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Abstract

Purpose: Joubert syndrome (JS) is a genetically and clinically heterogeneous ciliopathy 

characterized by distinct cerebellar and brainstem malformations resulting in the diagnostic “molar 

tooth sign” on brain imaging. To date, more than 30 JS genes have been identified, but these do not 

account for all patients.

Methods: In our cohort of 100 patients with JS from 86 families, we prospectively performed 

extensive clinical evaluation and provided molecular diagnosis using a targeted 27-gene Molecular 

Inversion Probes panel followed by whole-exome sequencing (WES).

Results: We identified the causative gene in 94% of the families; 126 (27 novel) unique 

potentially pathogenic variants were found in 20 genes, including KIAA0753 and CELSR2, which 

had not previously been associated with JS. Genotype–phenotype correlation revealed the absence 

of retinal degeneration in patients with TMEM67, C5orf52, or KIAA0586 variants. Chorioretinal 

coloboma was associated with a decreased risk for retinal degeneration and increased risk for liver 

disease. TMEM67 was frequently associated with kidney disease.

Conclusion: In JS, WES significantly increases the yield for molecular diagnosis, which is 

essential for reproductive counseling and the option of preimplantation and prenatal diagnosis as 

well as medical management and prognostic counseling for the age-dependent and progressive 

organ-specific manifestations, including retinal, liver, and kidney disease.

Keywords

ciliopathy; ical and molecular diagnosis; Joubert syndrome; next-generation sequencing

INTRODUCTION

Joubert syndrome (JS; OMIM 213300) was first described in 1969 based on the neurological 

features of episodic hyperpnea, abnormal eye movements, ataxia, cognitive impairment, 

and agenesis of the cerebellar vermis.1 Advances in brain imaging subsequently identified 

the “molar tooth sign” as a diagnostic finding in JS. The molar tooth sign occurs because 

of a distinctive set of cerebellum and midbrain abnormalities and is apparent on axial 

brain magnetic resonance (MR) images obtained through the junction of the midbrain and 

pons.2–4 Typical clinical features of JS within the first months of life include hypotonia, 

abnormal respiratory pattern, abnormal eye movements, and developmental delay. Although 

some patients with JS have only neurological abnormalities, others have multisystem organ 

involvement including fibrocystic kidney and liver disease, retinal dystrophy, chorioretinal 

colobomas, occipital encephalocele, and polydactyly.2,5 This clinical heterogeneity led 

to the use of the term “Joubert syndrome and related disorders,” which includes Senior-

Løken and COACH (colobomas, “oligophrenia” for cognitive impairment, ataxia, cerebellar 

vermis hypoplasia, and hepatic fibrosis) syndromes.2,4 More recently, the term JS has 

been recommended to refer to all patients with the “molar tooth sign,” with or without 
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extraneurological system involvement.6 In this article, for simplicity, “JS” includes Senior-

Løken and COACH syndromes.

After identification of the subcellular localizations and functions of the proteins defective 

in JS, the disorder was recognized as a disorder of the nonmotile cilia, or a “ciliopathy.”7,8 

Ciliopathies have overlapping features, including fibrocystic diseases of the kidneys and 

liver, retinal degeneration, obesity, structural and functional defects of the central nervous 

system and the eyes, abnormal bone growth, abnormal sidedness of internal organs, and 

polydactyly.5,7 Like other syndromic ciliopathies, such as Bardet-Biedl (OMIM 209900) and 

Meckel (OMIM 249000) syndromes, JS is genetically highly heterogeneous. To date, more 

than 30 genes have been identified as causing JS, and many patients remain undiagnosed, 

suggesting further genetic heterogeneity.2

The clinical diagnosis of JS is based on the presence of the “molar tooth sign”; molecular 

genetic diagnosis of the syndrome remains challenging owing to the large number of genetic 

causes and highly variable multisystem manifestations. Here, we present the molecular 

genetic findings of our cohort of 100 JS patients from 86 families in the context of 

extraneurological organ-system manifestations, including retina, kidney, and liver disease.

