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Abstract

Joubert syndrome is a ciliopathy characterized by a specific constellation of central nervous 

system malformations that result in the pathognomonic “molar tooth sign” on imaging. More than 

27 genes are associated with Joubert syndrome, but some patients do not have mutations in any of 

these genes. Celsr1, Celsr2, and Celsr3 are the mammalian orthologues of the drosophila planar 

cell polarity protein, flamingo; they play important roles in neural development, including axon 

guidance, neuronal migration, and cilium polarity. Here, we report bi-allelic mutations in CELSR2 
in a Joubert patient with cortical heterotopia, microophthalmia, and growth hormone deficiency.
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INTRODUCTION

Joubert syndrome (JS) comprises of a genetically and clinically heterogeneous group of 

ciliopathies diagnosed based on the common pathognomonic brain imaging finding called 

the “molar tooth sign.” This malformation is caused by a specific constellation of hindbrain 

and midbrain anomalies including cerebellar vermis hypoplasia. Typical clinical features of 

JS include hypotonia, developmental delay, and subsequent ataxia and speech apraxia. 

Nystagmus, strabismus, and abnormal respiratory patterns, that is, apnea and intermittent 

tachypnea, are common. Other variable features include retinal dystrophy, fibrocystic 

disease of the kidneys and liver, and polydactyly. The more than 27 JS genes identified to 

date do not account for all JS patients, suggesting further genetic heterogeneity [Parisi and 

Glass, 2003].

Celsrl, Celsr2, and Celsr3 are the mammalian orthologues of flamingo, the drosophila planar 

cell polarity protein that belongs to a unique cadherin subfamily. Celsrl-3 functions in neural 

development, specifically in axon guidance, neuronal migration, and cilium polarity [Huber 

and Cormier-Daire, 20l2].

Here, we describe a patient with JS and cortical heterotopia, microophthalmia, severe growth 

retardation, growth hormone deficiency, and cone-shaped epiphyses in whom we identified 

bi-allelic mutations in CELSR2.

METHODS

Patients

Between 2003 and 2014, 103 patients with Joubert syndrome were prospectively evaluated 

at the National Institutes of Health (NIH) Clinical Center, under protocol 03-HG-0264, 

“Clinical and Molecular Investigations Into Ciliopathies” (www.clinicaltrials.gov; 

NCT00068224). This study was approved by the National Human Genome Research 

Institute Institutional Review Board, and written informed consent was obtained from the 

proband’s parents. Evaluations at the NIH Clinical Center included exome sequencing, 

neurocognitive testing, complete ophthalmological examination, echocardiography, 

abdominal ultrasonography, skeletal survey, and comprehensive blood and urine testing 

including evaluation of liver and kidney function as well as hormone levels.

Sequencing and Variant Analysis

For exome sequencing, we used the HiSeq2000 (Illumina) [Bentley et al., 2008] that 

employed 101-bp paired-end read sequencing. Image analysis and base calling were 

performed using Illumina Genome Analyzer Pipeline software (versions 1.13.48.0) with 

default parameters. Reads were aligned to a human reference sequence (UCSC assembly 

hg19, NCBI build 37) using a package called Efficient Large-scale Alignment of Nucleotide 
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Databases (Illumina). Genotypes were called at all positions where there were high-quality 

sequence bases using a Bayesian algorithm called the Most Probable Genotype [Teer and 

Mullikin, 2010] and variants were filtered using the graphical software tool VarSifter v1.5 

[Teer et al., 2012]. The database dbSNP (see URLs) covers the 1.22% of the human genome 

corresponding to the Consensus Conserved Domain Sequences and more than 1,000 

noncoding RNAs [Gnirke et al., 2009].

For dideoxy sequencing, primers were designed to amplify CELSR2 (primer sequences 

available upon request). Direct sequencing of the PCR amplification products was carried 

out using BigDye 3.1 Terminator chemistry (Applied Biosystems) and separated on an ABI 

3130xl genetic analyzer (Applied Biosystems). Data were evaluated using Sequencher v5.0 

software (Gene Codes Corporation).

