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ABSTRACT

Background Joubert syndrome (JS) is a
neurodevelopmental ciliopathy characterised by a
distinctive mid-hindbrain malformation, the ‘molar

tooth sign’. Over 40 JS-associated genes are known,
accounting for two-thirds of cases.

Methods While most variants are novel or extremely
rare, we report on 11 recurring variants in seven

genes, including three known ‘founder variants' in the
Ashkenazi Jewish, Hutterite and Finnish populations. We
evaluated variant frequencies in ~550 European patients
with JS and compared them with controls (>15000
Italian plus gnomAD), and with an independent cohort of
~6001JS probands from the USA.

Results All variants were markedly enriched in the
European JS cohort compared with controls. When
comparing allele frequencies in the two JS cohorts, the
Ashkenazim founder variant (TMEM216 ¢.218G>T)

was significantly enriched in American compared with
European patients with JS, while MKST c.1476T>G

was about 10 times more frequent among European JS.
Frequencies of other variants were comparable in the
two cohorts. Genotyping of several markers identified
four novel European founder haplotypes.

Two recurrent variants (MKS7 ¢.1476T>G and KIAA0586
.428delG), have been detected in homozygosity in
unaffected individuals, suggesting they could act as
hypomorphic variants. However, while fibroblasts from a
MKS1 c.1476T>G healthy homozygote showed impaired
ability to form primary cilia and mildly reduced ciliary
length, ciliary parameters were normal in cells from a
KIAA0586 ¢.428delG healthy homozygote.

Conclusion This study contributes to understand

the complex genetic landscape of JS, explain its

variable prevalence in distinct geographical areas and
characterise two recurrent hypomorphic variants.

INTRODUCTION

Joubert syndrome (JS) is a rare, mostly recessively
inherited neurodevelopmental ciliopathy whose
diagnostic hallmark is a unique mid-hindbrain
malformation (the ‘molar tooth sign’). Typical
features are cerebellar vermis hypo-dysplasia, elon-
gated, thick and horizontalised superior cerebellar
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Joubert syndrome (JS) is a mainly recessive
neurodevelopmental ciliopathy caused by
pathogenic variants in over 40 JS-associated
genes.

= While most variants are novel or extremely rare,
some are recurring in several patients as well as
healthy individuals, suggesting a founder effect.

WHAT THIS STUDY ADDS

= We report on 11 recurring variants in seven JS
genes, compare their frequencies in large JS and
control cohorts and identify four novel founder
haplotypes.

= We functionally characterise in vitro the
impact of two variants found in homozygosity
in healthy individuals (MKST c.1476T>Gand
KIAA0586 ¢.428delG), demonstrating their
hypomorphic effect.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study furthers knowledge on the complex
genetic landscape of JS, explains its variable
prevalence in distinct geographical areas and
characterises two recurrent hypomorphic
variants.

peduncles, and a deeper interpeduncular fossa.!
JS phenotypical spectrum includes neonatal hypo-
tonia, ataxia, abnormal ocular movements (mainly
congenital ocular-motor apraxia and nystagmus),
developmental delay and intellectual disability. This
neurological presentation can occur either in isola-
tion or combined with involvement of other organs,
such as the retina, kidneys, liver and skeleton.”? Its
allelic condition, Meckel syndrome (MKS), is a
lethal ciliopathy characterised by cystic dysplastic
kidneys, encephalocele, congenital liver fibrosis and
polydactyly.*

JS is genetically heterogeneous: over 40 causative
genes are known, accounting for 65%-75% cases.
While most pathogenetic variants are extremely
rare or unique, some variants were found to recur
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in certain populations due to founder effects, leading to a higher
disease prevalence. Among Ashkenazi Jews, the prevalence of JS
has been estimated between 1:34000 and 1:40000 (compared
for instance to the Italian prevalence of ~1:200 000).” ® This
enrichment has been ascribed to the founder variant ¢.218G>T
in the TMEM216 gene, whose carrier frequency reaches 0.5%
among Ashkenazim.®” Likewise, the founder variant ¢.52C>T
in the TMEM237 gene was identified in the Hutterite population
with a carrier frequency up to 6%, ° while the c.1408-34_1408-
6del variant in the MKS1 gene was commonly detected in Finnish
patients with either JS or MKS.'®'! Finally, the founder variant
c.1575+1G>A in TMEM67 was found on a shared haplotype
in three MKS Mirpuri families from Pakistan.'® Besides these,
several other variants in JS-associated genes have been reported
to recur in JS or MKS families, yet a founder effect has only been
suggested for some of them.? '

Here, we report on 11 recurrent variants in seven JS genes,
attempt to identify founder haplotypes and perform a func-
tional characterisation of two variants found in homozygosity in
healthy individuals, to explore a potential hypomorphic effect.

