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Introduction

Tracheal agenesis (TA) is a rare congenital anomaly in which the trachea is fully or partially absent. Ventilatory support may be successful occasionally, but TA typically has fatal consequences. Efforts have been directed at clarifying the anatomy of TA and at improving treatment. [START_REF] Panthagani | Use of computed tomography to categorize the type of tracheal agenesis[END_REF][START_REF] Watanabe | A case of tracheal agenesis surviving without mechanical ventilation after external esophageal stenting[END_REF] Tracheal agenesis may be part of a complex of malformations and it is often associated with cardiovascular anomalies. [START_REF] Van Veenendaal | Congenital absence of the trachea[END_REF][START_REF] Evans | Tracheal agenesis revisited: analysis of associated anomalies[END_REF] The complex phenotypes show an overlap with the VACTERL association (Vertebral, Anal, Cardiovascular, Tracheo-Esophageal, Renal and Limb anomalies) [START_REF] Milstein | Tracheal agenesis in infants with VATER association[END_REF][START_REF] Evans | Tracheal agenesis and associated malformations: a comparison with tracheoesophageal fistula and the VACTERL association[END_REF] or with an association including tracheal agenesis (TACRD; TA, Cardiac anomalies, Radial ray defects and Duodenal atresia). [START_REF] Evans | Tracheal agenesis and associated malformations: a comparison with tracheoesophageal fistula and the VACTERL association[END_REF][START_REF] Wei | Tracheal agenesis with anomalies found in both VACTERL and TACRD associations[END_REF] Tracheal agenesis can also be part of Fraser syndrome, an autosomal recessive malformation disorder characterized by cryptophthalmos, syndactyly, and abnormalities of the respiratory and urogenital tract, that is caused by mutations in the FRAS1 and FREM2 genes. [START_REF] Van Haelst | Molecular study of 33 families with Fraser syndrome new data and mutation review[END_REF][START_REF] Van Haelst | Fraser syndrome: a clinical study of 59 cases and evaluation of diagnostic criteria[END_REF] Little is known about the aetiology of TA, apart from the fact that environmental factors might play a role. [START_REF] Van Veenendaal | Congenital absence of the trachea[END_REF] Animal models of different genetic defects, such as (conditional) inactivation of Gli2, Gli3, Shh, Foxf1 and β-Catenin, show agenesis of the trachea or incorrect septation of the foregut. [START_REF] Motoyama | Essential function of Gli2 and Gli3 in the formation of lung, trachea and oesophagus[END_REF][START_REF] Litingtung | Sonic hedgehog is essential to foregut development[END_REF][START_REF] Mahlapuu | Haploinsufficiency of the forkhead gene Foxf1, a target for sonic hedgehog signaling, causes lung and foregut malformations[END_REF][START_REF] Mollard | Tissue-specific expression of retinoic acid receptor isoform transcripts in the mouse embryo[END_REF][START_REF] Harris-Johnson | Sun X: beta-Catenin promotes respiratory progenitor identity in mouse foregut[END_REF] To date, however, no mutations or chromosomal anomalies of any of the genes or pathways implicated in these animal models have been described in human patients with TA. In addition, there are no published reports on systematic screening of TA patients for copy number variations. To determine whether micro deletions/duplications could explain the TA phenotype, we conducted genome wide assays in twelve TA patients.

Materials and methods

Cases

Ten cases were retrieved from the medical records of the Erasmus MC -Sophia Children's Hospital, Rotterdam, from 1988 onwards. Two cases had been seen and included at the department of Pathology, University Medical Centre Utrecht. The medical records and pathology records were reviewed. Fibroblast cell lines and paraffin blocks had been stored.

Cytogenetic analysis

Karyotyping was performed according to standard analysis methods. DNA for genomic analysis was extracted from fibroblast cells by the Puregene DNA purification kit (Gentra Systems, USA). Regarding six patients, only Formalin Fixed Paraffin Embedded (FFPE) samples from thymus tissue were available. DNA was extracted according to protocols provided by the supplier of the microarrays.

Array comparative genomic hybridization (Array CGH)

Array CGH was performed using the 105K Oligonucleotide-based array CGH (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's protocol. For analysis and visualization the Feature Extraction software (version 9.1) and CGH analytics software (version 3.3.28) was used. Aberrations were detected with ADM2 algorithm and filtering options of a minimum of 3 probes and abs(log2Ratio) >0.3. Aberration segments were manually reviewed.

