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ABSTRACT
Background Joubert syndrome (JS) is a recessively 
inherited ciliopathy characterised by congenital ocular 
motor apraxia (COMA), developmental delay (DD), 
intellectual disability, ataxia, multiorgan involvement, 
and a unique cerebellar and brainstem malformation. 
Over 40 JS- associated genes are known with a 
diagnostic yield of 60%–75%.
In 2018, we reported homozygous hypomorphic 
missense variants of the SUFU gene in two families with 
mild JS. Recently, heterozygous truncating SUFU variants 
were identified in families with dominantly inherited 
COMA, occasionally associated with mild DD and subtle 
cerebellar anomalies.
Methods We reanalysed next generation sequencing (NGS) 
data in two cohorts comprising 1097 probands referred for 
genetic testing of JS genes.
Results Heterozygous truncating and splice- site SUFU 
variants were detected in 22 patients from 17 families 
(1.5%) with strong male prevalence (86%), and in 8 
asymptomatic parents. Patients presented with COMA, 
hypotonia, ataxia and mild DD, and only a third manifested 
intellectual disability of variable severity. Brain MRI 
showed consistent findings characterised by vermis 
hypoplasia, superior cerebellar dysplasia and subtle- to- 
mild abnormalities of the superior cerebellar peduncles. 
The same pattern was observed in two out of three tested 
asymptomatic parents.
Conclusion Heterozygous truncating or splice- site SUFU 
variants cause a novel neurodevelopmental syndrome 
encompassing COMA and mild JS, which likely represent 
overlapping entities. Variants can arise de novo or be 
inherited from a healthy parent, representing the first cause 
of JS with dominant inheritance and reduced penetrance. 
Awareness of this condition will increase the diagnostic 
yield of JS genetic testing, and allow appropriate counselling 
about prognosis, medical monitoring and recurrence risk.

INTRODUCTION
Joubert syndrome (JS, MIM #213300) is a clini-
cally and genetically heterogeneous ciliopathy with 
congenital onset, with a population- based prev-
alence reaching 1.7 per 100 000 in the age range 
0–19 years.1 Typical neurological features include 
infantile hypotonia evolving into ataxia, abnormal 
ocular movements (mainly congenital ocular motor 
apraxia (COMA) and nystagmus), developmental 
delay, intellectual disability of variable severity, 
and neonatal breathing dysregulation in a subset 
of children. In addition, a significant proportion of 
patients present with involvement of other organs, 
such as retinal dystrophy, infantile or juvenile neph-
ronophthisis, liver fibrosis and skeletal defects, 
which can manifest congenitally or later in life.2

The diagnosis of JS is confirmed neuroradiolog-
ically by the detection of a complex mid- hindbrain 
malformation; the ‘molar tooth sign’ (MTS) is the 
key element, characterised by thick, long and hori-
zontally oriented superior cerebellar peduncles 
(SCPs) and often, a deep interpeduncular fossa.3 
Additional features are vermis hypoplasia, upper 
cerebellar folial dysplasia and abnormal shape of 
the fourth ventricle with cranially displaced fasti-
gium.4 Recognition of the MTS allows diagnosis at 
birth or even during the second trimester of preg-
nancy by fetal MRI.5 In JS, axonal navigation is also 
affected, commonly resulting in non- decussation of 
pyramidal tracts and efferent tracts in the SCPs.6

To date, recessively inherited variants in over 
40 genes have been associated with JS, overall 
accounting for 60%–75% of families. All genes 
encode proteins implicated in the structure or func-
tion of the primary cilium, a subcellular organelle 
that plays key roles in embryonic development and 
adult tissue homoeostasis.2
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SUFU encodes the major repressor of Sonic Hedgehog signal-
ling, a key neurodevelopmental pathway mediated by the 
primary cilium.7–9 In 2018, we reported recessive hypomorphic 
missense SUFU variants as causative of JS and polydactyly in four 
patients from two unrelated families.10 Recently, heterozygous 
truncating SUFU variants were identified in 15 individuals from 
six families presenting with COMA, a congenital developmental 
disturbance of voluntary gaze characterised by the inability to 
initiate saccades, mainly horizontal. Of note, several individ-
uals also had developmental delay, mild learning disability, mild 
ataxia and abnormal vermis and SCPs on MRI reanalysis, ques-
tioning whether a subset of COMA is actually JS.11

Here we report de novo or inherited heterozygous truncating 
or canonical splice site SUFU variants in 22 patients from 17 
families, initially referred for genetic testing of JS- related genes 
due to suggestive clinical and/or neuroimaging features. As a 
result, we delineate a consistent neurodevelopmental syndrome 
encompassing the mild end of the JS spectrum, associated with 
presumed haploinsufficiency of the SUFU gene.