PATIENTS AND METHODS

Identification of recurrent variants in JS genes

Recurrent variants in JS genes were searched in a large cohort
of JS probands of European descent (mainly Italian) recruited in
the Valente Lab. Genetic testing was performed in 551 probands,
either based on Sanger sequencing of the most common JS genes,
targeted sequencing of a custom panel of ~100 ciliopathy-related
genes or whole-exome sequencing (WES). Overall, biallelic caus-
ative variants had been identified in 359 patients (65%). Ethical
approval was in place, and a written informed consent had been
signed by all families.

We focused on 11 recurrent variants detected in this cohort,
including 10 previously reported and one novel variant in
KIAA0586, found in three subjects from Sardinia, a known
genetic isolate (table 1).

We compared allele frequencies in four independent
non-JS control cohorts. These included: (1) Probands
(mainly Italian) referred for non-JS diagnostic testing to
the Mondino Foundation in Pavia (n=987) or to (2) The

Bambino Gesti Paediatric Hospital in Rome (n=12848);
(3) Italian subjects (mainly healthy) from the Network of
Italian Genomes (http://www.nig.cineca.it/) (n=1680); (4)
Subjects from the genome aggregation database gnomAD
V.2.1.1 (https://gnomad.broadinstitute.org) (n ~125000).
This cohort can be further divided according to ethnicity to
extrapolate frequencies in selected geographical subcohorts.

Recurrent variants were also searched for in a replication
cohort of ~600 patients with JS recruited in the Doherty
lab. This cohort mainly includes patients from the USA, but
families referred from other countries are also included.
Causative biallelic variants in JS genes had been identified
in 385 subjects (64%).

Comparison of allele frequencies was performed using y” test
with Fisher’s correction, as appropriate.

Microsatellite analysis and haplotype reconstruction

We were able to genotype 138 individuals from 44 unrelated
European JS families, as well as 13 non-JS subjects, carrying
the variants of interest. We selected 8-10 highly polymor-
phic microsatellites for each locus, spanning ~4 Mb around
each variant (online supplemental table 1). Markers were
PCR-amplified using fluorescent primers, mixed with forma-
mide and GeneScan 500 LIZ Size Standard (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and run on 3500
Genetic Analyzer (Thermo Fisher Scientific). Raw data were
analysed using GeneMapper Software V.6 (Thermo Fisher
Scientific). Haplotypes were reconstructed by phasing alleles
according to familial segregation. The haplotype around
TMEMG67 ¢.755T>C could not be analysed due to the lack
of sufficient DNA samples.

Estimation of age of origin of founder variants

We were able to identify recognisable haplotypes for four of the
seven variants. The DMLE+ (Disease Mapping Using Linkage
Disequilibrium) V.2.3 software package was used to provide
an estimated dating of these variants.”* Input data to DMLE
included an encoded description of the full haplotypes of variant
carriers and non-carriers, the latter being used as controls from

Table 1 Recurrent variants and number of carriers in JS and non-JS cohorts

Variant Patients with JS (European+US cohorts) non-JS subjects (Italian controls+gnomAD)
cDNA Protein het hom Het hom*

TMEM216 ¢.218G>Tt p.(Arg73Leu) 0+4 2+11 1+44% -

TMEM237 ¢.52C>T§ p.(Arg18*) 240 - 1+16 -

MKS1 c.1408-34_1408-6del| - 342 - 7+308** -

MKS1 c.1476T>G p.(Cys492Trp) 8+1 - 1+14 1 parent of JS proband
KIAA0586 c.428delG p.(Arg143Lysfs*4) 19+29 3+5 163+781 1 parent of JS probandtt + 2
KIAA0586 exons8-10 del+ early termination 441 - n.a. n.a.