MATERIALS AND METHODS

Patients

All patients were prospectively evaluated at the National Institutes of Health (NIH) Clinical 

Center, between 2003 and 2014, under the intramural NIH research protocol “Clinical and 

Molecular Investigations Into Ciliopathies” (ClinicalTrials.gov, NCT00068224), approved 

by the National Human Genome Research Institute Institutional Review Board. For 

recruitment, the study was advertised to patients and families by the Joubert Syndrome 

& Related Disorders Foundation as a natural-history study aiming to describe the individual 

organ-system involvement in JS, including kidney and liver disease. Patients and/or their 

parents gave written, informed consent. Enrollment criterion was clinical diagnosis of JS 

including Senior-Løken and COACH syndromes. All patients were evaluated at the NIH 

Clinical Center by a single pediatrician–clinical geneticist (M.G.-A.); evaluations included 

medical history, family history, physical examination, review of medical records, review 

of brain MR images, high-resolution abdominal ultrasonography, formal neurocognitive 

evaluations, electroencephalogram, complete ophthalmic examination, and comprehensive 

blood and urine chemistries. Blood samples for DNA analysis were collected from all 

patients and parents, when available.

The patients were classified as having chorioretinal coloboma, retinal degeneration, kidney 

disease, and liver disease based on clinical and laboratory evaluations performed at the 

NIH Clinical Center. Retinal degeneration was diagnosed based on typical findings on NIH 

retinal examination after dilation of the pupils; when available, electroretinography findings 

and findings on past eye examinations were also used for decision making. Liver disease 

was defined as elevation of liver enzymes and/or increased echogenicity of the liver and/or 

splenomegaly on abdominal ultrasonography. Kidney disease was defined as elevated serum 

creatinine and cystatin-C and/or abnormal findings on renal ultrasonography, including 
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loss of corticomedullary distinction, increased or decreased kidney size, and presence of 

cystic changes. Patients with accessory digits, including small skin tags of the upper or 

lower extremities, were classified as having polydactyly. All available brain MR images 

were qualitatively evaluated by a team of five physicians—two pediatric neuroradiologists, 

one adult neuroradiologist, one pediatric neurologist, and one pediatric clinical geneticist 

(M.G.-A.)—as a group to achieve consensus. Twelve families were represented by more 

than one affected individual; data analysis to determine prevalence of manifestations and 

genotype–phenotype correlations was based on one affected individual for each family.

Molecular inversion probes

Molecular inversion probe (MIP) technology was developed for the genotyping of single-

nucleotide polymorphisms.9 This method was then modified for genomic regions of interest 

in targeted sequencing.10 MIPs are probes that anchor targeted regions and are circularized 

after polymerization and ligation to prepare the sequencing library. MIP capture has been 

demonstrated to be a robust technology for high-throughput sequencing of targeted regions11 

and used with success to identify mutations in different disorders.12,13

We applied this method for direct sequencing of MIP-derived amplicons of the coding 

exons of 27 genes associated with JS (AHI1, ARL13B, B9D1, B9D2, C2CD3, C5orf42, 

CC2D2A, CEP290, CEP41, CSPP1, IFT172, INPP5E, KIF7, MKS1, NPHP1, OFD1, 

RPGRIP1L, TCTN1, TCTN2, TCTN3, TMEM138, TMEM216, TMEM231, TMEM237, 

TMEM67, TTC21B, and ZNF423). The coding regions of these genes were sequenced by 

combining a MIP capture method and next-generation sequencing. For this approach,14 

which was performed at the University of Washington, we used 100 ng of genomic DNA; 

the captured DNA was amplified by PCR and sequenced on either an Illumina HiSeq 

or a MiSeq platform. Sequence reads were mapped using the Burrows-Wheeler Aligner 

(V.0.5.9). Variants were called using the Genome Analysis Toolkit (V.2.5–2) and annotated 

with SeattleSeq (http://snp.gs.washington.edu/SeattleSeqAnnotation138/).

Whole-exome sequencing

Genomic DNA was obtained from leukocytes using standard protocols. For exome 

sequencing we used the HiSeq2000 (Illumina, San Diego, CA),15 which used 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 Databases (Illumina). 

Genotypes were called at all positions where there were high-quality sequence bases 

using a Bayesian algorithm called the Most Probable Genotype,16 and variants were 

filtered using the graphical software tool VarSifter v1.5.17 The database dbSNP (http://

www.ncbi.nlm.nih.gov/snp/) covers the 1.22% of the human genome corresponding to the 

Consensus Conserved Domain Sequences and more than 1,000 noncoding RNAs.