Patients and methods
To search for heterozygous truncating or canonical splice site 
SUFU variants, we reviewed available next generation sequencing 
(NGS) data in two independent large cohorts of patients referred 
for molecular testing of JS genes over the past 15 years. For 
both cohorts, ethical approval was in place to perform clinical 
and genetic studies, and parents had signed a written informed 
consent, which also included the possibility of being recontacted 
over the course of the project.

Patients were referred for: (1) JS diagnosis based on typical 
clinical features and detection of the MTS reported by the local 
neuroradiologist; or (2) Some clinical features of JS (hypotonia, 
developmental delay, COMA) without obvious evidence of 
a clear- cut MTS or other definitive imaging diagnosis such as 
tubulinopathy or Poretti- Boltshauser syndrome.

The first cohort (EU- Cohort) was recruited mainly from Euro-
pean countries by the Valente lab; it consists of 534 probands 
who underwent either NGS- based genetic testing of a custom 
panel of JS- causative genes (including SUFU) or clinical exome/

whole exome sequencing. In this cohort, causative biallelic vari-
ants in other JS- associated genes were detected in 321 subjects 
(60.1%).

The second cohort (US- Cohort) was recruited mainly from the 
USA by the Doherty lab; it consists of 563 probands (521 with 
and 42 without a clear MTS). In this cohort, causative biallelic 
variants in other JS- associated genes had been identified in 385 
subjects (68.4%).

On selection of patients carrying a heterozygous stop- gain, 
frameshift, or canonical splice site variant in the SUFU gene, 
parents were recontacted to provide detailed information about 
the clinical phenotype and progression over time. Available brain 
MRIs were carefully reviewed by at least two experts in cere-
bellar malformations (EuBo, FA, GEI and/or DD)

Segregation analysis was performed in all but two families. 
Parents found to carry the variant identified in their offspring 
were telephonically interviewed with regard to their develop-
mental steps, school achievement and other potentially relevant 
clinical signs. Brain MRIs were performed on three reportedly 
asymptomatic carrier parents.

RESULTS
We detected heterozygous truncating and canonical splice site 
SUFU variants in 22 patients: 14 from 10 families (1.9%) in 
the EU- Cohort and 8 from 7 families (1.2%) in the US- Cohort. 
Mean age at examination was 8 years (range 1–16), and male:fe-
male ratio was 19:3 (male 86%). A schematic of the identified 
variants is reported in figure 1.

Variants arose apparently de novo in eight probands, while 
they were inherited from a reportedly asymptomatic parent in 
11 affected children from seven families. During the course of 
the study, the probands in families UW423 and UW427 were 
discovered to have inherited the same variant from their fathers, 
who were first cousins through their mothers (both obligate 
carriers). These two cousins reported the occurrence of isolated 
COMA in one sister, who was unavailable for genetic testing. 
In families COR572 and UW435, parents were not available 
for genetic testing; however, family COR572 consists of two 
affected biological siblings (both adopted), indicating that 

Figure 1 Schematic of the SUFU gene (NM_001178133.1) and variants reported so far in patients with mild JS, COMA, Gorlin syndrome or cancer. SUFU 
gene structure and location of reported variants. Upper panel shows heterozygous truncating and canonical splice site variants identified in the present 
study, as well as heterozygous LOF variants identified in patients with COMA (boxed),11 and homozygous missense variants identified in patients with JS 
(underlined).10 Lower panel shows heterozygous truncating and canonical splice site variants identified in patients with Gorlin syndrome or cancer. Note that 
three variants recurred in patients with neurodevelopmental phenotypes and in patients with cancer. COMA, congenital ocular motor apraxia; JS, Joubert 
syndrome.
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the variant was inherited from one of the parents; for family 
UW435, clinical records indicated that the proband’s mother 
had macrocephaly, suggesting possible maternal inheritance of 
the variant. Male:female ratio among the tested asymptomatic 
carriers was 4:4 (male 50%).