KIAA0586 c.863_864delAA p.(GIn288Argfs*7) 343 = 0+8 =

KIAA0586 c.1006C>T p.(GIn336) 2+0 = 3+2 =

RPGRIP1L c.1843A>C p.(Thr615Pro) 2+4 2+0 1+17 -

CC2D2A c.4667A>T p-(Asp1556Val) 10+16 - 17+51 -

TMEM67 c.755T>C p.(Met252Thr) 3+2 - 3+23 -

*Parents of JS probands included.

tAshkenazi Jewish founder variant.

#Including 35 Ashkenazi Jewish.

§Hutterite founder variant.

9IFinnish/Northern European founder variant.
**Including 161 Finnish.

ttUnaffected parent reported by Pauli et al."”
+$Fequency not available (n.a.) for non-JS cohorts.
JS, Joubert syndrome.
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the general population. Genetic distances between markers were
retrieved from the Marshfield Comprehensive Human Genetic
Maps  (https://www.biostat.wisc.edu/~kbroman/publications/
mfdmaps/) or estimated based on physical distances given in
the UCSC Genome Browser (https://genome-euro.ucsc.edu/
GRCh37/hg19 assembly), considering 1 Mb~1cM. The propor-
tion of sampled variant-carrying chromosomes was calculated
considering the minimum ratio between the number of current
carrier subjects and the product P_*prev, where where P_(t_i) is
the 2021 population of the ith country from where the cohorts
considered in this study were originated (source: https://www.
worldometers.info/population/europe/), and prev=4.7x100
000 population, which corresponds to the crude prevalence of
JS as previously estimated.” A generation was assumed to be 25
years long.

Cell cultures

We obtained skin-derived primary fibroblasts from two MKS1
c.1476T>G carriers (a healthy homozygous mother and her
compound heterozygous affected son), three unrelated KIAA0586
¢.428delG carriers (one healthy and one affected homozygotes,
and one affected compound heterozygote) and four healthy
controls (online supplemental table 2). Cells were cultured in
Dulbecco’s Modified Eagle Medium high glucose (DMEM
without L-glutamine) (Carlo Erba Reagents, Cornaredo, Italy)
supplemented with inactivated 10% fetal bovine serum (FBS),
1X pen/strep (Euroclone, Pero, Italy), 1% L-glutamine 200 mM
at 5% CO2 and 37°C. Fibroblasts were grown until confluency,
changing the medium three times per week, and then detached
with Trypsin-EDTA with Phenol Red (Euroclone) to be subse-
quently replated for primary cilium experiments, pelleted or
cryopreserved.

Analysis of the primary cilium

To evaluate primary cilium formation and length, 2x 10’ fibro-
blasts were plated onto coverslips inside a 12-well plate in
DMEM with 10% FBS. At 80% confluency, cells were starved
for 24 hours using DMEM without FBS, and then fixed in cold
methanol for 5” at 4°C. Cells on coverslips were treated in
DPBS (Dulbecco's Phosphate Buffered Saline) with 10% bovine
serum albumin (Sigma-Aldrich, St. Louis, Missouri, USA) and
1% goat serum (Carlo Erba Reagents), and incubated overnight
with primary antibodies antiacetylated-o-tubulin mouse 1:500
(Sigma Aldrich) and anti-y-tubulin rabbit 1:5000 (Thermo
Fisher Scientific). The day after, cells were rinsed three times
and incubated with secondary antibodies goat antirabbit IgG
daylight 550 and 488 1:500 (Thermo Fisher Scientific) for 1
hour at room temperature. Finally, cells were incubated with
DAPI (4’,6-diamidino-2-phenylindole) 1:6000 (Thermo Fisher
Scientific) and coverslips were mounted on microscope slides
with prolonged gold antifade reagent (Thermo Fisher Scien-
tific). Images were acquired using a Zeiss Inverted micro-
scope (Axioskope 2) and analysed using Fiji. The percentage
of ciliated cells was calculated by dividing the number of
cells showing a primary cilium for the total number of cells
for each field. Each experiment was performed in triplicate,
and we evaluated up to 15 fields per experiment. The ciliary
length was measured from the centrosome (y-tubulin) to the
tip of the cilium (acetylated-a-tubulin). The experiment was
performed in triplicate and up to 100 primary cilia per sample
were counted in total. Statistical analysis was performed using
a two-tailed Student’s t-test.

