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Abstract
Pierre Robin sequence (PRS) is an etiologically distinct subgroup of cleft palate. We aimed to define the critical genomic interval from five different 5q22-5q31 deletions associated with PRS or PRS-associated features and assess each gene within the region as a candidate for the PRS component of the phenotype. Clinical array-based comparative genome hybridisation (aCGH) data were used to define a 2.08Mb minimum region of overlap among four de novo deletions and one mother-son inherited deletion associated with at least one component of PRS. Commonly associated anomalies were talipes equinovarus (TEV), finger contractures and crumpled ear helices. Expression analysis of the orthologous genes within the PRS critical region in embryonic mice showed that the strongest candidate genes were FBN2 and PHAX. Targeted aCGH of the critical region and sequencing of these genes in a cohort of 25 PRS patients revealed no plausible disease-causing mutations. In conclusion, deletion of ~2Mb on 5q23 region causes a clinically recognisable subtype of PRS. Haploinsufficiency for FBN2 accounts for the digital and auricular features. A critical region for TEV is distinct and telomeric to the PRS region. The molecular basis of PRS in these cases remains undetermined but haploinsufficiency for PHAX is a plausible mechanism. 
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Introduction
Pierre Robin sequence (PRS; MIM 261800) is an important clinical entity that is characterised by congenital micrognathia and glossoptosis (downward displacement of the tongue) with airway obstruction and a U-shaped cleft of the soft palate (Evans et al., 2006; van den Elzen et al., 2001). PRS is hypothesised to be a primary defect in growth of the embryonic mandible, which results in an abnormal positioning of the tongue such that it obstructs the normal midline fusion of the posterior palatal shelves which normally occurs at ~56 gestational days in humans (Gordon et al., 2009; van den Elzen et al., 2001). The lower jaw is formed from cranial neural crest cells located within the mandibular swelling of the first pharyngeal arch and it is possible that some cases of PRS are caused by abnormal development of neural crest cells or of the cartilaginous structures derived from them (Gordon et al., 2009). The oral anomalies associated with PRS often cause breathing and feeding difficulties resulting in failure to thrive. In severe cases, obstruction of the upper airway by the tongue can be fatal (Evans et al., 2006; van den Elzen et al., 2001). 
PRS commonly occurs as part of a multisystem developmental disorder (Holder-Espinasse et al., 2001). The most common syndrome diagnoses identified in PRS cases are Stickler syndromes type I (MIM 108300), type II (MIM 604841) and type III (MIM 184840) caused by mutations in the COL2A1, COL11A1 and COL11A2 genes respectively (Evans et al., 2006; Holder-Espinasse et al., 2001; Snead and Yates, 1999; van den Elzen et al., 2001). Less commonly PRS may be associated with velo-cardio-facial syndrome (VCFS; MIM 192430), which is caused by a recurrent non-allelic homologous recombination induced deletion of 22q11.2. This deletion encompasses the TBX1 gene which is required for normal FGF8 and BMP4 signalling during mandibular development (Aggarwal et al., 2010). Non-syndromic PRS may also be associated with heterozygous disruption of long-range cis-regulatory elements of either SOX9 (Benko et al., 2009) or SATB2 (Rainger et al., 2014). 
In at least half of PRS cases the cause remains to be determined. Here we describe a new clinically recognisable syndrome with PRS or PRS-associated features, joint contractures, long, thin fingers and crumpled ears. Isolated congenital contractural arachnodactyly (CCA, 121050) may be caused by mutations in the fibrillin 2 gene, FBN2 (Tuncbilek and Alanay, 2006). Molecular characterisation of five unrelated 5q deletions associated with PRS and CCA enabled us to define a critical region of 2.08 Mb at 5q23. Ten genes including FBN2, map within the critical region. FBN2 and PHAX were considered the strongest candidate genes for PRS based on the developmental expression pattern in embryonic mice. A previously reported case of an intragenic FBN2 mutation had also been associated with cleft palate and micrognathia in a child with CCA (Belleh et al., 2000). However, no plausibly pathogenic mutations were detected in screening a cohort of 25 PRS cases thus the molecular mechanism underlying the PRS component of PRS with CCA remains unclear.

