contribute to other 

cases of par  al or complete pentalogy of Cantrell.

Genomic changes of unknown signifi cance
The majority of the rare genomic changes catalogued in Table 2 are not located within genomic 

regions that have been shown to be recurrently deleted or duplicated in individuals with CDH 

and do not aff ect genes/pathways that have been clearly implicated in the development of 

diaphragma  c defects. Although the signifi cance of these changes is presently unknown, it 

is likely that future studies, in humans and animal models, will help to clarify whether these 

changes increase the risk of developing diaphragm defects.
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Abstract

The occurrence of phenotypic diff erences between monozygo  c twins is commonly a  ributed 

to environmental factors, assuming that monozygo  c twins have a complete iden  cal gene  c 

make-up. Yet, recently several lines of evidence showed that both gene  c and epigene  c factors 

could play a role in phenotypic discordance a  er all. A high occurrence of copy number varia  on 

diff erences was observed within monozygo  c twin pairs discordant for Parkinson disease, 

thereby stressing on the importance of post-zygo  c muta  ons as disease-predisposing events. 

 In this study, the prevalence of discrepant copy number varia  ons was analysed in 

discordant monozygo  c twins of the Esophageal Atresia and Congenital Diaphragma  c Hernia 

cohort in the Netherlands. Blood-derived DNA from 11 pairs (seven Esophageal Atresia and 

four Congenital Diaphragma  c Hernia) was screened using high-resolu  on SNP arrays. Results 

showed an iden  cal copy number profi le in each twin pair. Mosaic chromosome gain or losses 

could not be detected either with a detec  on threshold of twenty percent. Some of the 

germ-line structural events demonstrated in fi ve out of eleven twin pairs could func  on as a 

suscep  ble gene  c background. For example, the 177Kb loss of chromosome 10q26 in CDH pair-

3 harbours the TCF7L2 gene (Tcf4 protein), which is implicated in the regula  on of muscle fi ber 

type development and matura  on.

 In conclusion, discrepant copy number varia  ons are not a common cause of twin 

discordancy in these inves  gated congenital anomaly cohorts. 
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Introduc  on

Monozygo  c (MZ) twin comparisons have been used for many decades to specify contribu  ons 

of both nature (heredity) and nurture (environment) [1]. Normally the study design is based 

on the presump  on that monozygo  c twins come from one fer  lized egg and therefore have 

complete iden  cal gene  c make-ups. Yet, recently several lines of evidence suggested that 

gene  c and epigene  c factors could play a role in MZ phenotypic variances a  er all [2-6]. Using 

a BAC array pla  orm, Bruder et al. [6] demonstrated that discordance in their monozygo  c 

Parkinson’s disease (PD) twin cohort of nine individuals could be the result of Copy Number 

Varia  on (CNV) diff erences. However, Baranzini et al. [7] could not reproduce this high intra-twin 

pair variability of structural variants using both array and next-genera  on sequencing in three 

twin pairs discordant for Mul  ple Sclerosis.

 We inves  gated whether discrepant CNVs could cause discordance in MZ twin pairs of the 

Dutch Esophageal Atresia (EA [MIM 189960]) and Congenital Diaphragma  c Hernia (CDH [MIM 

142340]) cohort. Blood-derived DNA from 11 (7 EA and 4 CDH) pairs of MZ twins was screened 

using high-resolu  on SNP arrays. 

 EA generally presents at birth with a defec  ve forma  on of the esophagus with or without 

a fi stulous tract to the trachea. Although not lethal in most cases, long-term morbidity plays a 

signifi cant role in these pa  ents. CDH is a more severe birth defect characterized by defec  ve 

forma  on of the diaphragm, lung hypoplasia and pulmonary hypertension. Despite medical 

advances mortality for isolated cases is 20% and for none-isolated cases up to 60%. Both EA 

and CDH are presumed to have a mul  factorial e  ology and the iden  fi ca  on of chromosomal 

aberra  ons and knockout animal models provide strong evidence for a gene  c component [8]. 

In contrast, both anomalies present with low twin concordance rates, 10.7% and 15.6% for 

EA and CDH respec  vely, and sibling recurrence rates are low (1-2%) as well. Shaw-Smith [9] 

already pointed out that the incidence of twinning in EA is 2.6  mes higher than sta  s  cally 

expected. 206 pairs are described in literature up un  l now, however informa  on on zygosity is 

less thorough [9-16]. Orford et al. [15] stated that at least 80% of reported EA twins are same-sex 

pairs. In total, 22 out of these 206 twin pairs are concordant for the EA phenotype. In literature, 

77 twin pairs have been described for CDH of which 53 were recognized as monozygo  c [17-20]. 

12 pairs were concordant for the CDH phenotype.

 The ra  onale of this study was to inves  gate whether CNVs in the aff ected twin sibling could 

account for phenotypic discordance of either Esophageal Atresia or Congenital Diaphragma  c 

Hernia MZ twin siblings. Although results showed no such proof, germ-line structural events 

were detected and these could represent a suscep  ble gene  c background as seen in other 

gene  c anomalies. Results are discussed in the context of earlier MZ twin reports.
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Materials and methods

Ethics statement
Research involving human par  cipants has been approved by the “Medical Ethical Commi  ee 

(METC) at Erasmus-MC, which specifi cally approved for blood withdrawal of both twins and their 

parents. Informed consent forms were obtained for the index case and his/her parents at once 

and for the healthy twin separately. 

Pa  ents 
The 11 aff ected twin samples were collected from the congenital anomaly cohort in Ro  erdam 

(Erasmus MC Sophia’s Hospital, the Netherlands) in which 541 EA- and 626 CDH- pa  ents are 

currently registered. Of these, 22 CDH pa  ents (14 dizygo  c, fi ve MZ, three not tested) and 35 

EA pa  ents (six dizygo  c, nine MZ, 20 not tested) were the result of a twin pregnancy. Included 

were those twin samples with a wri  en parental informed consent, quality material of both 

siblings and confi rmed monozygosity by STR profi ling (AmpFISTR iden  fi ler PCR amplifi ca  on 

kit, Applied Biosystems, Foster City, CA). Another exclusion criterion was the iden  fi ca  on of a 

gene  c abnormality, most commonly an aneuploidy. 

DNA isola  on 
Automated DNA extrac  on from peripheral blood (or skin fi broblasts in case of two aff ected 

CDH twins) was performed using local standard protocols. DNA quality and concentra  on were 

checked with the Quant-iT™ PicoGreen ® dsDNA Kit (Invitrogen Corpora  on, Carlsbad, California, 

USA). 

Whole-genome high-resolu  on SNP array
SNP analysis was carried out using the Illumina HumanCytoSNP-12 bead chip version 2.2 

(Illumina, San Diego, CA, USA). This chip includes 220.000 of the most informa  ve SNPs en 

markers with a median physical distance of 6.2 Kb. DNA samples were processed according to the 

manufacturer’s protocol. The call rate of this array batch was above 0.98, except for 1 sample. 

SNP array analysis
Data for each bead chip were self-normalized in Genomestudio GT® (Illumina, San Diego, CA, 

USA) using informa  on contained within the array. Copy number es  mates for each individual 

sample were determined by comparison to a common reference set of 200 CEU samples from 

the HapMAP project [www.hapmap.org/downloads/raw_data] (supplied by Illumina, manifest 

fi les) and visualized in the Nexus so  ware program (version fi ve, Biodiscovery, El Segundo, CA, 

USA) as log2 ra  os. Analysis se   ngs were as follow: both SNP-FASST and SNP-Rank segmenta  on 

methods were executed independently with signifi cance thresholds ranging from 1x10-4 to 1x10-6 

and log-ra  o thresholds of 0.18 and -0.18 for duplica  on and dele  ons respec  vely. The max 

con  guous probe spacing was 1000 Kbp and the minimum number of probes per segment was 
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set to three, limi  ng CNV detec  on to sizes above 18.6 Kb. Subsequently, only CNVs above 50 

Kb were validated. Paired analysis for dele  ons and duplica  ons was performed in each aff ected 

twin versus its healthy co-twin. As described recently high-resolu  on (SNP) arrays are suitable 

for detec  on of both germ-line and mosaic CNVs [21-25]. Mosaic copy number aberra  ons are 

hallmarked by a concomitant change of log2 intensity signal and a shi   in b-allele frequency. 

The detec  on limit (sensi  vity) of the Nexus SNP-FASST algorithm for mosaic CNVs is 20 percent 

using a heterozygous imbalance threshold of 0.45 [22]. To review func  onality of each puta  ve 

CNV at once, occurrence frequencies in a qualifi ed normal pediatric cohort of 2026 individuals 

[26] (CHOP [h  p://cnv.chop.edu/]) and in the DGV [h  p://www.tcag.ca] were uploaded in the 

Nexus program as well. Since these popula  ons display various ethnic backgrounds, comparison 

to an in-house normal reference set was performed as well. Addi  onally, possible intra-twin pair 

genotype diff erences (with respect to all SNP-markers presented on the array) were evaluated in 

Genomestudio GT® using the paired analysis se   ngs.

Valida  on using Fluorescent In-Situ Hybridiza  on and rela  ve-quan  ta  ve PCR 
analysis
Confi rma  on of each CNV with quan  ta  ve real  me PCR and/or FISH was executed in the twin-

siblings and their parents according to local standard protocols with minor modifi ca  ons [22, 

27]. For FISH, BAC clones were selected from the UCSC genome browser [h  p://genome.ucsc.

edu/], purchased at BACPAC resources centre (Oakland, California, USA) and labelled (Random 

Prime labelling system Invitrogen Corpora  on, Carlsbad, California, USA)) with Bio-16-dUTP or 

Dig-11-dUTP (Roche applied science, Indianapolis, USA). A  er valida  on on control metaphases, 

the chromosome 22 BAC clones RP11-62K15 and RP1-66M5 were used for confi rma  on in EA-

pair-I.

 Primer pairs for quan  ta  ve real-  me PCR were designed from unique sequences within 

the minimal deleted or duplicated regions of each copy number change using Primer Express 

so  ware v2.0 (Applied Biosystems, Carlsbad, California, USA). The nucleo  de-nucleo  de BLAST 

algorithm at NCBI [h  p://www.ncbi.nlm.nih.gov/BLAST/] was used to confi rm that each PCR 

amplifi ca  on product was unique. Quan  ta  ve PCR analyses were performed using an ABI7300 

Real-  me PCR system in combina  on with KAPA-SYBR fast master mix (KapaBiosystems, Woburn, 

MA, USA). Experiments were designed with a region of the C14ORF145 gene serving as a control 

locus as previously described [27].

Results

Clinical characteriza  on and monozygosity screening of twin pairs 
Clinical features of each twin pair are summarized in Table 1. Briefl y, seven out of 11 pairs were 

discordant for the phenotype of EA (Table1A) and four out of 11 for CDH (Table 1B). Four out of 

eleven EA-aff ected pa  ents harbored (major) addi  onal anomalies. Considering CDH; there is a 
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variable expression of le   and right CDH with all persons (as expected) featuring lung hypoplasia. 

We are dealing with an isolated CDH cohort since most anomalies in pairs 3 and 4 are minor. 

Finally, zygosity status of each twin pair was confi rmed (data not shown) by STR profi ling using 

the commercially available STR iden  fi ler kits of Applied Biosystems.

 

Table 1A | Clinical features EA Cohort.

Pair GA Birth order Obstetric history EA Fistel Type of addi  onal

EA (wks) (Pa  ent) (Healthy twin) anomalies

EA1 37,3 1 2 Breech presenta  on + + Dysmorphic

Auricular tags, Cle   uvula

Abnormal dermatoglyphics

Heart

ASD

Lung

Lunghypoplasia right

Neurologic/skeletal

Scoliosis

Fusion of vertebrae

Hemivertebrae

IUGR

EA2 36 2 1 Breech presenta  on + + Heart

Maternal medica  on: VSD

sintrom Lung

Lunghypoplasia 

EA3 NA NA NA NA + + Heart

Cardiac situs

Dextrocardia healthy twin 

EA4 NA NA NA NA + - –

EA5 33,5 1 2 Breech presenta  on + + Dysmorphic

Fever durante partu Triangular face, Deep set eyes,

Palpebral fi ssures slant down

Small mandible

Thin fi ngers,hypoplas  c thumbs

Proximal placement of thumb

Hypoplas  c or absent radii

Sacral hemangioma healthy twin

EA6 34, 4 NA NA Polyhydramnios + + Heart

Maternal medica  on: VSD

cor  costeroids Tricuspid incompetence

EA7 NA NA - + + –
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Table 1B | Clinical features CDH Cohort.

Pair GA Birth order Obstetric history CDH Type of addi  onal

CDH (wks) (Pa  ent) (Healthy twin) anomalies

CDH1 35,3 2 1 Sec  o Caesarea le  –

Breech presenta  on

CDH2 33,4 1 2 Sec  o Caesarea le  –

>24hrs ruptured membrane

CDH3 38,5 2 1 – right Urogenital

Inguinal hernia

Hydrocele tes  s

CDH4 34,1 2 1 Sec  o Caesarea le  Dysmorphic

Small mandibula

IUGR
The following abbrevia  ons are used: ASD; Atrial Septal defect, CDH; Congenital Diaphragma  c Hernia, EA; 
esophageal atresia, GA; Gesta  onal Age, IUGR; Intra Uterine growth Retarda  on, VSD; Ventrical Septal Defect. 
Unfortunately, for a few EA subjects detailed clinical data is unavailable

Paired CNV analysis of discordant monozygo  c twins
Results of the paired CNV analysis of each MZ twin couple are summarized in Table 2 showing no 

evidence of pathogenic CNV discordance in both congenital anomaly cohorts. In order to detect 

mosaic (soma  c) aberra  ons, specifi c a  en  on was payed to b-allele frequency changes as well. 

In the EA cohort a total of ten germline CNVs were iden  fi ed. Seven concerned common Copy 

Number Polymorphisms (CNP) defi ned by the occurrence of the CNV in at least fi ve individuals of 

qualifi ed normal pediatric cohorts in literature. The remaining three events were present in both 

the twin and at least one healthy parent and are therefore less likely to be pathogenic as well. 

For example, the 666 Kb sized chromosome 22q dele  on in EA pair-1 (Figure 1) was found both 

in the healthy twin and his mother and partly overlaps with CNVs catalogued in control cohorts. 

 Existence of inherited CNVs was detected in the CDH cohort as well. A total of three CNVs 

were dis  nguished of which two are not prevalent in normal cohorts. All three events were 

present in the healthy twin as well. Figure 2 represents the 177Kb loss of chromosome 10q26 in 

CDH pair-3 and harbors the TCF7L2 gene (Tcf4 protein), which is mainly known for its involvement 

in blood glucose homeostasis as a result of Wnt signalling changes. 

 Not ruled out in this study are the presence of balanced genomic altera  ons and small 

(<50kB) or very-low mosaic (<20%) chromosome aberra  ons beyond the detec  on level of our 

experimental approach. 
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Figure 1 | SNP and Fluorescent In-Situ Hybridiza  on results of inherited chromosome 22-CNV in EA 
pair-I 
Nexus results (Top) of the 666 Kb dele  on on chromosome 22q13.3 in both individuals of EA pair-I showing 
a clear drop in log2 intensity signal validated by FISH (Bo  om) on metaphase chromosomes of the aff ected EA 
twin-1. Probes: control: RP11-62K15 (green) and target: RP11-66M5 (red). Parental analysis (results not shown) 
demonstrated that this genomic event is inherited from the mother and therefore less likely pathogenic. In addi  on, 
no gene is allocated to this region neither are any miRNA transcripts hampering the iden  fi ca  on of func  onal 
elements in this region as well (see page 250 for color fi gure).

SNP genotype analysis monozygo  c twin cohorts
SNP genotype diff erences between the aff ected and unaff ected twin siblings were evaluated for 

each SNP on the Illumina® bead chip. A  er removal of less accurately called SNPs, genotyping 

analysis showed concordance for almost all SNPs (n=299671) within each MZ pair. A total of fi ve 

SNPs in three EA-pairs were dissimilar and three SNPs in two CDH pairs (Table 3). CDH pair-3 

showed discrepancy for 99 SNPs, which could be a  ributed to less overall genotyping accuracy 

and therefore was not analyzed further. Un  l now, only rs2824374 (which is closely linked to the 

CXADR gene) could be associated with embryonic (mal) development, however literature only 

reports on eff ects to the kidneys and cochlea [28, 29]. None of the other iden  fi ed discordant 

intra-twin SNP loci are directly linked to a phenotype. 
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Figure 2 | SNP and rela  ve Q-PCR results of inherited chromosome 10-CNV in CDH pair-3. 
Nexus result (Top) of the chromosome 10q26 dele  on event in CDH pair-3 showing a clear drop in log2 intensity 
signal, which was confi rmed by rela  ve q-PCR (bo  om) in the aff ected proband, the unaff ected twin and the mother 
(see page 250 for color fi gure).

Table 3 | Discordant SNPs in MZ twin pairs of the Ro  erdam Congenital anomaly cohort.

Pair
EA

Discordant SNPs Chromosomal loca  on
(dbSNP build 130) (bp)

Gene symbols

1 rs11573502 chrX:24888693-24889193 POLA1

2 – – –

3 – – –

4 rs10125846 chr9:2821641-2822141 KIAA0020

rs1744767 chr20:35200380-35200880 LOC140699 isoform 3

rs438895 chr1:8260692-8261192

5 – – –

6 – – –

7 rs1576026 chr9:25,453,089-25,453,589 –
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Pair
CDH

Discordant SNPs Chromosomal loca  on
(dbSNP build 130) (bp)

Gene symbols

1 rs17730982 chr8:134851934-134852434

rs2824374 chr21:17879252-17879752 CXADR; possible involvement
kidney & cochlear development [25,26]

2 – – –

4 rs6571064 chr6:103400463-103400963 –

3 Not evaluated; SNP 
Quality rate < 0.95

– –

The following abbrevia  ons are used:bp; basepairs, EA; Esophageal Atresia, CDH; Congenital Diaphragma  c Hernia. 

Discussion

A high occurrence of copy number variants that diff ered between siblings discordant for 

Parkinson’s disease was recently suggested [6]. However, intra-twin pair variability for germ-line 

CNVs could not be detected in our subset of EA and CDH MZ twins. Within the limita  ons of the 

used experimental approach, structural variants in mosaic form (above 20%) could neither be 

demonstrated. Applica  on of next-genera  on sequencing methods will allow for an easier and 

more sensi  ve calling of the smallest mosaic aberra  ons in the near future and will add up to the 

(scarce) data generated recently on this topic by some other groups [30-33]. 

 Various causes could account for the discrepancy in CNV fi ndings between our congenital 

anomaly twin cohort and the Parkinson cohort. First of all: an age factor. The rather high prevalence 

of mosaic CNVs in PD twins could have been generated during life  me. This was suggested by a 

small study of the group of Dumanski et al. [34, 35], who iden  fi ed mosaic aberra  ons in a wide-

range of  ssues of three phenotypically normal individuals. This hypothesis would imply that 

age-accumulated (  ssue-specifi c) CNV events could play a role in diseases developing symptoms 

later in life. Consequently, they are expected to contribute less to congenital disorders. Secondly, 

diff erences in CNV prevalence between our study and the Parkinson study could be based on 

methodological diff erences such as choice of pla  orm. Although Bruder et al. [6] presented 

confi rma  ve evidence for a few of their CNVs using a diff erent pla  orm, detailed confi rma  on of 

most CNVs was lacking. On the other hand, structural DNA varia  on might play a minor role in 

EA- and CDH- pathophysiology, sugges  ng that in these congenital cohorts the focus should be 

widened on environmental and epigene  c factors. Two recent studies [2, 7] revealed a (signifi cant) 

propor  on of epigene  c variability between MZ twins in inves  gated  ssues. However, in the 

Mul  ple Sclerosis twin cohort study these changes could not account for disease discordance. A 

similar study for EA, CDH or other congenital anomalies is diffi  cult to perform, since the target 

 ssues cannot be obtained from the healthy co-twin for obvious reasons. Structural varia  ons 

restricted to the aff ected esophagus and diaphragm  ssue could represent another cause for 

twin discordancy, yet was not excluded in this monozygo  c cohort due to unavailability of the 

aff ected material. 



112 |Chapter 2.4

Finally, although our results showed no prove for CNV contribu  on to phenotypic MZ-discordance, 

germ-line structural events were detected in both cohorts and these events could represent a 

so-called suscep  ble gene  c background. In fi ve out of eleven twin pairs germline CNVs were 

iden  fi ed. These were rarely detected in a specifi c pediatric normal popula  on [26] and/or our 

in-house control cohort and could therefore represent an increased suscep  bility to congenital 

anomalies by means of a dosage responsive- or posi  on- eff ect. For example, the 177Kb loss 

of chromosome 10q26 in CDH pair-3 might be of func  onal importance. A recent report 

demonstrated Tcf4 (alias Tcf7l2) expression in connec  ve  ssue fi broblasts during development 

and suggested its role in the regula  on of muscle fi ber type development and matura  on [36]. 

Addi  onally, certain polymorphisms and muta  ons in TCF7L2 are linked to an increased risk of 

type 2 diabetes37. This implies that loss of one func  onal TCF7L2 allele might be associated with 

(super) normal glucose tolerance. Indeed we observed evidence of increased serum glucose (a 

Glucose of 12.2 mmol/l was iden  fi ed within 24 hours postnatal) in the aff ected individual of 

twin pair 3. However, also 1 normal glucose level (Glucose 3.6 mmol/l) was determined within 

the same  me window and since this pa  ent was cri  cally ill and died shortly therea  er no 

absolute conclusions can be drawn from these results. The healthy twin had an unremarkable 

medical record so far. Similarly, the haploinsuffi  cient ARHGAP24 gene in CDH pair-4 (encoding a 

vascular, cell-specifi c GTPase-ac  va  ng protein) could confer gene  c suscep  bility for CDH by 

means of its func  on in modula  ng angiogenesis and through its interac  on with fi lamin-A [37, 

38]. Girirajan et al. [39] recently demonstrated that a second hit may elicit a severe phenotype in 

off spring of healthy CNV-carriers. Hypothe  cally this second hit can cons  tute another CNV in 

the same or associated disease pathway as well as a pathogenic SNP. These results underline the 

importance of archiving all genomic events (also those with a “benign” nature at fi rst sight) in a 

freely accessible database such as ini  ated by the ISCA consor  um [h  ps://www.iscaconsor  um.

org]. Detailed and unbiased phenotyping is crucial for the understanding of the more complex 

genotype-phenotype correla  ons as well.

 In summary, we inves  gated whether the existence of discrepant CNVs could be causal 

to the phenotypic discordance in MZ twin pairs of the Esophageal Atresia and Congenital 

Diaphragma  c Hernia cohort in Ro  erdam and found no such proof. Prospec  ve collec  on of 

DNA material in various MZ twin cohorts is warranted to evaluate the possibility of such gene  c 

factors contribu  ng to human phenotypic variability in general and to twin-discordance specifi c. 

We feel that the use of high-resolu  on SNP arrays and sequencing based methods are more 

suitable in these designs than BAC arrays. Finally, phenotypic correla  ons can only be made a  er 

proper analysis in normal cohorts as well.
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Abstract

In this paper we present the detailed clinical and cytogene  c analysis of a prenatally detected 

complex Congenital Diaphragma  c Hernia (CDH) pa  ent with a mosaic unbalanced transloca  on 

(5;12). High-resolu  on whole genome SNP array confi rmed a low-level mosaicism (20%) in 

uncultured cells, underlining the value of array technology for iden  fi ca  on studies. Subsequently, 

targeted Fluorescence In-Situ Hybridiza  on in postmortem collected  ssues demonstrated a 

similar low-level mosaicism, independently of the aff ected status of the  ssue. Thus, a higher 

incidence of the gene  c aberra  on in aff ected organs as lung and diaphragm cannot explain the 

severe phenotype of this complex CDH pa  ent. 

 Comparison with other described chromosome 5p and 12p anomalies indicated that half 

of the features presented in our pa  ent (including the diaphragm defect) could be a  ributed to 

both chromosomal areas. In contrast, a few features such as the palpebral downslant, the broad 

nasal bridge, the micrognathia, microcephaly, abnormal dermatoglyphics and IUGR be  er fi  ed 

the 5p associated syndromes only.

 This study underlines the fact that low-level mosaicism can be associated with severe birth 

defects including CDH. The contribu  on of mosaicism to human diseases and specifi cally to 

congenital anomalies and spontaneous abor  ons becomes more and more accepted, although 

its phenotypic consequences are poorly described phenomena leading to counseling issues. 

Therefore, thorough follow-up of mosaic aberra  ons such as presented here is indicated in order 

to provide gene  c counselors a more evidence based predic  on of fetal prognosis in the future. 
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Introduc  on

CDH and soma  c (chromosomal) mosaicism
Congenital Diaphragma  c Hernia (CDH) is a severe birth defect characterized by defec  ve 

forma  on of the diaphragm, lunghypoplasia and pulmonary hypertension. Its overall prevalence 

is 1/3000 live births and the majority are le   sided. Associated anomalies (i.e. non-isolated cases 

with or without an abnormal karyotype) are involved in 60% of cases. The mortality rate is s  ll 

high: 10-20% for isolated and up to 40% for non-isolated cases. CDH is increasingly detected by 

structural ultrasound in the second trimester of pregnancy showing features like a medias  nal 

cardiac shi   away from the side of the defect and an intra-thoracic stomach bubble [1]. From a 

clinical point of view, early detec  on enables counseling by a pediatric surgeon and/ or clinical 

gene  cist. Parents may opt for a termina  on of pregnancy and in case of con  nua  on; obstetric 

and postnatal management can be op  mized with referral to a specialized ter  ary centre with 

ECMO (Extra Corporal Membrane Oxygena  on) facili  es.

 The presumed mul  factorial e  ology of CDH is s  ll poorly understood. Yet, the iden  fi ca  on 

of human chromosomal “hot spots” presents strong evidence for a gene  c component [2-3]. 

Because chromosomal aberra  ons are detected in 10-20% of the cases, regular cytogene  c 

analysis by GTG-band karyotyping and FISH are highly recommended in each pa  ent [3]. In 

addi  on, performance of high-resolu  on whole genome array could be valuable, especially in 

case of addi  onal malforma  ons such as in the cardiovascular system, genito-urinal tract and 

central nervous system [4]. Furthermore, CDH may be part of a defi ned syndrome, the most 

well recognized one being Fryns (OMIM 229850 with over 80% of the pa  ents showing CDH, 

though its locus remains elusive. Finally, CDH caused by  ssue-limited mosaicism, specifi cally 

of tetrasomy 12p, is rather common within the Pallister-Killian syndrome (PKS)(OMIM 601803 

[5]). However, in literature only a few other types of mosaic abnormali  es have been described 

in associa  on with CDH [6-10]. Diffi  cul  es in detec  ng (low-level) mosaicism and the former 

absence of prac  cal, high-resolu  on whole genome screening techniques could partly account 

for these low incidences. 

 Mosaicism is defi ned as “the presence of a mixture of cells of diff erent gene  c composi  on 

in a single organism” [11-12]. Advances in molecular cytogene  c techniques have allowed for a 

systema  c whole genome screening of gene  c aberra  ons among others in mosaic form. Results 

indicated that such mosaicism probably exists at a higher frequency than expected [12-13]. To 

date, published studies on this topic both included screens of diseased and (although very few) 

phenotypically normal individuals and focused on single nucleo  de muta  ons/polymorphisms 

[14-15] as well as structural chromosomal aberra  ons/varia  ons [16-23]. It is accepted that the 

phenotypic consequences of these soma  c muta  ons depend on the type of cells involved, 

the nature of the ini  al muta  on and its  ming. Soma  c mosaicism is also known to produce 

o  en a milder phenotype than in its non-mosaic form, allowing for survival of some disorders/ 

aneuploidies that would otherwise result in lethality. Germ-line and soma  c mosaicism are thus 

acknowledged as important factors contribu  ng to phenotypic variability [11]. Nonetheless, 
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in general the signifi cance of soma  c mosaicism usually remains under-appreciated and 

performance of detailed postmortem follow-up of the aberra  ons in mul  ple  ssues is done 

only rarely. Consequently, real understanding whether and how chromosomal mosaicism has the 

poten  al to mediate  ssue-specifi c dysfunc  on in aff ected (and phenotypic normal) individuals 

largely remains elusive.

 In this case report we present the detailed clinical and molecular cytogene  c analysis 

of a low-mosaic unbalanced transloca  on (5;12) iden  fi ed in a complex-CDH pa  ent. The 

iden  fi ca  on of this specifi c chromosome aberra  on with high resolu  on whole genome SNP 

array on umbilical cord blood shows the value of array technology for iden  fi ca  on studies, 

also in cases of low mosaicism. Furthermore, we hypothesized in the pa  ents’ aff ected  ssues 

a higher contribu  on of abnormal cells, which was assessed by FISH analysis in several  ssues. 

Finally, results of phenotype-genotype correla  ons of each characteris  c in this pa  ent are 

presented. 

Material and Methods

Rou  ne Cytogene  c and targeted FISH analysis
Ethics approval was provided by the Medical Ethics Commi  ee of the Erasmus Medical Centre, 

Ro  erdam, The Netherlands. A wri  en informed consent was obtained from all par  cipants in 

this study.

 Sixteen ml of amnio  c fl uid (AF) was cultured using the in situ method in BD Falcon 

Culture slides (VWR, Amsterdam, The Netherlands) and subsequently used for both GTG-banded 

karyotyping and fl uorescence in situ hybridiza  on (FISH). Karyotyping of the parents was executed 

on GTG banded metaphase spreads obtained from peripheral blood cultures. Karyograms were 

reported according the ISCN rules. Fetal skin and umbilical cord  ssue were cultured according 

to standard techniques and used for FISH analysis in a postnatal diagnos  c se   ng. 

 FISH experiments were performed according to standard protocols with minor modifi ca  ons 

and analyzed with an Axioplan 2 Imaging microscope (Zeiss, Sliedrecht, The Netherlands). 

Images were captured using Isis so  ware (MetaSystems, Altlussheim, Germany). BAC clones 

were selected from the UCSC genome browser (UC Santa Cruz, Santa Cruz, CA, h  p://genome.

ucsc.edu/cgi-bin/hgGateway, assembly March 2006) and purchased from BACPAC Resources 

(Oakland,CA). BAC probes (Table S1) were subsequently validated on control metaphases. 

Targeted whole chromosome paints 5 and 12 and probes of the Cri-du-Chat/Cornelia-de-Lange 

region were commercially available from Eurodiagnos  cs (Arnhem, Netherlands) and Cytocell 

(h  p://www.cytocell.com/products /aquarius/micro/ cri.asp) respec  vely. 

MLPA
DNA was isolated from 2x2 ml of uncultured AF using the Chemagenic Magne  c Separa  on 

Module I (Chemagen, Baesweiler, Germany). MLPA analyses were performed using the SALSA 
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P036 and P070 kits of MRC-Holland (Amsterdam, the Netherlands). These kits contain probes 

for all subtelomeric p-and-q arm regions of all chromosomes. In addi  on, a specifi c aneuploidy 

sensi  ve kit (P095) and a mental retarda  on focused kit harbouring 6 probes in the 5p15 telomeric 

region were executed. MLPA reac  ons were performed using the manufacturer’s protocol with 

minor modifi ca  ons [24] and amplifi ca  on products were separated and quan  fi ed as described 

previously [25]. Dosage ra  o values of <0.7 and >1.3 were used as boundaries for dele  ons and 

duplica  ons respec  vely with use of specifi c calculated cut-off  values in case of kit P095. 

High resolu  on SNP array
High-resolu  on whole genome analysis was performed on umbilical-cord blood derived DNA, 

using the Illumina Quad610 genotyping bead chip (Illumina, San Diego, CA, USA) according to 

the manufacturer’s protocol. This array contains 598 821 SNP probes distributed genome wide 

and an addi  onal 21 890 intensity-only probes in regions where SNP coverage is poor. Image 

intensi  es were extracted using the Illumina’s BeadScan so  ware. Data for each BeadChip were 

self-normalized in Beadstudio GT (version 3.0+) using informa  on contained within the array 

(h  p://www.illumina.com/applica  ons). CNVs were detected by comparison to the common 

Illumina-reference set of 87 CEU samples specifi c for the Q610 array and visualized in Nexus 

(version 4.1) so  ware as log2 ra  os (h  p://www.biodiscovery.com/index/nexus). The analysis 

se   ngs were as follow: SNP rank segmenta  on with a signifi cance threshold of 1x10-6 and log-

ra  o-thresholds of 0.2 and -0.2 for duplica  on and dele  on respec  vely. Mosaic changes were 

assessed by looking for aberra  ons in probe intensi  es along with a shi   in genotype frequencies 

of the SNP probes (measured by b-allele frequencies).

FISH on paraffi  n embedded  ssue of mul  ple samplings and placental cryo-
sec  ons 
Interphase FISH was performed on 4 μm thick paraffi  n embedded  ssue sec  ons. The  ssue 

sec  ons were placed on poly-L-Lysine coated slides. A  er deparaffi  niza  on using xylene, slides 

were processed in 1M NaSCN for 10 min at 80˚C. Next, pepsin diges  on was op  mized for each 

specifi c  ssue type and slides were dehydrated in alcohol. Denatura  on of the probes was 

carried out for 2 min at 95˚C. Hybridiza  on was performed at 37°C for 14-16 h. The slides were 

then washed in posthybridiza  on wash buff ers at 55°C and 42°C for 3x5 min and counterstained 

with DAPI. Signals were counted in at least 100 cells. Results were expressed as the percentage 

of chromosome 5p signal (RP11-7M4, green) to control probe signal (RP11-90P7, red, Table S1). 

Interna  onally accepted cut-off  values of >15% of the nuclei with one signal to iden  fy dele  ons 

were adapted from the available tumor  ssue literature [26].The expected percentage in a 

normal case is 100%; which means that there is no gene dele  on. Placental nuclear suspensions 

were harvested as described before [27] and fi xated in methanol/ace  c acid. FISH was performed 

according to local protocols. 
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Results

Pa  ent report, Cytogene  c analysis and MLPA
A 22-year old Moroccan pa  ent was referred to our ter  ary centre for follow up and gene  c 

counseling of a CDH detected in her unborn child by 20-weeks structural ultrasound in her fi rst 

pregnancy. The medical history was unremarkable. There was no family history of congenital 

anomalies; however she and her partner were consanguineous in the 2nd line. Ultrasound 

examina  on revealed a defect in the le   posterolateral diaphragm and hernia  on of intes  ne, 

stomach and liver. Fetal biometry measurements were on the 2nd percen  le. Prognosis 

concerning lung hypoplasia seemed cri  cal with a lung head ra  o of <1.0 (0.61 at 21 3/7 weeks) 

and an intrathoracic liver [28]. Amniocentesis was performed at 20 weeks and 2 days. 

 Rou  ne cytogene  c analysis confi rmed the clinical suspicion of a chromosomal abnormality 

and revealed a high-mosaic dele  on of chromosome 5 in cultured amniocytes which was 

confi rmed by FISH with probes specifi c for chromosome 5: the karyotype on cultured AF cells was 

46,XX,del(5)(p13.3) [27]/46,XX [4] (Table 1 and Table S1). Both parents had a normal karyotype. 