RESULTS

Several recurrent variants are enriched in patients with JS
compared with the general population

We first searched for recurrent variants in JS genes in our cohort
of 551 European patients. We identified 11 recurrent variants
in seven genes (TMEM216, TMEM237, MKS1, KIAA0SS86,
RPGRIPIL, CC2D2A and TMEMG67), including three already
known founder variants: the Ashkenazim TMEM216 ¢.218G>T
variant;® 7 the Hutterite TMEM237 ¢.52C>T variant;® and the
Northern European MKS1 c.1408-34_1408-6del variant.'’ !
The predicted effect of these variants at the protein level and
crude numbers of heterozygous and homozygous carriers in
patients and controls are shown in table 1.

For the large deletion across KIA0586 no control data were
available. We compared allele frequencies of the remaining
10 variants in our European JS cohort versus >140000
control subjects, including 15000 Italian non-JS subjects and
>125000 subjects from gnomAD. Interestingly, although each
variant was detected in some controls, they were all strongly
enriched in patients with JS (p<0.005to <0.00001) (table 2,
figure 1 and online supplemental material). As expected, the
majority of non-JS carriers of TMEM216 ¢.218G>T and MKS1
c.1408-34_1408-6del belonged to the Ashkenazim and Finnish
gnomAD subcohorts, respectively, inflating global gnomAD
control frequencies. Indeed, the TMEM216 founder variant
was about 100 times more frequent in the Ashkenazi gnomAD
subcohort than in all other subcohorts (0.34% vs 0.003%), while
the MKS1 founder variant was about 10 times more common
among Finnish than non-Finnish gnomAD cohorts (0.70% vs
0.0690). For this reason, to properly compare allele frequencies
of these two variants with the mainly Italian JS cohort (which is
not enriched in either Ashkenazim or Finnish cases), these two
gnomAD subcohorts have been excluded from the control count
for statistical purposes (table 2).

We next compared the variants’ frequencies in the European
JS cohort versus an independent cohort of about 600 patients
with JS mainly recruited in the USA. The Ashkenazim TMEM216
¢.218G>T founder variant was significantly overrepresented in
the US cohort compared with the European one, while MKS1
¢.1476T>G was much more common in the European than in the
US JS cohort. Two variants (TMEM237 ¢.52C>T and KIAA0586
¢.1006C>T) were detected only in two European and none of
the US patients with ]S, while the remaining seven variants had
comparable allele frequencies in both cohorts (table 2).

A founder effect can be established only for some variants
We next asked whether, besides the three known founder vari-
ants, other recurrent variants could also represent founder
mutations inherited from common ancestors. To explore this
hypothesis, we genotyped several microsatellite markers span-
ning the genomic regions around seven variants in available
carriers including patients and parents from the European JS
cohort as well as some non-JS Italian controls. We were able to
identify four recognisable haplotypes shared by individuals not
known to be related; for these, we evaluated the geographical
origin of carriers and attempted to date the origin of the founder
variant (figure 2).

The first haplotype spanned ~2.29Mb around the MKS1
¢.1476T>G variant and was shared by eight JS families, all
originating from countries of the Mediterranean region except
one family of Romanian origin. The mutation age was esti-
mated around 12 generations ago (95% credible set: 10-14). Of
note, three of these families (from Puglia in Southern Italy and
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Table 2  Allelic frequencies (%) of recurrent variants in two JS and four non-JS cohorts

IS Non-JS
European JS (n~551) US JS (n~600) WES-Mondino (n=987)  WES-OPBG (n=12848)  NIG* (n~1685) gnomADt (n~125000) P valuet