Materials and methods
Case Ascertainment
Each 5q22-23 deletion was ascertained via routine clinical genetics investigations within a regional genetics service laboratory using array-based comparative genomic hybridisation (aCGH) with or without conventional cytogenetic analysis and fluorescent in situ hybridisation (FISH) to metaphase chromosomes. The FISH and aCGH analyses were performed in different clinical and research laboratories. The overlapping phenotype was noted following the submission of deletions from different centres to the DECIPHER database (Firth et al., 2009). A panel of 25 PRS cases with no deletions detected on aCGH were screened for intragenic mutations in FBN2 and PHAX as a subset of a larger existing study group collected by DRF, JA and SL. This study was performed under ethical approval provided by the UK Multiregional Ethics Committee (Reference: 06/MRE00/77). 
Fluorescence in situ hybridisation (FISH)
For Families 1 and 2 the FISH was performed on metaphase chromosomes prepared from lymphocytes as described elsewhere (Fantes et al., 2008). The BAC clone RP11-351A8, which spans FBN2, was selected from the UCSC Human Genome Browser (http://genome.ucsc.edu) and the probe was labelled with biotin-16-dUTP (Roche) by nick translation (Fantes et al., 2008). Following hybridization, slides were mounted with a drop of Vectorshield antifadent containing DAPI (Sigma). Antibody detection was carried out by fluorescent microscopy using a Zeiss Axioscop microscope. Images were collected using a cooled CCD (charged coupled device) camera (Smart-Capture software).  
Array-based comparative genomic hybridisation (aCGH)
Genome-wide aCGH was performed in clinically accredited laboratories using a variety of different array platforms including the Bluefuse CytoChip V1.1 1Mb BAC array (BlueGnome Ltd, UK). 
Targeted DNA copy number analysis was performed using a customised oligonucleotide microarray (Agilent Technologies) consisting of 44,000 60-mer oligonucleotide probes, designed using eArray (Agilent Technologies), encompassing (hg19): FBN2 and PHAX (chr5:125,172,101-128,172,101), SOX9 (chr17:67,988,405-71,988,405), SATB2 (chr2:198,591,755-201,191,755), TBX1 (chr22:19,720,000-19,820,000) and TBX22 (chrX:78,613,344-79,963,344) with an average probe spacing of 260 bp. “Dye-swap” experiments were performed for each patient sample to reduce the variation related to labelling and hybridisation efficiencies. Briefly, 1 µg of genomic DNA from the patient and the control (pool of 5 samples) was digested with AluI and RsaI enzymes, and the digested DNA was labelled with Cyanine 3-dUTP or Cyanine 5-dUTP in dye-swap reactions, followed by hybridization, as per the manufacturer’s instructions (Agilent Technologies). Slides were scanned using an Axon GenePix 4000B scanner (Molecular Devices). Images were extracted and normalised using the linear-and-Lowess normalisation module implemented in the Feature Extraction software (Agilent Technologies). An R-script was used to correct for systematic differences in probe efficiencies seen on a particular array using the "self-self" microarray data (T. Fitzgerald, personal communication). The GC bias (or wave profile) was also corrected using a 500 bp window around each probe (Marioni et al., 2007). Copy number analysis was carried out with DNA Analytics software (Agilent Technologies) using the aberration detection module (ADM)-2 algorithm (Lipson et al., 2006) with a threshold of 6 and at least 5 consecutive probes showing a change in the copy number. 
Expression pattern of candidate genes
For the 3′ untranslated region (UTR) of each of the genes in the critical region, primers with 5′ T7 binding sites (Supp. Table S3) were used for PCR amplification of mouse genomic DNA template. Digoxigenin (DIG, Roche)-labelled antisense riboprobes were generated by in vitro transcription using T7 RNA polymerase. WISH analysis was performed on mouse embryos at 9.5, 10.5, 11.5 and 12.5 gestational days as previously described (Rainger et al., 2011). 
Mutation analysis of the FBN2 and PHAX genes
Genomic DNA was used as a template for whole genome amplification using GenomiPhi V2 DNA Amplification Kit (GE Healthcare Life Sciences) prior to mutation screening. The amplicons encompassing the coding exons and the intronic splice junctions were designed using ExonPrimer (http://ihg.gsf.de/ihg/ExonPrimer.html) or by manual means. Oligonucleotide sequences are available on request. Forward and reverse oligonucleotides were tagged with the universal primer 5´- GTAGCGCGACGGCCAGT or 5´- CAGGGCGCAGCGATGAC, respectively. All amplicons were amplified by PCR comprising 20 ng whole-genome amplified DNA, 1X ReddyMix Custom PCR Master Mix (Thermo Scientific), 1X GC-rich Solution (Roche Diagnostics Ltd), 0.4 µM forward oligonucleotide and 0.4 µM reverse oligonucleotide, in a total volume of 12 µl. A uniform PCR cycling protocol was performed: 95 °C for 5 minutes; 32 cycles of 94 °C for 1 minute, 58 °C for 1 minute, 72 °C for 1 minute; 72 °C for 10 minutes. The products were visualised using agarose gel electrophoresis to ensure adequate yield and proper sizing of each exon fragment. Bidirectional direct sequencing using the universal primers was performed using BigDye Terminator v3.1 Cycle Sequencing Kit and resolved on an ABI 3730 DNA Analyzer (Applied Biosystems). Sequence files were analysed with Mutation Surveyor v3.30 (SoftGenetics). The genomic sequence identifier used for both FBN2 and PHAX is NC_000005.10.