FISH analysis

To confirm the results, BAC clones were selected from the University of Santa Cruz (UCSC) genome browser and ordered from BACPAC Resources. After isolation of the Bac DNA the probes were labeled and used for Fluorescence In Situ Hybridization (FISH) on chromosome preparations from the patients and parents, according to standard protocols [START_REF] Eussen | A familial inverted duplication 2q33-q34 identified and delineated by multiple cytogenetic techniques[END_REF] .

Real-time quantitative PCR

using the IQ SYBR green master mix (Biorad) and analysed on the AB7300 (Applied Biosystems, Branchburg).

Prioritization

We used the Endeavour prioritization program [START_REF] Aerts | Gene prioritization through genomic data fusion[END_REF] to prioritize the genes in the 5q11.2 chromosomal region. Reference genes were selected based on recently reviewed genes on foregut related anomalies in human and murine models: SHH, GLI2, GLI3, FOXF1, TTF1, NOG, FGF2, HOXA5, RARα, RARβ, BMP4, FOXF1, SOX2, FRAS1 and FREM2. In relation to cell cycle control and cell death processes, we performed an additional prioritization with selected reference genes: cell-division cycle 2-like genes, proteinphosphatases, cyclindependent kinases, interleukins, apolipoprotein B, P53, TNF-genes, PDCD-genes, and CIDE genes. The program is based on the hypothesis that the novel candidate genes play roles similar to those of the genes known to be associated with the anomaly, or share biological processes with these genes.
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Results

Clinical data are summarized in table 1. Conventional G-banding karyotyping was apparently normal in all patients. The quality of the array was poor in three from whom only FFPE material was available. The array CGH analysis revealed copy number variations in all patients. Most of these were known polymorphisms, described in the Toronto Database of Genomic variants (DGV), the Copy Number Variation project at the Children's Hospital of Philadelphia (CHOP), or seen in our in-house control cohort. [START_REF] Iafrate | Detection of large-scale variation in the human genome[END_REF][START_REF] Shaikh | High-resolution mapping and analysis of copy number variations in the human genome: a data resource for clinical and research applications[END_REF] In two patients (Nos. 3 and 10) these were deletions of loci not known as polymorphic variants: a 57.9 kb deletion on chromosome 15q25.1, containing exons 12-21 of the BLM gene, and a 488 kb deletion on chromosome 16p12.1, respectively. The deletions were confirmed with FISH and real-time quantitive PCR. However, they were also found in their unaffected mothers, so we concluded that they were likely not causal.

We describe an additional 3.6 Mb deletion on chromosomal locus 5q11.2 in patient 10 (figure 1A), who presented with TA, anal atresia, persisting hemiazygos, cryptorchid testes, fork rib and mild dysmorphic features, including low set posterior rotated ears, mild hypertelorism and a unilateral simian crease. The pregnancy was achieved after in vitro fertilization with an unknown sperm donor, and had been complicated by polyhydramnios. In addition, absence of the stomach bubble was seen on ultrasound examination. Prenatal cytogenetic analysis was normal. As labour started prematurely, antenatal corticosteroids were given twice before delivery to induce lung development. The male baby was spontaneously delivered at 29 3/7 weeks. Body weight was 1090 g (30 th centile), length 38 cm (50 th centile), and occipitofrontal circumference 28 cm (40 th centile). Cyanosis, severe respiratory distress and the absence of an audible cry were noted immediately after birth.

Intubation failed after multiple attempts. Apgar scores were 3, 0 and 0 after 1, 5 and 10 minutes respectively. Autopsy confirmed multiple congenital anomalies, including TA, which
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was classified as Floyd III. [START_REF] Floyd | Agenesis of the trachea[END_REF] In addition, cartilage rings in the esophagus and aberrant right bronchus were seen.