The majority of affected children presented with the same 
constellation of neurological features seen at the mildest end 
of the JS spectrum, characterised by early onset hypotonia 
persisting in infancy, COMA, mild motor and speech delay, and 
mild truncal and limb ataxia. Of these, COMA was the only 
invariable feature, occurring in all patients and often persisting, 
even if attenuated, over the years. Ataxia occurred in over 60% 
of the patients, while only about a third eventually manifested 
intellectual disability. However, when present, the degree of 
intellectual disability ranged from mild to severe. All children 
older than 5 years attended primary school, with about half of 
them requiring special education support. Abnormal neonatal 
breathing was reported only in a minority of patients. Of note, 
macrocephaly (either confirmed as cranial circumference above 
98 percentile, or subjectively reported by parents) was present 
in 19 out of 22 children, while extraneurological involvement 
was extremely rare (table 1, online supplemental tables 1 and 2). 
Attention-deficit/hyperactivity disorder, autism traits, obsessive- 
compulsive disorder and other behavioural defects were reported 
in a minority of patients.

This homogenous clinical phenotype was mirrored by neuro-
imaging findings consistent across the whole cohort, showing a 
well recognisable pattern (figure 2, table 1, online supplemental 
tables 3 and 4). All MRIs displayed vermis hypoplasia (well seen 
on sagittal and coronal cuts) and superior cerebellar dysplasia 
(best seen on axial cuts at the level of the upper vermis), and 
all but one had mild but clear abnormalities of the SCPs, which 
were either horizontal, long and/or thick. Due to image quality 
(cuts too thick, not all planes available) the SCPs could not be 
judged in all planes in every individual. In several cases, this 
anomaly configured as an intermediate between normal anatomy 
and a typical MTS. A vermian split and a cranially displaced 
fastigium were common but inconsistent features, while supra-
tentorial anomalies were not present. Of note, diffusion- tensor 
imaging tractography (‘fibre tracking’) failed to show evidence 
of disturbed axonal guidance in two affected siblings from family 
COR280.12

Eight carrier parents were interviewed. All reported normal 
development, did not need extra help in school and denied 
any neurological issues, with the exception of one mother who 
reported mild clumsiness and ataxia during school age. We were 
able to perform brain MRI in three healthy carriers. Notably, 
images from two carriers were indistinguishable from those of 
the patients, showing the same characteristic constellation of 
features (figure 2, table 1), while in a third carrier brain imaging 
was normal.

Discussion
To date, biallelic hypomorphic SUFU variants have been associ-
ated with mild JS,10 and heterozygous truncating variants with 
COMA.11 Here we describe heterozygous truncating and canon-
ical splice site SUFU variants in 22 patients either diagnosed with 
JS (defined by the presence of the MTS on brain imaging) or 
showing some clinical and/or imaging features suggestive of JS, 
and further delineate the clinical and neuroradiological spec-
trum associated with SUFU haploinsufficiency.

In infancy, the typical symptoms of COMA, hypotonia, devel-
opmental and speech delay are often indistinguishable from 

those seen in patients with genetically confirmed JS, as well as 
in other forms of congenital ataxia, such as Poretti- Boltshauser 
syndrome due to LAMA1 pathogenic variants.13 Yet, the long- 
term prognosis of the SUFU- related condition is overall favour-
able compared with classic JS: about 60% of our patients 
became mildly ataxic, and fewer than half manifested intellec-
tual disability or required school support. Another important 
observation is the lack of retinal, kidney, liver or skeletal 
involvement typical of JS; in our cohort, which includes several 
patients already in their second decade, the phenotype is purely 
neurological, with additional features rarely observed in single 
patients. A possible clinical clue for SUFU- related conditions 
is represented by macrocephaly of variable degree; however, it 
must be noted that a large head circumference has been reported 
as a common finding in young children with JS, often resolving 