Results
Cases with overlapping deletions
Family 1, Individual 1 
DECIPHER Number 1051/248164 
Cytogenetic and clinical aspects of this individual have been previously reported (Garcia-Minaur et al., 2005). He has a deletion of 5q22.3-q23.3 associated with multiple congenital anomalies including Pierre Robin sequence, crumpled ears and congenital contractural arachnodactyly (Fig. 1A-C). The original mapping of the deletion was performed using metaphase FISH analysis. Here we used CytoChip aCGH to show that this deletion has a minimum size of (chr5:114,413,274-129,422,143, hg19) (Fig. 2). He was reviewed at the age of 20.7 years. He lives with his parents. He has moderate intellectual disability and has significant problems with anxiety and depression. He continues to have significant joint hypermobility with recurrent bilateral patellar dislocations. He has chronic hip pain without radiological evidence of osteoarthritis. He has significant visual impairment as a result of his colobomata and suffers from chronic gastroesophageal reflux which requires treatment with a proton pump inhibitor.
Family 2, Individual 2 
DECIPHER Number 2224/260667 
This case was a first-born male to healthy unrelated parents. Talipes equinovarus had been noted on antenatal scans. He was born at term pregnancy with a birth weight of 3,300 g (25th centile). There was airway compromise immediately on delivery due to PRS (Fig. 1D-I). He was also noted to have crumpled ear helices, arachnodactyly and distal arthrogryptosis of the left 3rd and 4th digits. As well as bilateral talipes equinovarus there was also developmental dysplasia of both hips. The right hip required reduction under general anaesthetic at 8 months of age. He has had severe gastroesophageal reflux from birth resulting in poor weight gain. He required nasogastric tube feeding from birth and symptoms only improved following insertion of a gastro-jejunostomy at 8 months of age. Echocardiogram revealed mild branch stenosis of pulmonary arteries which resolved by 1 year of age. He had bilateral strabismus. Growth measurements at 21 months: weight and height on the 9th centile and head circumference on the 25th centile. Psychomotor development is delayed although the skeletal abnormalities and cleft palate have hindered his progress. At 3 years of age he was able to walk with splints and although he had no speech he did communicate well through signing. In view of persistent retching an MRI brain and spine were performed and this demonstrated general paucity of cerebral white matter and a 7 mm wide syrinx extending from T6 to T9. He also developed thoracolumbar scoliosis. At the age of 6.2 years he is in reasonable general health and is attending school. He uses a large number of words appropriately using either signing or via a speech output device (Go Talk 9+). He continues to have complete intolerance of oral food intake and is currently fed via a percutaneous gastrostomy. 
Family 3, Individual 3 
DECIPHER Number 785
This female case is the second child of healthy, unrelated parents. She was born at term pregnancy, with a birth weight of 3,470g (50th centile), length 50 cm (50th centile) and head circumference 37 cm (98th centile). Cleft palate was identified soon after delivery as was camptodactyly of fingers 2-3 on both sides, and left talipes equinovarus. There were two small pre-auricular tags on the left and the right ear was mildly dysplastic. A small atrial septal defect was also identified on echocardiogram following auscultation of a murmur. No further problems with feeding or airway compromise have been reported after undergoing surgical correction of the cleft palate. Assessment of her psychomotor development showed a mild delay: on the Bayley mental scale, her mental level was 22 months at a chronological age of 28 months (developmental index of 76). She walked at the age of 25 months. There is no family history of learning difficulties or congenital malformations. At the age of 2.5 years, her growth was at the 3rd centile for weight and length, and head circumference was at the 3rd-10th centile (Fig. 1J-K). At the age of 9 years, she weighed 22 kg (3rd centile) with a height of 119.5 cm (below 3rd centile) and a head circumference of 50.5 cm (10th – 25th centile). She has some dysmorphic features including epicanthic folds, hypertelorism and a widened nasal bridge (Fig. 1L). Both ears have a marked prominence and angulation of the antihelical stem and there is also marked prominence of the superior crus and a notch in the helix on the right (Fig. 1M-N).  
Family 4, Individuals 4 and 5 
DECIPHER number 2199
Individual 4 is male who was born at 30 weeks gestation weighing 1,600 g. A cleft palate and hypospadias were noted at birth. When last assessed aged 5 years, he was noted to have mild global delay in his development, distal arthrogryposis, unilateral radioulnar synostosis and overfolded outer margin of both ears. The 5q deletion was noted on investigation of his developmental delay (Fig. 2). His mother, individual 5 carries the same deletion (Fig. 2). She has a high narrow palate with no cleft. She has distal arthrogryposis and radioulnar synostosis bilaterally. She has no intellectual disability. Her father, who has not been tested for the deletion also had cleft palate.