TMEM216 c.218G>T§ 0.36 2.16 0.05 0 0 0.003 p<0.00001
p<0.0001

TMEM237 ¢.52C>T9 0.18 0 0.05 0 0 0.006 p<0.0001
ns

MKS1 c.1408-34_1408-6del** 0.27 0.16 0.10 0.02 0 0.06 p<0.005
ns

MKS1 c.1476T>G 0.73 0.08 0 0.04 0.03 0.006 p<0.00001
p<0.05

KIAA0586 c.428delG 2.27 3.26 1.06 0.44 0.84 0.31 p<0.00001
ns

KIAA0586 exons8-10 deltt 0.36 0.10 na. na. n.a. n.a. -ns

KIAA0586 ¢.863_864delAA 0.27 0.25 0 0 0 0.003 p<0.00001
ns

KIAA0586 ¢.1006C>T 0.18 0 0.05 0.008 0 0.0008 p<0.00001
ns

RPGRIPTL c.1843A>C 0.55 0.32 0 0.004 0 0.006 p<0.00001
ns

CC2D2A c.4667A>T 0.91 1.32 0.05 0.06 0.03 0.02 p<0.00001
ns

TMEM67 c.755T>C 0.27 0.16 0 0.008 0.06 0.008 p<0.00001

ns

*NIG: Network of Italian Genomes.

‘tgnomAD: genome aggregation database global frequencies (V.2.1.1). For the Ashkenazim and the Norther European/Finnish founder variants, the relative subpopulations have been excluded from gnomAD count to
avoid an incorrect inflation of the control frequencies due to founder effect bias.

+Upper line European JS versus all controls; lower line: European JS versus US JS. P values were calculated using y test (with Fisher's correction for TMEM237 ¢.52C>T and KIAA0586 c.1006C>T).

§Ashkenazi Jewish founder variant.

fHutterite founder variant.

**Finnish/Norther European founder variant.

t1Being a large deletion, AF (alternative frequency) from non-JS cohorts are not available (n.a., not applicable).

JS, Joubert syndrome.

Albany) shared a much larger haplotype >3.84 Mb, suggesting  JS families and one non-JS unrelated carrier, all from Sardinia.
closer relatedness. A second haplotype spanned ~2.02Mb Mutation age was estimated around two generations ago (95%
across the KIAA0586 ¢.1006C>T variant was detected in two credible set: 1-3). A third haplotype spanned ~1.40 Mb across
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Figure 1 Allele frequencies of 11 recurrent JS variants. Allelic frequencies of recurrent variants in the European JS cohort (blue), the US JS cohort (orange)
and four distinct non-JS control cohorts (grey shades). JS, Joubert syndrome; NIG, Network of Italian Genomes.
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O [KIAA0586 gene Exon 8-10 deleton stimated age:
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Chr16_54545329 54545314-54545343 312 312/312 312 312/312
Chr16_55014711 55014689-55014733 156 162/162 158 158/154
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Figure 2 Schematics of the four novel founder haplotypes identified in this study. (A) Shared haplotypes across families, genomic size and estimated age
of founder variants; (B) Example of dating plot (for founder variant MKS1 c.1476T>G); (C) Geographical origin of families carrying the four variants.

KIAA0586 exon 8-10 deletion was detected in four JS families
originating from central Europe (Southern Germany, Switzer-
land, Belgium and Northern France). This variant was estimated
to have arisen about five generations ago, with a broader 95%
credible set (2-14 generations). A fifth carrier was identified
in the US JS cohort, but the geographical origin is not avail-
able. Finally, a small 747Kb haplotype was identified across
RPGRIPIL ¢.1843A>C in four JS families of Italian or Swiss
origin. While this haplotype was too small to attempt a dating,
the three Italian families shared a larger 1.49 Mb haplotype,
which we were able to approximately date three generations ago
(95% credible set: 2-5).

Conversely, we failed to identify recognisable shared haplo-
types among the European JS families sharing the recurrent vari-
ants CC2D2A c.4667A>T, KIAA0586 ¢.428delG and KIAA0586
¢.863_864delAA.

Functional characterisation of founder variants MKS1
¢.1476T>G and KIAA0586 c.428delG

Two founder variants, MKS1 c¢.1476T>Gand KIAA0586
c.428delG, were particularly interesting as both have been

identified in homozygosity in one or more healthy individuals
(controls and/or unaffected parents of JS probands).

Of note, the MKS1 ¢.1476T>G variant has never been
detected in the homozygous state in affected individuals, while
we identified one instance of homozygosity in the unaffected
parent of one JS male child who was compound heterozy-
gous for MKS1 ¢.1476T>Gand a canonical splice site variant
(c.1024+1G>A). Conversely, KIAA0586 c.428delG has been
reported in the homozygous state in several patients with JS as
well as in two healthy controls from gnomAD and in one unaf-
fected parent of a patient with JS.