Based on the paint result an unbalanced transloca  on was suspected. Therefore MLPA with 

subtelomeric kits P036 and P070 was performed on DNA isolated from uncultured amnio  c fl uid 

cells. Surprisingly, results did not reveal such an anomaly showing normal rela  ve probe signals 

for all probes including the one on 5p. MLPA using kit P096 which includes 6 probes within the 

Cri-Du-Chat (CDC) cri  cal region, showed a normal result as well, most probably indica  ng a 

much lower level of mosaicism in uncultured AF cells compared to cultured cells. 

Table 1 | Detec  on of mosaicism using molecular cytogene  c studies

Detec  on 

Period Method Tissue Mosaic level (%)

Prenatal GTG-band/FISH AF-c 87

MLPA AF normal

Postnatal FISH FUM 43 (38*)

DER 35 (23*)

SNP array UC-bl 20

FISH Parafi nEmbedded Heart 24

Liver 32

Diaphragm 26

Lung 29

Kidney 28

FISH Frozen  Placental 13

DER 36

AF: Amnio  c Fluid, AF-c: Amnio  c Fluid-cultured
DER: skin, FUM: Fibroblast culture UMbilical cord
UC-bl: Umbilical Cord Blood; *metaphase
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Based on the ultrasound and cytogene  c fi ndings, the parents decided to terminate the pregnancy 

at 23.1 weeks of gesta  on. A female fetus was delivered vaginally and postmortem physical 

examina  on showed a normally propor  oned but intra-uterine growth (length) restricted fetus; 

weight (490 gr: normal: 524 +/- 116 gr), crown-rump length (17.5 cm; normal 20.8+/- 1.9 cm) 

and foot-length 3.5 cm (normal:4.2 +/- 0.5 cm). Dysmorphological features were signifi cant for 

the following: convex eye globes, abnormal palpebral (down) slant, hypertelorism, wide nasal 

bridge, fl at philtrum, thin upperlip, micro-and-retrognathia and nuchal wideness. Abnormal 

external ear development on both sides and aberrant posterior rota  on of the ears were noted 

as well. Concerning the extremi  es, a palmar crease on the right was seen and also an abnormal 

posi  oning of the anus with short perineum and sacral dimple. Inspec  on of the internal organs 

presented a large le   diaphragma  c defect of the Bochdalek type with hernia  on of stomach, 

duodenum and parts of colon, liver and spleen. Further, this fetus showed severe lung hypoplasia 

(right 2.1gr, le   1.2 gr; lung-body ra  o <<0.015) and le   kidney-agenesis with compensatory 

right kidney hyperplasia. Finally, autopsy demonstrated normal morphology of all remaining 

organs and no structural aberra  ons of the brain on postmortem MRI. 

 The prenatally iden  fi ed mosaicism 46,XX,del(5)(p13.3) in cultured amnio  c fl uid cells was 

confi rmed by postmortem cytogene  c analysis in umbilical cord and skin  ssue, yet in a much 

lower frequency than expected (Table 1). Because the suspicion of an unbalanced transloca  on 

persisted, yet not confi rmed by MLPA on uncultured cells, a whole genome SNP array was 

applied. 

High-Resolu  on SNP-array
High-resolu  on whole genome SNP array on DNA from umbilical cord blood confi rmed the 

5p dele  on and indeed iden  fi ed a coexis  ng chromosome 12p13.2 duplica  on by using 

informa  on of both log2 intensi  es and B-allele frequency as described recently (Figure 1) 

[29]. These array results were subsequently confi rmed by FISH using chromosome 12 paint in 

addi  on to a 12p13.32 probe on cultured AF (Figure 2). So, ul  mately the pa  ents karyotype 

could be summarized as 46,XX,der(5)t(5;12)(p13.2;p12.3).arr 12p12.3(rs7136701- rs10845353)

x3,5p13.2(rs1108867-rs16903304)x1 (NCBI Build 36/hg18 [30]). Considering the mosaic rate, 

B-allele ra  os of the array suggested a diff erent level of mosaicism in the umbilical cord blood 

as present in the cultured AF cells. The es  mated percentage of mosaicism based on these array 

results was 20%. 

FISH on diff erent paraffi  n embedded  ssues and cryosec  ons of placenta
Considering the big diff erence between mosaic rates of cultured amniocytes and umbilical cord 

blood as well as uncultured AF-cells, we hypothesized that the gene  c aberra  on rate could be 

high in aff ected  ssues (such as lungs, kidneys and diaphragm) and lower in normal ones (heart, 

liver). Therefore we screened 7 diff erent paraffi  n embedded  ssues sec  ons with FISH using 

specifi c BAC clones. Results are summarized in Table 1; showing no signifi cant diff erences however 

in the levels of mosaicism between normal and aff ected  ssue. The deriva  ve chromosome 5 
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was detected in 24-36% of the cells overall, confi rming the array-based es  mated percentage of 

mosaicism. Finally, to assess a co-exis  ng placental mosaicism we also screened frozen sec  ons 

of placental  ssue a  er nuclear isola  on revealing mosaicism in 10% of the nuclei. 

Figure 1 | Results High-resolu  on SNP array using uncultured umbilical cord blood material 
A: Whole genome array: Log2 intensity (Top) and B-Allele Frequencies BAF (Bo  om). Top: Y-axis: Rela  ve Copy 
Number State. X-axis: autosomes number 1-22 and the two sex chromosomes.
Displayed are the rela  ve and normalized log2 intensi  es of all available SNPs on the array across the pa  ents’ 
genome. At the beginning of chromosome 5 a slight drop of log2 intensity is visible represen  ng the dele  on of part 
of the short arm of chromosome 5 in a low-mosaic state. Similarly, the mosaic 12p duplica  on is depicted as a small 
peak of log2 intensity at the beginning of chromosome 12. Bo  om: confi rma  on of aberra  ons by the more clearly 
visible changes in BAF. B: Enlarged views of the results of chromosome 5 (le  ) and 12 (right) showing both the log2 
intensity window as well as the BAF results (see page 251 for color fi gure). 

Genotype-Phenotype comparison
Structural aberra  ons of chromosome region 5p (clinically recognized as the Cri-du-Chat 

syndrome or as the Cornelia de Lange syndrome) and 12p (featuring as PK syndrome or a pure 
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mosaic trisomy 12p) are both associated with CDH. Yet, for chromosome 5p diaphragma  c 

hernia has only been associated with Brachmann-de-Lange pa  ents and not with those featuring 

Cri-du-Chat. Subsequently, the diaphragma  c candidate region on 5p most likely overlaps with 

the cri  cal region of CdLS, taking into account that CdLS pa  ents are gene  cally heterogenous as 

well. Hulinksy et al. [31] iden  fi ed a child with both CDH and CdLS which had a pure inters   al 

dele  on of 5p [del(5)(p13.1;p14.2)].Results of the comparison with this pa  ent, and for all other 

characteris  cs in our pa  ent compared to those described in literature (for both regions) [32-37] 

are summarized in Table S2. Based on these comparisons half of the features present in our 

pa  ent could be a  ributed to both chromosomal areas. Excep  ons to this were: the palpebral 

downslant, the broad-nasal bridge, the retro-and micro-gnathia, microcephaly, abnormal 

dermatoglyphics and IUGR, which be  er fi t the 5p associated syndromes. 

Figure 2 | Fluorescent In-Situ Hybridiza  on results using cultured amnio  c fl uid and skin material 
A: Le  : Schema  c representa  on of the unbalanced der(5)t(5;12)(p13.2;p12.3) and its normal chromosome 12 
counterpart. Right: Par  al Karyotype of the pa  ent showing both the normal and abnormal chromosome 5 and 
both normal chromosomes 12. B: Fluorescent In-Situ Hybridiza  on (FISH) on a metaphase spread of 1 umbilical 
cord-fi broblast-cell presen  ng 1 copy of BAC clone RP11-7M4 (Green) on the normal chromosome 5 and 3 of clone 
RP11-62P15 (red) on both chromosomes 12 and the der(5) C: Whole-Chromosome Paint FISH results of 1 AF-cell 
showing duplica  on of part of the short arm of chromosome 12 (WCP12: red) at the expense of part of 1 copy of 
chromosome 5 (WCP5:green) (see page 251 for color fi gure). 
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Discussion 

In this case report we present the detailed clinical and cytogene  cal analysis of a unique low-

mosaic der (5) t(5;12) aberra  on iden  fi ed in a CDH pa  ent with mul  ple congenital anomalies. 

Classifi ca  on of the true chromosome abnormality was possible only a  er performance of a 

high-resolu  on whole genome SNP array on uncultured umbilical cord blood. Applica  on of this 

technology in the iden  fi ca  on of mosaic aberra  ons was reviewed very recently [29]. Although 

mosaic abnormali  es are increasingly considered to be important factors in (spontaneous) 

abor  ons [38], congenital anomalies [22, 39-42] and in phenotypic variability, analysis of mul  ple 

 ssues in prenatal cases is done only rarely. In addi  on, data on chromosomal mosaicism 

frequencies in phenotypically normal individuals, with the excep  on of studies in reproduc  ve 

 ssues [13], is sparse as well [11, 21]. While the clinical signifi cance of the aberrant cell line 

was quite obvious in our pa  ent due to the presence of major associated birth defects, this is 

not always the case. Therefore, the recent availability of more sensi  ve and easier applicable 

techniques will lead to increased detec  on of low-mosaic aberra  ons at a prenatal stage 

and subsequently lead to more gene  c counseling problems. Extensive follow-up of mosaic 

aberra  ons in aff ected cohorts as well as research of the incidence in the normal popula  on 

is indicated in order to provide gene  c counselors a more evidence based predic  on of fetal 

prognosis in the future. 

Phenotypic variability at the  ssue level correlated to mosaic frequency?
Because the mosaic aberra  on was present in both placenta- and embryonic material we suggest 

that the transloca  on (and subsequent loss of the “other” balanced transloca  on product) 

occurred as a very early mito  c event in an ini  ally normal diploid zygote. More specifi cally, 

this may have occurred at least before diff eren  a  on of trophoblast and inner cell mass in the 

16-cell stage. To explain the phenotypic variability at the  ssue level, we speculated that the 

malforma  ons of lungs, diaphragm and kidneys would associate with a much higher level of 

mosaicism than the normally developed  ssues of heart and liver. This would thus mirror a 

situa  on in which the post zygo  c muta  on arose in an important lung-and diaphragm specifi c 

precursor cell popula  on and  me window. However, such a linear correla  on between level 

of mosaicism and  ssue pathophysiology could not be confi rmed in our case. Associa  ons 

between the severity of the (whole) clinical phenotype and the percentage of abnormal cells are 

generally known for the most common autosomal aneuploidy (trisomy 21), yet the mechanism 

by which this aneuploidy results in the complex heterogeneous phenotype cannot be a  ributed 

to mosaicism alone and is therefore s  ll under discussion [43-44]. Diff erences in default gene-

expression profi le requirements between  ssues, and subsequently variable suscep  bility for 

loss or gain of diff erent chromosome areas could account for the  ssue specifi c pathology in 

mul  -system diseases in general and in mosaic states as well. 

 Finally, uncultured  ssues are in general be  er able to reveal true chromosomal mosaicism 

frequencies as compared to cultured  ssues, since culturing may introduce a selec  on bias that 
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distorts the percentages of abnormal cells. However we were not able to detect the low-mosaic 

der (5) in uncultured AF-cells using MLPA, yet did detect a high-mosaic der(5) in cultured AF cells. 

From this it can be concluded that the level of mosaicism in uncultured cells was probably too 

low to be detected with MLPA. These kind of discrepancies have been described in some areas 

of  ssue-specifi c mosaicism, like mosaic trisomy 20 [45]. However, in the present case there were 

no clues at all for  ssue limited mosaicism as explained above.

Mosaic unbalanced transloca  on (5;12) and CDH
Chromosomal abnormali  es are detected in 9.5%-34% of prenatally diagnosed CDH cases [46]. 

The most common iden  fi ed aneuploidy is trisomy 18 and smaller structural rearrangements 

(microdele  ons/duplica  ons) of the distal arms of chromosome 1q, 8p and 15q are rela  vely 

common in complex-CDH subjects as well. However, structural abnormali  es of almost all 

chromosomes in associa  on with diaphragm defects have been described in literature, including 

those of the short arms of chromosomes 5 and 12   [London medical Databases version 1.0.19]. 

Unfortunately, the candidate genes responsible for malforma  on of the diaphragm remain 

to be determined for both these regions, yet literature suggests that the candidate region for 

diaphragm defects on 5p most likely overlaps with the CdLS cri  cal region only. In 2004 Krantz 

et al. [33] described a child with classical symptoms of CdLS and a balanced, de novo t(5;13)

(p13.1;q12.1) thereby disrup  ng the NIPBL gene. However, this child did not show a diaphragm 

defect. In contrast, Hulinksy et al. [31] did iden  fy a child with the CdLS phenotype, CDH and a 

pure inters   al dele  on of 5p (del(5)(p13.1;p14.2)). Whether NIPBL is indeed the causa  ve gene 

for CdLS associated diaphragm defects needs to be determined. In our own CDH cohort we have 

1 pa  ent with both the CdLS-phenotype and a muta  on in exon 9 of the NIPBL gene. However, 

since CDH is only rarely associated with CdLS (5%) and rou  ne NIPBL muta  on screening is 

only recently been put into standard prac  ce, more specifi c cases featuring both need to be 

determined. It is also possible, that a combina  on of CDH and CdLS is o  en lethal and therefore 

rarely no  fi ed. Low-mosaicism in our case may have caused changes in the (severity) of the CdLS 

phenotype as repeatedly suggested in literature. 

 We also compared our pa  ents remaining characteris  cs to the features described in 

literature for both genomic areas. Based on this comparison half of the features presented in our 

pa  ent could be a  ributed to both chromosomal areas, while some were more associated with 

the 5p region. Hulinksy et al. [31] suggested that some of the atypical CdLS characteris  cs in their 

pa  ent (hypoplas  c kidneys, adrenal gland abnormali  es and mul  pele cysts) are caused by 

haploinsuffi  ciency of other 5p13.1- p14.2 genes. However, retrospec  ve analysis of our pa  ents’ 

MRI did not show evidence for cysts and adrenal gland defects. Moreover, renal abnormali  es 

(primarily vesicouretral refl ux and cysts) are described for CdLS a  er all. Since our case is not a 

pure monosomy and very early prenatal dysmorphology hampers iden  fi ca  on of some clinical 

features, direct comparison between this literature case and our pa  ent remains troublesome. 

 Focusing on CDH and gene  c mosaicism: the earlier men  oned Pallister-Killian syndrome is 

the most common CDH-associated syndrome caused by  ssue-limited mosaicism. In a small study 
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more than ten years ago, Donnenfeld et al. [47] tried to evaluate the overall percentage of  ssue-

specifi c mosaicism among fetuses with prenatally diagnosed diaphragma  c hernia and found in 

one out of 13 fetuses a mosaic isochromosome 12p. However, the diagnos  c techniques used 

in this study were limited and the number of inves  gated pa  ents low. Only a few other case-

reports on CDH and gene  c mosaicism have been published since, featuring the chromosomes Y 

and 16. None have described a mosaic der 5 t(5;12). 

Mosaicism and detec  on with high-resolu  on SNP array
In general it is very diffi  cult to es  mate the true incidence and signifi cance of gene  c mosaicism 

in human congenital anomalies. The applica  on of high-resolu  on SNP arrays allows for an easier 

and more sensi  ve detec  on of this type of gene  c aberra  ons for several reasons. First, SNP 

arrays are shown to be able to detect levels of mosaicism as low as 5% using the B-allele frequency 

as a more sensi  ve measurement compared to the more diffi  cult detec  on of subtle down- or 

up crease of log R ra  os (which only can be used in Oligo based arrays). Second, the possible use 

of low amounts of DNA from any kind of (uncultured)  ssue diminishes the technical failures 

due to the in-vitro cell culturing process [29]. So, the wide applica  on of these methodologies 

in diagnos  c and research se   ngs will increase our knowledge and ability to diagnose pa  ents 

with chromosomal mosaicism and allow for be  er genotype-phenotype correla  ons. 

Acknowledgements
The authors would like to thank the pa  ent and all family members who cooperated in this study 

and T. de Vries-Lentsch for assistance with manuscript prepara  on. 



Chapter

2

129Copy Number Varia  ons and Chtop Muta  ons in the CDH Cohort | 

References

1. Garne E, Loane M, Dolk H, De Vigan C, Scarano G, et al. (2005) Prenatal diagnosis of severe structural 
congenital malforma  ons in Europe. Ultrasound Obstet Gynecol 25: 6-11.

2. Holder AM, Klaassens M, Tibboel D, de Klein A, Lee B, et al. (2007) Gene  c factors in congenital 
diaphragma  c hernia. Am J Hum Genet 80: 825-845.

3. Klaassens M, de Klein A, Tibboel D (2009) The e  ology of congenital diaphragma  c hernia: s  ll largely 
unknown? Eur J Med Genet 52: 281-286.

4. Sco   DA, Klaassens M, Holder AM, Lally KP, Fernandes CJ, et al. (2007) Genome-wide oligonucleo  de-
based array compara  ve genome hybridiza  on analysis of non-isolated congenital diaphragma  c 
hernia. Hum Mol Genet 16: 424-430.

5. Bergoff en J, Punne   H, Campbell TJ, Ross AJ, 3rd, Ruchelli E, et al. (1993) Diaphragma  c hernia in 
tetrasomy 12p mosaicism. J Pediatr 122: 603-606.

6. Ahn HY, Shin JC, Kim YH, Ko HS, Park IY, et al. (2005) Prenatal diagnosis of congenital diaphragma  c 
hernia in a fetus with 46,XY/46,X,-Y,+der(Y)t(Y;1)(q12;q12) mosaicism: a case report. J Korean Med Sci 
20: 895-898.

7. Chen CP, Shih JC, Chern SR, Lee CC, Wang W (2004) Prenatal diagnosis of mosaic trisomy 16 associated 
with congenital diaphragma  c hernia and elevated maternal serum alpha-fetoprotein and human 
chorionic gonadotrophin. Prenat Diagn 24: 63-66.

8. Nowaczyk MJ, Ramsay JA, Mohide P, Tomkins DJ (1998) Mul  ple congenital anomalies in a fetus with 
45,X/46,X,r(X)(p11.22q12) mosaicism. Am J Med Genet 77: 306-309.

9. Li C (2010) A prenatally recognizable malforma  on syndrome associated with a recurrent post-zygo  c 
chromosome rearrangement der(Y)t(Y;1)(q12:q21). Am J Med Genet A 152A: 2339-2341.

10. Takahashi H, Hayashi S, Miura Y, Tsukamoto K, Kosaki R, et al. (2010) Trisomy 9 mosaicism diagnosed 
in utero. Obstet Gynecol Int 2010.

11. Youssoufi an H, Pyeritz RE (2002) Mechanisms and consequences of soma  c mosaicism in humans. Nat 
Rev Genet 3: 748-758.

12. Erickson R (2010) Soma  c gene muta  on and human diease other than cancer: An update. Muta  on 
Research in press.

13. Iourov IY, Vorsanova SG, Yurov YB (2008) Chromosomal mosaicism goes global. Mol Cytogenet 1: 26.
14. Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, et al. (2009) Targeted capture and massively 

parallel sequencing of 12 human exomes. Nature 461: 272-276.
15. Wheeler DA, Srinivasan M, Egholm M, Shen Y, Chen L, et al. (2008) The complete genome of an 

individual by massively parallel DNA sequencing. Nature 452: 872-876.
16. Ballif BC, Rorem EA, Sundin K, Lincicum M, Gaskin S, et al. (2006) Detec  on of low-level mosaicism by 

array CGH in rou  ne diagnos  c specimens. Am J Med Genet A 140: 2757-2767.
17. Bruder CE, Piotrowski A, Gijsbers AA, Andersson R, Erickson S, et al. (2008) Phenotypically concordant 

and discordant monozygo  c twins display diff erent DNA copy-number-varia  on profi les. Am J Hum 
Genet 82: 763-771.

18. Cheung SW, Shaw CA, Sco   DA, Patel A, Sahoo T, et al. (2007) Microarray-based CGH detects 
chromosomal mosaicism not revealed by conven  onal cytogene  cs. Am J Med Genet A 143A: 1679-
1686.

19. Lestou VS, Desilets V, Lomax BL, Barre   IJ, Wilson RD, et al. (2000) Compara  ve genomic hybridiza  on: 
a new approach to screening for intrauterine complete or mosaic aneuploidy. Am J Med Genet 92: 
281-284.

20. No  ni AJ, Craig JM, White SJ (2008) Copy number varia  on and mosaicism. Cytogenet Genome Res 
123: 270-277.

21. Piotrowski A, Bruder CE, Andersson R, de Stahl TD, Menzel U, et al. (2008) Soma  c mosaicism for copy 
number varia  on in diff eren  ated human  ssues. Hum Mutat 29: 1118-1124.

22. Bergman Y (1999) Allelic exclusion in B and T lymphopoiesis. Semin Immunol 11: 319-328.



130 |Chapter 2.5

23. Yurov YB, Iourov IY, Vorsanova SG, Liehr T, Kolo  i AD, et al. (2007) Aneuploidy and confi ned chromosomal 
mosaicism in the developing human brain. PLoS One 2: e558.

24. Schouten JP, McElgunn CJ, Waaijer R, Zwijnenburg D, Diepvens F, et al. (2002) Rela  ve quan  fi ca  on 
of 40 nucleic acid sequences by mul  plex liga  on-dependent probe amplifi ca  on. Nucleic Acids Res 
30: e57.

25. Van Opstal D, Boter M, de Jong D, van den Berg C, Bruggenwirth HT, et al. (2009) Rapid aneuploidy 
detec  on with mul  plex liga  on-dependent probe amplifi ca  on: a prospec  ve study of 4000 amnio  c 
fl uid samples. Eur J Hum Genet 17: 112-121.

26. van Dekken H, Pizzolo JG, Reuter VE, Melamed MR (1990) Cytogene  c analysis of human solid tumors 
by in situ hybridiza  on with a set of 12 chromosome-specifi c DNA probes. Cytogenet Cell Genet 54: 
103-107.

27. Vindelov LL, Christensen IJ, Nissen NI (1983) A detergent-trypsin method for the prepara  on of nuclei 
for fl ow cytometric DNA analysis. Cytometry 3: 323-327.

28. Jani J, Peralta CF, Benachi A, Deprest J, Nicolaides KH (2007) Assessment of lung area in fetuses with 
congenital diaphragma  c hernia. Ultrasound Obstet Gynecol 30: 72-76.

29. Conlin LK, Thiel BD, Bonnemann CG, Medne L, Ernst LM, et al. (2010) Mechanisms of mosaicism, 
chimerism and uniparental disomy iden  fi ed by single nucleo  de polymorphism array analysis. Hum 
Mol Genet 19: 1263-1275.

30. Shaff er L.G. SML, Campbell, L.J., editor (2009) ISCN 2009: An Interna  onal System for Human 
Cytogene  c Nomenclature (2009): Recommenda  ons of the Interna  onal Standing Commi  ee on 
Human Cytogene  c Nomenclature S.Karger AG (Switserland). 138 p.

31. Hulinsky R, Byrne JL, Lowichik A, Viskochil DH (2005) Fetus with inters   al del(5)(p13.1p14.2) 
diagnosed postnatally with Cornelia de Lange syndrome. Am J Med Genet A 137A: 336-338.

32. Deardorff  MA CD, Krantz ID (2005) Gene reviews Cornelia de Lange Syndrome. In: Pagon RA BT, Dolan 
CR, Stephens K, editor. Sea  le.

33. Krantz ID, McCallum J, DeScipio C, Kaur M, Gillis LA, et al. (2004) Cornelia de Lange syndrome is caused 
by muta  ons in NIPBL, the human homolog of Drosophila melanogaster Nipped-B. Nat Genet 36: 631-
635.

34. Segel R, Peter I, Demmer LA, Cowan JM, Hoff man JD, et al. (2006) The natural history of trisomy 12p. 
Am J Med Genet A 140: 695-703.

35. Zumkeller W, Volleth M, Muschke P, Tonnies H, Heller A, et al. (2004) Genotype/phenotype analysis in 
a pa  ent with pure and complete trisomy 12p. Am J Med Genet A 129A: 261-264.

36. Kondoh T, Shimokawa O, Harada N, Doi T, Yun C, et al. (2005) Genotype-phenotype correla  on of 
5p-syndrome: pi  all of diagnosis. J Hum Genet 50: 26-29.

37. 37.  Mainardi PC, Perfumo C, Cali A, Coucourde G, Pastore G, et al. (2001) Clinical and molecular 
characterisa  on of 80 pa  ents with 5p dele  on: genotype-phenotype correla  on. J Med Genet 38: 
151-158.

38. 38.  Vorsanova SG, Kolo  i AD, Iurov I, Kirillova EA, Monakhov VV, et al. (2005) [Diagnosis of numerical 
chromosomal aberra  ons in the cells of spontaneous abor  ons by mul  color fl uorescence in situ 
hybridiza  on (MFISH)]. Klin Lab Diagn: 30-32.

39. Iwarsson E, Lundqvist M, Inzunza J, Ahrlund-Richter L, Sjoblom P, et al. (1999) A high degree of 
aneuploidy in frozen-thawed human preimplanta  on embryos. Hum Genet 104: 376-382.

40. Valduga M, Philippe C, Bach Segura P, Thiebaugeorges O, Miton A, et al. (2010) A retrospec  ve study 
by oligonucleo  de array-CGH analysis in 50 fetuses with mul  ple malforma  ons. Prenat Diagn 30: 
333-341.

41. Wells D, Delhanty JD (2000) Comprehensive chromosomal analysis of human preimplanta  on embryos 
using whole genome amplifi ca  on and single cell compara  ve genomic hybridiza  on. Mol Hum 
Reprod 6: 1055-1062.

42. Zhang YX, Zhang YP, Gu Y, Guan FJ, Li SL, et al. (2009) Gene  c analysis of fi rst-trimester miscarriages 
with a combina  on of cytogene  c karyotyping, microsatellite genotyping and arrayCGH. Clin Genet 
75: 133-140.



Chapter

2

131Copy Number Varia  ons and Chtop Muta  ons in the CDH Cohort | 

43. Laff aire J, Rivals I, Dauphinot L, Pasteau F, Wehrle R, et al. (2009) Gene expression signature of cerebellar 
hypoplasia in a mouse model of Down syndrome during postnatal development. BMC Genomics 10: 
138.

44. Reymond A, Marigo V, Yaylaoglu MB, Leoni A, Ucla C, et al. (2002) Human chromosome 21 gene 
expression atlas in the mouse. Nature 420: 582-586.

45. Van Opstal D, van den Berg C, Galjaard RJ, Los FJ (2001) Follow-up inves  ga  ons in uncultured amnio  c 
fl uid cells a  er uncertain cytogene  c results. Prenat Diagn 21: 75-80.

46. Kunz J, Schoner K, Stein W, Rehder H, Fritz B (2009) Tetrasomy 12p (Pallister-Killian syndrome): 
diffi  cul  es in prenatal diagnosis. Arch Gynecol Obstet 280: 1049-1053.

47. Donnenfeld AE, Campbell TJ, Byers J, Librizzi RJ, Weiner S (1993) Tissue-specifi c mosaicism among 
fetuses with prenatally diagnosed diaphragma  c hernia. Am J Obstet Gynecol 169: 1017-1021.





Chapter 3

Disrupted RA Signalling in CDH: 
Gene-Expression & Patho-Epigene  c 
Mechanisms in 15q26 Monosomy Pa  ents 
and a Nitrofen Rodent Model
 





Chapter 3.1

Spa  al Posi  oning of CDH Candidate 
Genes in a 15q26 Deleted Fibroblast 
Pa  ent Model

D.Veenma, L.Joosen, W.van Cappellen, M.van de Corput, B.Eussen, D.Tibboel 
and A.de Klein

 

Manuscript in prepara  on



136 |Chapter 3.1

Summary 

The pathogene  c mechanisms causing diaphragm- and lung- defects in pa  ents with congenital 

diaphragma  c hernia (CDH) are largely unknown. In this study, we inves  gated the three-

dimensional clustering of candidate “diaphragm” genes (NR2F2, ZFPM2 and GATA4) as a 

prerequisite for proper co-expression and normal development. Failure of this epigene  c process 

might contribute to CDH in a certain subclass of complex pa  ents displaying chromosomal 

rearrangements. Structural aberra  ons may have an impact on the radial distribu  on of the 

chromosome segments on which these genes reside. We used 15q26-deleted human fi broblast 

nuclei as a CDH study model. Since juxta-posi  oning of genes could be dependent on a certain 

s  mulus, gene clustering was also analyzed a  er a 48 hours induc  on period with re  noic acid. 

 Nuclear posi  ons were assessed using quan  ta  vely 2D and 3D in-situ hybridiza  on 

techniques and compared to the rela  ve posi  ons in sex-matched control nuclei. Results 

showed that the coordinated expression of these three CDH candidate genes was independent 

of nuclear co-associa  on. Moreover, the NR2F2 alleles were almost exclusively located 

within their chromosome territory, without evidence for reloca  on upon disease or upon RA 

induc  on. However, a signifi cantly diff erent nuclear posi  oning was demonstrated for the par  al 

chromosome segment 15q on which the remaining func  onal NR2F2 allele in pa  ents is located. 

Whether this change has a func  onal impact on gene expression levels in this chromosomal 

region remains to be determined.

 In conclusion, coordinated expression of the CDH candidate genes NR2F2, ZFPM2 and 

GATA4 is independent of nuclear co-associa  on in complex 15q26 monosomy pa  ents. Subtle 

gene expression eff ects might be elicited by the changes in 15q sub-chromosomal nuclear 

topology. 
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Introduc  on

Children born with Congenital Diaphragma  c Hernia (CDH, OMIM 142340) suff er from severe 

respiratory distress caused by a classical “set” of features: a defect in the muscular or tendinous 

por  on of the diaphragm, pulmonary hypoplasia, and pulmonary hypertension. CDH has a 

worldwide occurrence frequency of one in 3000 live born infants and mortality rates vary 

between 20-60% [1]. Moreover, this birth defect is associated with signifi cant short- and long-term 

morbidity among survivors [2]. CDH pa  ents can either present with an isolated defect or with 

CDH as part of a complex phenotype, meaning that in the la  er group the defect is accompanied 

by other congenital anomalies as well [3]. Ultrasound detec  on in the fi rst pregnancy trimester 

now enables prenatal gene  c counseling and op  mized care in specialized hospitals, however 

the presumed mul  factorial causes of CDH are s  ll largely unknown. Some valuable insights 

into its gene  c suscep  bility were recently provided by the applica  on of molecular cytogene  c 

techniques to pa  ents’ DNA. Using these techniques, over 20 recurrently deleted or duplicated 

regions – including on chromosome band 15q26, 8p23.1 and 8q22-q23 – were iden  fi ed in 

complex cases [4]. These structurally aberrant regions are thought to harbor genes important for 

both diaphragm development and Re  noic Acid (RA) signalling and include: the nuclear receptor 

subfamily 2, group F2 gene (NR2F2, OMIM 107773), the transcrip  on factor encoding gene GATA 

binding protein 4 (GATA4, OMIM 600576) and the zinc fi nger protein, mul  type 2 gene (ZFPM2, 

OMIM 603693). Involvement of these three specifi c genes in diaphragm development is further 

implicated by their corresponding (condi  onal) knockout mice models, which display CDH in a 

propor  on of the off spring [5-7]. Moreover, all three genes were recently shown to be expressed 

at specifi c developmental stages of rodent diaphragm development [8] and detrimental changes 

were iden  fi ed for ZFPM2 in isolated human CDH individuals [6, 9]. An eff ort to iden  fy similar 

muta  ons for either NR2F2 or GATA4 have failed so far and imply that haploinsuffi  ciency of these 

genes alone is insuffi  cient to cause CDH in humans. Therefore, other gene  c (i.e. the addi  ve 

eff ect of two or more genes in the deleted region) or epigene  c mechanisms might be at play 

for the 15q26 and 8p23.1 monosomy phenotype. In this study we searched for such alterna  ve 

epigene  c factors using a 15q26 deleted-Re  noic Acid (RA) modulated cell culture model. 

The15q26 dele  on is the most common and strongly CDH associated chromosomal hot spot 

described to date [10]. Disrup  on of RA signalling is suggested in the pathogenesis of CDH based 

on numerous studies in both humans [11-13] and animals (Vitamin-A defi cient and teratogen-

induced models) [14-17].

 A central theme in the regula  on of gene expression is the binding of transcrip  on factors 

to specifi c sites along the DNA. Since these sites can be several hundreds of kilobases away from 

a target gene promoter [18], the chroma  n strand forms loops to bring these sites together in 

a so-called “transcrip  onal hub”. Preferen  al long-range interac  ons between gene-loci have 

been iden  fi ed as well, mainly in-cis and on the same chromosome [19, 20] but also in-trans 

and between diff erent chromosomes [21-24]. These specifi c combina  ons of gene associa  ons 

might be explained for by the necessity for genes to share common transcrip  onal resources 
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[25, 26]. Besides alloca  on of resources, accumula  on of genes at a certain factory may provide 

the cell a mechanism by which it could coordinate the expression of genes of a common pathway 

[26]. This coordinated gene expression is especially important during embryonic development in 

which groups of genes have to be expressed in a strictly spa  al- and temporal-controlled manner. 

Following this, we hypothesized the three-dimensional clustering of crucial “diaphragm” genes as 

a prerequisite for proper co-expression and normal diaphragm development and a perturba  on 

of this process in pa  ents with a diaphragm defect and one func  onal NR2F2 allele (i.e. having 

a 15q26 monosomy). In other words, we inves  gated the possibility of disturbance of inter-

chromosomal interac  ons of three important CDH candidate genes (NR2F2, GATA4 and ZFPM2) 

in human CDH fi broblast cell lines harboring a 15q26 dele  on. Since juxta-posi  oning of these 

genes could be dependent on a certain s  mulus, we studied three-dimensional clustering with 

and without RA induc  on. As a second objec  ve, we considered an abnormal nuclear posi  oning 

of NR2F2 rela  ve to its chromosome territory (CT) in pa  ent cell lines. It has been suggested that 

certain loci escape the repressive environment of their CT in order to be expressed fully during 

a certain developmental/diff eren  a  on stage or as part of the cellular response to a certain 

environmental s  mulus [27-31]. Thirdly, the eff ect of loss of the distal arm of chromosome 15 on 

nuclear sub-chromosomal topology was analyzed in light of a possible associa  on to more large-

scale gene-expression level changes [32].

Material and methods

Cell cultures 
A skin fi broblast biopsy (DFP1) was harvested from a complex CDH pa  ent with a known 

15q26.2q26.3 dele  on as the result of an unbalanced transloca  on event with chromosome 3 

as previously described [33]. A control human sex-matched fi broblast culture (DFC1) was kindly 

provided by the department of Biochemistry (Erasmus MC, the Netherlands). Detailed analysis 

of other pathogenic structural anomalies was ruled out by SNP array analysis (HumanCytoSNP-12 

v2.1, Illumina, Inc.San Diego, USA) showing in detail the boundaries of the dele  on at high-

resolu  on. The control cell line showed no pathogenic copy number varia  ons. Both cell lines 

were maintained in HAMF10 medium with 12.5% Fetal Bovine serum (Biowhi  aker, CA, USA) 

and 1% Penicillin/ Streptomycin. Culturing for 3D FISH analysis was performed on 18 mm thick 

cover slips (Harvard Apparatus, Massachuse  s, USA) in separate 6-well cell culturing plates (BD 

Biosciences-TM; 6-well Mul  well TM, plate) at 37°C in a humifi ed atmosphere containing 5% 

CO2 un  l 90% confl uence. Medium was changed every 2-3 days and the day before harves  ng. 