Family 5; Individual 6
DECIPHER 254582
The propositus is a first-born male to healthy unrelated parents. After an uneventful pregnancy he was born at 39 weeks with caesarean delivery due to foot presentation. His growth measurements at birth were: weight 2,555 g (5th centile), length 45 cm (<5th centile) and head circumference 34 cm (25th centile). Apgar score was 8 and 9 at 1 and 5 min, respectively. Bilateral talipes equinovarus, penoscrotal inversion, right cryptorchidism were noted (Fig. 1O-R). Mild dysmorphisms were present: bitemporal narrowness, horizontal ocular rhyme, bulbous nose with anteverted nares, micrognathia, glossoptosis, and slender hands and toes (Fig. 1O-R). Severe developmental dysplasia of both hips required surgical correction at the age of 1 year. During infancy, the patient suffered from severe feeding problems, causing several hospitalisations and from severe sleep disorders. He had bilateral strabismus. At 3 years of age he started walking and at 5.6 years he still displayed walking and balance problems. First words were spoken at 3 years. At 5 years of age he presented with episodes of focal epilepsy with secondary generalisation, controlled with combination therapy (oxcarbazepine and clonazepam). Brain and spine scans were performed, which demonstrated an abnormal orientation of the hippocampus and a syringomyelia extending from the 5th thoracic vertebra to the lower extremity of the cord. He was last assessed at the age of 11.8 years when his growth parameters were: height 137.2 cm (3th centile), weight 33.3 kg (50th centile) and head circumference 49.2 cm (>3th centile). He suffers from severe intellectual disability.
Defining a PRS-associated Critical Region
The clinical features of the 6 individuals carrying a 5q22-23 deletion from Families 1-5 are summarised in Table 1. Of these individuals 4/6 had cleft palate, 3/6 had micrognathia and 3/6 had glossoptosis. Only Individual 5 from Family 4 showed no signs of PRS. All the deletion carriers showed some skeletal anomalies; 3/6 had finger contractures, 3/6 had talipes equinovarus (TEV), 2/6 had hip dysplasia and 2/6 had radial ray defects. Only two of the affected individuals had crumpled ear helices.
The deletions in Families 1-5 were then used to define a genomic interval of 2,079,041 bp on chr5:125,794,639-127,873,679 (hg19) that is shared by all affected individuals (Fig. 2, Supp. Table S1). We have termed this the PRS critical region. 
An Adjacent Deletion Defines a TEV Critical Region Distinct from the PRS Critical Region
On review of the DECIPHER database (http://decipher.sanger.ac.uk) we identified an individual (DECIPHER 262426) with a de novo deletion identified using BlueGnome ISCA 60K Cytochip which was telomeric to and non-overlapping with the PRS critical region (chr5:129,439,502-135,816,459, hg19) (Fig. 2, Fig. 3, Supp. Table S2). This male case presented with global developmental delay at the age of 4 years. He had severe left sided TEV that was operated on at age 12 months. He had also suffered recurrent chest infections and gastro-oesophageal reflux requiring fundoplication, a left undescended testis requiring orchidopexy, bilateral inguinal hernia repairs, poorly developed abdominal musculature and facial dysmorphism (Fig. 3A-C). He had long toes, with his 4th toe under-riding the others and a deep crease between his first and second toes (Fig. 3D-F). He had mild joint hypermobility. His facial features were noted to be slightly reminiscent of Williams-Beuren syndrome (MIM 194050) but FISH with a probe containing the elastin gene, ELN was normal. When reviewed at 12 years of age he had developed an osteochondroma in the right popliteal fossa.
Expression pattern of candidate genes 
The expression pattern of the mouse ortholog of each candidate gene was determined in mouse embryos (Fig. 4, 5). Out of the ten genes within the PRS critical region, Gramd3, Aldh7a1, March3, Megf10 and Prrc1 showed no evidence of site- or stage-specific expression above the BM purple stain background. Lmnb1 showed some expression in the developing limbs. However, Phax and Fbn2 both showed evidence of specific expression in the first and second branchial arches (Fig. 4). Furthermore, analysis of Phax and Fbn2 expression in the 9.5 dpc mouse embryos using optical projection tomography (OPT) showed strong expression of Phax in pharyngeal arch 1 and 2 and the forebrain (Fig. 5). Phax expression was stronger in the first arch than the second, from which the jaw develops. Fbn2 was most strongly expressed in the developing somites but was also seen in the developing eye, migratory neural crest cells and in pharyngeal arch 1 and 2 (Fig. 5). 