To assess the impact of these two recurrent variants, we eval-
uated ciliogenesis and cilia morphology in skin fibroblasts from
affected and unaffected carriers and compared them with four
healthy controls. For each variant, we obtained fibroblasts from
one homozygous healthy subject and one patient with JS carrying
the variant in compound heterozygosity with a deleterious
variant (MKS1 ¢.1024+1C>Aand KIAA0586 c.863_864delAA,
respectively); we also obtained fibroblasts from one KIAA0586
c.428delG homozygous patient with JS, in whom no addi-
tional pathogenic variants could be detected by WES (either in
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Figure 3  Functional assessment of MKST c.1476T>G and KIAA0586 c.428delG variants. Count of ciliated cells and ciliary length in four healthy controls,

patients and healthy subjects carrying either variant in the homozygous or in the compound heterozygous state, as stated. (A) Representative images of
immunofluorescence experiments showing primary cilia marked with y-tubulin and acetylated-oi-tubulin antibody in serum starved fibroblasts; (B—C) Box
plots showing the percentage of ciliated fibroblasts (B) and ciliary length (C) in tested fibroblasts. Black circles: healthy controls; Orange: JS affected
subjects; Blue: healthy subjects; Triangles: carriers of MKST c.1476T>G variant; Squares: carriers of KIAA0586 ¢.428delG variant. *p<0.01; **p<0.001;

***p<0.0001. JS, Joubert syndrome

KIAA0586 or other ciliary genes). We measured two standard
parameters, respectively the percentage of cells able to form cilia
on starvation, and the average ciliary length.

All three patients with JS, including the MKS1 compound
heterozygous (figure 3B, C, orange triangles) and the KIAA0586
compound heterozygous and homozygous carriers (figure 3B,
C, orange squares) showed a statistically significant reduction of
both the percentage of ciliated cells and ciliary length compared
with controls. Of note, KIAAO586 patients had a more marker
reduction of ciliated cells compared with the MKS1 patient,
which reached statistical significance for the KIAA0586 homo-
zygous patient.

However, intriguingly, the two homozygous healthy subjects
displayed very different cellular phenotypes: fibroblasts from the
MKS1 homozygous healthy mother (figure 3B, C, blue triangles)

showed a similarly significant reduction of ciliation but a much
milder (although still significant) reduction of ciliary length as
her compound heterozygous affected son; conversely, cells from
the KIAA0586 homozygous healthy subject (figure 3B, C, blue
squares) were indistinguishable from healthy controls, both with
regard to ciliation and ciliary length.

DISCUSSION

JS is characterised by wide genetic and allelic heterogeneity, with
the majority of pathogenic variants being private to single fami-
lies. Yet, some recurrent variants have been reported, and four of
them have been shown to be founder variants in the Ashkenazi
Jewish, Hutterite, Finnish and Mirpuri Pakistani populations,
respectively.8 1011
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To better characterise the JS genetic landscape, we focused
on 10 recurrent variants detected in our European JS cohort.
Frequencies of these variants ranged from 0.18% to 0.919%,
with the exception of the highly prevalent KIAA0586 c.428delG.
Interestingly, all these variants (except KIAA0586 exon 8-10
deletion, which could not be assessed in controls) were present
in gnomAD, although their frequencies were significantly lower
than those detected in European patients with JS. This is a rele-
vant observation, since recurrent variants could be erroneously
downgraded using American College of Medical Genetics and
Genomics (ACMG) criteria due to their relative high frequency
(and also possible occurrence of homozygotes), in population
databases such as gnomAD, unless it is demonstrated that they
occur significantly more commonly in patients than in controls.