RESULTS

Clinical Report

The patient is an 8-year-old female (Fig. 1A and B) born at 37 week gestation via caesarean-

section due to failure of labor to progress. Apgar scores were 7 and 9 at 1 and 5 min, 

respectively. Birth weight was 3,640 g (75th %), and length 50 cm (50th %). Head 

circumference was 36 cm (70th %). Nystagmus, small left eye, and left ptosis were noted at 

birth. Within the first hours of life, the infant developed tachypnea and apnea episodes. A 

diagnosis of JS was made based on brain MRI findings of a severely hypoplastic and 

dysplastic cerebellar vermis and the molar tooth sign (Fig. 1C and D). Other brain MRI 

findings included left occipital cortical heterotopia (Fig. 1E), and hypoplastic extraocular 

muscles (Fig. 1F). Apneas resolved after the first weeks of life but the infant continued to 

have panting episodes. She was able to breast feed well for the first year of life, but did not 

tolerate solid foods, due to difficulty swallowing, and remained on pureed foods till age 8. 

There was no polyuria nor polydipsia. She underwent multiple surgeries for ptosis and 

strabismus. She had severe global developmental delay, only beginning to walk with a 

walker at age 6 years. At age 8, she had no words but used some sounds and a few signs for 

communication.

Physical examination at the NIH at age 8 years showed a small, but well-nourished female 

with significant developmental delay. She was nonverbal but interacted through basic 

signing and noises. Height was 93.3 cm (−6.9 SD, average for 3 years), weight was 15.1 kg 

(−4.2 SD), and body mass index was normal at 17.3 kg/m2 (75th and 85th %). Head 

circumference was relatively large at 52 cm (+2.5 SD for 3 years). Arm span was 91.5 cm. 

Upper to lower segment ratio was 1.05 (0 SD). She had a relatively large head with a tall 

forehead, hypoplastic supraorbital ridges, wide-spaced eyes, epicanthal folds, and borderline 

low set ears (Fig. 1B). The left eye was microophthalmic with severe ptosis. The palate was 

high and narrow with surrounding overgrowth of the gums; the uvula was normal. The girl 

had generalized low muscle tone and a wide-based gait. Neurodevelopmental testing was 

limited to structured interview with parents (Vineland Adaptive Behavior Scales-II) because 

patient had no reliable means of indicating a response on available standardized tests. 

Vineland adaptive behavior composite score was 55 ± 5, communication 54 ± 8, daily living 

skills 51 ± 8, socialization 57 ± 7, and motor skills: 40 ± 10; the normal means for all 
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catagories are 100 ± 15). Within the communication domain, she turned her eyes and head 

toward sound and looked toward her parents when they talked to her. She was able to point 

to body parts and indicate more, yes, no, eat, and want reliably. She fed herself with a spoon, 

but could not use a pincer grasp to pick up small objects.

Bone age was significantly delayed at approximately 4 years. Skeletal survey showed a large 

head with increased craniofacial ratio (Fig. 1G and H). Copper beaten marks were noted in 

the skull (Fig. 1H). There were cone-shaped epiphysis in hands and feet (Fig. 1I and J). 

Serum IGF-1 level was less than 25ng/ml (Z score < −2.73); normal for Tanner I female, 49–

342. The TSH was normal, the T4 was mildly elevated. There was no obvious structural 

anomaly of the pituitary gland on brain MRI.

Ophthalmological examination at NIH revealed bilateral restricted ocular motility, 

strabismus (exotropia and hypertropia), left ptosis, left microphthalmia, and bilateral myopic 

astigmatism. Extraocular eye movements were restricted: on the right, ductions were −2 

abduction, −4 adduction, almost no elevation and depression; on the left, ductions were 

almost fixed. She was able to fix and follow on the right and had only light perception on the 

left. Retinal examination was normal except for a patch of salt and pepper pigmentary 

changes in the inferior periphery of the left eye. Liver and kidney related serum chemistries 

and abdominal ultra-sonography were normal.

Molecular Data

Exome sequencing revealed compound heterozygous variants in CELSR2 
(NM_001408.2):c.1150G>A; p.Ala384Thr and (NM_001408.2):c.6908C>T; p.Thr2303Met. 