The deletion, ranging from 51.32-55.00 Mb (NCBI Build 36.1), was confirmed by FISH analysis (figure 1B). Karyotyping and FISH analysis on lymphocytes of the mother were normal. Paternal material was not available because pregnancy has been achieved after in vitro fertilization; the sperm donor was unknown. Neither the DGV, the CHOP nor our control cohort database describes this large deletion. This chromosomal region contains twelve protein-encoding genes.
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As far as we know, one other patient with a deletion in the 5q11.2 region is described in the literature. [START_REF] Prescott | A novel 5q11.2 deletion detected by microarray comparative genomic hybridisation in a child referred as a case of suspected 22q11 deletion syndrome[END_REF] This patient showed Tetralogy of Fallot, a bifid uvula and significant developmental delay. The 5 Mb deletion found in this patient includes the 3.6 Mb region found in our patient. Another case of overlapping deletion was retrieved from a search in two public online databases (http://www.ecaruca.net/ 21 ; https://decipher.sanger.ac.uk/ [START_REF] Firth | DECIPHER: Database of Chromosomal Imbalance and Phenotype in Humans Using Ensembl Resources[END_REF] ). The Decipher database reports a patient with a large deletion del(5)(q11.2;q13.2), with a 2Mb overlap with our patient. This patient had significant developmental delay and hypochondroplasia. To the best of our knowledge this deletion has not yet been described as a common variant. Due to lack of paternal material, we could not verify the inheritance of the deletion, but we expect this deletion to be de novo.

We used the Endeavour prioritization program [START_REF] Aerts | Gene prioritization through genomic data fusion[END_REF] to prioritize the genes in the 5q11.2 chromosomal region whose haploinsufficiency may have influenced the congenital TA phenotype in our patient. Integrin alpha-1 (ITGA1) was ranked the highest priority, followed by Follistatin (FST), Endothelial cell-specific molecule 1 (ESM1) and Integrin alpha-2 (ITGA2). Integrin alpha-1 integrin is crucial in regulating mesenchymal stem cell proliferation and cartilage production. [START_REF] Ekholm | Diminished callus size and cartilage synthesis in alpha 1 beta 1 integrin-deficient mice during bone fracture healing[END_REF] FST is an activin-binding protein. FST-deficient mice are growth retarded, have decreased intercostal muscles mass, skeletal defects, thirteen pairs of ribs and abnormal tooth development. [START_REF] Matzuk | Multiple defects and perinatal death in mice deficient in follistatin[END_REF] The protein also modulates the actions of several members of the TGF-beta family, e.g. it inhibits BMP-4. Li et al. confirm that Bmp signaling is present in the anterior foregut, the site of origin of the tracheal primordium, and that targeted knockouts for Bmp4 at this site have no trachea development. [START_REF] Li | Bmp4 is required for tracheal formation: a novel mouse model for tracheal agenesis[END_REF] Que et al. demonstrated that certain proteins that antagonize these BMPs, such as Noggin transcriptional processes, could explain the degree of tracheal development, and therefore could discriminate between the subtypes of TA. [START_REF] Que | Morphogenesis of the trachea and esophagus: current players and new roles for noggin and Bmps[END_REF] 
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The variable phenotypes in the patients described with 5q11.2 deletions can be potentially explained by different causes: environmental factors, incomplete penetrance, other genetic mutations elsewhere in the genome, compensation of other genes, or epigenetic factors. This patient in addition to the 5q11.2 deletion also had an inherited 16p12.1 deletion that could possibly contribute to the phenotype. This deletion was recently described by Girirajan et al. [START_REF] Girirajan | A recurrent 16p12.1 microdeletion supports a two-hit model for severe developmental delay[END_REF] In addition to large de novo deletions, they identified a recurrent 520 kb microdeletion of 16p12.1, associated with development delay. They proposed a two-hit model: patients carrying this inherited 16p12.1 deletion in addition to a large copy number variation indicate the variable expressivity of the developmental delay phenotype. [START_REF] Girirajan | A recurrent 16p12.1 microdeletion supports a two-hit model for severe developmental delay[END_REF] We are unable to ascertain the developmental status of the patient as he died. However as the mother is of normal intelligence and carries the 16p12.1 deletion, the patient could fit the two-hit model; the additional large copy number variation could indicate the variable expressivity in our patient.

The presence of inherited and polymorphic variations in our TA cohort, suggests that TA is genetically heterogeneous. The rare 5q11 deletion found in one of our patients includes several candidate genes. The clinical significance of this large chromosomal aberration is hard to pinpoint, however, seeing the variability in the clinical presentation. We recommend standard detailed molecular cytogenetic analysis in patients with TA as a means to further unravel the genetic background of TA.

In conclusion, our findings support the hypothesis that TA is a disorder with a heterogeneous phenotype and genotype.
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