Genomic DNA sequencing

Genomic DNA was obtained from leukocytes using standard protocols. For dideoxy 

sequencing of genomic DNA, primers were designed to cover areas of variants identified 
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by WES. Direct sequencing of the PCR amplification products was performed using BigDye 

3.1 Terminator chemistry (Applied Biosystems, Austin, TX) and separated on an ABI 

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

software (Gene Codes, Ann Arbor, MI).

Statistical analysis

Statistical methods for associations between one extraneurological organ disease and 

another and between genes and extraneurological organ disease included the chi-squared 

test, Fisher’s test (with Bonferroni correction), odds ratio point estimates, and confidence 

intervals (without Bonferroni correction) applied to 2 × 2 tables of presence/absence. Age 

comparisons between various groups involved t-tests, with associated tests for equality of 

variance. Statistical analyses were performed using SAS version 9.4.

RESULTS

Patient cohort

Phone interviews were conducted (by M.G.-A.) with 120 patients from 105 families. Fifteen 

families could not travel to the NIH Clinical Center in Bethesda, Maryland; in some 

cases, this was due to the severity of their child’s JS, which required intensive care. The 

remaining 105 patients from 90 families all underwent weeklong clinical evaluations at 

the NIH Clinical Center. Most families were residing in the United States; a few families 

traveled from Canada, Europe, or Australia. Representative brain MR images are shown 

in Figure 1. In our review of the brain MR images, we observed that eight patients from 

six families did not have the “molar tooth sign,” including three patients with classic 

kidney and retinal features of Senior-Løken syndrome (Supplementary Table S3 online, 

patients 290, 462, and 463). We included these three Senior-Løken patients in this paper but 

excluded the remaining five patients without the molar tooth sign whose clinical features 

were nonspecific.

Molecular genetic findings for each of the 100 patients with JS, as well as major clinical 

features, including retinal degeneration, coloboma, polydactyly, and kidney and liver disease 

(see “Materials and Methods” for definitions), and details of the variants (with CADD 

scores18) are summarized in Supplementary Table S3 online. Twelve families contributed 

more than 1 child, 11 families had 2 (families 6, 7, 8, 18, 24, 29, 36, 65, 68, and 

81; Supplementary Table S3 online), and 2 families had 3 JS siblings (families 16 and 

66; Supplementary Table S3 online). There were 43 females and 57 males. Ages ranged 

from 0.6 to 36 years (9.2 ± 7.5 years) (Supplementary Table S3 online). Twenty-seven 

percent of patients presented with neurodevelopmental symptoms, including hypotonia and 

developmental delay, but did not have any other organ-system abnormalities outside the 

central nervous system. Retinal degeneration was detected in 19%, coloboma in 30%, 

postaxial polydactyly in 13%, fibrocystic kidney disease in 34%, and liver disease in 41% 

(Supplementary Table S3 online, Figure 2a).
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Molecular genetic findings

Of the 100 patients (86 families), 12 patients (9 families) obtained a molecular diagnosis 

during their clinical diagnostic evaluation prior to the NIH visit, all via clinical gene panel 

sequencing for JS. As a part of the NIH study, the MIPs panel14 of 27 genes was performed 

in 98 patients from 85 families, including the 9 families with a prior molecular diagnosis 

(Supplementary Figure S1 online). The MIPs panel identified the potentially pathogenic 

variants in 39 of the 85 families (46%). In family 12, the MIPs panel identified one of 

the two variants (Supplementary Table S3 online). WES was performed for patients and 

parents from 40 families, including the one family that did not undergo MIPs panel analysis 

(Supplementary Table S3 online). The average coverage of all the samples is approximately 

80×, with a minimum of 40× and a maximum of 123× (Supplementary Figure S2 online). 

Using WES, we identified potential pathogenic variants in 35 of the 40 families (88%) 

(Supplementary Figure S1 online).