Mutation analysis of FBN2 and PHAX
Based on the above expression patterns we judged that FBN2 and PHAX were the strongest candidate genes for the PRS phenotype. Direct sequencing of all 65 coding exons of the FBN2 gene and 5 coding exons of PHAX, however, revealed no intragenic mutations in 25 PRS cases analysed.

Discussion
Individual 1 and Individual 2 both presented in the perinatal period with severe Pierre Robin sequence (PRS) and were seen by the same clinician (DRF) several years apart. On the basis of the distinct clinical features in Individual 1 a clinical diagnosis of 5q23 deletion syndrome was made in Individual 2 and subsequently confirmed by metaphase FISH analysis. A review of the cytogenetic literature (Supp. Table S4) revealed that deletions of the middle part of 5q cause a wide variety of different malformations with few clear genotype-phenotype correlations (Arens et al., 2004; Courtens et al., 1998; Bennett et al., 1997; Tzschach et al., 2006). Haploinsufficiency of the 5q22-q23 region, however, is frequently associated with cleft palate (Arens et al., 2004; Garcia-Minaur et al., 2005; Courtens et al., 1998; Hastings et al., 2000). To determine the phenotypic spectrum associated with deletions of this part of the genome we have characterised six deletions of 5q which had been molecularly-positioned by aCGH and were ascertained via the DECIPHER database (Firth et al., 2009). This has allowed us to define two interesting critical regions, one for cleft palate and Pierre Robin sequence and the other for talipes equinovarus (TEV). Our interest is in defining new genes that cause craniofacial malformations and we used developmental gene expression analysis in mouse embryos to identify FBN2 and PHAX as strong candidates for aspects of the 5q23 deletion phenotype based on their specific expression pattern detected in the pharyngeal arch 1 and 2 and migratory neural crest cells.
Intragenic mutations in FBN2, predominantly missense mutations, cause congenital contractural arachnodactyly (CCA; MIM 121050). The paucity of loss-of-function mutations has led to the proposal that CCA is caused by a gain-of-function mechanism; however no single mechanism has been proven (Robinson et al., 2006). In Marfan syndrome (MIM 154700), which is caused by mutations in FBN1, it is clear that loss of one copy of FBN1 through gene deletion can elicit a range of sub-phenotypes that are comparable in severity to those caused by amino acid substitutions (Hilhorst-Hofstee et al., 2011). By analogy with FBN1, it is reasonable to propose that the arachnodactyly and mild distal arthrogryposis observed in some of the deletion cases described here is caused by loss of one copy of FBN2. FBN2 could be a candidate for PRS because fibrillins sequester and modulate the activity of TGFβ which is required for control of SOX9 expression during mandibular ossification (Ramirez and Sakai, 2010; Oka et al., 2008). Defects in TGFβ signalling cause retarded mandibular development (Oka et al., 2008). There is one report of cleft palate in a case of CCA (Belleh et al., 2000), but features of PRS appear to be otherwise absent from CCA patients with intragenic FBN2 mutations (Callewaert et al., 2009). We found no intragenic FBN2 mutations in 25 cases of PRS. It is thus difficult to assign the PRS or cleft palate component of the 5q23 deletion phenotype to haploinsufficiency of FBN2. 