To study the eff ects of RA on CDH candidate gene dynamics, cells were grown for 48 hours in 

medium supplemented with either 0 or 10 umol/l of All-Trans Re  noic Acid (ATRA) (Sciencelab.

com, inc, Houston, Texas, USA) diluted in DMSO. 
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Fluorescent In-situ Hybridiza  on (FISH)
DNA from BAC clones that included the NR2F2 (RP11-784A9 or RP11-46C2), ZFPM2 (RP11-

1029P14) and GATA4 (RP11-802F15) genes were selected from the UCSC genome browser (UC 

Santa Cruz, Santa Cruz, CA, h  tp://genomw.ucsc.edu/, assembly March 2006) and purchased 

from BACPAC Resources (Oakland, CA, USA). Direct labelling was executed as described before 

[34](Random Prime labelling system Invitrogen, Invitrogen Corpora  on, Carlsbad, CA, USA) with 

Alexa Fluor Dye 488 and 594. Fluorchrome Cy5 was incorporated following the Agilent array CGH 

labelling kit (Agilent technologies, Santa Clara, United States). Probe signal intensity and posi  on 

were validated on control metaphases. Whole chromosome paints of chromosome 8 and 15 

(directly labelled with FITC or Texas red) and par  al paints of sub-chromosomal territories 8p, 

8q and 15q (fl uorchromes Cy5 or Cy3) were obtained from Metasystems GmbH (Altlussheim, 

Germany). Combina  ons of 4-6 ul of each labelled DNA product were used per FISH experiment, 

with 2 ul of Cot-1 DNA adding to a maximum volume of 18 ul with hybridisa  on mix. 

 2D FISH on interphase cells was performed according to local standard protocols [35]. 

 Specifi c numbers of analyzed 2D nuclei were respec  vely; uns  mulated control (n=108), 

uns  mulated CDH (n=116), RA-s  mulated control (n=97) and RA-s  mulated CDH (n=70).

 3D FISH experiments were slightly adapted from a published protocol by Cremer et al. [36]. 

Briefl y, coverslips were washed twice with 1xPBS at 37°C and fi xed in 4% Paraformaldehyde/PBS 

(PH 7.0) for exactly 10 minutes at room temperature (RT). During the last minute a few droplets of 

0.5% Triton X-100/PBS was added for permeabiliza  on. A  er fi xa  on, cells were washed 3  mes 

for 3 minutes (RT) in 0.01% Triton X-100/PBS, incubated for 10 minutes (RT) at 0.5% Triton X-100/

PBS and then incubated with RNase/2xSCC for 1 hour at 37°C to minimize RNA background. A  er 

subsequent washes in PBS for 3  mes 10 minutes, cells were incubated in 0.1M HCL for 5’ at RT, 

and washed twice in 2xSCC for 1 min. Finally; coverslips were equilibrated (at least overnight) in 

50% formamide/2xSCC (pH 7.2). 

 For hybridiza  on the slides were taken out of the formamide solu  on, drained very briefl y 

before appliance of the appropriate hybridiza  on mixture (containing the specifi c mixture of 

probes) and fi nally covered carefully (without pressure) with a superfrost slide (Menzel-Glaser, 

Saarbruckener, Germany). Denatura  on was performed at 75°C for exactly 2 minutes following 

hybridiza  on for 2-3 days in a 37°C incubator. Then, slides were rinsed briefl y in 2xSCC, washed 

stringently 3  mes for 3 minutes in 0.1% Tween-20/2xSCC at RT and washed again in 1xPBS for 

1’.Finally, DAPI staining (1: 10.000) combined with Vectashield H-100 moun  ng medium was 

applied and sealed with colorless nailpolish on standard Menzel microscope slides.

Microscopy and analysis 
2D slides were examined with an Axioplan 2 Imaging microscope (Carl Zeiss, Jena, Germany) 

equipped with Plan-Neofl uor oil-immersion objec  ves and a mul  color band-pass fi lter set. 

 3D image stacks were acquired using a Zeiss LSM 510 Meta confocal laser-scanning 

microscope (Carl Zeiss, Jena, Germany) equipped with a 63x plan-apochromat oil NA 1.4 

DIC objec  ve. The pinhole diameter was set to 1 airy unit. DAPI, Alexa 488 and Alexa594 



140 |Chapter 3.1

fl uorochromes were excited with a 405nm diode laser, a 488nm Argon laser and a 561nm He/Ne 

laser respec  vely and detected using a mul  -track imaging mode using the beam spli  ers HFP 

405/488/561, NFT 565, NFT 650 and fi lters BP 350-450, BP 505-550, LP 585. Eight bit images 

were acquired using a 2  mes line avering, and had a 512 x 512 pixel frame size and a 48 x 48 

pixel size using an op  cal sec  oning of 120nm. The point-spread func  on was determined by 

scanning green en red fl uorescent beads with a diameter of 100nm (Duke scien  fi c). The 

chroma  c shi   was determined by scanning mul  colored fl uorescent beads (Tetraspeck beads; 

Invitrogen) with a diameter of 500 nm. The empirically obtained point spread func  on (PSF) was 

used for deconvolving the image stacks with the classic maximum of likelihood algorithm that 

is implemented in the Huygens Deconvolu  on so  ware package 3.0 (Scien  fi c Volume Imaging, 

Hilversum, the Netherlands). A  er deconvolu  on, image stacks were corrected for chroma  c 

shi  . Subsequently, images from 50-150 nuclei were analyzed individually for each experiment 

using op  mized fi xed threshold and seed parameters to segment the fl uorescent spots. 

 By determining the center of mass (COM) of each object in 3D the distances between 

two objects were calculated. Furthermore, the distance of the RP11-46C2 probe to the 

nearest surface of a larger structure (CT or nuclear membrane) was determined. In addi  on, 

overlapping intensi  es of two objects in diff erent channels was evaluated by determining the 

level of intersec  ng voxels. Signifi cance in the data-distribu  ons was assessed using the non-

parametric Mann-Whitney U test/Kolmogorov-Smirnov Test. A p-value of p <0.05 was considered 

signifi cant. Excluded from the analysis were all nuclei that seemed to have been damaged during 

the experiment procedure or not captured fully. 

Results

Associa  on frequency of three CDH candidate genes in control- and 15q26 
haploinsuffi  cient fi broblast nuclei
To test our hypothesis that known CDH candidate genes NR2F2, GATA4 and ZFPM2 – which are 

located on diff erent chromosomes – interact within the nucleus, we performed 2D mul  color FISH 

analysis in a control fi broblast cell line (DFC1). 2D FISH enables faster image analysis compared to 

3D techniques, although it slightly exaggerates interphase distances [37]. The second objec  ve 

was to determine whether loss of 1 func  onal NR2F2 allele in 15q26 deleted-pa  ent fi broblast 

cultures (DFP1) infl uenced the spa  al organiza  on of these gene loci rela  ve to each other. 

 Visual inspec  on of 2D images revealed six respec  vely fi ve dis  nct and separate 

hybridiza  on signals; both alleles of GATA4 (red), ZFPM2 (green) and NR2F2 (purple) in the DFC1 

cells (Figure 1A) and loss of one NR2F2 FISH signal in the DFP1 cells (Figure 1C). We did not detect 

any obvious physical associa  on between the analyzed genes in either control nuclei or in cells 

from 15q26 CDH pa  ents. Since it is possible that the absence of these hypothesized interac  ons 

is the result of lack of a certain s  mulus, we re-analyzed these processes a  er 48 hours exposure 



Chapter

3

141Spa  al posi  oning CDH candidate genes | 

of cells to 10 umol/L of re  noic acid (RA). Similarly, total absence of nuclear co-localiza  on was 

determined in both DFC1 cells and DFP1 nuclei (Figure 1B and D). 

Figure 1 | Nuclear organiza  on of CDH candidate genes in interphase fi broblast nuclei. 
Representa  ve 2D FISH images of distances between puta  ve CDH genes NR2F2, GATA4 and ZFPM2 are shown and 
analyzed based on mul  color signals of BAC clones RP11-784A9, RP11-241B23 and RP11-1029P14 respec  vely. FISH 
spots of the three genes in Control (A and C) and 15q26-deleted CDH pa  ent cells (B and D) and in an uns  mulated 
(A and B) and RA-s  mulated (C and D) condi  on. No co-localiza  on of CDH-candidate genes was detected in both 
cell lines. 
Bar = 3.3 μm. (red = GATA4, green = ZFPM2, purple = NR2F2, gray = nuclear DAPI counter stain) (see page 252 for 
color figure).

Nuclear posi  oning of NR2F2 with respect to its chromosome territory 15 
The frequency with which the NR2F2 gene sits outside of its chromosome territory (CT) 15 

was assessed next. Percentages of overlap were obtained by determining the percentage 

of intersec  ng voxels between the NR2F2 allele-signals and their respec  ve CT15 signals in 

the other channel. Only cells with a total absence of overlap (intersec  ng voxels = 0%) were 

considered as outside the chromosome backbone. In DFC1 nuclei 96% of both NR2F2 alleles 

showed almost complete overlap with its respec  ve CT15 (Table 1 and Figure 2). The average 
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percentage of intersec  ng NR2F2 allele- and CT15- voxels was 77%, indica  ng that both alleles 

are posi  oned at the periphery of their chromosome territory, which is in line with their distal 

chromosomal 15 posi  on. Subsequently, we evaluated whether this rela  ve posi  on could 

be aff ected by RA addi  on. Results showed no large reloca  on of the NR2F2 alleles upon RA 

treatment in control cells, although a slightly larger percentage of alleles (9%) sat outside CT15. 

Finally, to exclude a possible role of malposi  oning of NR2F2 in a disease state, reposi  oning of 

this gene with and without RA was analyzed in DFP1 as well. Percentages of overlap were 94% 

and 92% in uns  mulated and RA s  mulated pa  ent cells respec  vely (Table 1) indica  ng there is 

no diff erence in NR2F2 posi  oning in 15q26 monosomy cell lines. 

Table 1 | Percentages of overlap between NR2F2 and its respec  ve chromosome territory in control 
cells (DFC1) and CDH-15q26 deleted pa  ent (DFP1) nuclei with and without RA

 Control (DFC1) 15q26-CDH pa  ent (DFP1)

Uns  mulated 96% (156) 94% (54)

RA-S  mulated 91% (105) 92% (61)
In parentheses the absolute number of nuclei analysed

Figure 2 | NR2F2 localiza  on rela  ve to its chromosome territory 15 
A: Schema  c diagram depic  ng the used FISH probes RP11-46C2 (red) and whole-chromosome territory 15 (CT15) 
paints (green) to analyze the posi  on of the NR2F2 alleles rela  ve to their CT15. B: Representa  ve FISH image of 
the nuclear posi  on of chromosome territory 15 and the NR2F2 alleles rela  ve to each other in a control nucleus. 
(B, le  ) Visualiza  on of an unprocessed xy-projec  on image. (B, right) Deconvolved and 3D volume rendered 
image showing a preferred territory surface posi  on of NR2F2 for one allele, and a complete CT interior posi  on 
of the other allele. Both alleles show an almost complete overlap with their respec  ve CTs and show no signs of 
relocalisa  on. Nuclei are stained with DAPI (blue). Bar = 3.3 μm (see page 252 for color figure).
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Nuclear organiza  on of par  al CTs 15q and 8p in 15q26 deleted and 
control cell lines 
To evaluate a possible impact of loss of the distal arm of chromosome 15 on nuclear organiza  on, 

we compared the rela  ve nuclear posi  ons of par  al chromosomal territories (pCT) 15q and 8p 

in DFP1 versus DFC1. Distances were measured in interphase nuclei analyzing the hybridiza  on 

signals between 8p and 15q homologues, between the 15q par  ally deleted and its heterologous 

8p counterparts and the rela  ve distance of all these CT regions to the nuclear center. Distances 

were normalized for nuclear volume diff erences determined by the total number of DAPI voxels 

for each nucleus separately. The par  ally deleted pCT15 could be dis  nguished easily from its 

normal pCT15 counterpart in DFP1based on its smaller pCT15 voxel volume. 

 Results showed that nuclear posi  oning of the par  ally deleted pCT15 was unaff ected 

in DFP1 versus DFC1. The rela  ve distance between homologues pCT8 signals and between 

heterologous deleted pCT15 and pCT8 signals were unaff ected by pa  ent status as well. However, 

further analysis did show a nuclear reposi  oning of the normal pCT15 in DFP1 compared to its 

normal partner in DFC1 with an increased internal loca  on of the structural normal pCT15 in CDH 

fi broblasts (Figure 3). 

Figure 3 | Nuclear posi  on of par  al CT15q in control and CDH 15q26-deleted cell lines 
This cumula  ve frequency graph shows the radial posi  on of par  al Chromosome Territory 15 (CT15) in control 
(dark green) and CDH-15q26 deleted (red) fi broblast nuclei. It only represents the posi  on of the normal, un-
translocated pCT15 in pa  ent DFP1 and its normal pCT15 counterpart in control DFC1. Distances are corrected for 
nuclear volume. 

Distribu  on diff erences were calculated using the Wilcoxon-Mann-Whitney test (see # p = 0,003). In each experiment 
150 nuclei were analyzed (see page 253 for color figure). 
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Discussion

The pathogene  c mechanisms causing diaphragm- and lung- defects in pa  ents with congenital 

diaphragma  c hernia (CDH) are largely unknown. Some valuable insights were provided by the 

iden  fi ca  on of over 20 recurrently deleted and duplicated regions in the genome of complex 

CDH individuals [4]. Yet, which mechanisms and gene candidates are responsible for the induc  on 

of diaphragm defects in pa  ents harboring these structural aberra  ons remains largely elusive. 

We hypothesized that nuclear co-associa  on of candidate “diaphragm” genes or realloca  on 

of the strong 15q26 CDH candidate NR2F2 are prerequisite for proper co-transcrip  on and 

normal diaphragm development. Failure of this process might contribute to CDH in pa  ents 

displaying chromosomal rearrangements. To analyze whether co-localiza  on and re-alloca  on 

are indeed altered in cells from a CDH pa  ent with only one func  onal NR2F2 allele, 15q26 

deleted and Re  noic Acid (RA) s  mulated fi broblast nuclei (DFP1) were used as a study model. 

Interac  on frequencies in non-deleted, sex-matched fi broblast nuclei were used as controls 

(DFC1). Although skin fi broblasts are for obvious reasons not fully representa  ve of developing 

diaphragm material, both cell lines do share a mesodermal origin and both have the machinery 

for RA metaboliza  on [38]. 

 Spa  al arrangements were studied using a mul  color 2D FISH technique. A physical 

interac  on between the CDH genes NR2F2, GATA4 and ZFPM2 could not be demonstrated, 

also not a  er RA s  mula  on. These results held for both DFP1 and DFC1 nuclei and implied 

that coordinated expression during diaphragm development was independent of nuclear co-

associa  on. These experiments cannot rule out the existence of more rapid and transient 

co-localiza  on events, because FISH protocols were applied a  er a 48-hours window of RA 

induc  on. However, expression studies of the group of Greer et al. [8] show mRNA and protein 

levels of the inves  gated genes throughout (E10-E14) rodent diaphragm development. Postnatal 

obtained dermal fi broblasts may display fundamental diff erences in  ming and occurrence of 

clustering events as compared to early embryological diaphragm material [20, 27]. Yet, our 2D 

FISH studies showed no proof for nuclear co-associa  on in diaphragm-biopsy derived nuclei 

of isolated CDH pa  ents (results not shown). Only animal models will enable developmental 

stage specifi c analysis, but require preferen  al interac  ons to be evolu  onary conserved [39]. 

Alterna  vely, iPSC approaches using human cell lines might be more appropriate to truly solve 

this  ming issue [40].

 Numerous groups recently reported on the associa  on between gene (re) posi  oning 

rela  ve to the chromosomal backbone and transcrip  on status changes during certain 

developmental processes or upon diff eren  a  on [30, 31, 41-44]. We followed the physical 

behavior of the NR2F2 gene in DFC1 cells and compared them to those in DFP1, before and a  er 

RA induc  on. Results showed that NR2F2 sits almost exclusively within its chromosome territory, 

both in control and in pa  ent nuclei. This status was hardly aff ected by RA s  mula  on, although 

a slightly larger percentage of alleles sat outside CT15. This could be caused by fl uctua  on in 

the size of the CT itself as a response to RA or considered as a true movement away from the 
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CT. Irrespec  ve of this, our reloca  on-propor  ons are by far not comparable to the percentages 

of reloca  on described in literature (40-60%) [42, 45, 46] and therefore unlikely to have a major 

impact on gene expression. Moreover, skep  cism about a direct link between re-localiza  on 

events as a prerequisite for transcrip  on ini  a  on and/or prolonga  on was stated recently; 

one study demonstrated that reloca  on behavior is more closely determined by chromosomal 

context than by transcrip  onal ac  vity [39]. Furthermore, up un  l now only one paper [27] has 

proofed the causal rela  onship between gene expression regula  on and gene reposi  oning.

 Finally, we inves  gated the impact of the chromosomal rearrangement on the radial 

distribu  on of the chromosome segments on which the CDH candidate genes reside. Human 

fi broblast nuclei are known to have a chromosome-size correlated CT distribu  on [47]. In 

addi  on, CT15 tends to associate centrally with other acrocentric chromosomes by means of its 

nuclear organizing region [47, 48]. In general, mean distances between homologous acrocentric 

chromosomes are short, but not signifi cantly diff erent from other small centrally located CTs 

implying a “restricted space” eff ect on CT ordering. In this context, loss of band 15q26.1-q26.3 

(and the joining of only a small segment of band 3q29) in DFP1 may exert a signifi cant shi   on 

the remaining pCT15 and (generally) on CT topology of the nuclear interior. This chromosomal 

rearrangement-induced reorganiza  on of the nucleus could in turn eff ect gene expression.

 Our results showed that nuclear posi  oning of the par  ally deleted pCT15 was unaff ected 

in DFP1 versus DFC1 nuclei. Yet, surprisingly the normal un-translocated pCT15 exhibited a more 

central loca  on in DFP1. The unchanged posi  on of the translocated pCT15 is in agreement 

with results from Tanabe et al. [49]. This group studied the impact of (evolu  onary originated) 

chromosomal rearrangements on the topological arrangement of chromosome segments across 

various higher primates. The data set was generated using gene-density ordered cell-types and 

focused on CTs18 (gene-poor) and CT19 (gene-dense). Some tumor-focused studies have been 

published on this subject as well, with variable and inconclusive outcomes [50, 51]. In contrast, 

Harewood et al. [32] recently demonstrated reposi  oning in gene-density ordered cells of a 

deriva  ve chromosome 11-CT as the result of a balanced transloca  on with chromosome 22. 

Intriguingly, they further showed evidence for large-scale changes in gene-expression levels 

as a consequence of the altera  ons in CT topology. Similarly, the more central posi  oning of 

the normal pCT15 in our pa  ents’ nuclei might have an impact on gene-expression levels: it 

is generally accepted that the nuclear interior is a par  cularly competent environment for 

transcrip  on. Allele-specifi c expression assays (both in balanced and unbalanced transloca  on 

carriers) are required to dis  nct such infl uences from the impact of the transloca  on event itself. 

Alterna  vely, it is possible that transcrip  on level changes such as in the study of Harewood, are 

only present in case of more “extreme” reposi  oning of a CT locus i.e. from a lamina-associated 

posi  on to the nuclear interior and vice-versa. 

 In this study we inves  gated whether – in a certain subclass of complex CDH pa  ents- 

disrup  on of the nuclear organiza  on of CDH candidate loci (and their chromosome segments) 

underlies the pathophysiology of this congenital anomaly. Although no evidence was found for 

dependence of coordinated expression on nuclear gene co-associa  on, we did fi nd a signifi cant 
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nuclear reposi  oning of one of the par  al chromosome segments on which a candidate gene 

resides. Whether this change only refl ects the chromosomal rearrangement or has a func  onal 

implica  on on gene expression levels remains to be determined. 
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Abstract

Pa  ents with Congenital Diaphragma  c Hernia (CDH) form a heterogeneous group, both 

gene  cally and phenotypically. In this study we searched for new gene  c insights in the e  ology 

of this birth defect applying a CDH-Re  noic Acid (RA) modulated cell culture model. We used 

fi broblast cultures of pa  ents with dele  ons in the most frequent and strongest CDH associated 

chromosomal hot spot described in humans: the 15q26 region. Our output-measures contained 

the transcriptome profi les of RNA isolated from two 15q26 monosomy cases versus two sex-

matched controls a  er a 48-hour period of exposure to four diff erent RA concentra  ons. 

Diff eren  al expression pa  erns at default were analyzed in detail as well. We speculated that 

overs  mula  on with RA would unmask a rela  ve RA-defi ciency in the pa  ent group. 

 Results showed that some of the key components of RA homeostasis, Cellular Re  noic Acid 

Binding Protein type I (CRABPI) and Cytochrome P450 subunit 26A1 (CYP26A1), were profoundly 

up-regulated a  er RA s  mula  on in pa  ent cell lines only. In addi  on, new light was shed 

on exis  ng ideas of 15q26-candidate genes: only the genes TTC23 and LRRC28 – and not the 

strong candidate NR2F2 - were signifi cantly down-regulated in the pa  ent group. Results further 

pointed out several new early mesenchymal (NR5A2, EDNRA, GPC4) and lung vascular (RGS4, 

ANPEP, CNN1) candidate genes, underlining a concomitant eff ect on both lung- and mesenchyme 

(diaphragm) development. 

 In conclusion, this study emphasizes that RA-signalling disrup  on in complex 15q26-

associated CDH is subtle and involves not only an altered expression of genes from the 

deleted area but also involves key factors of the RA pathway and of mesenchymal- and lung- 

development. The “patho-phenotypic” poten  al of the 15q26 monosomy can therefore not be 

fully explained by simple haploinsuffi  ciency of genes in the smallest-region of overlap. Finally, 

the diaphragma  c- and pulmonary defects of CDH in these cases could be causally linked on a 

cellular and molecular level. 
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Introduc  on

Congenital Diaphragma  c Hernia (CDH) is a severe birth defect characterized by a hole in the 

posterolateral part of the diaphragm and aff ects 1 in 3000 live births. Ven  lator support and 

pharmaceu  cal treatment of the co-occurring pulmonary hypoplasia and -hypertension are 

insuffi  cient in respec  vely 20% of isolated cases and 60% of complex ones, leading to early 

perinatal death [1]. The hypothesized mul  factorial and heterogenic e  ology of CDH has been the 

subject of extensive pa  ent-oriented and animal-model based research. Some valuable insights 

into its gene  c suscep  bility were recently provided by the applica  on of molecular cytogene  c 

techniques to pa  ents’ DNA [2-4]. Chromosomal aberra  ons are currently detected in 20-30% 

of the human cases and some of these recurrent, structural anomalies point to CDH associated 

loci and genes (NR2F2, ZFPM2, GATA4) involved in the Re  noic Acid (RA) signalling pathway. The 

most common chromosomal hot spot is the distal 15q monosomy (OMIM 142340) [2]. 

 Literature reports over 30 persons with CDH and an inters   al or terminal dele  on of 

the long arm of chromosome 15q [2, 5, 6]. Although rare by itself, a defect of the diaphragm 

is the cardinal clinical fi nding in this microdele  on syndrome, sugges  ng a causa  ve role of 

haploinsuffi  ciency of 1 or more 15q26 genes in respiratory muscle maldevelopment [7]. Other 

features include a typical facial appearance, distal digital hypoplasia, and abnormali  es of the 

eyes, urogenital, C.N.S. and cardiovascular system. 

 The NR2F2 gene is the most obvious CDH-associated, 15q-candidate (OMIM 107773) based 

on condi  onal knock out mice studies demonstra  ng a posterolateral diaphragma  c defect 

a  er  ssue-specifi c abla  on of Nr2f2 [8]. Unfortunately, a concomitant search for addi  onal 

pathologic human NR2F2 muta  ons – or muta  ons in other genes from the deleted region – 

failed to iden  fy any [9]. However, high penetrance of CDH in 15q26-cases remains hard proof 

for the importance of distal 15q genes and/or regulatory elements in diaphragm development. 

This assump  on is supported by mRNA- and protein expression-results at various developmental 

stages in the rodent CDH-model [10]. 

 The associa  on between RA signalling-disrup  on and CDH is extensively discussed 

in literature [11, 12]. Briefl y, in the early fi  ies, abnormali  es -among which diaphragma  c 

defects- observed in animals fed on a Vitamin A Defi cient diet (VAD) formed the fi rst clue for 

the importance of RA in diaphragm development [13]. Since then several studies provided 

arguments for this theory showing: 1) reduced CDH incidence a  er reintroduc  on of Vitamin 

A in the VAD and teratogenic RA-models [14-16] 2) the occurrence of CDH, albeit with markedly 

reduced penetrance, in (par  al) knock-out models of RA-pathway genes [8, 17-20], 3) expression 

of RA pathway genes in the primordial diaphragm of in-vitro RARE perturba  on studies with 

and without RA [15], 4) the recurrent iden  fi ca  on in human CDH-pa  ents of muta  ons in 

chromosomal regions that harbor crucial RA pathway genes [21] 5) muta  ons of the cellular 

re  nol-binding protein-receptor (STRA6) in complex human phenotypes featuring diaphragma  c 

defects [22, 23] and fi nally, our recent paper confi rming the associa  on in human cases between 

CDH and low re  nol or low re  nol-binding protein levels independent of maternal status [24, 25].
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In this study we searched for new gene  c insights in the e  ology of CDH using a cell-culture 

based model. We speculated that deleted genes in the 15q26 chromosomal area are crucial for 

both diaphragm development and RA signalling. Secondly, we hypothesized that overs  mula  on 

of 15q26 deleted fi broblast cultures with RA could mimic a normal “healthy” transcriptome or 

at least elicit diff erent eff ects as compared to control fi broblasts. Dermal fi broblasts form an 

excellent model system to analyze the diff erent components of the RA signalling pathway in CDH, 

since they have the same mesodermal origin as diaphragm  ssue and express all the necessary 

metabolic components of this pathway [11]. Output measures concerned the transcriptome 

profi les of RNA isolated from two 15q26 monosomy pa  ents versus two sex-matched controls 

a  er a 48-hour exposure to four diff erent RA-concentra  ons. Diff eren  al expression pa  erns at 

default were analyzed in detail as well. Results showed that this “complex phenotype approach” 

is able to shed new light on existent knowledge of 15q26- as well as RA-candidates. In addi  on, 

it pointed to several new, embryologically early expressed mesenchymal – and lung vascular- 

candidate genes. Finally, the most deregulated expression levels at default directed to several 

genes that might contribute to the co-occurring anomalies of the 15q26 monosomy phenotype. 

Material and Methods

Pa  ent samples
In this study we used three diff erent sources of pa  ent material. Firstly, RA-s  mula  on and 

whole transcriptome analysis were performed in Dermal Fibroblast Cells (DFC) obtained from 

two CDH pa  ents displaying a cytogene  cally confi rmed distal chromosome 15q dele  on. These 

dele  ons resulted from a parental balanced transloca  on t(3;15)(3q29;q26) in case of female 

DFC1 and a de novo unbalanced t(4;15)(q35;q26) for male DFC2 (Figure 1). Control samples 

included two dermal fi broblast cultures of anonymous healthy individuals of both sexes (female 

DFC3 and male DFC4), which were kindly provided by the Department of Biochemistry (Erasmus 

MC, Ro  erdam, Netherlands). Secondly, we cultured and RA-s  mulated diaphragm fi broblasts 

from three male isolated-CDH pa  ents, which enabled us to dis  nguish (by targeted RT-qPCR) 

between diff eren  al expression as a consequence of 15q26 monosomy only or as a result of 

CDH. These diaphragm cells - obtained during correc  ve surgery a  er separate informed consent 

 were processed according to standard procedures of dermal fi broblast culturing. Finally, lung-

material of fi ve unrelated isolated-CDH cases – who died within 48 hours a  er birth as previously 

described [26]- was used as an addi  onal input for the array-confi rma  ve RT-qPCR experiments.  

Exclusion of (addi  onal) large copy number events was accomplished in all samples by SNP array.

Cell culture 
Cells were cultured in 75 cm2 culture fl asks (BD Biosciences Falcon™, San Jose, CA, USA) at 

incubator se   ngs of 37 C and 5% CO2, using HAMF10 medium supplemented with 12.5% Fetal 

Bovine Serum (Biowhi  aker, CA, USA) and 1% penicillin-streptomycin. Culture medium was 
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refreshed every 2-3 days and addi  onally the day before harves  ng. Cultures were exposed at 

75% confl uence to medium containing 0.25, 0.5, 1.0 or 5.0 μmol/l of RA (Sciencelab.com, Inc., 

Houston, Texas) diluted in DMSO. For each cell line two controls were collected: one without 

DMSO and RA and one with only DMSO. A  er 48 hours medium was removed and cells were 

rinsed with DPBS (GIBCO®/ Invitrogen, Carlsbad, CA, USA). Subsequently, cells were trypsinised 

with TrypLE™ Express (Invitrogen, Carlsbad, CA, USA) for exactly 5 minutes, centrifuged for 5 min 

at 200g and fi nally suspended and stored in RNAlater Stabiliza  on Reagent at -80°C (Qiagen, Inc., 

Hilden, Germany).

Figure 1 | Overlapping dele  ons of pa  ent samples DFC1 and DFC2 on chromosome 15q26 and the 
minimal deleted region for diaphragm defects. 
Figure 1 presents a schema  c overview of the 15q26 dele  on events in CDH dermal fi broblast cultures DFC1 and 
DFC2. In both pa  ents this dele  on results from an unbalanced transloca  on: 46,XX,der(15)t(3;15)(q29;q26.1) in 
case of DFC1 and 46,XY,der(15)t(4;15)(q35.1;q26.1) for DFC2. The demarcated region indicates the “cri  cal” 15q26 
region associated with diaphragm defects as described in literature. 

DNA and RNA isola  on and Quality control
DNA and RNA were isolated from all diff erent cell sources using the Qiagen DNeasy and RNeasy 

kit according to the manufacturer’s protocol (Qiagen, Inc., Hilden, Germany). DNA concentra  ons 

and quality were checked by Quant-iT™ PicoGreen ® dsDNA kit (Invitrogen, Carlsbad, CA, USA). 

RNA quality was assayed with the Agilent 2100 bio analyser and complement Agilent RNA 6000 

Nano kit (Agilent Technologies, Inc., Santa Clara, California). 
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SNP and Expression Array
Varia  ons in genotype and whole transcriptome were measured using the Illumina SNP 

(12-Human CytoSNP DNA Analysis-) and Expression (  HumanHT-12 Expression-) BeadChips 

according to the manufacturers’ protocol (Illumina, Inc., San Diego, USA). SNP and expression 

data were further processed (as described before [6] using the manufacturers’ compa  ble 

Genome- and Bead-Studio programs.

Expression array data analysis
Figure S1 depicts a summary of our analysis fl ow-chart. Briefl y, intensity signal data from each 

human HT-12 Expression BeadChip was subtracted and normalized using quan  le normaliza  on 

without background subtrac  on [27, 28]. Genes showing minimal varia  on across the total set 

of arrays were excluded from the analysis. More specifi cally, probes whose expression diff ered 

by at least P>0.05 in over 80% of all DFC-samples were retained (in total 19.268 out of 47.000 

probes). All experiments met specifi c Genechip QC criteria and data generated in this study have 

been deposited in the Gene Expression Omnibus with accession number XXXXXX. Global gene 

expression diff erences at default (Pa  ent DFC 1/2 versus Control DFC 3/4) and genes up- or down- 

regulated a  er re  noic acid s  mula  on were iden  fi ed using Partek Genomic Suite so  ware 

(Partek Incorporated, St. Louis, Missouri, USA). Ingenuity Pathway Analysis so  ware (Ingenuity 

Systems Inc. Redwood City, CA) and Genoma  x so  ware (München, Germany) were used to 

establish the cellular func  ons aff ected by diseased state or re  noic acid exposure. Anni [29] and 

Endeavour [h  p://homes.esat.kuleuven.be] were used for text-mining and gene priori  za  on. 

Quan  ta  ve RT-PCR
Two μg of each total RNA sample was reversely transcribed to cDNA using the iScript cDNA 

synthesis kit (Bio-Rad, Hercules, CA). An ABI7300 Real-  me PCR system was used in combina  on 

with KAPA-SYBR fast master mix (KapaBiosystems, Woburn, MA, USA). Reac  ons were performed 

in triplet and designed in a manner similar to the standard curve method described by Boehm 

et al. [30] with a region of the GAPDH gene serving as a control locus. Primers (depicted in Table 

SI) from the unique cDNA sequences of various target genes were designed using Primer Express 

so  ware v2.0 (Applied Biosystems).

Results

RA toxicity
RA toxicity was determined using pa  ent cell line DFC1 and control DFC3. Output measures 

included cell-morphology by haematoxylin-eosin staining and prolifera  on rate, which was 

periodically inspected 3, 15, 24, 48, 72 and 135 hours a  er RA exposure at a concentra  on range 

between 0 to 100 μmol/l. Results showed a growth-inhibi  ng eff ect 72 hours a  er exposure, at 

RA-concentra  ons above 1.00 umol/l irrespec  ve of the origin of the cells. Although sta  s  cally 
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not signifi cant, we no  ced at default a slightly reduced growth rate for DFC1 as compared 

to DFC3. The morphological aspect of both cell lines was similar and unaff ected, both in un-

s  mulated as well as in s  mulated condi  ons up to 100 μmol/l of RA for 48 hours. 

 Based on these toxicology data, we exposed dermal fi broblasts of two 15q26 monosomy 

cases (DFC 1/2) and two sex-matched controls (DFC 3/4) for 48 hours to medium containing 

0, 0.25, 0.5, 1.0 and 5.0 μmol/l of RA diluted in DMSO. Total RNA of each of these condi  ons - 

including a sample for each cell line without either DMSO or RA – was isolated and hybridized to 

Illumina human HT-12 Expression Beadchips allowing whole transcriptome analysis. 

Quality and Clustering of transcriptome data
To examine correla  ons in the transcriptome data we performed principle component analysis 

(PCA). Figure S2A depicts the results of the fi rst four principal components, demonstra  ng that 

DFC-control- and DFC-diseased-groups are dis  nctly separated. For reasons of prac  cability, 

fi broblasts were s  mulated and harvested in two culture batches, which unfortunately was 

recognized as a substan  al source of varia  on (Figure S2B) and therefore removed by the Partek 

so  ware (Figure S2C). PCA results also indicated that the global expression pa  erns at default 

were quite similar for the 0 RA-0 DMSO group as compared to the 0 RA+DMSO group, stressing 

on a small eff ect for the solvent DMSO. Finally, PCA showed that for each individual cell culture 

its 6 samples were closely clustered together with a clearly visible eff ect of RA-treatment in the 

same direc  on.