Table 1 Clinical and neuroimaging features of affected and 
asymptomatic carriers of heterozygous truncating and canonical splice 
site SUFU variants

Patients (n=22)
Asymptomatic 
parents (n=8)

Age, years (mean±SD, range) 8.0±4.1 (1–16) 41.6±5.5 (32–51)

Sex 19 M/3F 4 M/4F

Referral diagnosis for genetic test

 ► JS
 ► Possible JS (some clinical/

imaging features)*
 ► Isolated COMA

4 (18.2%)
12 (54.5%)
6 (27.3%)

–

Clinical findings

Sitting, months (mean±SD, range) 9.7±4.3 (6–24) Reported as normal

Independent walking, months 
(mean±SD, range)

25.7±12.6 (14–72) Reported as normal

Persistent COMA 22/22 (100%) 0

Macrocephaly† 19/22 (86.4%) 2/7 (28.6%)

Infantile hypotonia 17/22 (77.3%) 0

Mild ataxia 13/21 (61.9%) 1/8 (12.5%)

Speech delay 9/20 (45.0%) 0

ID (children ≥5 years) 7/20 (35.0%) 0

Abnormal breathing 4/22 (18.2%) 0

Education (children ≥6 years)

 ► Mainstream school
 ► Attendance with support

10/19 (52.6%)
9/19 (47.4%)

8 (100%)
0

Other organ involvement  ► Polydactyly (1)
 ► Laryngeal cleft (1)
 ► Bicuspid valve 

insufficiency (1)

0

Neuroimaging ‡

  Superior cerebellar dysplasia 22/22 (100%) 2/3 (67%)

  Vermis hypoplasia 22/22 (100%) 2/3 (67%)

  SCP horizontal 20/21 (95.2%) 2/3 (67%)

  SCP long 18/20 (90.0%) 2/3 (67%)

  SCP thick 19/22 (86.4%) 2/3 (67%)

  Vermian split 15/18 (83.3%) 0/3

  Fastigium displaced 13/22 (59.1%) 0/3

*These patients were reported by referring clinicians/neuroradiologists with variable 
terminology (JS- like, mild JS, mild MTS, JS spectrum, COMA), as they featured some 
clinical and imaging features suggestive of JS but not sufficient to reach a definite 
diagnosis.
†Includes parental report of ‘large head’, even if not proven >98 percentile.
‡Some features could not be assessed in all patients due to limited quality of 
available images.
COMA, congenital ocular motor apraxia; JS, Joubert syndrome; MTS, molar tooth 
sign; SCP, superior cerebellar peduncle.
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with age.14 Interestingly, of the formerly reported 15 patients 
diagnosed with COMA and carrying heterozygous truncating 
SUFU variants, nearly all presented overlapping neurological 
features, including developmental and/or speech delay, early 
onset truncal and gait ataxia and, to a lesser extent, learning 
disability, indicating that these patients and the patients reported 
here are affected by the same neurodevelopmental condition 
related to SUFU haploinsufficiency.11

Further supporting this observation, the imaging pattern is 
also highly consistent: indeed, all patients in this study as well 
as those reported by Schröder et al11 showed a combination of 

vermis hypoplasia, superior cerebellar folial dysplasia and abnor-
malities of the SCPs, which variably appear long, thick and hori-
zontal. This pattern often results in a ‘mild MTS’ appearance, 
similar to what has already been reported in patients with JS 
carrying pathogenic variants in other genes, including NPHP1, 
CPLANE1, CBY1 and FAM149B1 (figure 2M–P).15–18 Yet, in our 
experience, this ‘mild MTS’ can often remain unrecognised by 
clinical neuroradiologists, resulting in misdiagnosis. It is worth 
mentioning that adequate imaging technique is required to allow 
correct identification of this malformation, including images in 
all three planes, and a slice thickness not exceeding 2–3 mm.19 
Experience with fibre tracking in patients with SUFU variants is 
very limited, and axon guidance defects, which are well docu-
mented in JS, need to be evaluated in future studies.12

