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Abstract

Joubert Syndrome is a neurodevelopmental disorder, characterized by malformation of the mid 

and hindbrain leading to the pathognomonic molar tooth appearance of the brainstem and 

cerebellum on axial MRI. Core clinical manifestations include hypotonia, tachypnea/apnea, ataxia, 

ocular motor apraxia, and developmental delay of varying degrees. In addition, a subset of patients 

has retinal dystrophy, chorioretinal colobomas, hepatorenal fibrocystic disease and polydactyly. 

Joubert Syndrome exhibits genetic heterogeneity, with mutations identified in more than thirty 
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genes, including INPP5E, a gene encoding inositol polyphosphate 5-phosphatase E, which is 

important in the development and stability of the primary cilium.

Here we report the detailed clinical phenotypes of two sisters with a novel homozygous variant in 

INPP5E (NM_019892.4: c.1565G>C, NP_063945.2: p.Gly552Ala), expanding the phenotype 

associated with Joubert Syndrome type 1. Expression studies using patient-derived fibroblasts 

showed changes in mRNA and protein levels. Analysis of fibroblasts from patients revealed that a 

significant number of cells had shorter or no cilia, indicating defects in ciliogenesis and cilia 

maintenance.
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INTRODUCTION

Joubert Syndrome (JS) is an autosomal recessive disorder caused by mutations in at least 30 

genes that code for proteins in the cilia or centrosome; hence, JS is considered a ciliopathy 

[Travaglini et al., 2013]. The incidence of JS is estimated at 1 in 80,000-100,000, but this 

may be an underestimate due to the heterogeneity of the disorder [Brancati et al., 2010] and 

overlap with other phenotypes such as isolated nephronophthisis, and Senior-Loken 

syndrome [Malicdan et al., 2015; Travaglini et al., 2013].

The neuroradiological hallmark of JS is a the so called “molar tooth sign” (MTS) on axial 

brain MRI, which results from a specific constellation of mid and hindbrain malformations 

including cerebellar vermis hypoplasia, thick and abnormally oriented superior cerebellar 

peduncles, and unusually deep interpeduncular fossa. The finding of the MTS has been 

noted in prenatal imaging as early as 14–16 weeks of gestation, and considered to be 

associated with defective decussation of the superior cerebellar peduncles [Doherty 2009].

Over the past several years, an increasing number of genes have been associated with 

Joubert syndrome, including INPP5E, which encodes 1,4,5-triphosphate (InsP3) 5-

phosphatase, a 72 kDa protein that hydrolyzes the 5-phosphate of phosphatidylinositol 3,4,5-

triphosphate and phosphatidylinositol 4,5-diphosphate. INPP5E is concentrated in the 

axoneme of the primary cilium, and deregulation can alter cilia stability. Primary cilia are 

antenna-like structures that project from the surfaces of differentiated cells, participating in 

extracellular signal processing. Previous studies have shown that INPP5E plays a critical 

role in cilia by controlling ciliary growth and phosphoinositide 3-kinase (PI3K) signaling 

and stability [Jacoby et al., 2009]; no defect in ciliogenesis, however, has been shown in 

cultured cells from patients. Herein we present detailed clinical phenotyping of two siblings 

with JS due to novel homozygous mutation in INPP5E, and document that patient’s 

fibroblasts have shorter than normal cilia providing evidence for role of INPP5E in cilia 

formation.
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MATERIALS AND METHODS

The patients were admitted to the National Institutes of Health Clinical Center (NIH-CC) 

and enrolled in protocol 76-HG-0238, “Diagnosis and Treatment of Patients with Inborn 

Errors of Metabolism or Other Genetic Disorders,” approved by the National Human 

Genome Research Institute (NHGRI) Institutional Review Board (IRB). After parents gave 

written informed consent and the patients gave assent, the two sisters at ages 19 years 

(Patient 1) and 18 years (Patient 2) underwent a 5-day clinical evaluation. Other methods are 

detailed in Supplementary Information.

RESULTS

Clinical report

Patients 1 and 2 (Figure 1A) are Hispanic sisters who were evaluated twice at the NIH-CC, 

first for a one-week comprehensive phenotyping visit and then one year later for completion 

of clinical testing and genetic counseling. Of note, the family is bilingual (English and 

Mexican) and hence all evaluations were conducted with the assistance of a Spanish 

interpreter.