ANOVA 
Sta  s  cally signifi cant changed genes were iden  fi ed by analysis of variance (ANOVA) with 

FDR-corrected p-values of < 0.01 using diseased status, cell line and cell line*diseased status 

as possible factors of varia  on. ANOVA was performed for the default situa  on (DFC1/2 versus 

DFC 3/4) and a  er RA-treatment in pa  ent dermal fi broblasts using a concentra  on of 1.0 

μmol/l (DFC1/2 versus DFC1/2 with RA-1.0). Based on the expression levels of some known RA-

responsive genes [31], this RA dosage was independently recognized as the concentra  on at 

which the strongest RA eff ect was present. The pa  ent-specifi c RA-induced gene list was then 

divided into two categories: The fi rst one includes genes whose expressions already diff ered 

from controls at default. The second category includes those genes that were not diff eren  ally 

expressed in default but were signifi cantly up (or down) regulated by RA in pa  ent cultures only. 

Figure 2 presents a summary of the overall results.

Default expression deregula  on
First we ques  oned whether the genome-wide expression profi les of control and diseased 

samples were similar in default or not. This contrast between normal vs. pa  ent yielded 378 

diff eren  ally expressed genes (Figure 2 and Table S2), excluding those genes that were up 

or down-regulated as a consequence of DMSO treatment in either cell line (n=33). Next, we 

examined the default gene list on six specifi c items as presented in Table 1. New interes  ng 
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candidates were fi ltered out by text mining- and gene priori  za  on approaches paying specifi c 

a  en  on to those in our top-20 (as presented in Table 2). In addi  on, non-supervised pathway 

analysis demonstrated that the cell cycle process (cell cycle transi  on point regulators and 

cellular assembly or organiza  on genes) was one of the major deregulated processes (Table 1). 

Below, we briefl y review the most remarkable default results. 

Figure 2 | Overview of diff eren  al expressed gene numbers 
Overall results of the total number of sta  s  cally signifi cant changed genes in 15q26 monosomy dermal fi broblasts 
as compared to controls using ANOVA analysis with FDR corrected p-values of <0.01. On the le  : results of default 
transcriptome diff erences between the two groups. On the right: expression level diff erences between pa  ents and 
controls of genes, which showed a signifi cant response to RA-treatment in pa  ent fi broblasts at a concentra  on of 
1.0 umol/L. 
Abbrevia  ons: UP means rela  ve up-regula  on in the pa  ent group, DOWN means rela  ve down-regula  on in the 
pa  ent group, DMSO stands for gene expression changes as a consequence of the RA-solvent DMSO. 

Two genes of the 15q26 CDH “cri  cal region”, that is TetraTriCopep  de repeat domain 23 

(TTC23) and Leucine Rich Repeat Containing 28 (LRRC28), were signifi cantly down-regulated in 

both pa  ents as compared to controls. In contrast, CDH-candidate NR2F2 displayed a strong up 

regula  on, however this eff ect was only signifi cant in DFC1. None of the genes in the duplicated 

regions on chromosome 3 or 4 were iden  fi ed as diff eren  ally expressed and overall there was 

no enrichment of genes in the chromosomal regions aff ected by structural varia  on. Moreover, 

genes encoding proteins involved in RA signalling or metabolisms were not signifi cantly altered 

at default. The following seven genes formerly associated – directly or indirectly – with CDH 

in literature were dis  nguished. From the TOP-20 list this included Glycopican 4 (GPC4, CDH 

associated with Simpson-Golabi-Behmel syndrome), Endothelin Receptor type A (EDNRA) [32] 

and Insulin-like Growth Factor Binding Protein 5 (IGFBP5) [33]. The remainder encompassed: 

Collagen, type I, Alpha 1 (COL1A, CDH associated with Ehlers-Danlos, OMIM 130000), Capsulin 

(TCF21) [34-36], Kruppel-like factor 2 (KLF2) [37] and ParaThyroid Hormone 1 Receptor (PTH1R) 

[38, 39].
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As gene expression values also varied within the group of 15q-monosomy pa  ents (DFC-culture 1 

and 2), we performed quan  ta  ve RT-PCR for a few selected candidates. Results are summarized 

in Table 3 showing full confi rma  on of array outcomes. To dis  nguish between expression 

diff erences as a consequence of 15q26 monosomy only or as a cause of CDH, we addi  onally 

screened the mRNA levels of these selected genes in cultured diaphragm material derived from 

three non-related isolated CDH pa  ents (Table 3). Expression altera  ons were specifi c for the 

15q26-deleted condi  on in case of EDNRA, NR5A2, TTC23 and LRRC28. In contrast, RGS4, GPC4 

and IGFBP5 were altered in all three isolated CDH pa  ents. Finally, RGS4 was tested in lung 

material of fi ve non-related CDH pa  ents and was strongly up-regulated in three of them.

 Since diaphragm defects cons  tute only part of the complex phenotype displayed by 

children with 15q26 monosomies [2], it is not surprising that several of the (TOP) default up-

regulated genes are directly- or indirectly associated in literature with major anomalies of: 

the cardiovascular- (MYH10, GPC4, CSRP1, HAS2, CNN1, TCF21), urogenital (MYH10, GPC4, 

SPRY1, TCF21), craniofacial (EDNRA, GPC4, DLX1, TCF21), C.N.S (MYH10, KCNIP3,DLX1) and 

musculoskeletal (GPC4, DLX1,TCF21) system. These genes are hallmarked blue in Table 2. A brief 

overview of their embryonic func  on is presented in Table S3. Genes puta  vely related to the 

specifi c lung defects in 15q26 monosomy pa  ents are highlighted in red and include Regulator of 

G protein signalling 4 (RGS4) [40], IGFBP5 [41], EDNRA, GPC4, Alanyl-membrane amiNoPeP  dase 

(ANPEP), CNN1 and TCF21 [34]. Interes  ngly, NR5A2 was selected by endeavor gene priori  za  on 

and is known as an early embryonic developmental factor with a crucial role in mesodermal 

genesis [42, 43]. RT-qPCR analysis in isolated samples showed normal NR5A2 expression levels 

indica  ng a 15q26 specifi c aberrant expression. 

Gene expression diff erences a  er RA-treatment
In the second part of this study we assumed that a rela  ve defi ciency in RA signalling is the 

primary derailed mechanism underlying the 15q26 -diaphragm- phenotype. We reasoned that 

RA (over) s  mula  on could compensate for this defi ciency and return whole transcriptome levels 

to (nearly) normal or could unravel pa  ents’ pathologic response to RA in case of RA-responsive 

genes. Analogous to the default comparison, we examined RA-treated expression profi les on the 

six items as summarized in Table I. 

 Overall results are shown in Figure 2 (and Table S4) presen  ng 82 signifi cantly up- and 

23 signifi cantly down-regulated genes upon RA-treatment in 15q26 monosomy cultures (DFC 1 

and 2) that in turn were diff eren  ally expressed between the pa  ent- and control (DFC 3 and 4) 

group. Of these, 23 RA-up and 9 RA-down-regulated genes (among others RGS4, GPC4, IGFBP5) 

were present in the default comparison, implying that the pa  ents’ response to RA is similar to 

controls or intensifi ed mRNA-diff erences with controls. In agreement with our null-hypothesis, 

RA elicited a compensa  ng reac  on in pa  ents for the TOP-default diff eren  ally expressed genes 

EDNRA, HAS3 and BST1, however failed to correct their mRNA-levels to normal. In contrast, 

the remainder set of TOP-default genes, that is MYH10, CSRP1, ANPEP, CNN1 and the 15q26 

CDH-cri  cal genes TTC23 and LRRC28 did not respond to RA in pa  ents. This was confi rmed 
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by RT-qPCR analysis for TTC23 (Table 3). In case of NR5A2 – highlighted at default by gene-

priori  za  on – mRNA levels con  nued to be rela  vely lower in pa  ent samples irrespec  ve of 

RA s  mula  on. In case of EDNRA – the gene associated with CDH in literature – RT-qPCR analysis 

pointed to a 15q26 specifi c RA-eff ect. 

 Considering the hypothesized insensi  vity of 15q26 cases to RA-s  mula  on, we also 

looked at RA-responsive genes whose mRNA levels were not signifi cantly diff erent between 

the two groups at default. Three members of the RA signalling pathway – including two of 

its key-players: that is Cellular Re  noic Acid Binding Protein I (CRABPI) and Cytochrome-P450 

Protein 26A1(CYP26A1) -could be a  ributed to this group. Verifi ca  on of array results with 

Q-PCR confi rmed that CRABPI was rela  vely up-regulated in pa  ents only. Unfortunately due to 

abundant SNP-Polymorphisms, we could not develop an appropriate assay for CYP26A1 (Table 3). 

ANKyrin Repeat Domain 37 (ANKRD 37) on chromosome band 4q35.1 was rela  vely up-regulated 

in pa  ents upon RA as well, which could result from the duplica  on of this chromosomal area 

in DFC2. Since no embryonic func  on is allocated to this gene and since it is mainly expressed in 

 ssues not associated with the 15q26 phenotype, a clear correla  on to CDH is unlikely [Biobase 

Knowledge library, GmbH, Wolfenbue  el, Germany].

 Finally, analogous to the default situa  on, cell growth and prolifera  on cons  tuted a 

signifi cant theme in the RA-induced lists, however only with partly overlapping gene members 

(Cdc25B, Ccna2; controlling G2/M phase transi  on). 

Discussion

Pa  ents with CDH form a heterogeneous group both gene  cally and phenotypically. Chromosomal 

aberra  ons are now detected in 20-30% of human cases and some of these recurrent, structural 

anomalies point to CDH associated loci and genes (NR2F2, ZFPM2, GATA4) involved in the RA 

signalling pathway [21, 44]. In this study we hypothesized that genes in the 15q26 region – the 

most frequent and strongest CDH-associated chromosomal hot spot in humans – are important 

for both diaphragm development as well as for RA-signalling. We suggested that RA-treatment 

could normalize aberrant default gene expression profi les of 15q-deleted dermal fi broblasts. In 

addi  on, these cell cultures could be instrumental for the delinea  on of the molecular pathways 

disrupted in the co-occurring lung defects.

 In the default state, 378 genes were diff eren  ally expressed between control- and 15q26 

deleted- dermal fi broblasts. Some of these genes encoded proteins previously associated with 

CDH in literature (Table 1); others could be connected to the co-occurring anomalies of the 15q26 

monosomy phenotype. Below we briefl y discuss point by point the candidate genes highlighted 

in our enrichment analysis (Table 1). 

 From the CDH 15q26 “cri  cal region” (Figure S1) only two signifi cantly down-regulated 

gene transcripts were iden  fi ed, TTC23 and LRRC28 (Figure S1). This result does not coincide with 

the hypothesized dosage-response mechanism for genes in this region. In other words, there was 
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no enrichment of distal 15q genes in pa  ents versus controls overall, implica  ng that a puta  ve 

phenotypic eff ect of this region is exerted through alterna  ve gene  c disrup  on mechanisms 

(at least in the inves  gated cell lines). Recently several groups stressed on the occurrence of 

expression level changes of genes in the boundary-regions of CNVs and also on the importance 

of long-range posi  on eff ects of CNVs [45, 46]. These studies imply that iden  fi ca  on of the 

true 15q-CDH-causa  ve gene might be less straigh  orward than previously expected, which is 

supported by our data. Because no TTC23 mRNA levels were detected in an embryonic rodent 

diaphragm model, a causa  ve role for this gene in CDH is less likely [10]. In contrast, LRRC28 

mRNA expression was shown throughout diaphragm development in the same study, however 

immuno-histochemical valida  on was not performed due to lack of commercial an  bodies. Since 

the func  on of this gene is not understood, it is diffi  cult to speculate on its role in CDH. NR2F2 

- the strongest hypothesized 15q CDH-candidate – displayed aberrant gene expression levels 

irrespec  ve of RA-s  mula  on in one out of two pa  ents. Surprisingly, this gene presented with 

an opposite expression response based on the haplo-insuffi  cient mechanism that is generic to all 

15qter dele  on cases (whether they are a consequence of a pure monosomy or not). In general, 

expression responses in the opposite direc  on are seen in 10% of the total number of transcripts 

situated in a copy number variant [45]. An increase of NR2F2 protein in DFC1 could lead to 

compe   on for dimeriza  on with the nuclear RA-receptor and thereby exert a RA-diminishing 

eff ect (Figure 3). Interes  ngly, NR5A2 – highlighted in the default list by gene-priori  za  on - is 

also linked to inhibi  on of RA signalling and might enhance NR2F2s’ repression of the nuclear 

RA-pathway [50] (Figure 3). Moreover, NR5A2 is known for its crucial role in mesodermal genesis 

early during embryonic development [42, 43] and could provide a link to the mesenchymal hit 

hypothesis of CDH [51]. The dissimilar NR2F2 mRNA responses within the pa  ent group could 

be caused by a diff erence in transloca  on type and/or by a diff erence in 15q26 dele  on size. 

Recently a 15q26 monosomy CDH case was described without dele  on of the NR2F2 gene [47] 

emphasizing that addi  onal gene  c factors have to play a role in its associa  ng diaphragma  c 

defects. 

 Prolifera  on kine  cs in mesenchymal-derived primordial diaphragm cells – and possibly 

also in their associa  ng lung cells [48] – is thought to be disrupted in CDH [16]. Therefore it is 

highly interes  ng that non-supervised pathway analysis revealed the cell cycle process as one of 

the major deregulated processes in 15q26-deleted dermal fi broblasts (Table 1). These puta  ve 

defects in cell rate should be studied further using immunohistochemistry staining with mito  c-

specifi c an  bodies.

 The signifi cantly diff erent default levels in DFC 1 and 2 of genes such as NR5A2, HAS3, 

CNN1, EDNRA, GPC4 and ANPEP (Table 2), emphasize on the involvement of early developmental 

master regulators in diaphragm development. Default results also pointed to several new lung 

vascular (RGS4, ANPEP, CNN1) factors. We speculate that in the 15q monosomy cases, the 

same gene  c disturbances target similar cell types (mesenchymal origin) and cell-processes 

(cell prolifera  on) of both lung- and diaphragm development. Concerning these co-occurring 

lung abnormali  es, we briefl y discuss the TOP-diff eren  ally expressed genes EDNRA and RGS4.
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Figure 3 | RA metabolism and RA signalling in 15q26 fi broblasts 
The intracellular processing of Re  noic Acid (RA) involves two diff erent pathways. Firstly, RA can be transported to 
CYP26-proteins by CRABPI and will then be metabolized into polar substances. Secondly, it can bind to CRABPII and 
be transported to the nucleus. In the nucleus RA can bind to the Re  noic Acid Receptor (RAR)/Re  noid X Receptor 
(RXR) heterodimer, which in turn binds to a Re  noic Acid Response Element (RARE) located in the promoter area of 
specifi c genes. This complex can ac  vate/inhibit transcrip  on. 
CRABPI has a higher affi  nity for RA compared to CRABPII. Therefore, up regula  on of CRABPI in 15q26 dele  on-
pa  ents favors RA metabolism over nuclear RA signalling. CYP26A1 was expressed at a higher level in the pa  ent 
group as well. Elevated levels of NR2F2 (in DFC1) and NR5A2 might further reduce nuclear RA signalling. 
RoI, re  nol; RBP, re  nol binding protein; STRA6, s  mulated by re  noic acid 6; CRBP, cellular re  nol binding protein; 
RaI, re  naldehydeI; ADH, alcohol dehydrogenase; RALDH, re  naldehyde dehydrogenase; CYP26, cytochrome P450 
26 enzymes; RAR, re  noic acid receptor; RXR, re  noid X receptor; RARE re  noic acid response element. B-ctn, beta-
carotene; LRAT, Lecithin re  nol acyltransferase, NR2F2; Nuclear receptor 2, subfamily F2; NR5A2, Nuclear Receptor 
5, subfamily A2.

Expression altera  ons of EDNRA at default were specifi c for DFC 1 and 2. This gene was strongly 

down-regulated upon RA-treatment, however failed to return its mRNA levels to normal. We 

speculate that EDNRA might have a dual role in the 15q-monosomy phenotype by disrup  ng 

both craniofacial development as well as lung development. Ednra-/- embryos die at birth 

from severe craniofacial defects resul  ng from disrup  on of neural crest cell pa  erning and 

diff eren  a  on [52]. Moreover, a small study using a chemically induced CDH rodent model, 

demonstrated altered EDNRA levels in lung  ssue [34]. In lung material of cys  c fi brosis pa  ents, 

polymorphisms in EDNRA were associated with aberrant smooth muscle cell prolifera  on rates 

[53]. Regulator of G protein signalling 4 (RGS4) is also associated with lung ontogenesis. Albig 
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and colleagues [40] demonstrated that RGS4 overexpression delayed and altered lung epithelial 

cell tubula  on by selec  vely inhibi  ng G protein-mediated p38 MAPK ac  va  on. This in turn, 

reduces epithelial cell prolifera  on, migra  on and expression of vascular endothelial growth 

factor (VEGF). Similarly, it abrogated endothelial cell angiogenic sprou  ng. Default levels of RGS4 

mRNA were up-regulated in both dermal- as well as diaphragm- pa  ent cultures. In addi  on, we 

tested the expression of this gene in lung material of fi ve non-related, isolated CDH pa  ents and 

found that it was strongly up-regulated in three of them. As a poten  al new early contributor of 

CDH lung pathophysiology, immunohistochemistry confi rma  on of RGS4 is warranted. 

 Genes encoding proteins involved in the RA-signalling cascade were not signifi cantly 

diff erent expressed between the two groups at default. This could suggest that only subtle 

disrup  ons of RA-signalling play a role in 15q26 associated diaphragm maldevelopment. This 

principle may also apply to CDH pa  ents in general and is refl ected in results from literature; 

only few complex human CDH cases [21, 22] have been directly ascribed to major gene  c defects 

in crucial RA genes. No such key RA-muta  ons are iden  fi ed in isolated CDH cases so far. 

Alterna  vely, the hypothesized rela  ve RA-defi ciency may only become apparent in periods of 

transient high-demand for RA [15]. 

 To test the hypothesis of subtle RA-disturbances in 15q-deleted pa  ents, we s  mulated 

dermal fi broblasts from two 15q26 monosomy cases (and its two sex-matched controls) with four 

diff erent concentra  ons of RA. Consequently, only deregula  ons posi  oned in the metabolic and/

or downstream nuclear components of the re  noid pathway will be picked up by this approach. 

In line with this view, a key component of RA homeostasis, Cellular Re  noic Acid Binding Protein 

type 1 (CRABP1) was profoundly up-regulated a  er s  mula  on in 15q deleted cell lines. This 

eff ect was proven to be 15q-specifi c by quan  ta  ve RT-PCR comparison to isolated CDH cases. 

Another key component of RA metabolism, CYP26A1 was increased as well, while none of the 

cri  cal 15q26-deleted genes were signifi cantly induced or repressed in response to RA. More 

specifi cally, there was a rela  ve up-regulated expression of RA-components that func  on to 

increase the intracellular metabolisa  on of RA at the cost of downstream nuclear RA-signalling 

under condi  ons of high RA-load (Figure 3). A rela  ve RA-defi ciency and consequent misbalance 

in RA-induced transcrip  on regula  on (possibly of developmental genes) might be the result. This 

RA-s  mula  on experiment mimics the well-known and transient increased demand for re  noic 

acid specifi cally in the trunk of the embryo at the cri  cal period of diaphragm development [49]. 

Further experiments using dermal fi broblasts or amnio  c cells of a large cohort of isolated CDH 

pa  ents have to be performed to address whether subtle RA-insensi  vity plays a role in these 

cases as well. Targeted disrup  on of the synthesizing part of the RA-signalling “arm” should 

be executed to check whether an absolute hypo-vitaminose could be of infl uence instead. 

Finally, since Clugston et al. [15] demonstrated that CRABPI is only expressed in the cytoplasm 

of neural crest cells of the primordial rodent diaphragm, it is crucial to inves  gate these specifi c 

pa  erns during human diaphragm development. In contrast, CRABPII was expressed abundantly 

throughout the rodent primordial diaphragm.
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In conclusion, the diaphragma  c- and pulmonary defects of CDH could be causally linked on a 

cellular and molecular level. Our study suggests that RA-signalling disrup  on in complex 15q26-

associated CDH is subtle and involves not only an altered expression of genes from the deleted 

region but also key factors of the RA pathway and of mesenchymal- and lung- development. 

Finally, simple haploinsuffi  ciency of genes in the smallest region of overlap cannot fully explain 

the patho-phenotypic poten  al of the 15q26 monosomy.
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Abstract

The pathogene  c mechanisms causing diaphragm- and lung-defects in pa  ents with congenital 

diaphragma  c hernia (CDH) are largely unknown. Several human and knockout mice studies 

provided strong evidence for involvement of the NR2F2 gene, which encodes an orphan nuclear 

transcrip  on factor that is implicated in embryonic re  noic-acid (RA) signalling and is crucial 

for mouse organogenesis. We used chromosome conforma  on capture sequencing technology 

(4C-seq) to map the genome-wide interac  on pa  ern of NR2F2 in four diff erent  ssues of the 

nitrofen rodent CDH-model. 

 4C data in control rodent embryonic day E17 (E17) demonstrated that, despite diff erences 

in the ac  va  on level of the NR2F2 gene, the spa  al environment of the NR2F2 locus was grossly 

similar across all samples. The gene-poor NR2F2 region interacted mainly with other gene poor 

regions. Subtle diff erences for specifi c interac  ons were demonstrated in lungs and diaphragm 

upon nitrofen induc  on and pointed to new CDH candidate genes such as PPP2R1A. Its protein 

PP2A is known for its role in fetal kidney development and has an expression pa  ern similar 

to the CDH gene WT1. RT-qPCR analysis confi rmed ac  ve transcrip  on in rodent E17 lung and 

diaphragm and showed that expression levels decreased upon nitrofen-treatment. 

 Analysis of the most abundant interac  on partners of NR2F2 across all 4C samples iden  fi ed 

one specifi c domain on chromosome 14 which harboured the developmentally involved PCDH7 

and UGDH genes. In general, NR2F2-interac  on partners were mainly involved in cell- growth 

and -death, both key processes in embryogenesis. Finally, the OCT1 protein was recognised as 

the common regulatory source of NR2F2 promoter interac  ons by computa  onal analysis of 

transcrip  on factor bindings sites. 

 In conclusion, using 4C technology we iden  fi ed new CDH candidate genes that might 

func  on with NR2F2 during diaphragm development. 
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Introduc  on

Congenital diaphragma  c hernia (CDH) is a severe birth defect characterized by defec  ve 

forma  on of the diaphragm, pulmonary hypoplasia and pulmonary hypertension. It accounts 

for 8% of all major congenital defects and has a mortality rate of 20-60% [1]. CDH is presumed 

to have a mul  factorial ae  ology, yet its individual contribu  ng factors are s  ll largely unknown 

[2]. Using molecular cytogene  c techniques, chromosomal aberra  ons are now detected in 20-

30% of human cases and some of these recurrent, structural anomalies point to CDH associated 

loci and genes (NR2F2, ZFPM2, GATA4) involved in the Re  noic Acid (RA) signalling pathway 

[3-5]. Various animal studies – using nutri  onal, teratogenic and gene  c knockout approaches – 

already emphasized on this puta  ve link between disrupted vitamin-A signalling and diaphragm 

defects (the “re  noid hypothesis”) [6-9]. Moreover, at the epidemiological level, our group 

recently confi rmed in human cases the associa  on between CDH and low serum re  nol or 

re  nol-binding protein levels, independent of maternal vitamin-A status [10].

 The Nuclear Receptor subfamily 2, group member F2 (NR2F2) gene encodes an orphan 

nuclear transcrip  on factor that is expressed abundantly in the mesenchymal compartment of 

developing organs. It is known for its crucial role in mouse embryogenesis (reviewed by Lin et al. 

[11]) and was recently implicated in embryonic stem cell state maintenance and -diff eren  a  on 

[12]. Germ-line inac  va  on of Nr2f2 in mice (alias Coup  -II) causes embryonic lethality with 

defects in angiogenesis and heart development [13]. In contrast, Nr2f2 heterozygous mice are 

viable, but display defects in mesoderm-derived  ssues including fat, muscle and the reproduc  ve 

tract. An important func  on for this gene in diaphragm development is implicated by condi  onal 

knock out studies showing a postero-lateral diaphragma  c defect – the most common type 

of CDH – in off spring a  er  ssue-specifi c abla  on of Coup  -II in foregut mesenchyme [14]. 

NR2F2 is also expressed at various developmental stages of rodent diaphragm development 

[15]. Interes  ngly, several studies demonstrated a direct role for NR2F2 in RA signalling [16, 17], 

thereby underlining a possible link between NR2F2 malfunc  oning and the “re  noid hypothesis” 

of CDH. Moreover, NR2F2 is posi  oned in the most frequent CDH associated chromosomal hot 

spot described in humans to date: the 15q26 monosomy [18]. In this study we hypothesized that 

a changed nuclear environment of NR2F2 is involved in CDH pathogenesis. To test this theory we 

applied chromosome conforma  on capture technology (4C) to embryonic  ssues of both wild 

type and nitrofen CDH-induced rat embryos. 4C allows for screening the genome in an unbiased 

manner for DNA regions that are in close contact in the three-dimensional nuclear space to a 

region of interest, in our case the promoter region of NR2F2 [19]. 

 Analysis of the spa  al organisa  on of the interphase nucleus by means of complementary 

microscopy-3D FISH studies and chromosome conforma  on capture technology revealed the 

occurrence of a complex three-dimensional network of chromosomal interac  ons [20-23]. These 

interac  ons were shown to occur between target genes and distant regulatory units – both 

in-cis and in-trans – and are hypothesized to aff ect – or refl ect – gene expression regula  on 

at mul  ple levels. Coordinated expression and interac  on of mul  ple – func  onally similar – 
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genes mediated by transcrip  on factors has been suggested also [24, 25]. Therefore, knowledge 

of NR2F2’s DNA associa  on partners during embryogenesis both in a healthy control state as 

well as upon interference with RA signalling, may provide be  er insights into the pathogene  c 

mechanisms of CDH. To accomplish this, we used the 4C technique and mapped the genome-

wide interac  on pa  erns of NR2F2 in several  ssues of a teratogenic RA-signalling disrup  ng 

rat CDH-model. Administra  on of the herbicide nitrofen® (2,4-dichlorophenyl-p-nitrophenyl) 

during pregnancy induces congenital anomalies including diaphragm defects in off spring [26]. 

Inhibi  on of the intracellular RA synthesizing enzyme, re  naldehyde dehydrogenase 2 (RALDH2) 

has been hypothesized as its mechanism of ac  on [27]. We reasoned that disrup  on of vitamin-A 

signalling in nitrofen treated off spring would induce a global change in the interac  on pa  ern of 

the NR2F2-promoter as compared to untreated embryos, especially in those  ssues aff ected by 

CDH i.e. the diaphragm and lungs. Interac  ons of NR2F2 in heart- and liver served as non-CDH 

specifi c controls. 4C results showed that the spa  al environment of the NR2F2 locus was grossly 

similar for all  ssues inves  gated implica  ng that the majority of iden  fi ed interac  ons are 

non-func  onal. In contrast, subtle changes were shown upon nitrofen induc  on and pointed to 

several new puta  ve interac  on partners of NR2F2. The corresponding transcrip  onal responses 

of these loci – as analysed by RT-qPCR – suggest that these changes might be of func  onal 

importance in the development of the CDH-aff ected organs. 

Material and methods

Tissue collec  on
Pregnant Sprague-Dawley rats were ordered from Harlan laboratories® (Horst, the Netherlands) 

and shipped at embryonic day E7 of gesta  on (term = day E21). Nitrofen-treatment and fetal 

delivery at embryonic day E17 were executed as previously described [28]. 

 The Animal Welfare commi  ee of Erasmus MC in Ro  erdam (the Netherlands) approved 

for  ssue dissec  on (protocol number 138-09-09). Subsequently, we obtained the residue  ssue 

of lung, heart, liver and diaphragm. 

 Two independently dissected Sprague-Dawley nests were used in each group; control and 

nitrofen-treated respec  vely. In case of nitrofen administra  on we only included  ssue of those 

embryos that displayed a diaphragm defect, yielding 8 and 13 adequate embryos respec  vely. 

For controls the number of pups encompassed 14 and 15 respec  vely. In addi  on, biological 

replicates were generated for nitrofen induced-lung and -diaphragm  ssues in a separate and 

third isola  on. 

4C technology
The 4C-seq assay was performed as previously described [19, 29] with minor modifi ca  ons. 

Briefl y, pooled rodent  ssue collec  ons of heart, lung, diaphragm and liver were collagenase 

treated for 1 hour and meshed for produc  on of a single cell suspension. These suspensions 
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were then fi xed with 2% formaldehyde in PBS for 10 min at room temperature. The reac  on was 

quenched by adding ice-cold glycine in a fi nal concentra  on of 125 mM, followed by a quick wash 

with cold PBS. Each  ssue-pellet was subsequently placed into ice-cold cell lysis buff er (50mM 

Tris-pH 7.5, 150mM NaCl, 5mM EDTA, 0.5% Nonidet P40, 1% Triton-X100, 1x Complete protease 

inhibitor) and cells were disrupted by repe   vely pipe   ng up and down several  mes. Finally, 

nuclei were centrifuged for 5 minutes with 1800 rpm at 4°C and supernatant was re-moved 

a  erwards. Pellets were instantly freezed in liquid nitrogen and stored at -80°C for less than 3 

months. 

 Frozen pellets of dissected embryos were pooled and used as input for the 4C-procedure. 

The restric  on enzyme Bgl-II (Roche applied science, Almere, the Netherlands) was used to 

digest the chroma  n. Linked Bgl-II fragments were preferen  ally ligated under dilute condi  ons 

followed by de-crosslinking and purifi ca  on of DNA. The resul  ng BglII 3C library was digested 

with NLA-III four-base restric  on enzyme (Roche) and 4C circular DNA molecules were generated 

by liga  on under dilute condi  ons. Next, DNA fragments that interacted specifi cally with the 

NR2F2 promoter were PCR amplifi ed using NR2F2 promoter specifi c divergent primers (Forward 

primer (plus strand) = 5’ TGC AAG TCG ATT GTC TGG CTT 3’, Reverse primer (plus strand) = 3’ CCG 

CCT CAA AAA GTG CCT CA 5’). These primers were linked to adaptor-sequences (Illumina Inc.,San 

Diego, USA) necessary for sequencing in addi  on to a four base index code for mul  plexing several 

samples in one lane. PCR reac  ons were performed directly on the circularized 4C templates in 

a strictly linear fashion using the Expand Long Template PCR system (Roche applied science, 

Almere, the Netherlands). Finally, end products of 6 PCR reac  ons were pooled and purifi ed 

using the QIA quick nucleo  de removal system (Qiagen Benelux B.V., Venlo, the Netherlands). 

4C-sequencing
5 pM of purifi ed 4C-library per sample were sequenced on the Illumina Hiseq 2000 pla  orm 

(Illumina Inc.,San Diego, USA) genera  ng 101 basepair reads. Images were recorded and analysed 

by the complemen  ng Illumina Genome Analyzer Pipeline (GAP). Sequences were mapped 

against the rodent genome – build Baylor 3.4, November 2004 – using the ELAND alignment 

so  ware (Illumina Inc., San Diego, USA). 

 The propor  onal distribu  on of reads iden  fi ed in each  ssue sample can be found in Table 

SI, depic  ng both the percentage of peaks mapping to chromosome 1 and to the remainder of 

the genome. Next, we determined the absolute amount of sequence reads per Bgl-II fragment, 

which were then normalised for sequence depth to allow inter-sample comparisons. To test for 

reproducibility two biological replicate libraries of nitrofen treated-lung and -diaphragm  ssue 

were run and analysed on the Illumina Hiseq2000 pla  orm. 

Sta  s  cal analysis of 4C-seq data
4C data was analysed using the R programme language [h  p://www.R-project.org) and a 

slightly adjusted standardized 4C-seq analysis pipeline as recently described [34]. Briefl y, this 

analysis workfl ow is based on the assump  on that reliable interac  ons can only be detected as 
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genomic clusters of mul  ple restric  on fragments with increased signals [30]. Moreover, since 

the coverage declines as a func  on of the distance from the viewpoint, it needs to be normalised 

for the background coverage. For this purpose, Z-scores were calculated for a given window of 

fragment ends I, and of size w, analogous to Splinter et al. [31]. Similarly, non-random 4C signals 

in-cis were iden  fi ed using a false discovery rate (FDR) of 0.01 a  er randomly permuta  ng the 

data set 100  mes. For the trans interac  ons, an FDR threshold of 0.01 was determined based 

on 1000 random permuta  ons of the data for every chromosome at a window size of 500. Since 

this window size is usually arbitrarily chosen, the iden  fi ca  on of interac  ng regions is limited to 

a certain size. To circumvent this problem, the group of de Wit et al. also developed a mul  -scale 

algorithm that evaluates the sta  s  cal signifi cance at all possible window sizes resul  ng in so-

called DNA-interac  ng domainograms (DID). In this way, sta  s  cally signifi cant interac  ons can 

be visualised at all scales. In addi  on, to iden  fy the exact boundaries of the interac  ng regions 

in the domainograms, the “dynamic programming algorithm” [32, 33] was applied. The resul  ng 

most specifi c hits in each sample were then visualized using custom made tracks in the UCSC 

browser [h  p://genome.ucsc.edu/] and an in-house 3D visualiza  on tool [34].

Correla  on analysis between  ssue samples
The hypothesized diff erences between diseased (nitrofen-treated)  ssues and controls, were 

calculated using the Spearman’s coeffi  cient of rank correla  on (r) between a total set of Z scores 

of two 4C experiments, analogous to Splinter et al. [31]. 

Down-and up-stream enrichment analysis of DIDs
Table S2 presents an overview of the general characteris  cs of the signifi cant interac  ng domains 

in each sample determined using several annota  on tracks downloaded from the University 

of California at Santa Crus (USCS) Table browser. Ingenuity Pathway Analysis (IPA) so  ware 

(Ingenuity Systems Inc. Redwood City, CA) was used to iden  fy enriched cellular func  ons 

puta  vely executed by the NR2F2 promoter region and its interac  ng DNA elements. Upstream 

promoter analysis of genes in close proximity of NR2F2 was performed using ExplainTm (Biobase 

GmbH, Wolfenbue  el, Germany). Sta  s  cally signifi cant enriched binding sites were defi ned by 

a yes versus no ra  o above three (yes/no>3.0) and p-values less than 0.001 according to the 

manufacturer’s instruc  ons.

RNA isola  on and NR2F2 expression analysis using rela  ve RT-PCR
RNA extrac  on was performed using the Qiagen-mini RNAeasy kit according to the manufacturers 

instruc  ons (Qiagen Benelux B.V., Venlo, the Netherlands). For each  ssue type, total RNA 

was prepared using as input material of 5-6 embryos at embryonic stage E17. Subsequently, 1 

microgram of total RNA was converted to cDNA by a commercially available kit (iScript, Bio-Rad 

Laboratories, Inc, Hercules, California, USA).