The maternally inherited c.6908C>T (Fig. 2A) is known to public databases (dbSNP, 

rs150873094; ESP, ESP6500SIV2, MAF of 0.01%, and EXAC, MAF of 0.0025%) (see 

URLs). This variant results in a Threonine to Methionine change in a highly conserved 

residue 2303, and is predicted to be deleterious (Supplementary Table S1). The paternally 

inherited c.1150G>A (Fig. 2A) is known to EXAC with a total minor allele frequency 

(MAF) of 0.0083%. On the protein level, this results in a change of Alanine to Threonine in 

residue 384, which is located in the second of nine cadherin-repeat domains (Fig. 2B); this 

change is predicted to be damaging by pathogenicity prediction software (Supplementary 

Table SI). Homology modeling of the relevant CELSR2 domains, performed using the Prime 

software tools (Schrodinger, LLC), indicates that the mutations A384T and T2303M both 

appear on the protein surface (Fig. 2C), potentially affecting protein-protein interactions in 

the extracellular milieu. The T2303M mutation is located in the so-called GPCR-

autoproteolysis inducing (GAIN) domain [Arac et al., 2012]. This mutation is proximal to 

the GPCR proteolysis site (GPS) motif, with its conserved disulfide bridges. Other bialleleic 

variants identified through whole exome analysis are listed in Supplementary Table SII.

DISCUSSION

Ciliopathies are characterized by their extreme pleiotropy; how individual defects of the 

same cellular organelle lead to variable involvement of multiple organs, with overlapping but 

distinct phenotypes remains unknown [Badano et al., 2006; Novarino et al., 2011]. To date 

more than 50 genes that encode cilia-related proteins are implicated in ciliopathies, some of 
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which overlap in clinical characteristics. In this context, the discovery of new genes 

associated with ciliopathy phenotypes is not surprising. The pleiotropy in ciliopathies 

nonetheless makes studies on genotype-phenotype correlation difficult and often limited.

In this report, we identified biallelic mutations in CELSR2 that might be associated with this 

patient’s phenotype. Celsr1, Celsr2, and Celsr3 are widely expressed in the nervous system, 

functioning in axon guidance, neuronal migration, and cilium polarity [Formstone and Little, 

2001]. In mice, Celsr2 is expressed in all brain areas [Formstone and Little, 2001; Tissir et 

al., 2010] and it regulates dendritic maintenance and growth. Mice with homozygous null 

mutations in Celsr2 develop hydrocephalus due to decreased numbers of ependymal cilia 

that are also short and abnormally oriented [Tissir et al., 2010]. Furthermore, the lateral 

plasma membrane localization of the two planar cell polarity proteins, Vangl2 and Frizzled3, 

is disrupted in ependymal cell precursors in Celsr2-mutant mice, providing evidence that 

Celsr2 regulates ciliogenesis through PCP signaling [Tissir et al., 2010]. Abnormalities of 

planar cell polarity have been shown in many ciliopathies including Bardet-Biedl syndrome 

[Ross et al., 2005], oral facial digital syndrome type I [Ferrante et al., 2009], and polycystic 

kidney disease [Ohata et al., 2015]. In addition, mice with defective mksl, a ciliary protein 

defective in Meckel-Gruber and Bardet-Biedl syndromes, show features indicating 

disruption of planar cell polarity [Cui et al., 2011]. Hence, our patient’s structural brain 

anomalies, central nervous system dysfunction, and severe global developmental delay 

might be associated with a defect in CELSR2 function. Discovery of other cases with 

mutations in the same gene will strengthen the association of CELSR2 with ciliopathy. The 

authors, however, were unable to identify cases with similar phenotype and genotype in 

available collaborators and resources.

Growth hormone deficiency occurs in a small number of patients with JS [Parisi and Glass, 

2003]. We screened our patient for additional pituitary hormone deficiencies including 

central hypothyroidism, adrenal insufficiency, diabetes insipidus, and central hypogonadism. 

Thyroid function tests showed a normal TSH with a mildly elevated free T4, which was not 

consistent with central hypothyroidism. Antidiuretic hormone deficiency was unlikely as she 

did not have polyuria or polydipsia. Testing for luteinizing hormone and follicle stimulating 

hormone deficiencies was difficult; the patient was too young to manifest absent, delayed, or 

incomplete pubertal development. She had no clinical signs of adrenal insufficiency such as 

vomiting or weight loss, and had undergone multiple surgeries with no adrenal crises, so we 

consider her unlikely to have adrenocorticotropic hormone deficiency. Our patient’s severe 

growth retardation was probably due to the combined effect of growth hormone deficiency 

and limited growth potential of her bones as evidenced by her abnormal epiphysis. Cone-

shaped epiphyses are seen in many other skeletal ciliopathies such as Jeune syndrome and 

other types of short-rib polydactyly syndromes with short stature due to primary bone 

involvement [Huber and Cormier-Daire, 2012]. Even though our patient was not diagnosed 

with hydrocephalus and ventricular enlargement, her skull X-ray showed coper-beaten 

marks suggesting increased intracranial pressure.