The proband (Patient 1) was 19 years of age at initial evaluation. Perinatal history was 

uneventful; by 2 years of age she had no spoken words but hearing was normal. She was 

hypotonic and had delayed motor development; she first walked at 3.5 years of age. At 

school, she was placed in a special education setting because of a full scale IQ of 77. At age 

19, she was able to vocalize approximately 10 single words and indicated her needs by 

pointing and using signs, although she was able to write names and numbers. She was 

independent in her activities of daily living. For instance, she took the city bus to school by 

herself and held a part-time job cleaning tables at a mall food court. There were no 

behavioral concerns. Upon examination, her head circumference was 58 cm (>99th centile, 

+3SD), height was 154.4 cm (9th centile), and weight was 67 kg (72nd centile). She had 

some facial dysmorphisms including high-arched eyebrows, small earlobes, and mild 

prognathism. Her neurological examination was notable for dysarthria, paucity of speech, 

mild dysmetria, and a mildly wide-based gait. Brain MRI revealed the characteristic MTS 

(Figure 1B, left panel). Lumbar puncture was notable only for low CSF protein with a value 

of 8 mg/dL.

Her auditory brainstem response was abnormal bilaterally, consistent with dysfunction of the 

auditory brainstem pathways. Ophthalmology examination showed bilateral ptosis (right 

greater than left), rotatory nystagmus, ocular motor apraxia, myopic astigmatism and retinal 

degeneration with optic nerve drusen (Figure 1B, middle and right panels). Best-corrected 

visual acuity (BCVA) stood at 0.30 logMAR in each eye. Fundus examination showed 

evidence of retinal dystrophy and electroretinography (ERG) revealed reduced and delayed 

photopic responses at around 50% of the lower limit for normal and borderline scotopic 

responses, consistent with cone-rod dystrophy. On a smell test with the UPSIT, she scored 

19/40 consistent with severe microsomia. On neuropsychological evaluation at the NIH, her 

performance on tests of processing speed, non-verbal reasoning, working memory (mental 

arithmetic), and receptive vocabulary were in the extremely low range; note that IQ and 
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adaptive behavior scores included in this report have a population mean of 100, standard 

deviation of 15. On the Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV), she 

had a perceptual reasoning index score of 60 and a processing speed index score of 59. The 

decline from her prior full scale IQ measurement most likely reflects a deceleration in 

cognitive growth compared to same age peers rather than neurodegeneration. Further 

evaluation, conducted approximately one-year later, revealed an estimated Performance IQ 

in the extremely low range (WASI-II PIQ=53), as well as WRAT-4 word reading, spelling, 

and math computation in the extremely low range (SSs=55). These findings, as well as very 

low adaptive functioning based on Vineland Adaptive Behavior Scales (Vineland-II) parental 

report (composite score=54), suggests intellectual disability in the moderate range.

The younger affected sibling (Patient 2) was 18 years of age. Her expressive speech was 

more severely impaired than her sister’s. She had delayed motor development and began 

walking at 5 years of age. Although she did not present with spasticity, she walked on her 

toes was suspected to have tight heel cords, thus requiring tendon release surgery at 4 years 

of age. On examination, she communicated mostly with signs. Head circumference was 54.5 

cm (57th centile), height 148.1 cm (1st centile, −2SD), weight 45 kg (3rd centile). She had 

upward slanting of the palpebral fissures, prominent lateral eyebrows and mild prognathism. 

Her neurological examination was notable for absent speech, though she was able to follow 

commands. She showed signs of dysmetria and dysdiadochokinesia in her upper and lower 

extremities. Her gait was mildly wide-based. As for her sister, her brain MRI showed a MTS 

(Figure 1B, left panel).

On ocular examination, she had rotatory nystagmus, ocular motor apraxia, myopic 

astigmatism and retinal degeneration (Figure 1B), which was more advanced than her sister, 

and showed secondary optic atrophy. Best corrected visual acuity stood at logMAR 0.50 in 

the right eye and 0.60 in the left eye. ERG responses were delayed, with amplitudes at 30% 

of the lower limit of normal for both photopic and scotopic responses.

The auditory brainstem response of Patient 2 was abnormal, similar to that of her older 

sister. On neuropsychological evaluation, she scored an adaptive behavior composite of 51 

on her Vineland-II, which is in the moderately impaired range. Her Performance IQ from the 

Wechsler Abbreviated Scale of Intelligence (WASI) was 46, which combined with the 

estimate of adaptive functioning, indicates intellectual disability in the moderate range of 

severity. Subtests from the Leiter International Performance Scale, a non-verbal measure of 

cognitive function yielded similar estimate.

In both patients, abdominal ultrasonography with Doppler, liver function tests, renal function 

tests and urinalysis were generally normal, making congenital hepatic fibrosis and 

nephronophthisis unlikely. Abdominal MRI for Patient 2 showed a 5 mm cyst within the 

medial lower pole of the right kidney, but kidney function tests and blood pressure were 

normal.