Chapter

3

179NR2F2 promoter interac  ons in diaphragm development | 

Primer pairs (Table S3) for quan  ta  ve RT-PCR were designed at the intron-exon junc  ons of the 

rodent NR2F2-sequence (Primer Express so  ware v2.0, Applied Biosystems, Carlsbad, California, 

USA). Reac  ons were performed in triplet according to the standard curve method as described 

by Boehm et al. [35], using an ABI7300 Real-  me PCR system in combina  on with KAPA-SYBR 

fast master mix (KapaBiosystems, Woburn, MA, USA) and 0.6 μl of each cDNA product per well. A 

region of the S18R gene served as a control locus. RT-PCR experiments for the NR2F2 interac  ng 

genes; PCDH7, UGDH and PPP2R1A as well as for OCT1, were executed in the same way.

Results

4C technology was applied to four types of  ssue (diaphragm, lung, heart and liver) obtained 

from all available off spring of two healthy Sprague-Dawley nests at embryonic day E17. To enable 

a detailed study of the puta  ve conforma  onal diff erences of the NR2F2 promoter in nitrofen-

induced CDH, this procedure was repeated a  er administra  on of nitrofen at embryonic day E9. 

4C assays allow for screening the genome in an unbiased manner for DNA regions that are in 

close contact in the three-dimensional nuclear space to a region of interest. 4C PCR end products 

were run on an Illumina Hiseq2000 pla  orm and analysed using the 4C-sequence specifi c analysis 

pipeline adopted from Splinter et al. [31]. 

NR2F2 transcrip  onal levels at rodent stage E17
To replicate and validate earlier reported NR2F2 expression in lung- and diaphragm- material of 

healthy Sprague-Dawley off spring [36], we fi rst performed quan  ta  ve PCR analysis of this gene 

at embryonic day E17. Levels were compared to those determined in control -heart and -liver 

 ssue. Addi  onally, adult spleen RNA was isolated from the maternal rat and used as a known 

low NR2F2-expressed control [www.genecards.org]. Results demonstrated that in day E17-

control livers, NR2F2 was expressed at a similar level as adult spleen and therefore employed 

as an internal low-expressed embryonic control in subsequent experiments (data not shown). 

The rela  ve mRNA expression levels of NR2F2 in each healthy  ssue are illustrated in Figure 1 

and compared to the levels upon nitrofen treatment. NR2F2 is expressed at signifi cantly higher 

levels in control diaphragm and lung as compared to heart and liver (Mann-Whitney U test; 

p<0.001). Nitrofen induces a small reduc  on of NR2F2 in heart and liver (0.90 and 0.94 rela  ve 

fold change respec  vely), whereas the NR2F2 response in diaphragm is reduced considerably 

(0.45 fold). Interes  ngly, lung  ssue showed an opposite, albeit mild dosage response (1.17 fold) 

upon nitrofen treatment. 

The rodent E17 NR2F2-interac  on pa  ern in controls
Visual inspec  on of all signifi cant long-range DNA interac  ons across chromosome 1 – using 

the earlier published domainograms of the group of van Steensel et al. [32] – showed that the 

global interac  on pa  ern of NR2F2 in-cis is similar for all inves  gated  ssues. Two examples are 
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depicted in Figure 2A and represent control -diaphragm and -liver interactome. The same holds 

true for NR2F2’s long-range interac  ons with other chromosomes and is presented in the circos 

plots for diaphragm and liver in healthy off spring  ssue (Figure 2B). However, minor diff erences 

in the interac  on effi  ciency (i.e. frequency as indicated by arrows) of a subset of DNA-associa  on 

partners may be suggested by these domainogram data as well. Table S4 illustrates as an 

example, all the signifi cant domains including DID z-scores and gene symbols of the diaphragm 

control sample. 

Figure 1 | Rela  ve mRNA expression levels of NR2F2 
Illustra  on of rela  ve mRNA expression levels of NR2F2 detected by real-  me Q-PCR in four diff erent  ssues (liver, 
heart, diaphragm, lung) of a rodent-CDH model with (n; nitrofen) and without nitrofen (c;control). Tissues of fi ve-six 
pubs were harvested and pooled at embryonic day E17. Levels in control-liver (dark red) were used as an internal 
control. (see page 253 for color fi gure) 

Collec  vely, this data shows that the NR2F2 promoter region is engaged in many specifi c long-

range DNA interac  ons across the bait-chromosome (in-cis), but also displays inter-chromosomal 

contacts (in-trans). Since the NR2F2 gene is located in a gene-poor region on rat chromosome 

1, we expected its global interac  on profi le to be characterized by other gene-poor regions. 

General features of the NR2F2-interac  ng DNA domains per  ssue type are summarised in 

Table S2 and indeed showed that this gene mainly associates with other gene poor regions. The 

number of Refseq genes/Mb varied between 4-10, while a gene density of 35 genes/Mb has 

been described for gene rich areas in the human genome [37]. The average gene density of the 

rodent genome is 6.22 per one Mb of DNA and comparable to the one in humans (6,33/Mb). A 

rela  ve low overall GC content per sample (~40%) supported these numbers. Furthermore, there 

was a diff erence in size between the in-cis interac  ng regions captured by our NR2F2-specifi c 

4C (<1Mb) as compared to those in-trans (~10Mb). This is similar to what has recently been 

observed for the X chromosome [31].
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Figure 2 | Domainograms of NR2F2 in rodent E17-control  ssues 

A: in-cis interac  ons in control-diaphragm (Top) and control-liver  ssue (Below) showing an overall similar genomic 
3D environment, although minor diff erences (arrows) in the interac  on effi  ciency of a subset of interac  on partners 
may be suggested by these representa  ons.
B: Circos plot depic  ng the interac  ons of NR2F2 with other chromosomes in control-diaphragm (Le  ) and 
control-liver  ssue (Right), again demonstra  ng grossly similar pa  erns. Each line represents a trans interac  on. 
Chromosomes are plo  ed around the circle. Colours indicate the chromosomes that were contacted in each 
quadrant (see page 253 for color fi gure). 

NR2F2-interac  on profi les in nitrofen-induced CDH-  ssues 
The main objec  ve of this study was to inves  gate whether interference with RA signalling – 

using the teratogen nitrofen – could induce global changes in the DNA associa  on partners of 

the NR2F2 promoter, specifi cally in those  ssues aff ected in CDH pa  ents i.e. the diaphragm 

and lungs. Detailed analysis of the general characteris  cs of these nitrofen-induced 4C data 

(Table S2), revealed a slight increase in the size of the cis-interac  ng domains in the nitrofen-

induced diaphragm  ssue, whereas the trans-domains were more prominent in the nitrofen-

lungs. Moreover, the ra  o of inter-over intra-chromosomal captures decreased in the nitrofen-

lungs, sugges  ng that the NR2F2 promoter is posi  oned rela  vely more at the periphery of its 

chromosome territory in control lungs as compared to nitrofen-treated lungs. 

 In contrast to our hypothesis, 4C-nitrofen results demonstrated that for each individual 

sample type the overall genomic environment is similar in the nitrofen-induced  ssue as 

compared to its healthy control. In other words, the interac  on pa  ern for both the bait 

chromosome and for the remainder genome was almost iden  cal between diseased and control 

samples. Examples of such comparisons are summarised in Figure 3, showing the domainograms 

of chromosome 1 and 14 in respec  vely diaphragm (Figure 3A,B) and lung (Figure 3C,D)  ssue, 
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with and without nitrofen. In addi  on, duplo experiments of lung nitrofen-treated samples are 

illustrated. Spearman’s rank correla  on analysis was applied to sta  s  cally validate this similarity 

as summarised in Table S5. 

Figure 3 | Domainograms of rodent NR2F2 upon nitrofen-induc  on at E17
Comparing the in-cis A: and in-trans (using chromosome 14) interac  ons B: in control-diaphragm (Top) and nitrofen-
treated diaphragm (Below)  ssue respec  vely showing an overall similar genomic 3D environment although, very 
subtle diff erences (arrow) in the interac  on effi  ciency (i.e. frequency) occurred in these subsets also. C/D: Similar 
as in A/B for duplo experiments of nitrofen-lung-induced  ssues; index 1 (Top) and index 2 (Below) (see page 254 
for color fi gure).

Although gross chromosomal reorganisa  on was ruled out, our control-disease comparisons also 

indicated the occurrence of more subtle changes in the composi  on and frequency of a subset 

of interac  on partners. For this, we specifi cally searched for disappearing or newly occurring 

contacts in respec  vely the nitrofen-lung and nitrofen-diaphragm samples as compared to its 

healthy controls. Results are summarised in Table 1, in which the puta  ve signifi cance of the 

“changing” interac  ng domain is refl ected in its calculated DID Z-score. Focusing on the TOP-30 

interac  ng domains (marked by an asterisk), we demonstrated respec  vely 1 nitrofen-diaphragm 
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and 8 nitrofen-lung domains that harbour developmentally important genes such as FZD4, 

ALG8 and WNT11. Interes  ngly, the in nitrofen-diaphragm  ssue disappearing in-cis domain on 

chromosome 1 (marked yellow in Table 1) overlapped with one out of seven signifi cant in-cis 

domains that disappeared in the nitrofen-lungs also. These corresponding results suggest that 

this domain might contain genes or regulatory units that are involved in the pathogenesis of 

CDH via disrupted RA signalling, especially since no such changes were iden  fi ed for the non-

CDH aff ected  ssues (heart/liver). Similar to the locus of NR2F2, this domain on chromosome 

1q12 is characterized by a gene-desert and contained only 1 annotated Refseq gene, Protein 

phosphatase 2 regulatory subunit A alpha (PPP2R1A). The Vom1r cluster embodies a collec  on 

of rodent specifi c pseudogenes of pheromone receptors. The transcrip  onal ac  vity of the 

PPP2R1A gene was confi rmed in lung and diaphragm  ssue using RT-qPCR (Figure 4). Moreover, 

its levels dropped (0.69 and 0.71 rela  ve fold change respec  vely) in response to nitrofen-

treatment. 

Figure 4 | Rela  ve mRNA expression levels of PPP2R 
Illustra  on of rela  ve mRNA expression levels of NR2F2 detected by real-  me Q-PCR in CDH aff ected (diaphragm, 
lung)  ssues of a rodent-CDH model with (n; nitrofen) and without nitrofen (c;control). Tissues of fi ve-six pubs were 
harvested and pooled at embryonic day E17. Levels in control-liver (dark red) were used as an internal control (see 
page 255 for color fi gure). 

Finally, we fi ltered genes in the aff ected lung- and diaphragm domain table on specifi c items 

as presented in Table 2 using the so  ware program Ingenuity Pathway Analysis (IPA). Results 

showed no overlap for genes associated with CDH in literature. Genes encoding proteins involved 

in RA signalling or metabolism were absent too. Pathway analysis showed no enrichment for 

lung- or diaphragm specifi c developmental cascades.
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The NR2F2 interactome across all inves  gated  ssues: downstream analysis
Next, we determined the overlapping DIDs across all samples, in order to dis  nguish the most 

specifi c and abundant DNA interac  ons of the NR2F2-E17 promoter region independent of 

 ssue type and nitrofen induc  on. Results showed respec  vely 7 regions in-cis and 48 in-trans 

that signifi cantly interacted with NR2F2 in all  ssues inves  gated (as summarised in Table 3). 

Genes in this overall NR2F2-interac  ng domain list were then examined and fi ltered on specifi c 

items, analogous to the genes in the CDH aff ected  ssue-list (Table 2). The following four genes 

formerly associated – directly or indirectly – with CDH in literature were iden  fi ed: GLI2 [38], 

TBL1X (X-linked CDH), ICAM1 [39] and KLF2 [40] corresponding to domains on respec  vely 

chromosome 13, X, 8 and 16. No RA-signalling factor was present in this list, neither were any 

other strong CDH candidate genes (ZFPM2, GATA4, WT1 and LRP2) known from literature. Non-

supervised pathway analysis demonstrated that the cellular func  ons, cell growth and cell death, 

were the major processes executed/controlled by the genes in contact with NR2F2 (Table 2). 

Moreover, in agreement with the extensive evidence of NR2F2 func  oning as a metabolic factor 

[11], the endocrine developmental pathway was the most represented network. 

Table 2 | Enrichment analysis/Filtering genes in NR2F2 interac  ng domains

Items 
 

Gene count
NR2F2-General

Gene symbol
NR2F2-General

CDH associated genes Literature 4 Gli2, TBL1X

  ICAM1, KLF2

RA signalling/RAR ac  va  on -

Top Molecular&cellular func  ons:
 cellular growth &cell death; Ingenuity

338/273 P val 7,41E-09 - 1,26E-02/4,36E-07 - 1,38E-02

Top Networks: Endocrine System 
Development and Func  on; Ingenuity

33 Score 33: ANGPTL4,AP1M1,Ap2alpha,BRD4,B
ST2,CHERP,CHTF8,DCPS,Dgk,DGKA,DNM2,Dy
namin,EPS15L1,F2,FNBP4,GGCX,GNA11,HMG
20B,IER2,ILF2,ILF3,PACSIN3,PRPF40A,RAB8A
,RBM10,SERPINB8,SERPINB10,SF3A2,SF3B4,S
LC2A3,SUGP1,SV2A,TCERG1,WBP4,YES1

New (top) genes, genes priori  zed 
by endeavour

In prepara  on

NR2F2-General; Genes in interac  ng-NR2F2 domains across all samples  
Ingenuity; Ingenuity Pathway Analysis (IPA) so  ware (Ingenuity Systems Inc. Redwood City, CA)  
Endeavour; h  p://homes.esat.kuleuven.be 
RA; Re  noic Acid 
CDH; Congenital Diaphragma  c Hernia 
P-val; P-value 

Ranking the interac  ng genomic regions (based on their DID z-score) per sample revealed that 

the promoter region of NR2F2 captured a subset of interac  on partners very effi  ciently across 

all samples. This was most obvious for a locus on chromosome 14 (Supp .Table S6, red coloured) 
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that harboured 18 genes in total of which the PCDH7 and UGDH gene are the most interes  ng. 

Since co-localisa  on with NR2F2 may only be func  onal in case of ac  ve transcrip  on, we 

performed RT-qPCR using target specifi c primer sets for these two preferen  al contacted genes 

and confi rmed their ac  vity in all  ssues inves  gated (results not shown). 

The NR2F2 interac  on pa  ern across all inves  gated  ssues: upstream analysis
To iden  fy transcrip  on factors that might control the genes in the NR2F2-interac  ng dataset 

(n=2015 in total), we used the data analysis system ExPlain™. First we fi ltered out all 508 olfactory 

receptor genes, because the proteins they encode are located specifi cally in the cilia of the 

olfactory sensory neurons and have no obvious associa  on with our  ssue types. Transcrip  on 

factor binding sites (TFBSs) in our remaining target gene set (n=1507) were compared to the 

frequencies of these sites in a so-called background gene set cons  tu  ng of non-NR2F2-

interac  ng rodent house keeping genes (n=399). Results showed that the NR2F2-interactome 

was exclusively enriched for the transcrip  on factor OCT1, which suggests that this protein might 

be involved in the expression regula  on of NR2F2 and its associa  ng gene partners at rodent 

embryonic stage E17. RT-qPCR analysis confi rmed OCT1 expression in RNA extracted from our 

rodent CDH model, both in wild type as well as in nitrofen-exposed  ssues. Yet, transcrip  on 

levels varied widely between samples, with very low levels in lung-control samples (results not 

shown). 

Discussion

The pathogene  c mechanisms causing diaphragm- and lung- defects in pa  ents with congenital 

diaphragma  c hernia (CDH) are largely unknown. Several human and knockout mice studies 

provided strong evidence for involvement of the NR2F2 gene [14, 18], which encodes an 

orphan nuclear transcrip  on factor that is implicated in embryonic RA-signalling and is crucial 

for mice organogenesis [11, 16]. However, most of its specifi c gene regulatory networks during 

development remain to be iden  fi ed. 

 Similar to the well-known and abundant expression of NR2F2 during mouse organogenesis 

[11], our RT-PCR analysis showed that this gene was transcribed in all four (i.e. diaphragm, lung, 

heart and liver) inves  gated embryonic rat  ssues. Responses of NR2F2 upon nitrofen in CDH 

aff ected  ssue were in line with data from literature [36]. The diff erent mRNA levels at embryonic 

day E17 suggested a con  nuing role for this gene in the development of the diaphragm and 

lungs, whereas its role was subdued in the almost completed heart and liver organs. This result 

is refl ected in the variability of the nitrofen-induced fold changes of the corresponding  ssues. 

 The impact of the -dynamic- spa  al confi gura  on of the human genome on gene expression 

regula  on is well recognised [41]. However much debate con  nues whether chromosomal 

interac  ons as a means to share common regulatory resources during specifi c diff eren  a  on 

and developmental programs is a general concept of gene-transcrip  on regula  on or merely 
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a mechanism to fi ne-tune transcrip  on in excep  onal cases [42, 43]. Despite these issues, DNA 

spa  al pa  erns iden  fi ed at a certain developmental stage are thought to refl ect the genome’s 

func  onal output at that specifi c  me-window. Moreover, such blueprints might serve as markers 

to iden  fy diseased states [44, 45]. Therefore, iden  fi ca  on of the subnuclear environment 

of the NR2F2 gene in embryonic  ssues of healthy rodent off spring as well as upon chemical 

interference with RA signalling will provide novel epigene  c insights into the role of NR2F2 in 

diaphragm- and lung organogenesis. To accomplish this we used 4C technology. Interac  ons in 

heart-and liver served as non-CDH specifi c controls. Transcrip  onal responses of its associa  ng 

DNA partners were measured by quan  ta  ve RT-PCR.

 Applica  on of 4C technology to healthy rodent E17 control  ssue demonstrated that, 

despite the iden  fi ed variability in NR2F2 ac  vity, the spa  al environment of the NR2F2 locus 

was grossly similar. Moreover, the global interac  on profi le of the NR2F2 gene, which is located 

in a gene-desert on rodent chromosome 1, was characterized by other gene-poor regions. These 

results are in agreement with recent 4C papers [42, 46], which showed that the subnuclear 

environment of a certain DNA region is mainly dictated by its chromosomal context i.e. the 

proper  es of both the region itself and of its proximal regions on the linear DNA strand, and 

thus mainly independent of transcrip  onal status. Yet, occurrence of more subtle diff erences in 

the effi  ciency and composi  on of iden  fi ed preferen  al contacts – in a popula  on of cells at any 

point in  me - was suggested also by these reports. This, in turn may boost or reduce exis  ng 

expression levels of the preferred interac  ng genes leading to variegated gene expression in the 

 ssue as a whole [42]. These subtle eff ects on gene transcrip  on might consequently be crucial 

during certain embryonic  me windows, for example during diaphragm development. Indeed, 

our data indicated the existence of mild interac  on-diff erences between 4C samples. These 

diff erences are refl ected in the dissimilarity of the intensity of the domains between samples 

as visualised in our domainograms (Figure 2 and 3) and in the diversity of ranks per domain per 

sample. To validate these mild changes confi rmatory 3D FISH experiments should be executed, 

although co-associa  ons are expected to occur in only a low propor  on of the cells. A recently 

proposed adapta  on to the 4C protocol, which is more sensi  ve to pick up all the func  onally 

relevant interac  ons, might also be considered [43]. 

 Summarised, although the global spa  al environment of the NR2F2 locus was heavily 

constrained by its chromosomal context – and independent of both its transcrip  onal  ssue 

levels and of nitrofen treatment – the degree of this constrain might fl uctuate. Therefore, we 

inves  gated whether minor changes in the composi  on of the interac  ng domains occurred 

upon exposure to the chemical nitrofen and specifi cally for CDH-aff ected  ssues. Indeed, one 

domain on chromosome 1q12 fulfi lled these criteria, sugges  ng that it contains DNA elements 

that are important for both the development of the lungs and the diaphragm and is possibly 

involved in RA signalling. Next, Refseq annota  on analysis posi  oned only 1 gene within this 

1.1 Mb domain; the PPP2R1A gene. The protein Ppp2R is a member of the serine-threonine 

phosphatase family that plays an essen  al regulatory role in cell growth, diff eren  a  on, and 

apoptosis and is altered in breast and lung carcinomas [OMIM *605983]. PP2A is important 
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in fetal kidney growth and diff eren  a  on [47] and has an expression pa  ern similar to that of 

the Wilms tumor suppressor gene WT1, which is a strong CDH candidate also. Our RT-qPCR 

analysis confi rmed that this gene is ac  vely transcribed in rodent E17 lung and diaphragm  ssue. 

Moreover, levels in its corresponding nitrofen-treated  ssues dropped, suppor  ng its proposed 

func  onal role in CDH. The use of combined RNA/DNA 3D FISH studies must further provide 

evidence for this. 

 Despite this remarkable result, careful interpreta  on is mandatory for three reasons. Firstly, 

Clugston et al. recently suggested that the ini  al perturba  on event of diaphragm development 

occurs much earlier – i.e. at stage E13.5 in embryonic rodent development - than previously 

expected [48]. Therefore, applica  on of 4C technology to pick up chroma  n reorganisa  on at this 

stage should be considered, although limited by an even lower amount of available diaphragm 

material. For this, Tolhuis et al. [33] implemented an extra amplifi ca  on step to their 4C protocol. 

Secondly, cell quan  ty requirements were not completely fulfi lled for duplo control-lung and 

control-nitrofen diaphragm samples, which might have mildly infl uenced the iden  fi ca  on of 

long-range interac  ons, especially those in trans. Thirdly, although much used in CDH-related 

studies, the nitrofen-CDH model has a few limita  ons. First, this model cannot be uniquely 

categorized to CDH, since nitrofen induces other congenital anomalies among which heart 

defects. Penetrance of CDH is not complete, with typical occurrence rates between 60-90%. And 

then, the precise mechanism by which nitrofen induces reduc  on of re  noic acid signalling is 

not clear: is it purely based on inhibi  on of the rate-limi  ng enzyme controlling re  noic acid 

synthesis (RALDH2) or not? Therefore, a recent developed RAR alpha specifi c mice model for 

CDH might be considered [49]. 

 Since large-scale three-dimensional diff erences were absent across all inves  gated  ssue 

types, we focused on the overlapping interac  ng domains. Such domains will point to the most 

abundant interac  on partners of the NR2F2 promoter at rodent embryonic stage E17 and shed 

new light on its func  onal roles. Fi  y-six regions in total, containing over 2000 genes (of which 

508 so-called olfactory receptor genes) interacted with NR2F2 in all 4C samples. Unsupervised 

downstream pathway analysis showed that these genes were mainly involved in cell- growth and 

-death, both key processes in embryogenesis. Enrichment analysis using several bio-informa  c 

fi ltering tools only iden  fi ed four genes associated with CDH in literature and no member of the 

RA-signalling pathway neither any other strong CDH candidates. More subtle varia  ons in the 

effi  ciency of these four NR2F2 interac  ng- CDH-candidate gene-containing domains between 

CDH-related and non-related  ssues were ruled out. These results might be explained by our 

specifi c search for the more abundant roles of the NR2F2 promoter in the overlapping DID gene 

list. Alterna  vely, it could mean that the specifi c roles of the abundant NR2F2-interac  ng genes 

in lung and diaphragm development are not yet discovered or that in general most DNA-DNA 

interac  ons are non-func  onal. In this respect, it is highly interes  ng that the most effi  cient 

interac  on partner of NR2F2 was a locus on chromosome 14 which harboured the PCDH7 and 

the UGDH gene among others. Both these genes are puta  ve new CDH candidates, although 

no exclusive associa  on can be appointed to these genes, since long-range interac  ons usually 
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occur between regions that are not confi ned to single genes or gene promoters. Protocadherin 

7 (PCDH7) is a member of the cadherin protein superfamily, which cons  tutes membrane-

associated glycoproteins that mediate calcium dependent cell-cell adhesion. PCDH7 was recently 

implicated in the pathogenesis of RETT syndrome [50], but is expressed in lung and heart  ssue 

also [OMIM *602988]. Interes  ngly, both NR2F2 [11] and members of the cadherin protein 

family are known to play a major role in the regula  on of Epithelial-Mesenchymal-Transi  on 

(EMT) during organogenesis. Moreover, EMT was recently suggested to contribute to primordial 

diaphragm  ssue [51], and is a well-known process during lung development. The enzyme UDP-

glucose dehydrogenase (UGDH)[OMIM *603370], converts UDP-glucose to UDP-glucuronate, 

which in turn is a cri  cal component of glycosaminoglycans, hyaluronan and heparan sulphates. 

In this way, UGDH exerts its role in  ssue development and cell-migra  on and -prolifera  on. 

Garcia-Garcia et al. [53] showed that in Ugdh defi cient mice (alias lazy mesoderm muta  on (lzme) 

mice) gastrula  on is arrested with defects in mesoderm-migra  on. Failure of the la  er process 

is implicated in CDH. Because co-localisa  on of these loci with NR2F2 may only be func  onal 

in case of ac  ve transcrip  on, we performed RT-qPCR. Results showed that both genes were 

indeed transcribed in all  ssues inves  gated including rodent lungs and diaphragm. 

 Finally, we performed upstream analysis of the E17-NR2F2-specifi c interactome and 

demonstrated that transcrip  on factor binding sites of the protein OCT1 were exclusively 

enriched in the promoters of the genes in this list. This analysis suggests that OCT1 [OMIM 

*602607] is involved in the expression regula  on of NR2F2 and its associa  ng gene partners 

at this specifi c developmental window. In general, OCT proteins are defi ned by their ability 

to interact with a DNA sequence known as the “octamer mo  f”. Its member OCT1 is widely 

expressed in embryonic  ssues and Oct1 defi cient mice die during embryogenesis over a wide 

developmental window (E12.5-E18.5) [54]. OCT1 shares signifi cant homology with OCT4 and 

regulates some common target genes, however cannot subs  tute OCT4s’ role in the genera  on 

of pluripotency. Interes  ngly, OCT1 has a role in media  ng the RA signalling pathway [55]. RT-

qPCR analysis confi rmed OCT1 expression in RNA extracted from our rodent CDH model, both in 

wild type as well as in nitrofen-exposed  ssues, albeit with signifi cantly lower levels in control 

lungs. Further experiments using CHIP technology have to be performed to confi rm the binding 

of OCT1 to the promoter of NR2F2. Furthermore, an experimental design in which condi  onal 

OCT1-removal during mesoderm genesis leads to a subsequent signifi cant reduc  on in the 

interac  on frequency of the NR2F2 associa  ng genes must be executed. 

 In conclusion, applica  on of 4C technology in a wild type and RA-signalling interrupted, 

CDH rodent model showed that despite the iden  fi ed diff erences in the ac  va  on-level of the 

NR2F2 gene, the spa  al environment of the NR2F2 locus is grossly similar across all inves  gated 

 ssues. In contrast, subtle diff erences for specifi c interac  ons were demonstrated upon nitrofen-

treatment, poin  ng to new CDH candidate genes such as PPP2R1A. Moreover, increased 

knowledge of the most abundant interac  on partners of NR2F2 across all 4C samples iden  fi ed 

 one specifi c domain on chromosome 14 and the Oct1 protein as the common regulatory source 

of the NR2F2 interactome. 
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General Discussion

Despite progress in prenatal diagnosis and postnatal therapy, congenital diaphragma  c hernia 

(CDH) s  ll carries high mortality and considerable short- and long-term morbidity. Further 

clinical improvement could be accomplished by standardising care in an interna  onal se   ng and 

harmonising complica  on registra  on in a collec  ve database. Therefore, the recent founda  on 

of the European CDH consor  um and the interna  onal CDH study group are very welcome [1, 2]. 

In addi  on, research eff orts are directed at the very early embryonic processes and factors that 

lead to CDH. More knowledge on these issues could lead to new treatment modali  es (especially 

for pulmonary hypertension) and perhaps even preven  on strategies. In this respect, awareness 

of the sub-microscopic molecular changes in CDH has already led to individualised gene  c 

counselling. So far, however, this gene  c knowledge applied only to a few complex CDH cases 

and has not yet changed therapy guidelines. 

 The studies in this thesis aimed to iden  fy new gene  c factors in both isolated and 

complex CDH pa  ents. We considered germ-line and soma  c (CNV-)muta  ons and searched 

for alterna  ve epigene  c causes as well. The next sec  on fi rst describes the pi  alls in CNV-

phenotype ascertainment. I then address the diffi  cul  es of research focusing on the impact of the 

spa  al confi gura  on of the human genome on gene expression regula  on. Finally, I elaborate on 

the current views of diaphragm embryology, iden  fy its lacunas, and provide recommenda  ons 

for future research.

4.1 The clinical context of Copy Number Varia  ons (CNV) in general 
and for CDH specifi cally: Methodological considera  ons

The use of genome-wide array techniques on material from diseased individuals has brought 

the need to dis  nguish likely pathogenic CNVs from likely benign CNVs and stresses on the 

importance of CNV-screening in phenotypically normal cohorts [3]. Although risk assessment of 

CNVs has dras  cally improved, we should be reluctant to associate them directly with disease 

phenotypes. For we are s  ll dealing with 1) diff erences in CNV prevalence between certain 

diseased cohorts, 2) confounding in CNV calling across the genome, 3) diff erent mechanisms to 

convey phenotypes, and 4) incomplete penetrance. These features will briefl y be summarised 

below. 

CNV prevalence varies between diseased cohorts
The genome wide frequency of de novo CNVs is es  mated to be 1.2 x 10-2 with an average CNV 

size ranging from 62 Kb to 10Mb [4, 5]. Interes  ngly, the latest CNV correla  on studies showed 

enrichment of large de novo CNVs in certain diseased cohorts, e.g. neuro-developmental and 

autoimmune disorders. The de novo CNVs in these pa  ents also aff ected genes more o  en than 
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CNVs iden  fi ed in normal cohorts [4, 6, 7]. This discovery suggests a clinically important variability 

in the gene  c contribu  on of CNVs to disease ae  ology across diff erent popula  ons. 

It is not yet known whether this fi nding holds true for CDH pa  ent cohorts as well.

The sensi  vity of arrays to detect structural varia  ons is unequal across the 
genome 
The increased number of total probes on the latest genera  on of arrays has drama  cally 

improved its genomic resolu  on. S  ll, certain por  ons of the genome – such as the telomeric 

regions – remain less covered and might be more suscep  ble to certain disrup  on mechanisms 

[8]. Moreover, most of the small exonic changes go undetected. Consequently, in general 

there is confounding in the ascertainment of a phenotype to a CNV. Further improvement of 

array coverage, both in terms of spacing and number, will reduce this bias [9]. But then, future 

applica  on of whole-genome sequencing techniques will likely outgrow the advancements in 

array techniques. In the case of rare CNVs (such as in isolated CDH), only sample size will then 

remain as a discovery-limi  ng step. Moreover, several research groups have studied the rela  ve 

contribu  ons of CNVs and Single Nucleo  de Polymorphisms (SNPs) to expression phenotypes 

[10]. Although CNVs cover on average a much larger percentage of the genomic DNA strand, they 

contributed far less than SNPs to varia  ons in mRNA transcript levels [10]. This fi nding points to 

the current biased focus on CNVs as disease causing variants only. Thus there is every reason 

to develop more complex, combinatorial gene  c analysis methods, especially for mul  -genic 

diseases such as (isolated-) CDH. 

Iden  fi ca  on of the true CNV causa  ve gene(s) is less straigh  orward than 
proposed
CNVs may induce phenotypes by gene-interrup  on, posi  on- and dosage-eff ects, and unmasking 

of a recessive coding region muta  on [11-14]. However, the commonly used smallest-region-of-

overlap (SRO) approach presumes that only genes within the aff ected chromosomal area exhibit 

gene-expression altera  ons, thereby ignoring possible other disrup  on mechanisms. Altered 

gene expression levels have been found in the boundary regions of CNVs and it was suggested 

that even long-range posi  on eff ects may be important [15, 16]. Iden  fying the true causa  ve 

factor(s) might therefore be not as easy as thought. The large size of most of the iden  fi ed 

rearrangements, which contain mul  ple genes, is another impediment. These concerns are 

refl ected in our expression array results of Chapter 3 (ar  cle 2). In contrast to the hypothesized 

dosage-response mechanism for deleted genes in the CDH 15q26 cri  cal region, we iden  fi ed 

only two signifi cantly down-regulated gene transcripts. Moreover, the strongest hypothesized 

CDH-candidate – NR2F2 – displayed an opposite expression response in some pa  ents, 

emphasizing that simple haploinsuffi  ciency of this gene cannot fully explain diaphragm defects 

associated with 15q26 monosomy. It seems, therefore, that we must resort to func  onal studies 

(ideally in an embryonic,  ssue-specifi c and species-specifi c context) to confi rm the link between 

the candidate gene(s) involved and the specifi c phenotype.
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Recently, the suspected dose-dependent infl uence of a subset of CNVs on gene-expression 

(and subsequently on phenotype) was studied throughout mice development [17]. A changing 

infl uence of certain brain-specifi c CNVs was seen, adding another level of complexity to the 

interpreta  on of CNV-phenotype correla  ons. 

Incomplete penetrance
Most of the established CNV events to date are inherited from a phenotypically normal parent, 

and are of a benign/non-pathogenic nature [18]. Recently, a dominant digenic disease model was 

proposed for a subgroup of severe developmental delay cases, implica  ng that inherited CNVs 

could represent an important disease-specifi c suscep  ble background [19, 20]. In this two-hit 

dominant model the independent eff ect of two gene-modifi ers adds up to create a phenotype 

of developmental delay. It diff ers from the two-hit-one gene model for autosomal-recessive 

diseases, in which both alleles of one gene-locus become non-func  onal by two separate hits/

muta  ons. The dominant digenic model also suggests that two or more hits within the same 

developmental pathway can have a more severe impact on phenotypes. CNV approaches will 

therefore greatly benefi t from basic cell biologic pathway knowledge. CNV analysis in our own 

CDH cohort of 121 pa  ents, including 4 MZ twins discordant for CDH (chapter 2), yielded 27 

(22%) inherited CNVs. Thirteen of those were rare in a specifi c paediatric normal popula  on 

and in our in-house adult control cohort. Moreover, the regions aff ected by these CNVs included 

several genes puta  vely involved (based on GO terms and the corresponding knock-out mice 

phenotype) in the diaphragm phenotype. Finally, new sta  s  cal analysis methods are needed 

to iden  fy the propor  ons of disease variability caused by epista  c mechanisms and/or gene-

environmental interac  on-mechanisms. Such designs may also reveal to what extent certain 

CNVs can compensate for disease-inducing, loss-of-func  on rearrangements (as shown recently 

in a phenotypically normal 22q11.2 carrier [21]). 

Standardised phenotyping and early gene  c screening as crucial steps in 
genotype-phenotype ascertainment 
Since gene  c research and (prenatal) counselling for congenital disorders moves towards 

a genotype-fi rst approach, standardised phenotyping and registra  on in widely accessible 

databases becomes more and more important. This could be achieved with the use of 

standardised lists of dysmorphic features and with the applica  on of 3D camera techniques 

[22, 23] for a more unbiased dysmorphic analysis. Early postnatal CNV detec  on in combina  on 

with long-term clinical follow up also opens up the possibility of mapping the infl uence of CNVs 

on the longitudinal development of certain disease phenotypes [24].