When comparing variant frequencies in the two JS cohorts, the
Ashkenazim founder variant was the only one significantly over-
represented in US patients with JS, with a nearly 10 times higher
frequency than European ones (2.16% vs 0.36%). This observa-
tion likely finds its historical roots in the large waves of immi-
gration of Jewish diaspora communities from Europe between
the late nineteenth century and the end of World War II, which
made USA home for one of the largest Jewish populations in the
world. Conversely, we could not observe a significantly different
distribution of the Finnish founder variant between European
and American JS cohorts. This suggests a more widespread
worldwide distribution of this mutation, possibly explained by
its very ancient origin, which was dated back approximately to
162 generations (~4050 years) ago.'” The Hutterite founder
variant was absent in the US cohort and very rare in the Euro-
pean cohort, likely reflecting the limited admixture of this
inbred community with their neighbouring populations both
in central Europe, where they originated, and in the USA and
Canada, where Hutterites migrated towards the end of the nine-
teen century. Only one variant (MKS1 ¢.1476T>G) was signifi-
cantly enriched in European versus American patients, while the
remaining seven had comparable allele frequencies in the two
cohorts. The most common one is KIAA0586 ¢.428delG, with
an impressive allele frequency of 2.27%-3.26% in patients with
JS. We were surprised to see that the allele frequency of this
variant in the Ashkenazi Jewish gnomAD subgroup (0.83%) was
even higher than that of the TMEM216 founder variant (0.34%),
which is considered the most common genetic cause of JS among
Ashkenazim.® Yet, the proportion of Ashkenazi Jewish patients
with JS carrying KIAA0586 c.428delG has not been reported to
date.

To search for novel founder haplotypes, we were able to geno-
type microsatellite markers in affected and healthy carriers of
seven recurrent variants.

MKS1 c.1476T>G, the only variant enriched in European
versus US JS, was detected in eight patients from the European
and only in one patient from the US JS cohort, all coming from
countries of the Mediterranean area (Southern Italy, Albany,
Montenegro and Greece) with the exception of a single family
from Romania. In line with this, the allele frequency of this
variant among Italian non-JS controls was about five times
higher than among gnomAD carriers, all non-Finnish Europeans
(0.04% vs 0.006%), and we detected a large 2.29Mb haplotype,
indicating MKS1 ¢.1476T>G as a recent founder variant, whose
origin could be approximately dated 12 generations ago. It is
tempting to speculate that all these patients, originating from
countries abutting the Mediterranean Sea, have inherited the
same mutation from a common ancestor living in the late seven-
teenth century, a time in which the Mediterranean Sea was swept
by endless market trades across its coasts.

The two affected and the single healthy carriers of the
KIAA0586 ¢.1006C>T variant were all of Sardinian origin, and
shared a large 2Mb haplotype indicating this as a recent founder
variant, which likely originated in Sardinia only few generations
ago. Indeed, no variant carriers were identified among the US
patients with JS and only two carriers were reported in Italian
non-JS controls and two in gnomAD, of non-Finnish Euro-
pean descent. A more complex scenario regards the RPGRIP1L
¢.1843A>C variant: we could detect a recent 1.5Mb founder
haplotype, which was shared by three Italian JS families carrying
such a variant, while a fourth patient from Switzerland only
shared a smaller portion of this haplotype, suggesting an older
origin. The same variant was detected in four US patients with
JS (two white non-Hispanic, respectively, from US and Australia,
one white Hispanic from Argentina and one African-American),
and had been previously reported in several patients with JS
originating from the USA, Switzerland and France.”® *' While
we failed to detect this variant in Italian non-JS controls, it was
reported in 17 gnomAD individuals, all non-Finnish Europeans
except one of Latin-admixed American origin. The available
data do not allow us to determine whether all carriers inherited
the same founder variant from a single ancestor or whether the
variant has arisen independently in different populations, and
further studies would be needed to clarify this aspect.

Finally, although we were not able to assess the frequency of
KIAA0586 exon 8-10 deletion in non-JS controls, it is interesting
to note that such deletion was reported in five patients with JS
from central Northern Europe and in four patients recruited
in the USA.'® ' Despite the identification of a shared 1.4 Mb
region, the exact break points of the deletion have not been well
described and may vary among patients, suggesting independent
mutational events.

Interestingly, we failed to identify recognisable shared
haplotypes for the other three recurrent variants (KIAA0S586
c.428delG and c.863_864delAA, CC2D2A ¢.4667A>T). This
suggests either that these might represent very ancestral vari-
ants (with founder haplotypes too small to be detected), or
alternatively, they could have arisen several times as indepen-
dent events, representing mutational hotspots. This issue is not
easy to resolve. For instance, the six JS heterozygous carriers of
KIAA0586 ¢.863_864delAA have distinct origins (Southern and
Northern Italy, Switzerland, Germany, USA and Brazil), and simi-
larly the eight heterozygous carriers of this variant in gnomAD
are from different subgroups (African/African American, Latino/
admixed American, non-Finnish European, South Asian and
other). Haplotype analysis in carriers of different geographical
origins would be required to better clarify this issue.