The expression pattern of Phax in the developing pharyngeal arches was striking and made this an initially surprising candidate gene for PRS/cleft palate. PHAX, phosphorylated adaptor for RNA export, is enriched in Cajal bodies (CB) of nuclei and is involved in the intranuclear transport of small nucleolar RNA (snoRNA) to CBs and export of small nuclear RNA (snRNA) to the cytoplasm (Ohno et al., 2000). In the nucleus, PHAX acts as an adaptor between CRM1 (export receptor for proteins carrying a nuclear export signal) and CBC (cap-binding complex)-snRNA complex which is required for U snRNA export (Ohno et al., 2000). There is currently no knockout mouse model of PHAX, but its inhibition in Xenopus oocytes has been shown to result in accumulation of U snRNAs in CBs and their inability to exit into the cytoplasm (Suzuki et al., 2010). In humans, several facial dysostoses have been linked to RNA metabolism and transport: Treacher Collins syndrome (TCS, MIM 154500) is characterised by general cranioskeletal hypoplasia due to generation of insufficient neural crest cells (Trainor et al., 2009). Loss-of-function mutations have been identified in TCOF1, POLR1C and POLR1D which encode nucleolar phosphoprotein Treacle, subunits of RNA polymerase I and RNA polymerase III, respectively (Valdez et al., 2004; Dauwerse et al., 2011). This implicates each of these genes in ribosome biogenesis in the highly proliferative neuro-epithelial and neural crest cells. Similarly, Nager syndrome or Nager type of acrofacial dysostosis (AFD1, MIM 154400) encompasses malformations of the craniofacial skeleton and also the limbs (Trainor and Andrews, 2013). In about 50% of cases, AFD1 is caused by haploinsufficiency of SF3B4 (Czeschik et al., 2013), which binds to pre-mRNA and U2 snRNPS as part of the U2SNP pre-spliceosomal complex involved in RNA splicing (Bernier et al., 2012). Miller syndrome or postaxial acrofacial dysostosis (MIM 263750), characterised by both craniofacial and limb anomalies, is another example of a clinically recognisable acrofacial dysostosis in which recessive mutations in DHODH result in reduced de novo pyrimidine synthesis (Rainger et al., 2012). Interestingly, inhibition of DHODH in zebrafish embryos leads to complete abrogation of neural crest development similar to Treacle (White et al., 2011). Although we did not unravel any intragenic mutations of PHAX in our patient cohort, we believe that the craniofacial malformations observed in our cases are plausibly due to haploinsufficiency of PHAX as a result of the genomic deletions encompassing it.
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Table 1. The clinical features of the 6 individuals carrying a 5q22-23 deletion.
	FamID
	1
	2
	3
	4
	5