 Gene  c screening approaches will most likely be revolu  onised in another way. Non-

invasive extrac  on of suffi  cient amounts of good quality fetal DNA from maternal blood is 

already feasible [25-28]. Aside from the economical implica  ons, high-throughput (and even 

genome-wide) screening of all pregnant women will soon become possible. Such popula  on 

based screening will help assign CNVs of unknown func  onal signifi cance and give a more 
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realis  c es  ma  on of CNV prevalence in all human foetuses. The la  er could be relevant, as CNV 

prevalence likely depends on developmental stage and age. In addi  on, it will allow for gene  c 

screening of spontaneous abor  ons of which most gene  c material is currently lost. For CDH 

research this could be valuable, since CDH is an important cause of s  llbirths and abor  ons. 

Structural varia  ons in the CDH cohort 
The fi rst extensive overview in 2007 [29] made clear that many non-isolated CDH cases were 

a  ributable to sub-microscopic chromosomal anomalies. We, in collabora  on with other research 

groups, presented a genome-wide map of CDH-specifi c recurrent CNVs that overlapped with the 

posi  ons of Vitamin-A pathway genes. This indicated that disrup  on of the re  noid-signalling 

pathway may be involved in CDH ae  ology. This fi rst overview was recently complemented by 

array data of four diff erent groups [30-33]. Pa  ent numbers, phenotypes and  ming of array 

analysis varied widely between these studies: The smallest study concerned 12 prenatal cases, 

the largest 79 isolated cases (summarised in Table 1). Diff erent array techniques were applied, 

precluding a meta-analysis on screening eff ec  veness. 

 In chapter 2 we describe the genome-wide copy number screen of 117 “Ro  erdam” 

CDH subjects with isolated or complex CDH of varying severity. In total, 41 unique and/or rare 

events (35% of the pa  ents) were established of which 16 were de novo and 25 were inherited. 

Remarkably, 5 out of the 16 de novo CNVs were present in isolated CDH cases; the remainder 11 

in more complex cases. The la  er partly overlapped with previously iden  fi ed CDH-associated 

hot spots. Results are presented in Figure 1. 

 In summary, an emerging theme in these published CNV data sets and ours (Chapter 2) is 

the low prevalence of overlapping de novo CNVs in nonrelated, isolated cases in contrast to the 

microdele  on/duplica  on “hot spots” demonstrated in several complex CDH subgroups. 

 The chance of iden  fying an overlapping event may be par  cularly low because isolated 

cases represent a heterogeneous popula  on in which de novo muta  ons in many diff erent genes 

can result in the same basic phenotype. Moreover, isolated cases are more likely to result from 

a complex inheritance pa  ern in which combina  ons of gene  c modifi ers and environmental 

factors aff ect the fi nal phenotype. Iden  fi ca  on of these individual (gene  c) factors requires 

specifi c high-resolu  on, genome-wide molecular approaches both on a DNA and a chroma  n 

level and in very large pa  ent cohorts. Alterna  vely, researchers might come up with addi  onal 

phenotypic characteris  cs (such as all details of the diaphragma  c defect) to create gene  cally 

more homogenous subgroups. Chroma  n data will provide the missing link to the various –

presumably non-specifi c - predisposing environmental factors. Therefore, to fully understand the 

complex nature of CDH, more research ini  a  ves should focus on epigene  c mechanisms. In this 

thesis we describe an epigene  c study on the infl uence of the spa  al confi gura  on of the human 

genome on gene expression regula  on of CDH candidate genes (chapter 3). Other  ssue specifi c 

epigene  c mechanisms such as DNA methyla  on and histone modifi ca  on can be analysed in 

prospec  vely collected frozen diaphragm  ssue of both cases and controls. 



200 |Chapter 4

Ta
bl

e 
1 

| 
O

ve
rv

ie
w

 C
N

V 
st

ud
ie

s 
CD

H
 c

oh
or

t

Re
fe

re
nc

e
Pa

 e
nt

 
N

um
be

rs
Pa

 e
nt

 T
yp

e
Ar

ra
y 

pl
a

 o
rm

Re
su

lts
in

he
rit

ed
, b

ut
 a

bs
en

t/
lo

w
 in

 
da

ta
ba

se
 n

or
m

al
 in

di
vi

du
al

s

Is
ol

at
ed

Co
m

pl
ex

de
 n

ov
o

in
he

rit
ed

29
Li

te
ra

tu
re

 o
ve

rv
ie

w
 o

f p
a

 e
nt

s -
20

07
1 

- (
m

ai
nl

y)
 L

ow
er

 re
so

lu
 o

n
 

 
 

30   

 4
5

  

+ 
(N

S)
  

+ 
(N

S)
  

2 
- H

um
an

 G
en

om
e 

CG
H 

24
4K

)
Su

re
pr

in
t G

3 
Hu

m
an

 C
G

H 
1 

M
10

5 
K 

Co
m

bi
m

at
rix

 M
ol

ec
ul

ar
 D

ia
gn

os
 c

s

 6   

20   

18   

31
 1

2 
*

 1
11

2 
- C

on
s

 tu
 o

na
l C

hi
p®

 4
.0

 
N

S
N

S
 

32
 2

8
24

 4
3 

- C
yt

oS
N

P 
37

0K
, 5

50
K 

an
d 

66
0K

N
S

N
S

 2

33
 7

9 
*

79
 0

2 
- T

ar
ge

te
d 

O
lig

o 
ar

ra
y,

 1
5K

 
 

 3

Ve
en

m
a 

et
 a

l, 
th

is 
th

es
is

11
7

67
50

3 
- C

yt
oS

N
P 

Q
ua

d 
61

0 
an

d 
12

.2
, A

ff y
 2

50
K)

16
25

13

N
S 

Ex
ac

t n
um

be
rs

 n
ot

 s
pe

ci
fi e

d
* 

Ti
m

in
g 

of
 s

cr
ee

ni
ng

 p
re

na
ta

l i
ns

te
ad

 o
f p

os
tn

at
al

1 
Ar

ra
y 

pl
a

 o
rm

-B
AC

2 
Ar

ra
y 

pl
a

 o
rm

-o
lig

o
3 

Ar
ra

y 
pl

a
 o

rm
-S

N
P



Chapter

4

201General Discussion | 

Figure 1 | Circular plots of genome-wide copy number screen results of 117 “Ro  erdam” CDH 
subjects
Pa  ents are classifi ed depending on the absence (isolated CDH, n=67) or presence (complex, n=50) of addi  onal 
birth defects. The blue colour represents the number of pa  ents with a causa  ve de novo structural chromosomal 
anomaly. Depicted in red is the propor  on of pa  ents iden  fi ed with an inherited structural aberra  on, and green 
represen  ng a remainder CDH subgroup with a yet uniden  fi ed (gene  c) cause. Inherited CNVs could confer 
suscep  bility to CDH a  er all, since they hardly occurred in two normal control popula  ons. Remarkably, 5 out of 16 
de novo CNVs were present in isolated CDH cases (see page 256 for color fi gure).

4.2  Current perspec  ves on the role of spa  al organiza  on on gene 
 expression regula  on: Methodological considera  ons of 3D 
 mul  color FISH and 4C technology data

In chapter 3, chromosome conforma  on capture technology revealed a complex three-

dimensional network of - not necessarily func  onal – chromosomal interac  ons in four diff erent 

 ssues of the nitrofen rodent CDH-model. The occurrence of specifi c combina  ons of DNA 

associa  ons might be explained by the necessity for genes to share common transcrip  onal 

resources [34, 35]. Accumula  on of genes at a certain transcrip  onal factory may provide the 

cell a mechanism by which it can coordinate the expression of genes of a common pathway. 

Such coordinated transcrip  on is especially important during embryonic development in which 

groups of genes have to func  on in a strictly spa  al- and temporal-controlled manner in the 

embryo. In line with this view, we fi rst inves  gated (using the targeted 3D mul  color FISH 

technique) the three-dimensional clustering of crucial “diaphragm” genes (NR2F2, ZFPM2 and 
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GATA4) as a prerequisite for their proper co-expression during normal diaphragm development. 

Coordinated transcrip  on of these three CDH candidate genes proved independent of nuclear 

co-associa  on. In the light of recent evidence, our hypothesis might now be considered naïve. 

First of all, the infl uence of this specifi c epigene  c control mechanism on gene-expression levels 

is less than previously speculated [34, 36, 37]. Secondly, physical proximity of loci does not imply 

a func  on of that interac  on [35]. Thirdly, specifi c gene associa  on events occur in specifi c 

developmental  me windows. Below we briefl y summarize these and other concerns on the 

func  onal implica  ons of chromosomal interac  ons that have been reviewed extensively in the 

literature [38-49]. 

 Intra-chromosomal looping between a distant regulatory element (even up to 1 Mb from 

the gene) and a gene has been well established [43, 47-51]. It is not yet known whether factors at 

the level of the linear DNA - such as ac  vity of gene-neighbors, frequency of neighbors, posi  on 

of repeats and of regulatory elements – would overrule the impact of the three-dimensional 

posi  on eff ect on expression regula  on. The same goes for factors at the level of chroma  n 

folding, infl uenced by histone- and DNA-modifi ca  ons and the posi  on of nucleosomes. Much 

debate con  nues on reports of inter-chromosomal interac  ons as well. Such in-trans interac  ons 

may occur between a gene and a puta  ve regulatory site (enhancer, promoter, insulator) or 

between coordinately expressed genes of a certain pathway [52-57]. Fine-tuning of gene 

expression by spa  al posi  oning may only be relevant for certain cell types or processes such as 

cytokine-receptor choice, imprin  ng, diff eren  a  on during development, or for a cell’s response 

to environmental s  muli [58]. The radial posi  oning of a gene and its long-range interac  ons 

are in general not conserved across species. In addi  on, specifi c radial (re)posi  oning is no 

absolute requirement for gene-expression ini  a  on and/or prolonga  on: expression-levels of 

relocated genes are o  en unchanged and reloca  on is rather a consequence of chromosomal 

context/chroma  n neighborhood. At this  me of wri  ng, only one paper [52] proved the causal 

rela  onship between gene expression regula  on and co-localiza  on of a gene locus (SHH) and 

its distant regulatory element. Moreover, skep  cism about func  onality was fuelled by reports 

on ac  ve transcrip  on factors inside chromosome territories, sugges  ng there is no absolute 

requirement for CTs to intermingle or for genes to loop out. Furthermore, the methods used 

in the fi rst reports on this type of events were based on less stringent defi ni  ons on co-

localiza  on and the use of 2D-FISH techniques only. In addi  on, the radial posi  oning process is 

probably dynamic and stochas  c as current co-associa  on studies (using 3D FISH and the more 

cell popula  on based method 4C) only show associa  on in limited propor  ons of cells at any 

one  me (range of 5-15%). As an explana  on, in each cell at any one  me, a certain gene has 

associa  ons with only a frac  on of its preferen  al partners thereby benefi   ng (but not essen  al 

for transcrip  on!) from the coopera  ve associa  ons [37, 59]. In contrast, whether directly 

causa  ve or merely refl ec  ng a diff erent state, nuclear spa  al organiza  on seems to change in 

a subset of cells at a certain developmental stage or as a response to external s  muli and may 

eventually lead to fi ne-tuning of certain gene expression programs. Therefore, studying nuclear 
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organiza  on might help iden  fy key factors in developmental processes, as demonstrated by our 

4C results in Chapter 3.

4.3  Embryology of the Diaphragm, its remaining issues and Molecular-
 Gene  c Pathways in CDH pathophysiology 

The diaphragm consists of diff erent cell types (myoblasts, neuronal- and suppor  ve-cells) but is 

probably completely derived from mesodermal  ssue. The so-called mesenchymal hit hypothesis 

postulates that defects in the posterolateral diaphragm at rodent embryonic stage E10-E14 

originate from failure of mesenchyme derived Pleuro Peritoneal Fold (PPF) cells to form properly 

and to provide a migra  on pla  orm for the diaphragm muscle precursor cells. In humans this 

transient mesodermal PPF can be demonstrated between the 4-5th week of gesta  on. Even though 

these insights were a real step forward in understanding CDH pathophysiology, many issues 

remain to be resolved. For we are s  ll dealing with an unknown 1) origin and characteriza  on of 

PPF cells, 2) nature of the primary disrupted cellular process in PPFs, 3) e  ology of le   prevalence 

in humans, 4) puta  ve role of the liver, 5) nature of the re  noid pathway aberra  ons and fi nally 

6) an ongoing debate on whether lung defects are caused separately from the diaphragm defects 

in CDH or not. All these issues will be addressed below. Addi  onally a hypothe  cal framework 

in which the diaphragma  c- and pulmonary defects of CDH could be causally linked on a cellular 

and molecular level will be presented. 

Remaining challenges in CDH pathophysiology
1) PPF cell origin and markers?
The fi rst major challenge in CDH research will be the discrimina  on of future PPF cells from the 

large bulk of lateral plate mesoderm that arises at the dorsal side of the intra-embryonic coelom 

of each somite. A related ques  on is the following: does the body wall  ssue that contributes 

to this cell pool originate from several or only one (truncal) somite? In other words, which 

mesodermal cell marker(s) can uniquely iden  fy the cells contribu  ng to the future PPF and 

what is the origin of this amuscular structure? The amuscular component of the PPF is somewhat 

unique in ways not understood and clearly diff ers from the mesenchymal substrate in other 

muscles since the defect is limited to the diaphragm and perhaps some muscular structures of 

the lung.

2) Primary defect in PPF?
The second challenge is to unravel the disrupted basic cellular processes in the popula  on of 

PPF cells. Is it failure of migra  on of PPF cells – in analogy with a neural crest like behavior or 

migra  ng precursor muscle cell behavior – or is there a defect in the prolifera  on/apoptosis 

balance that underlies the shortage of PPF cells? Clugston et al. [60] recently showed that 

decreased prolifera  on is the primary mechanism of ac  on of nitrofen at teratogenic doses in 
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the PPF of rodents. Interes  ngly, the same cellular processes have recently been implicated in 

the pathophysiology of the lung [61]. However, because the nitrofen model has its limita  ons, 

these fi ndings must be confi rmed in other CDH-induced animal models. In addi  on, the group 

of John Greer demonstrated that PPF cells are very unlikely to derive from the neural crest in 

contrast to earlier sugges  ons [62-64]. In a transgenic mouse (Wnt1-Cre/R26R) model, which 

labels neural crest derived  ssue, only Schwann cell precursors migra  ng from the phrenic axons 

were marked. 

 Another cellular pathway that might be implicated emerged from studies of the 

involvement of Wilms’ Tumor 1 (WT1) and re  noic acid (RA) signalling in liver morphogenesis 

and more recently in PPF forma  on at the level of the subcoelomic cardiac mesenchyme [65, 66]. 

These studies showed that mesenchyme cells must delaminate from the subcoelomic body wall 

 ssue (most probably epithelium) in order to contribute to the PPF at the cardiac level and to the 

septum transversum at the diaphragm level. Consequently, through disrup  on of the Epithelial-

Mesenchymal-Transi  on (EMT) pathway of lateral body wall cells there may not be enough 

mesenchymal cells contribu  ng to these structures. We hypothesize a similar process in pleuro-

peritoneal fold forma  on. Changes in the expression levels of the most important factors of EMT 

signalling (such as SNAI1/Snail1, SNAI2/Slug and CDH1-and CDH2 genes which are responsible 

for the switch from E-CADHERIN to N- CADHERIN) are currently under inves  ga  on by the group 

of John Greer (personal communica  on). 

3) Le  -sided prevalence: chemical or mechanical causa  ve factors?
A third remaining issue is: how can we explain the predominance of le  -sided defects in 

human CDH? Is there as shown for rodents [67], a developmental stage-dependent varia  on in 

suscep  bility to le  - or right-sided defects in humans? 

 Rodents predominantly exhibited le  -sided defects in case of toxic RARα-inhibi  ng 

substance administra  ons at embryonic days E8-E9 and right-sided defects at E11-E13. It is 

not known whether this temporal aspect of CDH suscep  bility is refl ected in an asymmetrical 

le  -right spa  al pa  ern of crucial diaphragm signalling molecules. This fi nding also suggests 

that these hypothesized pa  erns are more easily disturbed on the le   side than on the right, 

or, alterna  vely, that on the right side there are more redundant – compensa  ng – signalling 

pathways. In this respect, it is interes  ng to recall that in the condi  onal coup-  II knockout mice 

model, COUP-TFII expression at day E11.5 was slightly higher on the le   side of the post-hepa  c 

mesenchymal plate (PHMP) than on the right [68]. This asymmetric expression of COUP-TFII was 

recently demonstrated across the le  -right axis of the presomi  c mesoderm of the mouse trunk 

as well and interes  ngly resulted in asymmetric RA signalling [69]. Alterna  vely, CDH might be 

viewed as a subtype of laterality disorder (called heterotaxy or situs ambiguous). Several dozens 

of laterality genes that are diff eren  ally expressed on the two sides of vertebrates have been 

described [70]. Moreover, key factors in body axis forma  on were recently associated with less 

severe cardiac phenotypes [71]. The existence of various complex CDH associated syndromes that 

present with various midline defects already supports a laterality view for a propor  on of the 
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non-isolated diaphragm defects. Furthermore, our fi ndings in the Chtop knockout mouse model 

(presented in Chapter 2) supported this view. 

 Finally, Mayer et al. [72] recently postulated that the primordial diaphragm can only 

develop properly if there is extensive, good contact with its underlying organs. On the le   side 

these include the stomach and smaller le   lobe of the liver, while on the right the main por  on of 

the liver is the “leading” structure. According to this “mechanical view on CDH pathophysiology”, 

defec  ve development of the primordial diaphragm (in their paper called PHMP) occurred more 

readily on the le   side because this side has an intrinsic smaller contact area with the underlying 

organs. 

4) Puta  ve role for the liver?
The fourth unanswered ques  on is an old one: is there a role for the liver? In 1996, Kluth et 

al. [73] suggested that an early ingrowth of the liver into the thorax – transient in 50% of the 

human cases – could be of major importance for the forma  on of the defect. This group recently 

elaborated on this theory using fi ndings of electron microscope images of rodent diaphragm 

development [72]. A similar mechanical obstruc  on func  on for the liver was implicated through 

our results on the loss of func  on of the Chroma  n target of Prmt1 (Chtop) gene [74] (Chapter 

2.2). Mice lacking Chtop have numerous developmental abnormali  es, including the dorsolateral 

‘Bochdalek’ type of CDH in 40% of their off spring. Aberrant expression of genes involved in 

mesoderm and vasculature development as well as of a delay in the G2/M-phase of the cell 

cycle were found. Subsequent analysis of the cell cycle defect across diff erent  ssue types 

demonstrated that erythroid progenitors were less aff ected by Chtop loss of func  on than other 

cell types, such as mouse embryonic fi broblasts. Hence, Chtop mice display massive prolifera  on 

of erythroid cells and a fetal liver that expands rapidly during diaphragm development. In contrast, 

because diaphragm genesis is slowed down, the fetal liver may grow beyond the PPF before the 

primordial diaphragm has completely formed, and thus contribute to the defect. Interes  ngly, 

these mechanical eff ects are similar to the secondary mechanical eff ects hypothesized for lung 

development in CDH and may in turn also explain the reduced penetrance or extreme variability 

in diaphragm defect sizes (categorized in the Boston classifi ca  on [75]) seen in mouse models 

and human syndromes.

 A few other studies hinted at a role for the liver due to its close proximity to the diaphragm. 

In Slit3-null mice, the central tendon region of the diaphragm fails to separate from the liver  ssue 

because morphogenesis is disturbed [76]. This is similar to our observa  ons in nitrofen-exposed 

rodents (chapter 3) at embryonic stages E15 and E17 in which liver  ssue is almost inseparable 

from the diaphragm. A few reports in humans describe a diaphragma  c defect combined with 

a hernia sac a  ached to the liver [77, 78]. Although rarely observed during correc  ve surgery, 

these fi ndings might point to an early (transient) developmental role for the liver in diaphragm 

development in general. Or more importantly, these cases might help to explain the puta  ve 

deteriora  ng role of a liver posi  oned intra-thoracically, which in turn is associated with a poorer 

prognosis [79].
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5) Gene  c pathways involved in diaphragm development: “Old candidates and new 
ideas”. Is there a role for alterna  ve non-canonical RA signalling?
A few strong candidate genes regula  ng diaphragm development have been characterized, 

including NR2F2, ZFPM2, GATA4, WT1, LRP2 and members of the Re  noic Acid (RA) signalling 

pathway (e.g. RALDH2, STRA6, RARa). Their candidacy is based on highly penetrant structural DNA 

changes in material of human CDH pa  ents iden  fi ed by aCGH/SNP approaches and muta  on 

analyses. In addi  on, knockout mice models featuring a certain type of diaphragm defect have 

been characterized for these genes as well. Most of these candidates are transcrip  onal regulators 

with pleiotropic func  ons that only par  ally overlap. However, the common (dorsolateral) 

hernia suggests that they interact directly or gene  cally in the developing diaphragm. Since 

others have already extensively reviewed all these genes [29, 75, 80, 81], we only present a brief 

summary and fi gure (Figure 2) and updated the informa  on below. This candidate list is expected 

to steadily grow with the increasing use and lower costs of high-throughput, high-resolu  on 

molecular techniques. Gene priori  za  on- and pathway analysis- programs are important for 

these iden  fi ca  on processes as was recently demonstrated by the Boston group. Russell et al. 

demonstrated [82] that the “diaphragm-signalling network” not only encompasses transcrip  on, 

growth/cell-cell signalling factors and molecules of extracellular matrix biosynthesis, but also 

epigene  cally involved factors such as chroma  n structure regulators. 

NR2F2 – (nuclear receptor 2 type F2 ) alias Coup-  II (Chicken-ovalbumin upstream promoter-

transcrip  on factor II) – was singled out as one of the most promising CDH candidate genes 

by gene-ontology analysis. It is posi  oned in the smallest overlapping region of pa  ents with 

a distal 15q26 monosomy. Pa  ents carrying this autosomal dominant microdele  on feature a 

characteris  c lethal phenotype that aff ects several organ systems and a diaphragm defect in 

85-90% of the cases. Suppor  ng this premise, mouse null mutants showed a Bochdalek type 

of defect a  er  ssue specifi c abla  on of Nr2f2. In addi  on, NR2F2 was iden  fi ed as a re  noic 

acid (RA) ac  vated receptor and is able to sequester RXR in a func  onally inac  ve complex, 

providing a link to the well-known “Re  noids pathway disrup  on hypothesis” of CDH. Clugston 

et al. showed evidence for both NR2F2 mRNA and NR2F2 protein expression in the rodent 

PPF at embryonic stage E13.5 [83]. Remarkably, no specifi c CDH causing muta  ons have been 

iden  fi ed in isolated CDH pa  ents, sugges  ng no direct causal overlap between diaphragm 

defects in the complex 15q26 monosomy cohort and the isolated one. This could suggest that 

addi  onal – possibly epigene  c – mechanisms aff ect the normal expression of 15q26 CDH-genes 

in this specifi c complex cohort. Future discrimina  on of its puta  ve long-range,  ssue-specifi c 

upstream regulators can lead to iden  fi ca  on of alterna  ve NR2F2 aff ec  ng muta  ons.

 Finally, cumula  ve evidence shows an important general role for NR2F2 at several stages 

of mammalian organ development, including an early role in embryonic stem cell state and 

diff eren  a  on [84-85]. 
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Figure 2 | Diaphragm signalling cascade
Depicted are the strong CDH candidate genes from literature [29, 75, 80, 81] (dark blue squares for FOG2, WT1 
and GATA4, green/grey/purple symbols for RA signalling members and NR2F2; dark brown) and their puta  ve 
interac  ons at the specifi c loca  on of the primordial diaphragm in which they have been demonstrated. According 
to the revised view on diaphragm embryogenesis, diaphragm  ssue derives from four diff erent mesenchymal 
components (depicted in the 4 grey boxes) i.e. the postero-lateral pleuro-peritoneal folds, the anterior septum 
transversum, the central esophageal mesentery and the lateral body wall mesenchyme. When completely fused, 
these structures form a suppor  ve layer on which the “true” diaphragm muscle cells (that are derived from the 
hypaxial part of the somite) can migrate (represented as the light red box). Recently, several developmental studies 
[131] have shown that skeletal muscles of the body, limb and head have a dis  nct embryonic and cellular origin, 
while the gene  c regula  on at work in these domains are star  ng to be iden  fi ed as shown for hypaxial muscle. 
Evidence for the genes and interac  ons depicted in the yellow boxes is based on our own preliminary data (chapter 
2: FZD2, FREM1, TBX5) or from literature (BMP4, FOXF1, WNT3A/5A)[76, 132, 133] (see page 256 for color fi gure). 

Apart from NR2F2, Clugston et al. [83] inves  gated the expression of ZFPM2, GATA4 and WT1 

and demonstrated that their co-expression is confi ned to the mesenchymal component of the 

E13.5 rodent PPF. 

ZFPM2 – (Zinc Finger Protein, Mul  type 2) alias FOG2 (Friend of gata2) – is considered a strong, 

yet not fully penetrant candidate responsible for the development of Bochdalek hernias in 

infants harboring 8q21-22 microdele  ons [30]. These muta  ons have an autosomal dominant 

inheritance pa  ern. A few isolated CDH pa  ents with unique ZFPM2 sequence varia  ons have 

been described in literature as well [86, 87]. Furthermore, in an analysis of day E18.5 embryos 

derived from mice treated with N-ethyl-N-nitrosourea, Ackermann et al. iden  fi ed a zfpm2 

muta  on causing both pulmonary hypoplasia and abnormal diaphragma  c development [87]. 

Finally, ZFPM2 and NR2F2 physically interact during cardiac development [88] sugges  ng they 
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also could be parts of the same regulatory network in diaphragm development. In this respect, 

we should also men  on GATA4; a zinc-fi nger transcrip  on factor expressed in mesenchymal cells 

of the developing diaphragm, lung and heart. GATA4 protein o  en forms a complex with ZFPM2 

(Figure 2) during development, modula  ng the expression of GATA4 target genes depending on 

the cell type and embryonic context [89-92]. GATA4’ s expression and ac  vity are infl uenced by 

re  noids and GATA4 in turn infl uences RA signalling through ac  va  on of LRAT transcrip  on in 

certain cell lines [93]. Heterozygous muta  ons of Gata4 in C57B1/6 mice lead to diaphragma  c 

defects in the midline associated with dilated airways, thinkened pulmonary mesenchyme and 

cardiac malforma  ons [94]. Yet, penetrance of these defects is dependent on strain-specifi c 

modifi er genes and diaphragm defects are not detected on mixed gene  c backgrounds. So far, no 

human CDH pa  ents have been described with point muta  ons in this gene. Several human cases 

with microdele  ons on 8p23.1 exhibited both diaphragm and cardiac defects. Nevertheless, 

recent studies suggest – similar to the mouse model – that haploinsuffi  ciency of addi  onal genes 

on 8p may be involved in these 8p23-associated birth defects [95]. In a collabora  ve eff ort with 

the Houston research group, we [96] recently provided evidence that SOX7 might be one of these 

8p23.1 candidates. 

WT1 – (Wilms Tumor 1) – was ini  ally iden  fi ed as a tumor suppressor gene involved in the 

e  ology of Wilms’ tumor in humans. It is one of the genes expressed in the developing mouse 

mesothelium and subcoelomic mesenchyme of the lateral body wall from E10.5-E12.5. Analysis 

in knock out mice revealed its essen  al roles in the forma  on of numerous organ systems [97, 98] 

including the kidneys, coronary vessels and the diaphragm (septum transversum part). Norden et 

al. [66] recently iden  fi ed an addi  onal func  on of WT1 in pleuro-pericardial fold forma  on: WT1 

indirectly induced apoptosis of mesenchymal cells at the distal a  achment point of the pleuro-

pericardial fold hereby media  ng its release from the body wall. Via co-localiza  on experiments 

and a reporter-gene construct, these authors proved that RA signalling via the enzyme RALDH2 

acted downstream of WT1. This is interes  ng since RA signalling has long been suggested to 

be causal in the pathophysiology of CDH. In addi  on, in a similar study by IJpenberg et al. [65] 

co-expression of RA and WT1 in the coelomic lining was already manifested at the level of liver 

morphogenesis and addi  onally in PPF development. In analogy with defects of the pleuro-

pericardial folds, we suggest that WT1 expression acts upstream of RALDH2-RARa signalling in 

the cells of the lateral body wall which are going to contribute to the subcoelomic mesenchyme 

forming the PPF (Figure 2). In turn, through RA these cells delaminate (supposedly as part of an 

Epithelial Mesenchymal Transi  on process) from the epithelial part of the body wall and thereby 

contribute to the PPF mesenchyme. Clugston showed that par  cularly RARa expression was 

devoid in the most rostral part of the PPF in nitrofen off spring, supports this theory [99]. 

RARa pathways in CDH
As briefl y men  oned in the introduc  on chapter, abnormal re  noid signalling is thought to 

contribute to the e  ology of CDH [80, 99]. Only few complex human CDH cases – who display 
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major congenital anomalies besides their diaphragm defect – have been directly ascribed to 

gene  c defects in crucial RA genes. No such key RA-muta  ons are demonstrated in isolated CDH 

cases so far. Consequently, only subtle disrup  ons of RA signalling – which might be secondary 

to yet uniden  fi ed factors – can explain the devia  ons in low re  nol or re  nol-binding protein 

levels established in isolated CDH cases [100-103]. 

 RA func  ons as a repressor or co-ac  vator through interac  ons with other pathways. It 

induces a dis  nct set of regulatory molecules depending on the structure or  ssue in which 

it is produced and thereby puta  vely leads to organogenesis-specifi c programs. Both knockout 

and overexpression mice models showed that  ght regula  on of RA concentra  on is important 

during development [104, 105]. Its local  ssue concentra  on is probably controlled by a complex 

interplay between degrada  on and synthesis, which is refl ected in the dynamic expression 

pa  erns of Rar, Rxr, Raldh, CrabpII, CrabpI and Cyp genes [106]. In rela  on to CDH, studies so far 

have solely focused on disrup  on of the classical canonical RA signalling arm and the func  on of 

RA-receptors as gene transcrip  on regulators (Figure 3, Canonical RA pathway). However, cancer 

research has revealed two addi  onal downstream RA-pathways that might bear upon RAR’s role 

in balancing prolifera  on and apoptosis or the EMT of mesenchymal cells in the PPF and the 

lungs [107]. Besides the well-established nuclear loca  on of RARs, these receptors were found in 

the cytosol and/or membranes of cells and rapidly ac  vated mitogen-ac  vated protein-kinases 

(Figure 3 Alterna  ve RA pathway) [108]. In turn, these ac  vated kinases induced a coordinated 

phosphoryla  on cascade that targeted RARa itself, its coregulators and histones. Interes  ngly, 

RAR phosphoryla  on also occurred in the absence of ligand, yet at residues diff erent from 

those that are normally targeted and then resulted in down-regula  on of RARa ac  vity [107]. 

This new evidence implies the (par  al) uncoupling of RARa ac  vity and func  oning from the 

synthesizing arm of the RA pathway. Consequently, it can be hypothesized that in CDH pa  ents, 

RARa is inac  vated in the PPF through re  noic acid-independent phosphoryla  on. Such puta  ve 

abnormali  es must be studied on a post-transcrip  onal level and could explain why RA disrup  ng 

muta  ons have not been found in CDH pa  ents so far. This alterna  ve RA-pathway also opens 

up the possibility of very local RARa disrup  on, induced by exogenous signals such as growth 

factors or cytokines. Finally, the second non-canonical role of RARa is its ability to associate with 

a subset of mRNAs (so far only shown in neuronal dendrites) and thereby directly repress the 

transla  on of these mRNAs [109]. 

The extended view on the classic and alterna  ve RA signalling pathways is presented in Figure 3.

6) Lung and diaphragm: chicken or egg? Patho-morphology of the trachea and lungs in 
CDH, link to diaphragm defects?
Bronchial branching and pulmonary artery branching are considered the most aff ected 

processes in the maldevelopment of the lungs in CDH leading to fewer branch points for both 

these structures. Consequently, this results in fewer airway alveolar structures and fewer small 

lung vessels than in normal lungs. In addi  on, the morphology of the pulmonary vasculature is 

abnormal; the peripheral arteries are hypermuscular, with thick medial muscle layers that extend
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more distally on the arterioles than in healthy persons [110, 111]. Debate con  nues on whether 

these lung defects are caused separately from the diaphragm defect or by a common eff ector. 

Lung development is not a requirement for proper diaphragm development, since fgf10 null mice 

have no lungs, but do have a diaphragm [112]. Unilateral lung hypoplasia without diaphragma  c 

defects has been described in humans as well [113]. Vice versa, shh/gli3 double null mice do 

form somewhat hypoplas  c lungs but have no diaphragm [114]. Consequently, the diaphragm 

develops independently from the lungs. However, this no  on does not exclude the possibility 

that the same gene  c- and environmental disturbances target similar precursor-cell types and 

processes in both the lungs and the diaphragm of CDH pa  ents. These causa  ve disturbances 

will probably encompass only one or a few large eff ect muta  ons in complex CDH-cases. On the 

other hand, in isolated CDH subjects there will be many smaller eff ect genes and modifi ers. A 

causal correla  on between maldevelopment of both embryonic structures is also likely, since 

both develop in close spa  al proximity of each other and within the same  me window. First 

evidence for this “one-eff ector-two organs” hypothesis comes from recent data of our group 

[61] showing that the mesenchymal layer is the primary target for lung defects in CDH-induced 

rodents. A disrup  on of cell cycle progression and subsequently an impaired prolifera  on of 

mesenchymal cells was characterized as the basic underlying cellular mechanism, which is in 

agreement with the earlier results in rodent diaphragm  ssue [115]. Although these results 

are sugges  ve, this dual hit model needs to be proven in diaphragm and lung development in 

CDH pa  ents.Finally, although key elements of lung signalling are star  ng to be iden  fi ed using 

various knockout mice approaches (as reviewed in [116-118]), the framework of overlapping 

signalling molecules involved in diaphragm-development is s  ll largely unknown and needs a 

more systemic biology approach using input from diff erent research fi elds. 

4.4 Future perspec  ves

As demonstrated in Chapter 2, molecular cytogene  c techniques have provided valuable insights 

into the gene  c suscep  bility of human CDH. Moreover, teratogenic, surgical, and gene  c 

knockout models were instrumental to connect the iden  fi ed human muta  ons to diaphragm 

maldevelopment [66, 68, 87, 94, 104, 119-122]. However, we believe that more is needed to 

unravel the developmental molecular network that contributes to CDH and to its phenotypic 

variability. Firstly, cumula  ve data from our own research group (Chapter 2) human CDH specifi c 

chromosomal hot spots, (Chapter 3) 15q26 monosomy transcriptome results) and from the 

group of Greer et al. [60] point to disrup  on of early embryonic genes and cellular diff eren  a  on 

processes. Obviously we cannot study these disrup  ons in human fetuses at a gesta  onal age 

of 4-6 weeks. Secondly, gene  cally altered (rodent) animal models as a subs  tute for human 

material may display fundamental diff erences in  ssue-specifi c expression pa  erns as compared 

to humans. Furthermore  ming and mechanism of gene regula  on may diverge from the 

human species. Together these remarks highlight the importance of developing a disease model 
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that refl ects both the gene  c background of the original pa  ent and provides target-  ssue in 

suffi  cient amounts and with crucial embryonic characteris  cs. Therefore I propose applica  on 

of the innova  ve, induced pluripotent stem cell (iPSC) technique. This technique can generate 

CDH pa  ent-specifi c stem cells from terminally diff eren  ated skin cells using a combina  on of 

gene  c- and expression-modula  ng factors (Oct3/4, Sox2, c-Myc, and Klf4) [123]. Successful 

applica  on of the iPSC technique in cells exhibi  ng a specifi c gene  c aberra  on have already 

been demonstrated for Prader-Willi [127] and Re   syndrome [123, 124] in re-diff eren  ated 

neurons, and for Timothy syndrome [125, 126] in the cardiac lineage. 