For 5 families, the potential molecular genetic cause of JS could not be identified by MIPs 

or WES (Supplementary Table S3 online). Of the 81 families with identified gene variants, 2 

had hemizygous variants in the X-linked OFD1. At least two variants were identified in all 

but 3 of the 77 families with autosomal recessively inherited JS genes. Only one variant was 

identified in 2 families with TMEM67 and in 1 family with C5orfF42 (Supplementary Table 

S3 online). Homozygous mutations were detected in 9 of 81 families. There was known 

consanguinity in only 1 family (Supplementary Table S3 online, family 18).

Overall, we identified a total of 126 unique (156 alleles), potentially pathogenic variants 

in 20 genes; 27 of these variants were novel (Supplementary Table S3 online, Figure 3a 

and Supplementary Figures S1 and S3 online). The MIPs panel detected 52 truncating and 

27 missense variants, and WES resulted in identification of 42 truncating and 32 missense 

variants (Supplementary Table S3 online). Two of these 20 genes were not previously known 

to cause JS, including CELSR2, which was not previously associated with any human 

disease (more details in refs. 19), and KIAA0753 (data unpublished), which was recently 

reported to cause oral-facial-digital syndrome type VI.20 The CELSR2 variant’s minor 

allele frequencies (MAF) are extremely low in the ExAC (Exome Aggregation Consortium) 

database (NM_001408: c.1150G>A; p.(Ala384Thr) MAF: 0.0000829 and NM_001408: 

c.6908C>T; p.(Thr2303Met) MAF: 0.00002476), whereas the KIAA0753 variants are not 

found in the ExAC database.

Clinical and molecular correlations

The prevalence of combinations of extraneurological organ-system disease in subsets of 

patients with JS and the causative genes for each group are depicted in Figure 2b. The 

prevalence of the genetic causes for subsets of our cohort of JS with liver disease, coloboma, 

kidney disease, retinal degeneration, and polydactyly are shown in Figure 3b–g. Detailed 

results of statistical analysis searching for correlations among individual extraneurological 

organ diseases and for genotype–phenotype correlations are listed in Supplementary Tables 

S1 and S2 online.
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For 26 patients, no disease features were identified outside the central nervous system; 

they did not have chorioretinal coloboma, polydactyly, evidence of retinal degeneration, 

fibrocystic kidney disease, or liver fibrosis, at least at the age when they were examined 

at the NIH Clinical Center (Figure 2a,b and Figure 3b). Among these individuals with JS 

with no apparent nonneurological findings, the most common genetic causes were C5orf42 
(27%), CC2D2A (17%), and KIAA0586 (17%) (Supplementary Table S3 online, Figures 2b 

and 3b).

Of the 30 JS patients with coloboma, only 2 had retinal degeneration, and both of them had 

variants in CEP290 (Supplementary Table S3 online). Of the 30 patients with coloboma, 18 

(60%) had liver disease; in comparison, liver disease occurred in 34% (24/70) of patients 

without coloboma. Four of the 22 patients with TMEM67-related JS had liver disease in 

the absence of coloboma, including one sib pair (Supplementary Table S3 online). In the 30 

patients with JS with coloboma, variants in nine genes were identified; TMEM67 was most 

common (54%), followed by CEP290 (8%) and KIAA0586 (8%) (Supplementary Table S3 

online, Figure 3d). Of the patients with coloboma and identifiable genetic cause, only those 

with TMEM67 variants had liver disease; none of the patients with coloboma with variants 

in the remaining eight genes had liver disease (Supplementary Table S3 online). The genetic 

cause remains unknown in 7% of patients with coloboma and liver disease (Figure 2B).

Kidney disease was diagnosed in 32 of 100 patients; 9 of these 32 (28%) had retinal 

degeneration (Supplementary Table S3 online). Of the 20 patients with retinal degeneration, 

9 (45%) had kidney disease. In the group of 23 JS patients with kidney disease but no 

retinal degeneration, TMEM67 variants were the most common potential genetic causes, 

accounting for 43% of these families. Of the 22 patients with TMEM67 variants, 11 (50%) 

had kidney disease (Supplementary Table S3 online, Figures 2b,c and 3e). Patients with 

kidney disease and retinal degeneration had variants in five genes, including CEP290 (38%), 

AHI1 (25%), and NPHP1 (12.5%) (Supplementary Table S3 online, Figure 2b). Retinal 

degeneration was not seen in patients with variants in TMEM67 (n = 22), C5orf42 (n = 14), 

or KIAA0586 (n = 6). None of the 14 patients with C5orf42 variants had kidney disease.