	CaseID
	1
	2
	3
	4
	5
	6

	Deletion  Coordinates (hg19)
	chr5:114413274-129422143 
	chr5:124622096-135437935 
	chr5:118953363-131550089 
	chr5:125794639-127873679 
	chr5:124363282-134604995 

	Array Platform
	CytoChip
	CytoChip & Nimblegen 135K
	Custom 1Mb BAC array
	 PLEASE FILL
	PLEASE FILL
	PLEASE FILL

	Confirmation
	FISH
	FISH
	 PLEASE FILL
	 PLEASE FILL
	 PLEASE FILL
	 PLEASE FILL

	DECIPHER ID
	1051
	2224
	785
	2199
	254582

	DECIPHER ID
	248164
	260667
	
	
	
	

	Number of Genes Deleted
	45
	73
	38
	11
	63

	Paternal/ maternal genotype
	Normal
	Normal
	Normal
	Het (affected, case 5)
	Het?
	Normal

	Sex
	male
	male
	female
	male
	female
	male

	Gestational age (weeks+days)
	37
	40
	40
	30 +4
	Unknown
	39

	Birth weight (g) [Z score]
	-1.31 (2400g)
	-0.48 (3300g)
	0.23 (3470g)
	0.51 (1600g)
	Unknown
	-1.86 (2555g)

	Birth ocipitofrontal circumference (cm) [Z score]
	-1.73 (33cm)
	Unknown
	1.99 (37cm)
	29.5cm
	Unknown
	-0.95 (34cm)

	Height (cm) [Z score] 
	-2.76 (158.3cm)
	-2.23 (106cm)
	-2.28 (119.5cm)
	-1.28 (103.8cm)
	0.51 (167.5cm)
	-1.05 (141.2cm)

	Weight (kg) [Z score]
	-1.72 (57 kg)
	-2.65 (16.5 kg)
	-1.76 (22kg)
	-2.36 (14.3kg)
	Unknown
	-0.71 (34.1kg)

	Age at growth measurement (years) 
	20.7
	6.2
	9
	5
	39
	12.1

	Ocipitofrontal (head) circumference (cm) at age (yrs) [Z score]
	-0.2 (56.6)
	-0.67 (52.2cm)
	-2.33 (50.5cm)
	-1.16 (51cm)
	0.01 (55.5cm)
	-3.28 (49.8cm)

	Age at last assessment (years)
	20.7
	6.2
	9
	5
	39
	12.1

	CRANIOFACIAL PHENOTYPE
	 
	 
	 
	 
	 
	 

	Cleft palate
	Y
	Y
	Y
	Y
	high narrow palate 
	N

	Micrognathia
	Y
	Y
	N
	N
	N
	Y

	Glosoptosis
	Y
	Y
	N
	N
	N
	Y

	Obstructive apneoa
	Y
	Severe
	N
	N
	Unknown
	Severe sleep disturbance

	Crumpled ear helices
	Bilateral mild
	Bilateral
	N
	overfolded outer margin
	 Rt unilateral lop ear/dysplastic and microtia
	None

	Other
	down-slanting palpebral fissures and prominent columella
	Paucity of facial movment, Severe feeding problems
	Bilateral preauricular tags
	hypoplastic ala nasi
	overlapping of toes
	 

	LIMB/JOINT PHENOTYPE
	 
	 
	 
	 
	 
	 

	Arachnodactyly
	Quadrateral mild
	Quadrateral mild
	N
	N
	N
	Slender fingers and toes

	Finger/wrist contractures
	N
	Right hand mild
	N
	limitation of finger movement at distal IP joints and opposition of thumb
	limitation of finger extension
	N

	Talipes Equinovarus
	N
	Bilateral
	Right
	bilateral metatarsus adductus
	N
	Severe bilateral

	Other
	 
	Severe bilateral hip dysplasia
	None
	unilateral radioulnar synostosis; bilateral hypoplastic thumbs; 
	Radioulnar synostosis and small thumbs bilaterally
	Severe bilateral hip dysplasia

	EXTRAOCULAR ABNORMALITIES
	 
	 
	 
	 
	 
	 

	cerebral MRI (at age)
	Chiari type I malformation
	Paucity of cerebral white matter and thoracic syringomyelia
	ND
	ND
	ND
	Abnormal orientation of the hippocampus, syringomyelia 

	speech/language development
	Delayed
	Delayed
	Mild delay 
	Mild delay
	N
	Severe

	motor development
	Delayed
	Delayed
	Delay
	Mild delay
	N
	Delayed

	Cardiac malformation
	None
	mild stenosis of the pulmonary artery branches
	Atrial septal defect
	None
	Unknown
	None

	Ocular
	Bilateral Coloboma
	 
	Normal
	 
	frontal sinus blockage
	Strabismus

	Other
	Bilateral inguinal herniae
	Thoracolumbar scoliosis
	WPPSI-R test, age 5yrs 3 months; Verbal IQ: 74; Performal IQ: 68, Total IQ: 68.
	Hypospadias
	-
	Focal epilepsy, cryptorchidism


N, absent; Y, present; ND, not determined.