We were able to interview eight reportedly asymptomatic 
carrier parents. They all denied COMA, developmental delay 
and any neurological issues, with the exception of one who 
complained of mild ataxia/clumsiness in infancy. The propor-
tion of asymptomatic carriers in our cohort seems higher than 
that reported by Schröder et al, yet it must be noted that these 
subjects were not clinically examined and therefore subtle signs 
of ataxia or abnormal ocular movement cannot be ruled out with 
certainty. However, somewhat surprisingly, four of the five clin-
ically asymptomatic carriers who underwent brain MRI (three 
from the present study and two from the former COMA study) 
presented the same imaging pattern as observed in affected indi-
viduals, suggesting that the penetrance of the brain malforma-
tion is higher than that of the clinical phenotype. Further studies 
on clinically asymptomatic carriers will be required to confirm 
this observation.

While over 40 genes have been associated with JS, variants 
in five ‘common genes’ (AHI1, CC2D2A, CEP290, CPLANE1, 
TMEM67) cause almost half of JS cases, each gene accounting 
for 5%–10% families.20 Heterozygous truncating and canonical 
splice site SUFU variants seem to account for 1%–2% of patients 
who had been referred for JS genetic testing, either because they 
received a definite diagnosis of JS or because they presented clin-
ical and/or imaging features that are part of the JS phenotype. 
Thus, we recommend that SUFU should be included in any diag-
nostic sequencing panel for JS, as well as for isolated COMA. 
Moreover, it is important to stress that SUFU haploinsufficiency 
represents the first ‘non- recessively inherited’ cause of JS. In a 
diagnostic setting, this implies that the variant filtering pipeline 
should be optimised to include heterozygous SUFU variants.

The genetic diagnosis of SUFU haploinsufficiency bears major 
consequences for genetic counselling. Our data show that less 
than half of SUFU variants arose apparently de novo, while 
the rest were inherited from a clinically asymptomatic carrier 
parent. Thus, while the recurrence risk for JS is usually 25%, 
here the recurrence risk in future pregnancies is going to be up to 
50% when a parent carries the variant while, for apparently de 
novo variants, the empirical recurrence risk can be set at about 
1%, to take into account the possibility of germinal mosaicism 
in one parent.

The occurrence of germline heterozygous truncating SUFU 
variants has been found to predispose to a variety of tumours, 
such as basal cell carcinoma, meningioma and cerebellar medul-
loblastoma,21–25 and in some cases to Gorlin (nevoid basal cell 
carcinoma) syndrome, characterised by the occurrence of several 
basal cell carcinomas and other cancers at a young age (<20 
years), variably associated with developmental and skeletal 
abnormalities (figure 1).26 27 So far, no patients with the SUFU- 
related neurodevelopmental phenotype have presented with 
any obvious signs of Gorlin syndrome, nor have they developed 

Figure 2 Representative MRIs of cerebellar vermis and SCPs in healthy 
control, SUFU heterozygous carriers and JS with ‘mild’ and ‘typical’ MTS. 
Four representative T1- weighted MRIs (arranged in horizontal rows) 
are shown from one asymptomatic control (10–15 years old, A–D), two 
individuals (0–5 years old) with SUFU LOF heterozygous variants (families 
COR280 and COR552) (E–H), and (I–L), one individual with JS associated 
due to homozygous NPHP1 deletion (15–20 years old, (M–P)), and one 
individual with JS associated with biallelic pathogenic AHI1 variants 
(0–5 years old, (Q–T)) (all unpublished). The first column (A, E, I, M, 
Q) shows axial views at the level of the upper cerebellum, demonstrating 
folial dysplasia (arrow) in all individuals except the control. The second 
column (B, F, J, N, R) illustrates axial views at the level of the SCPs (arrows), 
which are more prominent (longer, thicker)) illustrates axial views at the 
level of the SCPs (arrows), which are more prominent (longer, thicker) 
compared with normal (mild MTS in row 2–4, typical MTS in row 5). The 
third column (C, G, K, O, S) shows parasagittal sections demonstrating thick 
and horizontal SCPs in all individuals shown except the healthy control 
(arrow). The fourth column (D, H, L, P, T) illustrates coronal images revealing 
variable irregular folia and vermis splitting (arrows) in all individuals shown 
except the control. JB, Joubert syndrome; MTS, molar tooth sign; SCP, 
superior cerebellar peduncle.
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cancer. Similarly, COMA, cerebellar dysplasia and other neuro-
logical signs typical of JS have never been reported in patients 
with Gorlin syndrome, although motor delays have been occa-
sionally described in some patients. While it seems that mild JS 
and Gorlin syndrome represent SUFU- related allelic conditions, 
nevertheless genetic counselling should take into account the 
possibility of an increased risk for cancer and discuss the oppor-
tunity of appropriate surveillance, as tumours may also occur in 
adulthood.28