Molecular Data and Analysis of Cilia in Fibroblasts

A clinical chromosomal microarray revealed previously unknown consanguinity; the parents 

came from the same small region of Mexico. From the SNP-chip array, we obtained a list of 
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all areas of homozygosity shared between the proband and her affected sibling. These areas 

of shared homozygosity were then imported into the Miami ROH tool (see URLs). Four 

known genes that cause Joubert syndrome were located within the shared areas of 

homozygosity, including INPP5E (Supplementary Table 1), CEP290, NHP1, and C20orf42. 

Subsequent exome analysis confirmed a homozygous recessive variant in INPP5E 

(NM_019892.4:c.1565G>C; p.Gly522Ala; rs771866500) in the proband and the affected 

sibling, for which both parents are heterozygous carriers (Figure 1C). The disease 

segregating variant c.1565G>C has a Complete Annotation Dependent Depletion (CADD) 

(see URLs) Phred-scaled score of 26.40 and was ranked highest by Exomiser [Bone et al., 

2015], with a combined score of 0.959. The c.1565G>C variant is known in ExAC, with 3 

heterozygous individuals identified in the Latino population (minor allele frequency: 

0.0002677 in Latino population, 0.0000253743 in total). This variant is predicted to be 

“Probably Damaging” (HumVar score: 0.979) by PolyPhen-2 (see URLs), “Deleterious” 

(Score: 0.03) by SIFT (see URLs) and Disease causing (p-value: 1) by MutationTaster (see 

URLs). Gly522 is highly conserved and is present in all vertebrates.

Expression of INPP5E mRNA transcript NM_019892.4 was increased fibroblasts of the 

affected individuals compared to control cells (Figure 2A), whereas western blot analysis 

(n=3) revealed a two-fold decrease in the amount of INPP5E protein relative to TUBA4A, 

compared to control fibroblasts (Figure 2B).

Imaging of the cilia revealed a clear qualitative and morphological difference between 

control and patient cells’ cilia (Figure 2C). Cilia appearing after 48 hours of serum 

starvation were 61% and 46% shorter in length in Patients 1 and 2, respectively, compared 

with control (Figure 2D); both patients displayed fewer ciliated fibroblasts than the control 

line (Figure 2E), although there was no statistical difference.

DISCUSSION

We identified a novel homozygous mutation in INPP5E in two sisters presenting with JS 

based on clinical phenotype and neuroradiological features, emphasizing the importance of 

correlating the clinical and radiologic findings with data gathered from next generation 

sequencing for accurate molecular diagnosis. Four candidate genes linked to JS were 

positioned within the regions of shared homozygosity; a combination of whole exome 

sequencing and variant segregation by Sanger sequencing confirmed that both affected 

siblings had INPP5E mutations. The 27 known INPP5E mutations, which are mostly 

missense and are scattered in the catalytic domain of the protein, lead to phenotypes of pure 

JS and JS with ocular involvement (Supplementary Figure 1 and Supplementary Table 2); 

these mutations are responsible for approximately 2.7% of all Joubert cases [Travaglini et 

al., 2013]. Mutations affecting the binding pocket phosphatase domain have been shown to 

impair 5-phosphatase activity and result in altered cellular phosphatidylinositol ratios, but 

neither missense nor nonsense mutations in the domain reduce the activity completely 

[Bielas et al., 2009; Conduit et al., 2012]. Interestingly, mutations in INPP5E have also been 

identified in mental retardation, truncal obesity, retinal dystrophy, and micropenis (MORM) 

syndrome [Jacoby et al., 2009], which can be distinguished from Bardet-Biedl syndrome and 

Cohen syndrome due to the nonprogressive nature of visual impairment.
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Our patients’ mutation is located in the INPP5E catalytic domain but because our mutation 

is missense we do not anticipate complete loss of enzyme activity. Our patients’ phenotype 

included mainly neurological and ocular involvement without evidence for kidney or liver 

disease consistent with prior reports of rare renal or hepatic involvement in patients with 

INPP5E mutations (Supplementary Table 2). Still, it would be prudent to watch out for 

clinical signs of renal involvement, as four patients have been reported to have bilateral 

increased renal echogenicity with cysts or ectopia (Supplementary table 2). Similarly, a 

routine examination of the liver may be helpful, as two patients were documented to have 

elevated transaminase levels and fibrosis (Supplementary table 2). In terms of neurological 

symptoms, however, our patients seem to expand the clinical phenotype associated with 

INPP5E-related JS, as they exhibited more pronounced cerebellar signs, in addition to 

abnormalities recorded in evaluating auditory evoked potentials. Of note, both patients in 

this report have short stature, microsomia, and abnormal auditory brainstem response; 

whether this finding is specific to our patients in this report or included as one of the 

phenotypes associated with JS associated with INPP5E variants remains to be clarified. The 

possibility of having another genetic disorder, or a gene modifier, that could explain the 

occurrence of such symptoms, can only be addressed by future studies.