 Genera  ng iPS cells from CDH-pa  ents and healthy controls and evalua  ng the diff erences 

in cellular characteris  cs, might be useful to resolve a few of the issues raised in the third of 

paragraph of this discussion: 

 Firstly, it might enable iden  fi ca  on of the cell marker(s) that characterise the PPF. 

Successful re-diff eren  a  on towards early mesenchyme (using factors such as Brachyury, 

NODAI and LEFTY) has already been described. The same holds true for hypaxial muscle re-

diff eren  a  on (Pax3, Myf5, Mrf4 and Myogenin)[128-130]. A more challenging “trial-and-error” 

approach will be needed to establish the factors required later on in the PPF diff eren  a  on 

process. If technically feasible, it creates the opportunity to inves  gate the diff erence between 

mesenchymal precursors of the diaphragm and its “true” muscle progenitors, and thereby allows 

for a molecular iden  fi ca  on of the diff erences between CDH and an eventra  on. 

 Secondly, the main power of this approach will be the ability to study known CDH causing 

(gene  c) aberra  ons within their naturally occurring gene regulatory environment. We propose 

to start with skin fi broblasts of pa  ents harboring a chromosome 15q26 dele  on, as this to date 

is the strongest CDH-associated chromosomal hot spot in humans. In addi  on, these pa  ents 

have been phenotypically characterized in detail and their gene  c anomalies have been studied 

extensively by our group (Chapter 3). Interes  ngly, a recent paper reported on the role of the 

strong 15q26 candidate NR2F2 in regula  ng early human embryonic stem cell state and cell 

fate [85]. We hypothesise that haploinsuffi  ciency of NR2F2 in pa  ent 15q26 monosomy cell lines 

off ers a unique opportunity to test the func  onal role of this gene in the proposed feed-back loop 

of human ESC pluripotency: subsequently we could expect pa  ent cell lines to be reprogrammed 

more easily because of reduced NR2F2 capacity. 

 Thirdly, iPSC will allow inves  ga  ons to resolve whether Epithelial to Mesenchymal 

Transi  on (EMT) is indeed the primary disrupted process in the PPF of CDH pa  ents or that 

an increased apoptosis or defects in prolifera  on are crucial. In addi  on a detailed analysis of 

diff erences in  ming and expression of known CDH-candidates such as WT1 and NR2F2 as well 

as genes involved in EMT signalling (such as SNAI1, SNAI2 and CDH1-and CDH2) will be possible.

 Finally, an interes  ng challenge for the above-men  oned cell model is; how to translate 

these fundamental research results into pa  ent benefi ts rapidly and effi  ciently? Be  er insights 

into the basic disease-mechanisms of CDH may provide clinical gene  cists and paediatricians 

with be  er tools on how and when to allocate treatment op  ons. Furthermore, iPSC  ssue 

specifi c-cell models allow for the tes  ng of therapeu  c interven  ons. For example, the iPSC 
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protocol may be used to create CDH-lung vascular specifi c cells and by that permits tes  ng of 

an  hypertensive drugs in inexhaus  ble, scalable and physiologically na  ve material. iPSCs may 

also serve as a diaphragm  ssue replacement therapy. By gran  ng mainly research ini  a  ves 

that have a transla  onal component, many na  onal and interna  onal funding organisa  ons are 

already pushing the scien  fi c fi eld into this transla  onal research strategy. Large interna  onal 

collabora  ons of researchers from diff erent scien  fi c backgrounds will be essen  al to accomplish 

this. 
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5.1 Summary

Congenital diaphragma  c hernia (CDH) is a severe birth defect characterized by a hole in the 

postero-lateral part of the diaphragm muscle – a cri  cal organ for proper respira  on – and aff ects 

approximately 1 in 3000 live borns. This defect can be surgically repaired usually within 2-5 days 

a  er birth. However, ven  latory support and pharmaceu  cal treatment of the co-occurring lung 

hypoplasia and pulmonary hypertension are insuffi  cient in respec  vely 20% of isolated cases and 

60% of complex ones leading to early perinatal death. 

 A clear understanding of the early embryonic processes and factors that lead to CDH is 

s  ll missing. Their iden  fi ca  on is hampered by the mul  factorial and heterogenic nature of 

CDH. The same holds true for prognos  c factors predic  ng treatment refrac  on. Albeit, valuable 

insights into the gene  c suscep  bility of CDH has recently been provided by the applica  on 

of new molecular cytogene  c techniques to pa  ents’ DNA. Chromosomal aberra  ons are now 

detected in 20-30% of human cases and some of these recurrent, structural anomalies point to 

CDH associated loci and genes involved in the Re  noic Acid (RA) signalling pathway. The studies 

described in this thesis provide and evaluate new gene  c and epigene  c percep  ons on CDH’ 

ae  ology.

In chapter 2 we focused on diff erent aspects of Copy Number Varia  ons (CNVs) in CDH. Two 

large cohorts – including both isolated as well as complex cases – were screened for germ-

line CNVs using high-resolu  on arrays. Results gave a valuable indica  on of the propor  on 

of underlying de novo and inherited structural events, in which the la  er could func  on as a 

disease-specifi c suscep  ble background. Besides overlap with various previously iden  fi ed CDH 

associated hot spots, new CDH-candidate genes on chromosome 5p15.31, 17q12.2, 9p22.3 and 

12q24 were proposed. These fi ndings underscore the importance of screening all individuals 

with diaphragma  c defects by high-resolu  on techniques. The possibility of soma  c muta  ons 

restricted to the aff ected diaphragm  ssue was excluded by screening for CNVs in DNA isolated 

from diaphragm biopsies of a small subcohort of isolated CDH pa  ents.

 Targeted approaches searching for detrimental changes in ZFPM2 (n=52), SOX7 (n=77) 

and CHTOP (n= 43) were executed in studies from chapter 2 as well, yielding respec  vely three, 

zero and one changes which had not been previously described in the dbSNP database. Yet, 

alloca  on of any func  onal implica  on to these changes was hampered by the fact that over 

half were inherited or parents were unavailable. Importantly, the Chtop muta  on- a main target 

of the protein arginine methyltransferase Prmt1- stresses on the possibility that DNA errors in 

chroma  n-associated proteins might confer epigene  c suscep  bility to CDH.

 Ar  cle 2.4 con  nued on the search for CNVs, in this case structural aberra  ons that diff ered 

between twins discordant for esophageal atresia (n=7) or CDH (n=4). Results showed an iden  cal 

copy number profi le in each twin pair. Mosaic events – with a detec  on threshold of twenty per 
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cent – could not be detected either. Therefore, other factors (i.e. environmental or epigene  c) 

are involved in the MZ phenotypic diff erences in these inves  gated congenital anomaly cohorts. 

In the fi nal ar  cle of chapter 2 we discussed whether and how a gene  c aberra  on present at 

low-mosaic frequencies has the poten  al to mediate  ssue-specifi c dysfunc  on in an aff ected 

complex CDH individual. Hypothe  cally, a higher incidence of the aberra  on in aff ected organs 

such as lung and diaphragm as compared to healthy ones could explain the pa  ents’ phenotype. 

High-resolu  on whole genome SNP array confi rmed a low-level (20%) mosaic unbalanced 

transloca  on (5;12) in uncultured amnio  c fl uid cells. Subsequently, targeted Fluorescence In-

Situ Hybridiza  on (FISH) was used to analyse mosaic frequencies in several postmortem collected 

 ssues. These results demonstrated that in contrast to our hypothesis, the mosaic frequency 

was independent of the aff ected status of the  ssue. Diff erences in default gene-expression 

requirements between  ssues could account for this phenotypic “organ” discrepancy. 

In chapter 3 we focused on puta  ve epigene  c mechanisms underlying diaphragm defects both 

in a human complex CDH model (3.1) as well as in a teratogen CDH-induced rodent model (3.3). 

Coordinated expression and interac  on of func  onally related genes at a certain transcrip  on 

factory have been suggested in literature and may provide the cell with a mechanism by which it 

could coordinate the expression of genes of a common pathway. In turn, changes in these spa  al 

pa  erns during development or as a consequence of cell-diff eren  a  on might serve as markers 

to iden  fy diseased states. Following this, we hypothesized the three-dimensional clustering of 3 

crucial “diaphragm” genes (NR2F2, GATA4 and ZFPM2) as a prerequisite for proper co-expression 

and normal diaphragm development and a perturba  on of this process in pa  ents with a 

diaphragm defect. We used dermal fi broblasts derived from a pa  ent with a 15q monosomy as 

a model system, since this is the most common and strongest CDH associated chromosomal hot 

spot to date and results in only 1 func  onal NR2F2 allele. Results showed that the coordinated 

expression of these CDH candidates was independent of nuclear co-associa  on. Since juxta-

posi  oning of genes could be dependent on a certain s  mulus, gene clustering was studied a  er 

re  noic acid (RA) induc  on also, giving similar results.

 A  er ruling out spa  al epigene  c eff ects in 15q monosomy fi broblasts, their transcriptome 

profi les were analysed in default and a  er a 48-hour exposure to four diff erent RA-

concentra  ons (3.2). We speculated that genes in the 15q26 region are both important for 

diaphragm development as well as for RA-signalling and suggested that overs  mula  on with RA 

would unmask a rela  ve RA-defi ciency in these pa  ents. Indeed, results demonstrated that key 

components of RA homeostasis were profoundly up-regulated a  er RA s  mula  on in pa  ent 

cell lines only. In addi  on, new light was shed on exis  ng ideas of 15q26-candidate genes. 

Results further pointed out several new early mesenchymal and lung vascular candidate factors, 

underlining a concomitant eff ect on lung- as well as mesenchyme diaphragm development. 

 In the fi nal ar  cle of chapter 3, we applied chromosome conforma  on capture technology 

(4C). 4C allows for screening the genome in an unbiased manner for DNA regions that are in close 

contact in the three-dimensional nuclear space to a region of interest, in our study the promoter 
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region of NR2F2. DNA spa  al pa  erns iden  fi ed at a certain developmental stage are thought to 

represent a blueprint of the genome’s func  onal output at that specifi c  me-window. Therefore, 

iden  fi ca  on of the subnuclear environment of the NR2F2 gene in embryonic  ssues of healthy 

rodent off spring as well as upon chemical interference with RA signalling will provide novel (epi)

gene  c insights into the role of NR2F2 in diaphragm- and lung organogenesis. Interac  ons of 

NR2F2 in heart-and liver served as non-CDH specifi c controls. Subtle diff erences for specifi c 

interac  ons were demonstrated upon nitrofen-treatment, poin  ng to new CDH candidate genes. 

Moreover, increased knowledge of the most abundant interac  on partners of NR2F2 across all 

4C samples, iden  fi ed 1 specifi c domain on chromosome 14 and the Oct1 protein as the common 

regulatory source of the NR2F2 interactome. 

 Despite these remarkable results, careful interpreta  on is mandatory for several 

reasons. Firstly, literature recently suggested that the ini  al perturba  on event of diaphragm 

development occurs at a much earlier stage (i.e. rodent day E13.5) than previously expected. 

Secondly, gene  cally altered (rodent) animal models as a subs  tute for human material may 

display fundamental diff erences in  ssue-specifi c expression pa  erns as compared to humans. 

Finally  ming and mechanism of gene regula  on may diverge from the human species. Together 

these remarks stress on the importance of developing a disease model that refl ects both the 

gene  c background of the original pa  ent and provides target-  ssue in suffi  cient amounts and 

with crucial embryonic characteris  cs mimicking early developmental processes. The innova  ve 

induced Pluripotent Stem Cell (iPSC) technique fullfi ls these criteria and is suggested for future 

CDH research in the general discussion of Chapter IV. Furthermore, this discussion elaborates 

on the strengths and weaknesses of the studies in this thesis and provides new insights on 

diaphragm embryology. 
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5.2 Samenva   ng

Congenitale Hernia Diafragma  ca (CHD) is een erns  ge aangeboren aandoening van het 

middenrif en wordt gekenmerkt door een gat in het postero-laterale gedeelte van deze 

essen  ële ademhalingsspier. CHD komt voor bij één op de 3000 levendgeborenen. Chirurgische 

repara  e van het defect is meestal mogelijk binnen twee tot vijf dagen na de geboorte. Een 

vroege perinatale ster  e treedt echter op in 20% van de geïsoleerde, en 60% van de complexe 

CHD gevallen. Dit wordt veroorzaakt doordat ademhalingsondersteuning en medicamenteuze 

behandeling van de bijkomende longhypoplasie en pulmonaire hypertensie niet afdoende is.

Het mul  factoriële en heterogene karakter van CHD bemoeilijkt een goed inzicht in welke vroeg 

embryologische processen en factoren deze aandoening veroorzaken. Dit geldt ook voor de 

prognos  sche factoren die het falen van therapie kunnen voorspellen. Wel zijn er in de laatste 

5 jaar belangrijke inzichten verkregen door analyse van het DNA van pa  ënten met behulp van 

nieuwe moleculair cytogene  sche technieken. Deze aanpak hee   er onder andere toe geleid dat 

men in 20 tot 30% van de pa  ënten een structurele chromosomale afwijking kan detecteren. 

Enkele van deze structurele afwijkingen komen veelvuldig voor en richten de aandacht op loci 

en genen die geassocieerd zijn met zowel CHD als ook met de vitamine-A signaalcascade. In de 

studies beschreven in dit proefschri   werden nieuwe gene  sche en epigene  sche inzichten in de 

e  ologie van CHD geïden  fi ceerd en geanalyseerd. 

In hoofdstuk twee van dit proefschri   richten we onze aandacht op Copy-Nummer Varia  es (CNVs) 

in CHD. Door gebruik te maken van arrays met een hoge resolu  e werden twee grote cohorten 

met zowel geïsoleerde als complexe pa  ënten gescreend op het voorkomen van CNV’s in de 

kiembaan. Hierdoor werd een goede indica  e verkregen van het aantal de novo en overgeërfde 

structurele afwijkingen dat aan CHD ten grondslag ligt of kan bijdragen. Naast een aantal 

chromosomale “hot spots” die al eerder met CHD waren geassocieerd, werden nieuwe kandidaat 

genen op respec  evelijk chromosoom 5p15.31, 17q12.2, 9p22.3 en 12q24 geïden  fi ceerd. Al 

deze bevindingen benadrukken het belang om alle individuen met een diafragmadefect te 

screenen met moleculair gene  sche technieken van een hoge resolu  e. Soma  sche muta  es, 

dus afwijkingen enkel en alleen in het aangedane diafragmaweefsel, werden uitgesloten door 

van een kleine subgroep van geïsoleerde CHD pa  ënten DNA te isoleren uit diafragmaweefsel. 

Meer gerichte strategieën, met als doel de iden  fi ca  e van schadelijke muta  es in ZFPM2 

(n=52), SOX7 (n=77) en CHTOP (n= 43) werden ook uitgevoerd. Dit resulteerde in respec  evelijk 

drie, nul en één verandering van een enkele base (SNP), die niet voorkwamen in de “dbSNP” 

databank. Of dergelijke muta  es bijdragen aan CHD is niet al  jd helder want vaak worden de 

muta  es overgeërfd van een normale ouder of is niet van beide ouders DNA aanwezig. Echter 

iden  fi ca  e van de overgeërfde CHTOP muta  e – een DNA fout in een chroma  ne-geassocieerd 

eiwit en bovendien een cruciaal aangrijpingspunt van het arginine-methyltransferase eiwit PRMT 

– suggereert dat deze zou kunnen bijdragen aan een epigene  sche vatbaarheid voor CHD.
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In ar  kel 2.4 hebben we gezocht naar structurele afwijkingen die verschillend waren tussen 

eeneiige tweelingen die discordant waren voor slokdarm atresiëen (n=7) of CHD (n=4). In alle 

tweelingparen werd een iden  ek copy-nummer profi el gevonden. Tevens konden, met een 

detec  e grens van 20%, geen afwijkingen in mozaïekvorm worden aangetoond. Andere factoren, 

zoals omgevings- en epigene  sche factoren of zeldzame SNPs, zijn daarom verantwoordelijk voor 

de fenotypische verschillen in de eeneiige tweelingen van deze aangeboren afwijkings cohorten. 

 In het laatste ar  kel van hoofdstuk twee, bediscussiëren we, of en hoe, gene  sche 

afwijkingen met een laag-mozaïeke frequen  e de poten  e hebben om weefselspecifi eke 

disfunc  e te genereren in aangedane complexe CHD individuen. Een hogere inciden  e van de 

afwijking in de aangedane organen, zoals diafragma en longen, ten opzichte van de gezonde, 

kan hypothe  sch gezien het variabele fenotype van de pa  ënt verklaren. Met behulp van een 

genoom-brede en -hoge resolu  e SNP array konden we een laag- mozaïek (20%) ongebalanceerde 

transloca  e beves  gen in het vruchtwater van de pa  ënt. Vervolgens werd een gericht FISH - 

Fluorescerend In-Situ-Hybridisa  e -protocol toegepast om de mozaïek frequen  es te bepalen in 

verschillende postmortem verkregen weefsels. In tegenstelling tot de algehele hypothese, was de 

mozaïekfrequen  e niet a  ankelijk van de aangedane status van het weefsel. Deze fenotypische 

discrepan  e op orgaan niveau kan veroorzaakt worden door een verschillende behoe  e in de 

default genexpressie spiegels. 

In het tweede gedeelte van dit proefschri   rich  en we onze aandacht op de mogelijk 

epigene  sche mechanismen die ten grondslag kunnen liggen aan diafragma defecten bij de 

mens (hoofdstuk 3.1) of bij ra  en in een teratogeen geïnduceerd CHD-model (hoofdstuk 3.3). 

In de literatuur wordt een gecoördineerde expressie en interac  e van func  oneel gelijke genen 

in transcrip  efabrieken gesuggereerd en dit gee   de cel de mogelijkheid om de expressie van 

genen uit één en dezelfde signaalcascade te reguleren. Veranderingen in de ruimtelijke oriënta  e 

gedurende een bepaalde ontwikkelingsfase of als gevolg van diff eren  a  e kunnen dan dienen als 

ziekte markers. In navolging van dit idee, veronderstelden wij dat de driedimensionale clustering 

van drie candidaat diafragma genen (NR2F2, ZFPM2 en GATA4) noodzakelijk is voor co-expressie 

en gezonde diafragma ontwikkeling. Een ontregeling van dit proces werd gesuggereerd bij CHD 

pa  ënten. Als model systeem werden de huidfi broblasten van een 15q monosomie pa  ënt 

met slechts één func  oneel NR2F2 allel gebruikt, omdat dit tot nu toe de meest voorkomende 

en sterkst CHD geassocieerde chromosomale “hot spot” is. De gecoördineerde expressie van 

de onderzochte CHD genen bleek echter ona  ankelijk te zijn van hun nucleaire co-associa  e. 

Met behulp van RA s  mula  e werd tevens onderzocht of het tegenover elkaar liggen misschien 

a  ankelijk was van een s  mulus. Dit bleek niet het geval. 

 Nadat ruimtelijke epigene  sche eff ecten in 15q monosomie fi broblasten waren uitgesloten, 

analyseerden we ook hun genoom brede transcrip  eprofi elen, zowel in een normale kweek als 

na s  mula  e met vier verschillende concentra  es RA gedurende 48 uur. We veronderstelden dat 

de genen in de 15q26 regio zeer belangrijk zijn voor zowel de diafragma ontwikkeling als voor 

de RA-signaalcascade. Overs  mula  e met RA zou daarom een rela  eve RA defi ciën  e in deze 
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pa  ënten kunnen onthullen. In overeenstemming met deze zienswijze, lieten de resultaten zien 

dat cruciale elementen in RA metabolisa  e alleen verhoogd waren in de pa  ëntengroep. Tevens 

werden nieuwe inzichten verkregen in bestaande ideeën van 15q26 kandidaat genen. Daarnaast 

benadrukten de resultaten het belang van enkele vroege mesenchymale- en longvasculaire-

factoren. Dit laatste onderstreept een samenvallend eff ect op zowel de long-als de mesenchymale 

diafragma ontwikkeling in CHD.

 In het laatste ar  kel van hoofdstuk drie passen we de “chromosoom conforma  e capture” 

techniek (4C) toe. Met behulp van 4C kan op een onbevooroordeelde manier het genoom 

gescreend worden op DNA regio’s die dicht in de buurt liggen (in de 3-dimensionale nucleus) 

van een locus waarin men geïnteresseerd is. In ons geval was dat de promotor regio van het 

NR2F2 gen. De ruimtelijke DNA patronen in een bepaald ontwikkelingsstadium worden namelijk 

verondersteld representa  ef te zijn voor de func  onele “output” van het genoom in die specifi eke 

 jdsperiode. Er werd gezocht naar nieuwe epigene  sche inzichten in de rol van NR2F2  jdens 

de diafragma- en long-ontwikkeling, door de nucleaire micro-omgeving van het NR2F2 gen te 

bepalen in embryonaal weefsel van gezonde ratembryo’s en deze te vergelijken met de patronen 

van ratembryo’s met een chemisch verstoorde Vitamine-A signaaltransduc  e. De interac  es van 

NR2F2 gen in hart- en leverweefsel werden gebruikt als niet CHD-specifi eke controles. Sub  ele 

verschillen in specifi eke interac  es werden inderdaad gevonden in de met Nitrofen-behandelde 

weefsels en deze richten op hun beurt de aandacht op enkele nieuwe CHD kandidaatgenen. 

Tevens werd gekeken naar de overlap tussen de weefsels van de meest voorkomende interac  es 

van NR2F2. Op deze wijze werd een domein op chromosoom 14 geïden  fi ceerd als mede het 

eiwit Oct1 als de gemeenschappelijke regulator van het “NR2F2 interactoom”. Ondanks deze 

opmerkelijke resultaten is voorzich  gheid geboden met interpreta  e hiervan. Ten eerste hee   

data uit de recente literatuur bewezen dat de allereerste verstoring in de diafragma ontwikkeling 

een stuk eerder plaatsvindt dan al  jd werd gedacht. Ten tweede blijken de gene  sch 

gemanipuleerde (ra  en) diermodellen in vergelijking met de mens fundamentele verschillen 

te vertonen in de weefsel-specifi eke gen expressie. Tenslo  e blijkt ook het  jds  p zelf en de 

genregula  e mechanismen af te wijken van de humane soort. Dit alles benadrukt het belang 

van ontwikkeling van een CHD-model dat representa  ef is voor de gene  sche achtergrond van 

de pa  ënt. En bovendien een model dat in staat is om voldoende weefselspecifi ek materiaal te 

genereren die de cruciale embryonale karakteris  eken van de vroege ontwikkeling refl ecteert. 

Het recent ontwikkelde en innova  eve iPSC (geïnduceerde Pluripotente Stam Cel) model voldoet 

aan deze criteria. In de algemene discussie van hoofdstuk vier wordt de toepassing van deze 

techniek dan ook gesuggereerd voor toekoms  g CHD onderzoek. In de generale discussie 

worden tot slot de details uitgewerkt van de posi  eve en nega  eve kanten van de studies in dit 

proefschri   en worden ook de nieuwste inzichten in diafragma ontwikkeling behandeld. 
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5.2 Dankwoord

Het mooie van een promo  etraject is dat het met zijn vele ups en downs veel overeenkomsten 

vertoont met de life-events van het “echte” leven, gebeurtenissen waarvan ik er in een kort 

 jdsbestek een aantal zelf heb mogen ervaren: specialisa  e-plek, aankoop eerste huis en eerste 

kind. 

 Vanuit een wat naïeve gedachte ging ik dit traject in met het idee en de hoop belangrijke 

ontdekkingen te doen, die mogelijk zelfs het handelen van dokters in de kliniek zou kunnen 

beïnvloeden. Alhoewel – net zoals in het echte leven – het soms niet helemaal gaat zoals je 

gepland had, is het een super leerzame, leuke en ook soms minder leuke periode geweest. Ik 

denk met name met enorm veel plezier terug aan alle mooie en warme contacten die ik heb 

mogen opdoen. Hieronder dan ook een dankwoord aan allen die hebben bijgedragen aan dit 

“promo  e”-leven.

Het kan niet vaak genoeg benadrukt worden maar zonder de inzet en bereidwilligheid van alle 

ouders (en hun kinderen) is dit type erfelijkheidsonderzoek niet mogelijk. Ik heb enorm veel 

bewondering voor hun veerkracht in deze moeilijke en vaak onzekere periode van hun leven. 

Dank voor jullie deelname!

Mijn promotor, Prof. dr. D. Tibboel, beste Dick. Het duurde even voor ik het zogenaamde “u”-

stadium voorbij was, wat zeker veroorzaakt werd door het respect dat je bij iedereen afdwingt 

met je enorme kennis en drive in je werk. Je probeert al  jd het allerbeste en onderste uit de kan 

te halen bij iedereen die voor je werkt. Ik heb je echter ook leren kennen als een betrokken baas, 

die klaarstaat als het op privé vlak niet zo lekker loopt. Dank daarvoor en hopelijk is dit niet het 

einde van onze werkrela  e.

Mijn co-promoter, dr. A. de Klein, lieve Annelies. Ik kan me nog goed het moment herinneren 

waarop we mijn eerste poten  ele CDH muta  e bespraken. Achteraf bleek dit een fout posi  ef 

resultaat te zijn, maar je zei: “Daan geniet van dit moment van spanning, adrenaline en de 

mogelijkheid van een ontdekking, ook al blijkt het later niet te kloppen. Want uit dit soort 

momenten haal je de energie en het doorze   ngsvermogen om je onderzoek te blijven doen”. En 

dat was de spijker op zijn kop! Annelies, je bent in de afgelopen 4½ jaar een beetje mijn tweede 

moeder geworden, streng (doch rechtvaardig) en met een heel groot hart. Dank!

De leden van de kleine promo  ecommissie: prof. dr. B. Oostra, prof. dr. I. Reiss en prof. dr. E. 

Dzierzak. Beste Ben, je bent gedeeltelijk met emeritaat, maar al volledig afscheid nemen van je 

lange en bijzonder succesvolle onderzoek-carrière kon je nog niet; ik heb met heel veel plezier 

op de 9de verdieping gewerkt. Veel dank voor de snelle beoordeling van het manuscript zo vlak 

voor je grote reis. Beste Irwin, dank voor de vele telefoontjes waarin je meldde dat er weer een 
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nieuwe CDH pa  ënt was! Ik ben enorm blij dat we na alle mogelijke plannen in het buitenland, 

toch collega’s in het Erasmus MC blijven. Ik kijk er enorm naar uit, om ook te leren van je klinische 

vaardigheden op het gebied van de neonatologie. Dear prof. Dzierzak, thank you for thoroughly 

analyzing my manuscript and for providing valuable comments, it really improved its quality! 

De overige leden van de grote promo  ecommissie: prof. dr. R. Wijnen en prof. dr. R Hofstra, 

hartelij dank voor uw bereidheid zi   ng te nemen in de grote commissie. Beste René, met je 

“down-to-earth” en zeer benaderbare houding weet je het algemene beeld van de chirurgische 

professor een aardig posi  eve draai te geven. Met veel plezier kijk ik terug naar de biertjes en 

wijntjes op de mooie terrassen in Rome. Beste Prof. Hofstra, ik wens u heel veel succes met het 

invulling geven aan uw nieuwe baan in Ro  erdam: het leiden van de gene  ca afdeling.

Alle verpleegkundigen, arts-assistenten en fellows van de kinder-IC, dank voor jullie hulp bij het 

afnemen van de vele buizen bloed! 

Het gehele kinder-chirurgische team en met name Kees & Conny, heel veel dank voor het 

steeds weer bellen vlak voor een opera  e en dank voor jullie hulp bij het verzamelen van de 

vele diafragma biopten. Tevens ben ik dank verschuldigd aan de gynaecologen en artsen van de 

prenatale afdeling voor het aanmelden en consent vragen van nieuwe hernia pa  ënten. En niet 

te vergeten het invalwerk van Liesbeth, Marie-Chantal, Sanne & Erwin: fi jn dat ik de pieper af en 

toe kon overdragen om van een vrij weekend te kunnen genieten!

Alle analisten en secretaresses van de prenatale-, postnatale- & DNA diagnos  ek: dank voor 

de vele karyogrammen, sedimenten, cellijnen en DNA isola  es! Alle cytogene  ci, en met name 

Dian, Gosia, Lars, Laura & Cokkie: dank jullie wel voor het meedenken en opstellen van een 

vervolgplan voor de vele individuele CDH-casussen waar “iets” mee moest gebeuren. Alle 

gene  ci en in het bijzonder Yolanda van Bever, Alice Brooks en Lutgarde Govaerts wil ik bedanken 

voor hun exper  se bij het maken van syndroom-diagnoses. Tenslo  e: lieve Marjan, dankjewel 

voor je hulp en het eerste wegwijs maken met de MLPA experimenten, waarna ik ook nog vele 

malen een beroep op je prak  sche vaardigheden heb gedaan. Ik wens je enorm veel nieuwe 

knuff elmomenten toe met de veranderingen die er in je privéleven gaan plaatsvinden!

Alle co-autheurs wil ik bedanken voor hun bijdrage en de vele goede sugges  es ter verbetering 

van het manuscript. Speciaal wil ik hier ook Ko Hagoort noemen: door jouw wijzigingen en 

aanvullingen werden de stukken naar een hoger niveau Engels ge  ld, dank je wel!

 Voor het 3D confocal-stuk wil ik in het bijzonder Gert van Capellen & Marie  e van de 

Corput noemen: jullie kennis en kunde van de confocal-microscoop, het 3D FISH protocol en het 

programma Huygens was onontbeerlijk bij het uitvoeren van het eerste deel van mijn project. 

Ook dank aan student en later analist, Linda: dankjewel voor al je labellingen en 3D FISHes! Ik 

hoop dat je inmiddels een plekje hebt gevonden in een leuk lab. Bert, uiteraard ook jij bedankt 
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voor je goede adviezen in deze reeks van experimenten. Ik heb bewondering voor de manier 

waarop je mensen uit verschillende vakgebieden (IT wereld, celbiologie en gene  ca) bij elkaar 

weet te brengen. Raak nooit die schijnbaar onuitpu  elijke bron van energie kwijt, alhoewel het 

soms las  g kan zijn om je bij te houden (…..) met al je verschillende ideeën! 

Voor het 4C stuk ben ik grote dank verschuldigd aan 4 echte vakmensen: Robert-Jan Palstra, 

Marcel Vermeij, Elzo de Wit & Rutger Brouwer. 

 Beste Robert-Jan, dank dat je me onder je hoede hebt genomen met het uitvoeren van de 

4C experimenten. Het plezier en de kunde waarmee je PhD studenten en analisten begeleidt is 

een voorbeeld voor velen in het vak. Dank ook voor de persoonlijke gesprekken, het is echt leuk en 

inspirerend om met jou samen te werken! Beste Marcel, zonder jouw chirurgische vaardigheden 

was het nooit gelukt om alle verschillende weefsels te isoleren uit die kleine ra  en-embryo’s. 

Ook met jou heb ik genoten van onze gesprekken over uiteenlopende onderwerpen; ik hoop dat 

je geniet van de extra vrije  jd die je hebt nu je (gedeeltelijk) met pensioen bent. Beste Elzo, we 

hebben uitsluitend via de mail gecommuniceerd, dus ik weet niet eens hoe je eruit ziet, maar 

dank voor de vele R-scripten die het analyseren van de 4C data mogelijk hebben gemaakt, zonder 

dat was het ons nooit gelukt! Daarmee kom ik ook bij Rutger; ook jij hebt met je uitgebreide 

kennis van programmeren veel bijgedragen aan dit stuk, met name ook door de begeleiding van 

onze super-student Tom Brands. Beste Tom, ik heb vaak het idee dat je nog niet goed bese   hoe 

waardevol jouw talenten zijn in de gene  ca wereld van nu. Ik weet zeker dat er vele afdelingen 

zijn binnen het Erasmus die te springen staan om iemand met jouw kennis; ik hoop dan ook dat je 

na je studie een mooi plekje weet te vinden! Tenslo  e nog dank aan Ilona Sluiter & Robert-Ro   er 

voor het beschikbaar stellen van het restmateriaal van hun ra  en-embryo’s en daarnaast voor de 

vele coupes die ik heb mogen gebruiken voor de beves  ging van mijn expressie resultaten.

 Voor de expressie & SNP array-stukken heb ik veel hulp gehad van analisten en PhD 

studenten uit de groep van prof. Uiterlinden: met name van Mila Jhamai & Marjolein Peters 

en van de Erasmus-Biomic Centre o.l.v. Wilfred van IJcken: Christel Kockx. Voor de sta  sche 

analyses zijn onontbeerlijk geweest zowel Mario Pescatori als Andreas Kremer. Tenslo  e wil ik 

nog speciaal Guido Breeveldt bedanken voor het aanleren van de Q-PCR techniek en de analisten 

Daphne Huigh, Hannie Douben & student Alice van Buidegom voor het uitvoeren van de vele 

Q-PCRs en FISHes. Hannie, je bent een rots in de branding in het lab van Annelies en daarnaast 

een van de aardigste personen die er rondlopen in het Erasmus.

Beste Prof.Hokken, beste Anita. Onze samenwerking is niet geheel gelopen zoals we beiden in 

het begin gepland hadden, echter ik ben er super trots op dat we het IGF1R-stuk samen nog in 

zo’n mooi  jdschri   hebben kunnen publiceren. Ik wens je veel succes toe met het onderzoek 

binnen de S  ch  ng Kind en Groei!

Een belangrijk onderdeel van mijn promo  etraject was de samenwerking met verschillende 

groepen in binnen- en buitenland:
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 Dear dr. Schaible & dear Juliana (Universitätsklinikum Mannheim). Thank you for all your 

eff orts in sending me gene  c material from your German CDH pa  ents; as a result we were able 

to write a couple of papers together: I sincerely hope that this frui  ul collabora  on will con  nue 

in the future! I also really enjoyed our personal contact at the interna  onal CDH mee  ngs.

 From Houston, Texas: I specially want to thank Margaret Wat & Daryl Sco  , who con  nue 

to contribute many interes  ng results to the CDH-research fi eld. 

 From the Universitätsklinikum Hamburg-Eppendorf, prof. dr. Kutsche; I hope our story of 

the HCCS muta  on will come to a succesfull end!

 Tenslo  e, en een stuk dichterbij huis, dank aan de long-groep van Prof. Dekhuijzen uit het 

UMCN, met name Jeroen van Hees, Theo Hafmans en dr. L. Heunks voor het beschikbaar stellen 

van de “controle” diafragma biopten. Het werk is nog niet af, maar ik heb er alle vertrouwen in 

dat er een mooi stuk uit zal voortvloeien! 