One factor possibly contributing to the enrichment of certain
founder variants is their hypomorphic nature. This term refers
to variants whose pathogenic impact on the protein function is
relatively mild and, as such, they result in a disease phenotype
only when in compound heterozygosity with a more deleterious
variant, or in presence of additional genetic modifiers (eg, a third
pathogenic variant on a distinct gene). Indeed, real hypomor-
phic variants are occasionally detected in the homozygous state
in healthy individuals, challenging the assessment of their patho-
genicity in a diagnostic setting.

This is already known for the KIAA0586 ¢.428delG variant,
reported in homozygosity in a few patients with JS as well as in
three unaffected individuals.” '* ' Here, we attempt to func-
tionally characterise this variant as well as another potentially
hypomorphic recurrent variant (MKS1 ¢.1476T>G), which we
found in homozygosity in the unaffected mother of a child with
JS. The affected son carried the variant in trans with a canonical
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splice site variant, previously reported in compound heterozy-
gosity with the Finnish founder variant in a fetus affected by
MKS.? Of note, the MKS1 c.1476T>G variant was formerly
described in a patient with mild Bardet-Biedl syndrome (in
compound heterozygosity with a 1-amino acid deletion), and
was suggested to act as a hypomorphic variant through a rescue
experiment on mks1 morphant zebrafish embryos.'?

To characterise these two variants, we evaluated ciliogenesis
and average ciliary length, known to be impaired in MKS1 or
KIAA0586 defective cells.' 1122627 We compared these measures
in fibroblasts from controls, healthy subjects homozygous for
either variant, and patients with JS. Surprisingly, we obtained
strikingly different results for the two variants. For the MKS1
variant, ciliogenesis was similarly impaired in the healthy homo-
zygous mother and in her compound heterozygous affected son;
however, in the latter, the combination with the more severe
splice site variant resulted in a more marked reduction of ciliary
length, while this was less affected in the mother, although still
significantly compared with controls. This observation suggests
that MKS1 ¢.1476T>G is a hypomorphic pathogenic variant,
able to impair ciliary functioning but not enough to reach a
critical threshold of disease, which can manifest only when the
variant is combined with a more deleterious one.

Conversely, while both affected subjects carrying KIAA0S586
c.428delG showed marked deficits both in ciliogenesis and
ciliary length (regardless of the homozygous or compound
heterozygous state), these parameters were fully normal in the
healthy homozygote’s fibroblasts, challenging the pathogenicity
of this variant at least in the homozygous state. A first possible
explanation is the existence of a second ‘cryptic’ KIAA0S586
variant missed by the genetic testing in affected homozygotes,
and indeed we had previously identified two patients with JS
who were homozygous for the ¢.428delG variant but also carried
a distinct KIAA0586 heterozygous pathogenic variant.” ' An
alternative explanation is that c.428delG is a low-penetrance
variant, whose impact needs to be enhanced by as yet unidenti-
fied modifier factors. In this line, Bachmann-Gagescu and collab-
orators reported a 4-year-old patient with JS homozygous for
KIAA0586 ¢.428delG who was also heterozygous for a delete-
rious variant in the CPLANE1 gene,"* a combination possibly
recalling the model of triallelic/digenic inheritance already
proposed for another ciliopathy, Bardet-Biedl syndrome.*®

These experiments suggest that the clinical variability seen
in patients with JS may be influenced, at least in part, by the
relative pathogenic impact of each variant on the protein func-
tion, resulting in a grading of the cellular phenotype in terms of
ciliogenesis, ciliary length and related ciliary functioning. In the
absence of reliable bioinformatic tools able to accurately predict
the functional outcome of variants (especially those classified as
‘variants of unknown significance’), the development of simple
and quantifiable functional assays will represent an essential
advancement to better understand the complexity of ciliopathy
phenotypes and provide the patients and families with more reli-
able prognostic indications and counselling.
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