The INPP5E mutation in our patients may lead to the formation of an unstable protein, as 

supported by our biochemical data showing reduced levels of INPP5E in patients’ 

fibroblasts, leading to impaired cilia formation. Indeed, the cilia present after 48 hours of 

serum starvation were shorter in both patients, and there were fewer total ciliated fibroblasts. 

The patients studied here have a missense INPP5E mutation and abnormal cilia length and 

number, highlighting the importance of INPP5E not only in cilia maintenance [Bielas et al., 

2009], but also in ciliogenesis [Xu et al., 2016a; Xu et al., 2016b]. Our findings are 

supported by studies using animal models. Mice that lack Inpp5e are embryonic lethal; 

homozygous mice at E18.5 show several features of ciliopathies and in addition, show 

reduced cilia numbers and abnormal morphology in kidney tubules and Bowman’s capsule 

[Jacoby et al., 2009]. Recently, INPP5E has been shown to coordinate with a centrosomal 

PtdIns(4)P 5-kinase, PIPKIγ, highlighting the importance of INPP5E in the initiation of 

ciliogenesis [Xu et al., 2016a]. Our results are supported by recent studies showing defective 

ciliogenesis in inpp5e zebrafish morphants, which is reversed by PtdIns(3,4,5)P3 inhibition 

[Xu et al., 2017]. In neural stem cells, INPP5E has been shown to regulate 

phosphoinositides; loss of INPP5E activity leads to accumulation of TULP3 (a protein 

required to traffic a subset of GPCRs to the cilium) and Gpr161, which ultimately lead to 

subsequent repression of Shh response [Chavez et al., 2015]. Future studies on Shh signaling 

pathways using fibroblasts from patients and controls will certainly contribute to the 

clarification of INPP5E function in regulating phosphoinositides.

The mid-hindbrain abnormalities observed in JS are considered to be a product of 

abnormalities in cell migration, as a result of the reduced functionality of the affected cilia 

[Doherty 2009]. Vermis hypoplasia in JS patients is considered to be a result of reduced 

proliferation and migration of germinal zone granule cell precursors, which later develop 

into granule neurons that do not align in a typical manner due to variations in signaling. 

While it is hypothesized that INPP5E defects can lead to aberrant cellular migration patterns 

during neonatal development, and some growth factors and morphogens in this altered this 
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pathway have been identified, further studies will be necessary to elucidate the pathogenic 

mechanism linking cell migration to the disease morphology of JS patients [Valente et al., 

2014]. Recent studies have identified further clues on the function of INPP5E, including 

regulation of lysosomal phosphoinositide balance for autophagosome-lysosome fusion 

[Hasegawa et al., 2016; Nakamura et al., 2016], and defects in kidney PI3K/Akt/mTORC1 

signaling [Hakim et al., 2016]. Identification of other patients with INPP5E mutations will 

help us understand genotype and phenotype correlation and contribute to study design for 

future therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clinical and Genetic Findings
(A) Pedigree of the family; affected members are shaded with black. (B) Left panel are MRI 

images showing the characteristic molar tooth sign (area encircled) in both Patient 1 and 

Patient 2. (C) Color fundus photography (middle panel) and fundus autofluorescence (right 

panel) of the right eye of Patient 1 and Patient 2. In Patient 1, color image shows macular 

pigmentary changes and mild vascular attenuation; fundus autofluorescence shows 

hypoautofluorescence centrally with a hyperautofluorescent area on the optic nerve head 

representing optic nerve head drusen. In Patient 2, color image shows macular pigmentary 

changes, moderate vascular attenuation, and waxy optic nerve head pallor; fundus 
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autofluorescence shows central hypoautofluorescence indicating retinal pigment epithelium 

atrophy with a hyperautofluorescent-surrounding ring (a common finding in retinal 

dystrophies).

(C) Chromatograms confirming the homozygous mutation at INPP5E c.1565G>C in the 

patients, and heterozygous mutations in the parents.
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Figure 2. Molecular data and analysis of cilia in fibroblasts
mRNA and western blot analyses show altered fibroblast INPP5E expression in the patients 

relative to control subjects (n=5). (A) INPP5E mRNA expression was normalized to 

GAPDH and POLR2A. (B) protein expression (66kDa) was normalized to α-tubulin 

(TUBA4A, 50 kDa) and GAPDH (37 kDa). (C) Representative cilia Control, Patient 1, and 

Patient 2. Cilia in cells is magnified and is shown in inset (D) Quantification of cilia length 

in fibroblasts after 48 hours of serum withdrawal. Error bars represent standard error. A total 

of greater than 200 cells were analyzed per replicate (four replicates). (E) Analysis of the 
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percentage of cells with cilia. A total of greater than 200 cells were analyzed per replicate 

(four replicates)
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