The mechanisms underlying such phenotypical diversity 
associated with SUFU loss of function variants, as well as their 
reduced penetrance, remain to be explained. We can speculate 
that additional molecular mechanisms, such as a mutational 
burden involving heterozygous hypomorphic variants in other 
JS or cancer genes, or second hits within specific cell types may 
be implicated in the development of either phenotype.

The human SUFU gene is extremely intolerant to truncating 
variants and generally intolerant to variation of all types. The 
gnomAD database reports only three subjects carrying hetero-
zygous truncating variants out of ~1 40 000 individuals tested 
(pLI Score=1). This extremely low frequency of ‘unaffected 
carriers’ in the general population is not unexpected, given that 
JS is a very rare disease and SUFU loss of function variants only 
account for about 1%–2% cases. Moreover, missense variants 
are present in gnomAD at significantly lower frequency than 
expected (observed/expected ratio 0.68) with very few homo-
zygotes. Of note, the four previously published patients with JS 
carrying homozygous missense SUFU variants presented with 
a mild clinical and neuroradiological phenotype which closely 
resembles that associated with SUFU haploinsufficiency, in 
association with polydactyly.10 This suggests that the mode of 
inheritance of SUFU- related disorders strongly depends on the 
pathogenic impact of variants, insofar truncating and canonical 
splice site variants are associated with dominant inheritance, 
while hypomorphic missense variants require both mutated 
alleles to manifest, thus acting in a recessive manner. Further 
studies are needed to establish whether certain missense variants 
may cause similar protein disfunction as truncating variants, 
thus causing a neurodevelopmental phenotype in the hetero-
zygous state.

Gene- phenotype correlations have been clearly established for 
some of the the most common genetic forms of JS, which are of 
great help to establish appropriate surveillance as well as manage-
ment and therapeutic strategies. For instance, CEP290- related 
JS is consistently associated with retinal and renal involvement, 
while TMEM67- related JS is highly correlated with liver fibrosis 
with or without coloboma.20 29 30 Here, we define another strong 
gene- phenotype correlation between heterozygous SUFU trun-
cating variants with a mild, purely neurological JS phenotype.

In our cohort, 19 out of 22 (86%) SUFU manifesting carriers 
were male. This skewed male prevalence in affected individuals 
is not observed in global JS cohorts that have a roughly equal sex 
distribution (55% male in both the European and US cohorts). 
Interestingly, the proportion of SUFU heterozygous men was 4 
out of 8 (50%) among tested asymptomatic carriers and 4 out of 
10 (40%), if we also consider obligate gene carriers. By including 
the two additional potential carriers, who are both female (the 
sister of UW423- 1 and UW427- 1 reported with COMA, and 
the mother of UW435- 3 reported with macrocephaly), the male 
proportion among carriers could even drop to 25%. In the study 
by Schröder et al, 10 out of 13 (77%) manifesting carriers were 
male, while the only two clinically unaffected carriers were 
both female, in line with our observation.11 Such preponder-
ance of male sex in manifesting versus non- manifesting carriers 

is intriguing, suggesting that sex- related factors may affect the 
penetrance of SUFU variants.

We conclude that heterozygous SUFU variants must be 
recognised as causative of a novel, dominantly inherited neuro-
developmental syndrome encompassing COMA and mild JS, 
with a well recognisable imaging counterpart frequently not 
recognised as the MTS by clinical radiologists. The expanded 
phenotypical spectrum described here will aid in diagnosis and 
drive appropriate genetic testing, medical management, and 
counselling about prognosis and recurrence risk.
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