Postaxial polydactyly was present in 13 of 100 patients from 11 of 86 families 

(Supplementary Table S3 online, Figure 2a,b). Potentially pathogenic variants in six genes 

were detected in patients with polydactyly, with the most common one being C5orf42 (27%) 

(Supplementary Table S3 online, Figure 3g). Four of five patients with C5orf42 variants had 

liver disease in addition to polydactyly. The patient with CEP164 variants had polydactyly, 

liver disease, severe retinal degeneration, and nephronophthisis.

DISCUSSION

WES improves diagnosis of JS

The extreme genetic heterogeneity of JS presents a challenge for molecular genetic 

diagnosis. In addition, because the genotype–phenotype correlations in JS are limited, 

tiered Sanger sequencing of individual genes is generally not a practical option. The ethnic 

background of the patient may assist in prioritizing certain genes in only a few populations. 

For instance, common founder pathogenic variants in specific JS genes are known to 
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occur in French Canadians (C5orf42, several variants)21 Ashkenazi Jews (TMEM216 p.

(Arg73Leu)),22 and Hutterites (TMEM237 p.(Arg18*)).23 Therefore, in the majority of 

patients with JS, no specific clues exist regarding which of the more than 30 genetic causes 

is responsible in a given patient. Our molecular genetic diagnosis rate of 94% is significantly 

higher in comparison to the yield of prior reports based on targeted next-generation 

sequencing methods (i.e., 43 and 62%).14 This might be due not only to our approach 

of combining MIP and WES but also to the fact that we performed WES for families instead 

of just probands.24 If costs preclude WES, certain JS genes may be prioritized using the 

currently available prevalence data of the known genes combined with specific genotype 

information and, in some cases, ethnic background.

We identified potentially pathogenic variants in 20 different JS genes. Variants in six genes 

were seen in two-thirds of the families: TMEM67 (20%), C5orf42 (14%) and CC2D2A 
(11%), CEP290 (8%), AHI1 (7%), and KIAA0586 (7%). Each of the remaining 14 genes 

accounted for a small proportion of the families, ranging from 1–6%: MKS1 (6%), INPP5E 
(4%), NPHP1 (2%), TMEM216 (2%), OFD1 (2%), CSPP1 (2%), TMEM231 (1%), KIF7 
(1%), B9D1 (1%), CEP164 (1%), RPGRIP1L (1%), TMEM237 (1%), KIAA0753 (1%), 

and CELSR2 (1%). In the large cohort of 375 families with JS collected worldwide and 

reported by Bachmann-Gagescu et al,14 in which KIAA0586 was not sequenced, variants 

in TMEM67, C5orf42, CC2D2A, CEP290, and AHI1 were also the most prevalent causes, 

suggesting that these six genes are likely to be the most prevalent JS genes across various 

populations. It is important to note, however, that some families with JS were enrolled in 

both our study and Bachmann-Gagescu’s study.14 Similarly, in a smaller cohort of northern 

European patients with JS, variants in C5orf42, TMEM67, and AHI1 were also common 

causes, whereas variants in CEP290 were less common. Therefore, if WES or large gene 

panels are not feasible because of cost or availability, then prioritization of these six most 

prevalent genes may be considered.

We were able to identify biallelic potential pathogenic variants in 96% of the solved 

families, whereas variants in only one allele were identified in two families with TMEM67 
and one family with C5orf42. The TMEM67 variants in families 6 and 15 (Supplementary 

Table S3 online) were already known to be associated with COACH syndrome (also known 

as JS with congenital hepatic fibrosis),25 and the single variant identified in C5orf42 (family 

20) was previously associated with JS.14 The fact that these single variants were already 

reported to cause the same phenotype supports the molecular diagnosis of TMEM67 and 

C5orf42 mutations in these families. Indeed, the second variant could be a copy-number 

variant (not detectable by our methods) or may be located in regions not targeted by our 

sequencing approaches (e.g., intron, untranslated regions, and promoters).