Beste studenten Linda, Rianne, Chantal & Tom, dank voor jullie tomeloze inzet; het is en blij   

enorm leerzaam om studenten te mogen begeleiden en gee   ook een beter inzicht in je eigen 

werkwijze (en of die nu wel zo handig is….).

Dank aan alle collegae op de 9de verdieping: alhoewel ik mezelf soms een “welkome gast” 

voelde op al die verschillende etages van het Ee-gebouw, heb ik me thuis gevoeld op de klinische 

gene  ca afdeling. Specifi ek wil ik nog noemen Jeane  e Lokker, beste Jeane  e, dank voor alle 

administra  eve dingen die geregeld moesten worden en nog belangrijker dank voor je luisterend 

oor…. Rachel, Marian, Guido, Erik, Renate & Yolanda ik kon al  jd bij jullie terecht voor een 

prak  sche oplossing.

Beste computer technici Ton, Leo, Pim, Sjozef & Mario, ik hoop niet dat jullie al te vaak aan de 

tel efoon gezucht hebben om mijn wat basale computer-vragen: Het was enorm plezierig om de 

“43210-weet raad” lijn te kunnen bellen. 

Lieve Tom (de Vries Lentsch). Heel veel dank voor al die mooie adobe illustrator fi guren. Ik weet 

dat je af en toe gek wordt van al die onmogelijk vragen die onderzoekers je stellen (en met name 

dan de  jdslimiet die ervoor staat). Dank ook voor je supermooie voorkant, daar kunnen niet 

genoeg rode fl essen wijn tegenop……..

Kamergenoten van het eerste uur Najaf, Liesbeth & Maaike: Girls, I really enjoyed the (somewhat 

feminin) and grazy atmosphere in our room. Dear Najaf, I think all the pressure is on you now 

to get us to Oslo, now that the rest of us went back to clinic….. I wish you all the best for your 

personal plans as well. Beste Maaike, ik heb enorm veel bewondering voor de manier waarop je 

al  jd super rus  g bleef onder alle deadlines die je moest halen om je manuscript af te ronden en 

tegelijker  jd je huis te verbouwen. Ik hoop dat de neuro je bevalt. Lieve Lies, het gelukspoppetje 

wat je me ooit cadeau hebt gedaan hee   al heel veel goed werk verricht, ik ben meer dan bereid 



Chapter

5

235Dankwoord | 

om hem in te ze  en voor alle dingen die jij nog wil bereiken in het leven. Het contact met jou is 

me heel waardevol. 

 Na een 100%-vrouwen periode werd onze kamer versterkt met Lennart en later Erwin.

Beste Lennart, ik weet niet of je erg heb moeten wennen bij ons, maar met jouw komst werd 

nogmaals duidelijk dat vrouwen inderdaad van een andere planeet komen dan mannenen en 

heel belangrijk dat daar niks mis mee is. Lieve Erwin, dank voor al het werk dat je hebt verricht 

aan het 15q-expressie stuk, het was een eitje om je te begeleiden als masterstudent. Ik heb 

enorm genoten van je wat droge (en cynische) humor. Ik wens je het allerbeste toe met jouw 

promo  etraject!

Daarnaast waren er ook al  jd voor wat gezelligheid  jdens de lunch (van de oogmelanomen 

groep) Anna, Thomas & Yolanda (en van het IVF-lab) Ilse, Cindy & Hikke (en  jdens de Pannekoek-

mee  ngs) Belinda, Cathryn, Laura, Josien & Rachel

Andere (oud) onderzoekers:

Beste Rhiannon, dank voor je “zen”-houding zo vlak voor mijn sollicita  e, ik heb ook enorm 

genoten van alle kopjes koffi  e bij Doppio. Lieve Ilse, dank voor je gezelschap op Texel; ik beloof 

je, ik zal je niet meer blootstellen aan al mijn obsessief-compulsieve neigingen (alhoewel je zelf 

natuurlijk ook wat afwijkingen hebt….)

 Dear Marialuisa & Francesca, you are proof that we need more foreign people in the 

Netherlands: thank you for all the nice Italian food (especially desserts)..and Francesca: please 

come back! Lieve Sanne, onze vriendschap is pas van korte duur, maar daarom niet minder 

waardevol; het was super leuk om met jou op de verschillende congressen te zijn. Ik ben nog 

steeds aan het duimen voor al je andere grootste plannen….. 

Mijn paranimfen – “two tall, strong and golden ladies on each side of me”- wat kan ik me nog 

meer wensen? Lieve Laura/chickie, ik heb enorm veel bewondering voor je al  jd posi  eve, 

energieke en “het-glas-is-harts  kke-vol-mentaliteit”. Dank voor alle mooie gesprekken met jou 

en Erno en voor de opvang van een hormonale Daan………

Lieve Mir, met je keuze om je verdere leven met mijn broer te delen, ben je ook mijn zussie 

geworden. Je droge humor en vlijmscherpe analyses is wat de Veenma familie goed kan 

gebruiken en ik in het bijzonder. Dank, dat je met Roger, al  jd aan mijn zijde staat. Tot snel (en 

vaak) in Barcelona. 

Kirsten, met je getrappel in mijn buik, heb je vele overpeinzingen  jdens het schrijven van dit 

manuscript onderbroken. Ik kan me een leven zonder jou niet meer voorstellen……blijf vooral 

veel glimlachen!

Joost, mijn lieve “macho” man. Alle diepte en hoogtepunten van de afgelopen 4 jaren, hebben 

weer eens bewezen waarom je zo goed bij mij past. Op naar het volgende life-event? 
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5.3  Curriculum Vitae

The author of this thesis was born on December 17th 1977 in Geleen, the Netherlands. In 

1996 she completed high school educa  on on Atheneum level on the “Sint Michiel scholen-

gemeenschap”, Geleen, and started her study Medical Biology at the University of Amsterdam 

(UVA), the Netherlands. Within 4 years she received her Master in Science degree and con  nued 

studying at the medical department of the UVA. During her clinical rota  on she worked for 2 

months at the paediatric infec  ous disease department of the Kansas University Medical Centre” 

in Kansas, Missouri, USA. She received her medical degree, cum laude, in July 2005.

 A  er working for 10 months as a paediatric resident in the Meander Medical Centre, 

Amersfoort, the Netherlands, she started as a resident on the Intensive Care Unit of the Erasmus-

MC Sophia’s Children’s Hospital, Ro  erdam in June 2006. During her work here she became even 

more aware of the importance of evidence-based medicine and in February 2007 she started 

working as a research-physician in the department of paediatric endocrinology of Erasmus MC 

(Prof.dr. A. Hokken-Koelega). She was responsible for the daily management of a clinical study 

about the safety and long term eff ects of growth hormone treatment in children born small for 

gesta  onal age (SGA). In February 2008, she started her PhD degree under supervision of Prof. 

dr. D. Tibboel and dr. A. de Klein. She worked within the departments of paediatric surgery and 

clinical gene  cs on a SSWO subsidised project en  tled: “Gene-environmental rela  onships in 

Congenital Diaphragma  c Hernia”. Aside from new CDH pa  ent inclusions, this work included 

the implementa  on of two new innova  ve techniques (3D mul  -colour FISH and Chromosome 

Conforma  on Capture sequencing technology) in the fi eld of epigene  cs. Moreover, new gene  c 

factors were analysed in DNA from children with this birth defect using the most recent molecular-

cytogene  c techniques available. From January 2011 un  l now she combined her research 

with a selected course of the Dutch Paediatric Society; en  tled “Training Upcoming Leaders in 

Paediatric Science” (TULIPS). As from April 2012 she will started her residency Paediatrics in 

Ro  erdam at the Erasmus-MC (head; dr. M. de Hoog).
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5.4 PhD Por  olio 

Name PhD student: D.C.M.Veenma
Erasmus MC Department: Paediatric Surgery
Research School: MGC & Molecular Medicine

PhD period: February 2008-December 2012
Promotor: Prof.dr.D.Tibboel
Supervisor/co-promoter: dr. A. de Klein

1. PhD training

Year Workload
(Hours/ECTS)

General academic skills 
 − Biomedical English Wri  ng and Communica  on 2008 03 ECTS

Research skills
 − Sta  s  cs, CCO2, Classical Methods for Data-analysis
 − NVK, TULIPS: PhD curriculum 2011+2012
 − NVK, TULIPS: Grant wri  ng course, 8-9th April 

2009
2011
2011

5.6 ECTS
54 Hours
24 Hours

In-depth courses 
 − SNP’s and Human Diseases
 − Browsing Genes and Genomes with Ensemble
 − Interna  onal Course European school of Gene  c 
medicine:

    Cardiogenesis and congenital cardiopathies: from
    developmental model to clinical applica  ons
    Molecular Diagnos  cs III

 − Veilig werken in laboratoria
 − In vivo-Imaging from molecule to Organism 
 − MGC Postgraduate school: Molecular and Cell 
Biology

 − Analysis of microarray gene expression
 − Nexus Course
 − Nexus Course-Advanced
 − Biological interpreta  on of gene expression data 
with Explain

 − Basic Analysis on Gene-expression Data (BAGE)
 − Photoshop and Illustrator
 − Next genera  on sequencing
 − Research management for PhD students

2007
2007
2008

2008
2008
2008
2009

2009
2009
2010 
2010

2010
2010
2010
2011

40 Hours
32 Hours
32 Hours

16 Hours
16 Hours
40 Hours
06 ECTS

16 Hours
16 Hours
16 Hours
08 Hours

16 Hours
16 Hours
24 Hours
16 Hours

Presenta  ons
 − Presenta  on Refereeravond kindergeneeskunde, 
cluster MMC Veldhoven en CZE Eindhoven: 
subject Neonatology

 − Presenta  on Symposium CDH Euro-consor  um, 
Mannheim, 29-30thOct 

 − Poster  Voorjaarssymposium NVHG, Eindhoven, 
23-24th April

 − Poster MC-Gard Conference, Edinbrough, 1-5th April
 − Poster Keystone Conference, Steamboat Springs, 
8-13th Jan

 − Poster Conference “Congenital Diaphragma  c 
Hernia: more ques  ons than answers”, Rome, 
2-3th Febr

 − Poster “ESHG Conference”, Amsterdam, 28-31th May 

2008

2009

2010

2010
2011

2011

2011

5 4 PhD P li
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Interna  onal conferences
 − KNAW Conference: the Role of DNA polymorphisms 
in complex traits and diseases, Amsterdam, The 
Netherlands

 − MC-Card Conference: Higher order genome 
architecture, Edinbrough, Scotland, 1-5th April 

 − NVHG: 60-jarig voorjaarssymposium, Eindhoven, 
23-24th April

 − CDH Euro-consor  um: Advances in Congenital 
Diaphragma  c Hernia, Mannheim, Germany, 29-30th 
October

 − WTCC conference: Signalling and Chroma  n, 
Cambridge, UK, 7-10th October

 − Keystone: Func  onal consequences of Structural 
varia  on, Steamboat Springs, Colorado, USA, 8-13th 
January 

 − Congenital Diaphragma  c Hernia: more ques  ons 
than answers, Rome, Italy 2-3th February

 − European Human gene  cs Conference, Amsterdam, 
The Netherlands, 28-31th May 

2008

2009

2009

2009

2010

2011

2011

2011

 40 Hours

 40 Hours

 16 Hours

 16 Hours

 24 Hours

 40 Hours

 16 Hours

 32 Hours

Seminars and workshops
Minisymposium: Epigene  cs and Disease
Workshop European Biology Organiza  on: Re  noids

2009
2011

08 Hours
24 Hours

Didac  c skills
-

Other

2. Teaching ac  vi  es

 − Mentor 4th year Technical Analyst-student 
 − Mentor 4th year Master student “Environment and 
Physical science” 

 − Presenta  on Nexus Course
 − Mentor 4th year Technical Analyst-student 
 − Presenta  on Course Biomedical Research techniques

 Mentor 3rd year Technical Analyst-student

2009
2010

2010
2010
2011
2011
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Figure 1 | Embryological overview of the 
development of the Pleuro-Pericardio-
Peritoneal Folds (PPFs)
A: depicts the level of cross-sec  ons in the embryo: 
PPFs at the level of the pericardial cavity. B (le  ): 
shows the development of the mesodermal pleuro-
pericardial folds (PPFs) from the dorsolateral body 
wall. As these PPFs grow toward the midline (B 
(right)), they separate the heart from the expanding 
lungs resul  ng in a division of the thoracic cavity 
into one pericardial cavity and two pleural cavi  es. 
The phrenic nerves are posi  oned within these PPFs 
as they descend to innervate the diaphragm. C: PPFs 
at the level of the septum transversum. D (le  ): 
the pleuro-peritoneal folds arise from the posterior 
body wall as well and lie in a plane that is parallel 
to the septum transversum and perpendicular 
to the pleuro-pericardial folds. As they grow (D 
(right)) these folds will separate the pleural from 
the peritoneal cavi  es and a  ach to the other three 
diaphragm-building structures: the lateral body wall 
mesoderm, the septum transversum, and the dorsal 
mesentery of the esophagus (see page 12).

R a l

R
A
R

RARE

R
X
R

RA

Rol

RB
P4

Rol
CRBP1/2

Rol

RALDH2

GENE

Cytoplasm

Nucleus

Blood

Rol

RBP4

S
T
R
A
6

S
T
R
A
6

b-ctn

 CRABP 1

RBP4

Rol

Rol

STORAGE RETINYL-ESTERS

RA

 CRABP 2 
RA

CYP26A1

CYP26B1

CYP26C1

RA  M
etabolisa�on

N
R
2
F
2

RA

R
X
R

RDH-10 ADH

LRAT

Figure 2 | Overview of ATRA metabolism and 
nuclear canonical RA-signalling
Circula  ng re  nol is taken up by RBP4 and 
transferred intracellularly by STRA6. Transforma  on 
into re  naldehyde occurs mainly by RDH10, a  er 
which RALDH2 can generate RA. RA in turn can 
either bind to CRABPI and be transported to CYP26 
enzymes and metabolized into polar metabolites 
or bind to CRABPII and be transported to the 
nucleus. In the nucleus RA will bind to a RAR/RXR 
heterodimer, which in turn can bind to RAREs 
located in the promoter area of specifi c genes 
and ac  vate/inhibit transcrip  on. RoI, re  nol; 
RBP, re  nol binding protein; STRA6, s  mulated by 
re  noic acid 6; CRBP, cellular re  nol binding protein; 
RaI, re  naldehydeI; ADH, alcohol dehydrogenase; 
RALDH, re  naldehyde dehydrogenase; CYP26, 
cytochrome P450 26 enzymes; RAR, re  noic acid 
receptor; RXR, re  noid X receptor; RARE re  noic 
acid response element; B-ctn, beta-carotene; LRAT, 
Lecithin re  nol acyltransferase; NR2F2; Nuclear 
receptor 2, subfamily F2 (see page 15).
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Figure 3 | Classifi ca  on of pa  ents 
Ro  erdam CDH cohort
CDH pa  ents can either present with an isolated 
defect only (Isolated) or as part of a complex 
phenotype (Complex), meaning that in the 
la  er group the defect is accompanied by other 
congenital anomalies. Usually these addi  onal 
birth defects only aff ect 1 other organ system 
or consist of minor abnormali  es (Complex-
Simple). The term Complex-Major describes 
those CDH subjects that are more severely 
aff ected, defi ned by the co-occurrence of at 
least two other major congenital anomalies. 
In turn, these three subgroups can be further 
subdivided based on the type of causa  ve 
gene  c aberra  on present (Isolated and 
Complex-Major) or based on the type of 
addi  onal aff ected organ system (complex-
Simple). CM, Complex-Major; CS, Complex-
Simple (see page 22).
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Figure 4 | Schema  c overview of the 4C-sequencing 
(4C-seq) method 
Sample prepara  on in 4C-sequencing (4C-seq) is similar to 
the earlier published 4C-array protocols [127] apart from 
some small adjustments (adding adapter-sequences) in the 
primer design stage. The 4C-seq method has the advantage of 
improved signal to noise ra  os over the 4C-array approach. 
Briefl y, nuclei are fi xed with formaldehyde to cross-link co-
localising chroma  n (red and blue lines, light-and dark-green 
lines). DNA is digested with a restric  on enzyme, for example 
Bgl-II. A  er dilu  on of the sample, cross-linked fragments 
are ligated (ideally only at one end), and subsequently cross-
links are reversed. This way, the Bgl-II fragment of interest 
(red line) is ligated to fragments co-localised (blue line) 
within the studied cell-popula  on. Next, liga  on products 
are trimmed by diges  on with a frequent cu   ng enzyme 
(NLA-III), because Bgl-II fragments are too big to be amplifi ed 
by PCR. The trimmed products are circularised, such that an 
inverse PCR on the red fragment will amplify its interac  ng 
(blue) partners. Of note, the “contents” of the circles formed 
between cross-linked DNA fragments vary depending on 
the three-dimensional structure at the start of the protocol 
and whether liga  on occurs to one or both ends of the 
cross-linked material (grey and black lines [127]). All these 
sequences can be analysed by next-genera  on sequencing 
(see page 27). 
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Figure 1 | Results high-
resolu  on SNP array and RT-
qPCR analysis events 5 and 6 
A: Nexus result of the 
chromosome 12q24 duplica  on 
event in RD pa  ent 14 showing 
a clear increase in log2 intensity 
signal, concomitant with changes 
in the B-allele frequency (BAF). 
This event clearly disrupts the 
coding region of the RBM19 gene.
B: Nexus results of the partly 
overlapping duplica  on event 
in RD pa  ent 25. Analogous to 
pa  ent 14, this CNV aff ects the 
coding region of RBM19, yet is 
posi  oned more proximally.
C: Confi rma  ve rela  ve q-PCR 
results of events 5 (pink bar) and 
6 (blue bars). Parental analysis 
(results not shown) demonstrated 
that the genomic event of pa  ent 
RD 14 (event 5) is de novo. In 
contrast, event 6 is inherited from 
the father. Green bars represent 
the results of two non-related 
healthy controls (see page 50).
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Chapter 2.2

Figure 1 | Genera  on of Chtoptr/tr mice
A: Schema  c representa  on of the Chtop 
genomic locus and the viral genetrap vector. 
Exons are indicated, the coding region is shaded. 
F1, R1, and R2 represent oligonucleo  des used 
for genotyping; LTR = long terminal repeat, SA 
= splice acceptor, b-Geo = combined selec  on 
and reporter gene, pA = poly-A tail. B: Genotype 
analysis of Chtop+/tr intercrosses at weaning 
(breedings) and embryonic (pluggings) stages. 
C: Wild-type (+/+) and mutant (tr/tr) embryos at 
E16.5 showing edema and growth retarda  on 
in the mutant. D: Genotype analysis on yolk sac 
cells by PCR. E: CHTOP protein levels (top panel) 
and mRNA levels (bo  om panel) in embryonic 
fi broblasts. One of three independent 
experiments is shown. F: Detec  on of CHTOP 
protein by immunostaining of fetal liver (E13.5). 
Circula  ng primi  ve erythrocytes (PE) are 
nega  ve for CHTOP staining. Bar,100 mm (see 
page 63).

Figure 2 | MRI reveals developmental 
abnormali  es in Chtoptr/tr embryos 
A: Coronal sec  ons demonstra  ng oedema 
(Oe) and cysts in the jugular lymph sacks 
(JLS). B-C: Transverse sec  ons showing 
small and fused right kidney (RK) and 
mul  ple cardiac malforma  ons. Two 
thoracic sec  ons are shown from the same 
mutant. Structures indicated are spinal 
cord (SC), le   kidney (LK), bladder (Bl), le   
lung (LL), le   superior vena cava (LSVC), 
right atrium (RA), right ventricle (RV), le   
ventricle (LV), mitral valve (MV), common 
valve (CV), and ventricular septal defect 
(VSD). D: 3D reconsruc  on of the wild-type 
and mutant hearts clearly demonstrates 
the VSD, narrowed pulmonary artery (PA), 
double outlet right valve (DORV), and right-
sided aorta (Ao). T = trachea. Bars, 500 mm 
(see page 66 for color fi gure).
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Figure 3 | Congenital Diaphragma  c Hernia in Chtoptr/tr embryos
MRI pictures of sagi  al sec  ons from wild-type (+/+) and mutant (tr/tr) embryos (E15.5). A: The mutant displays 
a „Bochdalek‟ type of CDH, with the hernia indicated with *. B: 3D reconstruc  on of the stomach and liver, 
demonstra  ng malrota  on of the stomach and hernia  on of the stomach and liver into the thoracic cavity. Scale 
bar = 0.5 mm. C: 3D reconstruc  on of the lungs, demonstra  ng hypoplas  city in mutant lungs. D: Diaphragm 
thickening around the diaphragm defect (bo  om panel) compared with the normal contralateral side of the 
diaphragm (top panel). E: Muscular cells are present in mutant diaphragms, as indicated by smooth muscle ac  n 
immunostaining. F: Sagi  al sec  on demonstra  ng dorsolateral CDH, resul  ng in massive expansion of the liver into 
the thoracic cavity. Structures indicated are: le   lung (LL), right lung (RL), accessory lobe (Acc), diaphragm D), liver 
(Liv), stomach (St), oesophagus (Oe), spleen (S), right crus (RC), and heart (H); axes: r – right; l – le  ; d – dorsal; v – 
ventral; a – anterior, p – posterior. Bars: 500 mm A-D, 100 mm E, 1 mm F (see page 67).

Figure 4 | Deregulated gene expression 
in Chtoptr/tr embryos
Expression profi ling was performed on E9.0 
embryos (22-25 somite stage). Gene set 
analysis shows deregula  on of: A: mesoderm 
development, B: vasculature development, 
and C: the G2/M-phase of the cell cycle. D: 
Immunostaining with an an  body against 
phosphorylated H3 demonstrates an 
increase of G2/M cells in mutant lung (le   
panels) and liver (right panels). One of three 
independent experiments is shown. E: Fetal 
liver cells (E13.5) with rela  ve high levels of 
CHTOP (red channel) are hepa  c precursors, 
as demonstrated by their coexpression of 
cytokera  n 18 (Cyto 18; green channel). DNA 
was visualized by Dapi staining (blue channel). 
F: FACS analysis shows that wild type and 
mutant fetal liver derived erythroblasts have 
similar DNA profi les. In contrast, propidium 
iodide staining reveals a delay of the G2/M-
phase in mutant MEFs G: Data are from a 
single experiment that is representa  ve 
of three independent experiments. Values 
represent the mean of 4 li  ermates ± SD. Bars: 
200 mm D, 10 mm E (see page 68).
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Figure 5 | Detec  on of CHTOP varia  ons in 
CDH pa  ents 
A: Schema  c representa  on of the human Chtop 
locus. Exons are indicated, the coding region is shaded. 
Ver  cal arrowheads indicate the posi  ons of iden  fi ed 
varia  ons (R175H and R196L), horizontal arrowheads 
represent oligonucleo  des used for amplifi ca  on 
and sequencing. B: Iden  fi ca  on of the G>A SNP 
and its valida  on by NlaIII diges  on (top panels); 
iden  fi ca  on of the GA>TT muta  on and its valida  on 
by StuI diges  on (bo  om panels). DS05.1284 = 
control DNA; DS09.1023 and DS05.1280 = pa  ent 
DNA C: Bio_HA_CHTOP with SNP R175H (le   panels) 
and muta  on R196L (right panels) were introduced 
into MEL cells and tested for their interac  on with 
PRMT1. In contrast to R175H, the R196L muta  on 
greatly reduced the binding to PRMT1. Compare lanes 
5 and 8 for rela  ve high ectopic expression of CHTOP, 
and lanes 6 and 7 for rela  ve low expression. Data 
are from a single experiment that is representa  ve of 
three independent experiments (see page 71).
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Figure 1 | 
A: Array compara  ve genomic 
hybridiza  on data from Pa  ent 1 
showing an 8q22.3q23.1 single gene 
dele  on of ZFPM2. B: The rela  ve 
loca  on of the ZFPM2 gene in rela  on 
to aCGH data from the dele  on region 
in Pa  ent 1 is represented by a gray 
bar. C: A chest radiograph of Pa  ent 1 
demonstra  ng a severe diaphragma  c 
eventra  on containing loops of 
bowel. D: The same radiograph 
shown in panel C with the limits of the 
diaphragma  c eventra  on outlined in 
yellow. E: Quan  ta  ve PCR analysis 
demonstrates a normal copy number 
for ZFPM2 Exon 6 but a reduced copy 
number for Exons 7 and 8 in DNA from 
Pa  ent 2 (Pt2) and his mother (M). 
Normal copy number values are seen 
in DNA from Pa  ent 2’s father (F) and 
DNA from two unrelated controls (C1, 
C2) (see page 87).
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Figure 2 | 
Array compara  ve genomic hybridiza  on 
data from Pa  ent 4 is shown above a 
schema  c representa  on of a por  on 
of the 1q41-1q42 region. Genes in this 
region are represented by block arrows. 
Red ver  cal bars mark the limits of the 
dele  on in Pa  ent 4 and delineate the 
minimal deleted region for congenital 
diaphragma  c hernia (CDH) in this 
region of the genome. Genes with all or 
a por  on of their coding sequence inside 
the minimal deleted region are shown in 
green (see page 88). 
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Figure 1 | SNP and Fluorescent In-Situ Hybridiza  on 
results of inherited chromosome 22-CNV in EA 
pair-I 
Nexus results (Top) of the 666 Kb dele  on on chromosome 
22q13.3 in both individuals of EA pair-I showing a clear 
drop in log2 intensity signal validated by FISH (Bo  om) on 
metaphase chromosomes of the aff ected EA twin-1. Probes: 
control: RP11-62K15 (green) and target: RP11-66M5 (red). 
Parental analysis (results not shown) demonstrated that 
this genomic event is inherited from the mother and 
therefore less likely pathogenic. In addi  on, no gene is 
allocated to this region neither are any miRNA transcripts 
hampering the iden  fi ca  on of func  onal elements in this 
region as well (see page 109).

Figure 2 | SNP and rela  ve Q-PCR results of 
inherited chromosome 10-CNV in CDH pair-3. 
Nexus result (Top) of the chromosome 10q26 dele  on 
event in CDH pair-3 showing a clear drop in log2 intensity 
signal, which was confi rmed by rela  ve q-PCR (bo  om) in 
the aff ected proband, the unaff ected twin and the mother 
(see page 110).
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Chapter 2.5

Figure 1 | Results High-resolu  on 
SNP array using uncultured umbilical 
cord blood material 
A: Whole genome array: Log2 intensity (Top) 
and B-Allele Frequencies BAF (Bo  om). 
Top: Y-axis: Rela  ve Copy Number State. 
X-axis: autosomes number 1-22 and the 
two sex chromosomes.
Displayed are the rela  ve and normalized 
log2 intensi  es of all available SNPs on the 
array across the pa  ents’ genome. At the 
beginning of chromosome 5 a slight drop 
of log2 intensity is visible represen  ng 
the dele  on of part of the short arm of 
chromosome 5 in a low-mosaic state. 
Similarly, the mosaic 12p duplica  on is 
depicted as a small peak of log2 intensity at 
the beginning of chromosome 12. Bo  om: 
confi rma  on of aberra  ons by the more 
clearly visible changes in BAF. B: Enlarged 
views of the results of chromosome 5 
(le  ) and 12 (right) showing both the log2 
intensity window as well as the BAF results 
(see page 124). 

Figure 2 | Fluorescent In-Situ 
Hybridiza  on results using cultured 
amnio  c fl uid and skin material 
A: Le  : Schema  c representa  on of the 
unbalanced der(5)t(5;12)(p13.2;p12.3) and 
its normal chromosome 12 counterpart. 
Right: Par  al Karyotype of the pa  ent 
showing both the normal and abnormal 
chromosome 5 and both normal 
chromosomes 12. B: Fluorescent In-Situ 
Hybridiza  on (FISH) on a metaphase spread 
of 1 umbilical cord-fi broblast-cell presen  ng 
1 copy of BAC clone RP11-7M4 (Green) on 
the normal chromosome 5 and 3 of clone 
RP11-62P15 (red) on both chromosomes 12 
and the der(5) C: Whole-Chromosome Paint 
FISH results of 1 AF-cell showing duplica  on 
of part of the short arm of chromosome 12 
(WCP12: red) at the expense of part of 1 
copy of chromosome 5 (WCP5:green) (see 
page 125). 
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Chapter 3
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Figure 1 | Nuclear organiza  on of 
CDH candidate genes in interphase 
fi broblast nuclei. 
Representa  ve 2D FISH images of distances 
between puta  ve CDH genes NR2F2, GATA4 
and ZFPM2 are shown and analyzed based 
on mul  color signals of BAC clones RP11-
784A9, RP11-241B23 and RP11-1029P14 
respec  vely. FISH spots of the three genes 
in Control (A and C) and 15q26-deleted 
CDH pa  ent cells (B and D) and in an 
uns  mulated (A and B) and RA-s  mulated (C 
and D) condi  on. No co-localiza  on of CDH-
candidate genes was detected in both cell 
lines. Bar = 3.3 μm. (red = GATA4, green = 
ZFPM2, purple = NR2F2, gray = nuclear DAPI 
counter stain) (see page 141).

0 3.3 μm

15

WCP15

A B

RP11-46C2

Figure 2 | NR2F2 localiza  on rela  ve to its chromosome territory 15 
A: Schema  c diagram depic  ng the used FISH probes RP11-46C2 (red) and whole-chromosome territory 15 (CT15) 
paints (green) to analyze the posi  on of the NR2F2 alleles rela  ve to their CT15. B: Representa  ve FISH image of 
the nuclear posi  on of chromosome territory 15 and the NR2F2 alleles rela  ve to each other in a control nucleus. 
(B, le  ) Visualiza  on of an unprocessed xy-projec  on image. (B, right) Deconvolved and 3D volume rendered 
image showing a preferred territory surface posi  on of NR2F2 for one allele, and a complete CT interior posi  on 
of the other allele. Both alleles show an almost complete overlap with their respec  ve CTs and show no signs of 
relocalisa  on. Nuclei are stained with DAPI (blue). Bar = 3.3 μm (see page142).
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Radial Nuclear-posi�on Chrom 15 Figure 3 | Nuclear posi  on of par  al 
CT15q in control and CDH 15q26-
deleted cell lines 
This cumula  ve frequency graph shows 
the radial posi  on of par  al Chromosome 
Territory 15 (CT15) in control (dark green) and 
CDH-15q26 deleted (red) fi broblast nuclei. It 
only represents the posi  on of the normal, 
un-translocated pCT15 in pa  ent DFP1 and its 
normal pCT15 counterpart in control DFC1. 
Distances are corrected for nuclear volume. 
Distribu  on diff erences were calculated using 
the Wilcoxon-Mann-Whitney test (see # p = 
0,003). In each experiment 150 nuclei were 
analyzed (see page 143). 
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Figure 1 | Rela  ve mRNA expression 
levels of NR2F2 
Illustra  on of rela  ve mRNA expression 
levels of NR2F2 detected by real-  me 
Q-PCR in four diff erent  ssues (liver, heart, 
diaphragm, lung) of a rodent-CDH model 
with (n; nitrofen) and without nitrofen 
(c;control). Tissues of fi ve-six pubs were 
harvested and pooled at embryonic day E17. 
Levels in control-liver (dark red) were used 
as an internal control. (see page 180) 
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Figure 2 | Domainograms of NR2F2 in 
rodent E17-control  ssues 

A: in-cis interac  ons in control-diaphragm 
(Top) and control-liver  ssue (Below) 
showing an overall similar genomic 3D 
environment, although minor diff erences 
(arrows) in the interac  on effi  ciency of 
a subset of interac  on partners may be 
suggested by these representa  ons.
B: Circos plot depic  ng the interac  ons 
of NR2F2 with other chromosomes in 
control-diaphragm (Le  ) and control-liver 
 ssue (Right), again demonstra  ng grossly 

similar pa  erns. Each line represents a 
trans interac  on. Chromosomes are plo  ed 
around the circle. Colours indicate the 
chromosomes that were contacted in each 
quadrant (see page 181). 
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Figure 3 | Domainograms of rodent NR2F2 upon nitrofen-induc  on at E17
Comparing the in-cis A: and in-trans (using chromosome 14) interac  ons B: in control-diaphragm (Top) and nitrofen-
treated diaphragm (Below)  ssue respec  vely showing an overall similar genomic 3D environment although, very 
subtle diff erences (arrow) in the interac  on effi  ciency (i.e. frequency) occurred in these subsets also. C/D: Similar 
as in A/B for duplo experiments of nitrofen-lung-induced  ssues; index 1 (Top) and index 2 (Below) (see page 182).

Figure 4 | Rela  ve mRNA expression levels of PPP2R 
Illustra  on of rela  ve mRNA expression levels of NR2F2 detected by real-  me Q-PCR in CDH aff ected (diaphragm, 
lung)  ssues of a rodent-CDH model with (n; nitrofen) and without nitrofen (c;control). Tissues of fi ve-six pubs were 
harvested and pooled at embryonic day E17. Levels in control-liver (dark red) were used as an internal control (see 
page 183). 
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Chapter 4

Figure 1 | Circular plots of genome-
wide copy number screen results of 
117 “Ro  erdam” CDH subjects
Pa  ents are classifi ed depending on the 
absence (isolated CDH, n=67) or presence 
(complex, n=50) of addi  onal birth defects. 
The blue colour represents the number of 
pa  ents with a causa  ve de novo structural 
chromosomal anomaly. Depicted in red 
is the propor  on of pa  ents iden  fi ed 
with an inherited structural aberra  on, 
and green represen  ng a remainder CDH 
subgroup with a yet uniden  fi ed (gene  c) 
cause. Inherited CNVs could confer 
suscep  bility to CDH a  er all, since they 
hardly occurred in two normal control 
popula  ons. Remarkably, 5 out of 16 de 
novo CNVs were present in isolated CDH 
cases (see page 201).

Figure 2 | Diaphragm 
signalling cascade
Depicted are the strong 
CDH candidate genes from 
literature [29, 75, 80, 81] (dark 
blue squares for FOG2, WT1 
and GATA4, green/grey/purple 
symbols for RA signalling 
members and NR2F2; dark 
brown) and their puta  ve 
interac  ons at the specifi c 
loca  on of the primordial 
diaphragm in which they 
have been demonstrated. 
According to the revised view 
on diaphragm embryogenesis, 
diaphragm  ssue derives from 
four diff erent mesenchymal 
components (depicted in the 
4 grey boxes) i.e. the postero-

lateral pleuro-peritoneal folds, the anterior septum transversum, the central esophageal mesentery and the lateral 
body wall mesenchyme. When completely fused, these structures form a suppor  ve layer on which the “true” 
diaphragm muscle cells (that are derived from the hypaxial part of the somite) can migrate (represented as the light 
red box). Recently, several developmental studies [131] have shown that skeletal muscles of the body, limb and head 
have a dis  nct embryonic and cellular origin, while the gene  c regula  on at work in these domains are star  ng to 
be iden  fi ed as shown for hypaxial muscle. Evidence for the genes and interac  ons depicted in the yellow boxes is 
based on our own preliminary data (chapter 2: FZD2, FREM1, TBX5) or from literature (BMP4, FOXF1, WNT3A/5A)
[76, 132, 133] (see page 207). 
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