The other biallelic variants we identified on exome sequencing were deemed unlikely 

candidates; they included NM_031935.2 (HMCN1), NM_001308120.1(FAM179B), 

NM_001024858.2 (SPTB), and NM_006267.4(RANBP2) (Supplementary Table II). 
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Hemicentrin-1, encoded by HMCN1, is a large extracellular membrane protein of the 

immunoglobulin superfamily that is thought to provide mechanosensory anchorage of 

neurons to the epidermis; monoallelic HMCN1 variants are associated with age-related 

macular degeneration (ARMD1, MIM603075), which the parents and grandparents of our 

patient did not have. FAM179B shRNA knockdown experiments showed that deficiency of 

this protein is not associated with satellite formation, cilia abnormalities, centriole 

duplication, or any other detectable ciliopathy phenotype [Gupta et al., 2015]. SPTB codes 

for erythrocytic beta spectrin; monoallelic mutations in SPTB are associated with 

Spherocytosis, type 2 (MIM 616649), which the parents do not have; in addition, biallelic 

SPTB mutations cause severe type 2 spherocytosis, which our proband does not have. 

RANBP2 encodes a component of the nuclear pore complex and functions in protein export 

and import, protein sumoylation, and intracellular trafficking [Neilson et al., 2009]. 

Monoallelic variants in RANBP2 are associated with AD acute infection-induced 

encephalopathy type 3(MIM 608033); our patient’s family history was negative for this 

disorder.

In summary, this JS patient with bi-allelic mutations in CELSR2 potentially represents the 

first human ciliopathy patient described with a defect in this planar cell polarity protein. 

Future description of other patients with mutations in CELSR2 and the study of their 

underlying cell biology will determine if a defect in CELSR2 is causative of JS and could 

define new mechanisms on the role of planar cell polarity in ciliary biogenesis, positioning, 

and orientation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Clinical photographs and images of the patient. (A) Patient had severe growth retardation 

associated with relative macrocephaly. (B) Craniofacial features included tall forehead, 

widely spaced eyes, epicanthal folds, severe ptosis of left eye, and borderline low set ears. 

Brain MRI at 2 months showed molar tooth sign (circle) (C) in comparison to normal (D), 

left occipital cortical heterotopia (circle) (E), and hypoplastic extraocular muscles (F). Skull 

X-rays showed a large head with increased craniofacial ratio, copper beaten marks, and 

frontal bossing (G and H). Abnormal cone-shaped epiphyses were noted in hand (I) and feet 

(J) X-rays.
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FIG. 2. 
Molecular data.(A) DNA sequences showing CELSR2 sequences of patient and her parents. 

Patient (upper panel) was compound heterozygote for NM_001408.2(CELSR2):c.1150G>A; 

p.Ala384Thr (inherited from the father) in exon 1 and NM_001408.2(CELSR2):c.6908C>T; 

p.Thr2303Met (inherited from the mother) in exon 21. (B) A schema showing the CELSR2 

gene and its corresponding protein with several protein domains. The mutations are located 

in the CELSR domain and laminin G-like domain, both of which are in the extracellular 

area. (C) Homology models of CELSR2 domains.The first three cadherin repeats (upper) 

and a stereo view of the so-called HormR and GAIN domains (lower) of CELSR2, colored 

according to sequence identity with the known template structures, 3q2w.pdb [Harrison et 

al., 2011] and 4dlo.pdb [Arac et al., 2012], respectively. The main chain is colored gold 

where the template and CELSR2 sequences are identical, blue where they differ. Note the 

conservation in the protein core, for example, the conserved inner faces of alpha helices. The 

sites of the mutations are shown as space-filling, along with the four conserved disulfide 

bridges (lower). The two a-carbon atoms corresponding to the cleavage site in the template 

structure of the brain-specific angiogenesis inhibitor 3 [Arac et al., 2012] are shown as 

spheres, not far from the conserved disulfide bridges of the GPS domain and the T2303M 
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mutation. The modeled structures were rendered using MolScript [Kraulis, 1991] and 

Raster3D [Merritt and Bacon, 1997].
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