Comprehensive multisystem evaluation of patients with JS for extraneurological 
manifestations

This study describes the first large cohort of patients with JS who prospectively 

underwent comprehensive multisystem evaluations at a single center. Hence, we can 

present our molecular genetic findings in the context of comprehensive clinical data on 

the extraneurological manifestations of JS, including retinal degeneration and fibrocystic 

Vilboux et al. Page 8

Genet Med. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kidney and liver disease (Supplementary Table S3 online, Figures 2 and 3). Consistent 

with the findings of prior studies,14,26 the majority of patients with JS in this cohort 

had extraneurologic organ involvement; only 27% had JS without extraneurological 

manifestations.

Among the extraneurological manifestations of JS, certain patterns of involvement have 

been recognized for years. Coloboma is often associated with liver disease (COACH 

syndrome) and retinal degeneration is often associated with kidney disease (Senior-Løken 

syndrome).2,27,28 Consistent with the former finding, Bachmann-Gagescu et al.14 found that 

the odds of liver fibrosis developing in JS patients with coloboma were 6.5 times the odds 

of liver fibrosis developing in those without coloboma. In our cohort, coloboma and liver 

disease also occurred together, but the association was weaker (OR: 2.7, 95% CI: 0.85 to 

5.52), probably because of differences in the ascertainment and sizes of the two cohorts. 

In our cohort, retinal degeneration was less strongly associated with kidney disease (OR: 

2.3, 95% CI: 0.77 to 7.05) than in Bachmann-Gagescu’s study (OR: 3.0, 95% CI: 1.7 to 

5.2),14 possibly because we were more likely to identify mild retinal degeneration cases at 

the NIH Clinical Center. In addition to these two associations, patients with JS in our cohort 

exhibited many other combinations of extraneurological disease (Supplementary Table S3 

online, Figure 2b), illustrating the extensive clinical variability of JS.

Based on retinal examinations performed at the NIH Clinical Center, our data showed 

that patients with chorioretinal coloboma were less likely to have retinal degeneration in 

comparison to those without coloboma (OR: 0.27, 95% CI: 0.06 to 1.31). (Supplementary 

Table S3 online, Figure 2c, Supplementary Tables S1 and S2 online). This negative 

association, not previously reported, may provide reassurance for families with young 

children with JS with coloboma.

Although the association of coloboma and liver disease in JS has been recognized for many 

years, the relatively common occurrence of kidney disease in patients with the combination 

of coloboma and liver disease has not been emphasized. Kidney disease was present in 50% 

of our cohort of 22 patients with TMEM67 variants. Among our 23 patients with JS with 

kidney disease but without retinal degeneration, TMEM67 variants were the most common 

potential genetic cause, accounting for 43% of families (Supplementary Table S3 online, 

Figures 2b,c and 3e).

As expected, our search for correlations between specific genes and phenotypes showed 

strong correlations of coloboma with TMEM67 (OR: 22.2, 95% CI: 5.50 to 89.3) and of 

liver disease with TMEM67 (OR: 42.1, 95% CI: 5.22 to 340), which remained significant 

after Bonferroni correction. Other correlations (not significant after Bonferroni correction) 

included AHI1 with retinal degeneration (OR: 11.3, 95% CI: 1.86 to 68.9), CEP290 with 

kidney disease (OR: 14.6, 95% CI: 1.66 to 128), and CEP290 with retinal degeneration (OR: 

7.44, 95% CI: 1.48 to 37.5). A negative correlation was identified between C5orf42 and 

kidney disease (OR: 0.06, 95% CI: 0.00 to 1.08).

In the 12 families with multiple affected siblings, the sibships were concordant in terms 

of their extraneurological organ-system involvement. In one family with three affected 
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daughters due to TMEM231 variants, only one had elevated liver enzymes and the etiology 

may have been unrelated to JS (Supplementary Table S3 online). This finding might suggest 

that, in our cohort, modifier genes are less significant. However, this will require further 

study of a larger cohort of unrelated patients with the same genotype.