Figures legends 
Figure 1. Photographs of cases who define the PRS critical region. A-B: AP facial images of Individual 1 at the ages of 1 and 7 years respectively showing down-slanting palpebral fissures, iris colobomas, prominent columella and micrognathia. C: Photograph of mild arachnodactyly of the upper limb in Individual 1. D-F: AP and lateral facial images of Individual 2 at the age of 4 weeks showing micrognathia with nasogastic feeding tube required due to prolonged feeding difficulty. G-H: Lateral and oblique photograph of the right ear of Individual 2 showing overfolded and crumpled helix. I: Photograph showing wide cleft of the palate in Individual 2. J-K: AP and lateral facial photographs of Individual 3 at the age of 2 years showing mild epicanthus and external ear anomalies; helical notch on the right with prominent crus and superior crus bilaterally. L-M: AP and lateral facial images of Individual 3 at the age of 9 years. N: Photograph of palmar aspect of both hands in Individual 3 showing the absence of both contractures and arachnodactyly. O-P: AP and lateral facial photographs of Individual 6 showing normal ears and jaw size. Q-R: Photographs of hands and feet showing arachnodactyly and tapering digits. 

Figure 2. PRS Critical Region: Diagrammatic representation of the genomic region encompassing all of the deletions. The light orange box labelled “PRS critical region” shows the region of overlap of the 5/6 deletions that are associated with features of Pierre Robin sequence (PRS) or cleft palate (chr5:125,794,639-127,873,679, hg19). The blue box marked “TEV critical region” shows the overlap of the four deletions of this region in which talipes equinovarus (TEV) is a feature (chr5:129,439,502-131,550,089, hg19). The figures over the tick marks at top of the image are the genomic coordinate from hg19. The red bars represent the span of the deletions from each of the families documented in the text. The red bar with black outline is the adjacent case (Individual 7) who does not show any features of PRS. The genes that are located within the critical regions are shown at the bottom of the figure. 

Figure 3. Photographs of the case with adjacent deletion. A-C: AP and lateral images of Individual 7 at the age of 14 years showing facial features somewhat reminiscent of Williams-Beuren syndrome with mild retrognathia. D-E: Arachnodactyly without contractures in both hands and feet in Individual 7. F: Platar crease and over-riding fourth toe in right foot of Individual 7.

Figure 4. Expression in mouse embryos of orthologous genes mapping to the PRS critical region. The top panel shows a cartoon of the 2,079,041 bp critical region representing the genomic interval chr5:125,794,639-127,873,679 (hg19).  Below this are panels showing representative right and left lateral photomicrographs of 9.5-12.5 days post coitus (dpc) mouse embryos following WISH analysis using antisense riboprobes designed to target the 3’UTR of the genes indicated at the top of these photographs. Gramd3, Aldh7a1, March3, Megf10 and Prrc1 showed no evidence of site- or stage-specific expression above the BM purple stain background. Lmnb1 showed some expression in the developing limbs. Phax and Fbn2 each show clear evidence of specific developmental expression. The genes marked with an asterix (CTXN3 and SLC12A2) are human genes for which a suitable mouse-specific riboprobe could not be made.

Figure 5. Optical projection tomography (OPT) images of the whole mount in situ hybridization using 9.5 dpc mouse embryos using antisense riboprobes for Phax and Fbn2. Phax (left) and Fbn2 (right) expression is represented in green. Strong expression of Phax is seen in pharyngeal arch 1 and 2 and the forebrain. Fbn2 is most strongly expressed in the developing somites but is also seen in the developing eye, migratory neural crest cells and in pharyngeal arch 1 and 2. 
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