The JS group of ciliopathies exhibits wide variability in extraneurological manifestations, 

ranging from polydactyly to coloboma associated with liver disease complicated by severe 

portal hypertension to early-onset blindness associated with chronic progressive kidney 

disease that requires kidney transplantation in childhood.5 Therefore, molecular genetic 

diagnosis is essential for reproductive counseling in JS as well as prognostic counseling 

and medical management of individual organ-system involvement, including retina, kidney, 

and liver disease. As with other syndromic ciliopathies, such as Bardet-Biedl and Meckel 

syndromes, the molecular genetic diagnostic approach to JS represents a challenge because 

of extreme genetic heterogeneity. In addition, lack of clear and broadly applicable genotype–

phenotype correlations makes prioritized single-gene sequencing impractical. Targeted gene 

panels commonly used in clinical practice are also relatively limited in their yield because 

new causes of JS continue to be discovered. Therefore, WES (when it becomes less 

expensive and more widely available) is preferable owing to its high diagnostic yield. If 

WES is not possible, then updated JS gene panels are preferable in most cases. The few 

exceptions include prioritizing TMEM67 sequencing in patients with JS with coloboma and 

CEP290 and AHI1 in those with severe retinal degeneration. In addition, targeted analysis 

of TMEM216 in Ashkenazi Jewish individuals and C5orf42 in French Canadians would be 

reasonable. In the absence of these phenotypic clues, prioritization of the most prevalent six 

JS genes (TMEM67, C5orf52, CC2D2A, CEP290, AHI1, and KIAA0586), which account 

for more than half of the individuals with JS in most populations, may be reasonable.

Limitations

This study was advertised to patients and families by the Joubert Syndrome & Related 

Disorders Foundation, which could introduce a bias for most connected and most 

research-focused families. Our JS cohort may be relatively enriched by patients with 

extraneurological issues, especially kidney and liver disease, because the comprehensive 

liver and kidney evaluations performed at the NIH Clinical Center may have attracted 

patients with these manifestations. However, our study also offered formal neurocognitive 

testing as well as other general investigations, including DNA sequencing, sleep studies, 

echocardiograms, and hormone evaluations, which may have minimized this bias. In fact, 

although the ratio of patients with TMEM67-related JS in our cohort was higher than that 

in other recently published cohorts,14,27,29 the five most commonly mutated genes in our 

cohort were the same as those in another large cohort.14 In addition, a weeklong evaluation 

is a significant time commitment, which may have led to sampling bias for families that 

were able to take time for a weeklong visit or selecting for patients with the most medical 

problems, for whom families are desperate for more information. Very severely affected 

patients with JS who required intensive care such as mechanical ventilation at the time of 

the study might be underrepresented in our study because they could not travel to Bethesda, 

Maryland. In addition, the overall frequency of retinal degeneration, liver disease, and 

kidney disease might have been underestimated in this cross-sectional study because these 
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manifestations may develop as a patient gets older. Overall, we found potential disease-

causing variants in all but five families. This may be explained by mutations in genes not 

yet associated with primary cilium. It is also possible that the potential disease-causing 

variants may not be detected by our method because it cannot detect copy-number variants 

and variants in noncoding parts of DNA, including deep intronic areas, intergenic regions, 

and some untranslated regions.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Brain magnetic resonance (MR) images showing diagnostic findings of Joubert 
syndrome (JS) in comparison to normal findings.
(a) Axial brain MR image obtained at the level of the junction of the midbrain and pons 

showing the “molar tooth sign” (circle) and hypoplastic cerebellar vermis (arrows) in 

comparison to normal (c). (b) Sagittal brain MR image demonstrating hypoplasia of the 

cerebellar vermis (circle) and enlarged fourth ventricle (asterisk) with rostral displacement 

of the fastigium in comparison to normal (d).
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Figure 2. Extraneurological organ-system involvement in our cohort with Joubert syndrome 
(JS).
(a) Prevalence of kidney disease, liver disease, chorioretinal coloboma, retinal degeneration, 

and polydactyly in our cohort with JS. (b) Prevalence of combinations of extraneurological 

organ-system disease with causative genes indicated. (c) Prevalence of extraneurological 

manifestations in patients with JS with mutations in the six most common JS genes in our 

cohort. CNS, central nervous system.
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Figure 3. The relative frequencies of genetic causes in the NIH cohort with Joubert syndrome 
(JS).
(a) Pie charts showing the prevalence of genetic causes in the entire NIH JS cohort in 

comparison to subsets without extraneurological disease (b), liver disease (c), coloboma (d), 

kidney disease (e), retinal degeneration (f), and polydactyly (g).
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