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Abstract: The retinal features of Bardet-Biedl syndrome (BBS) are insulfficiently characterized in Arab
populations. This retrospective study investigated the retinal features and genotypes of BBS in Saudi
patients managed at a single tertiary eye care center. Data analysis of the identified 46 individuals
from 31 families included visual acuity (VA), systemic manifestations, multimodal retinal imaging,
electroretinography (ERG), family pedigrees, and genotypes. Patients were classified to have cone—
rod, rod-cone, or generalized photoreceptor dystrophy based on the pattern of macular involvement
on the retinal imaging. Results showed that nyctalopia and subnormal VA were the most common
symptoms with 76% having VA < 20/200 at the last visit (age: 5-35). Systemic features included
obesity 91%, polydactyly 56.5%, and severe cognitive impairment 33%. The predominant retinal
phenotype was cone-rod dystrophy 75%, 10% had rod—cone dystrophy and 15% had generalized
photoreceptor dystrophy. ERGs were undetectable in 95% of patients. Among the 31 probands, 61%
had biallelic variants in BBSome complex genes, 32% in chaperonin complex genes, and 6% had
biallelic variants in ARL6; including six previously unreported variants. Interfamilial and intrafamilial
variabilities were noted, without a clear genotype—phenotype correlation. Most BBS patients had
advanced retinopathy and were legally blind by early adulthood, indicating a narrow therapeutic
window for rescue strategies.

Keywords: Bardet-Biedl syndrome; BBSome; chaperonin complex; ciliopathy; cone-rod dystrophy;
polydactyly; retinitis pigmentosa

1. Introduction

Inherited retinal disorders (IRDs) comprise a heterogeneous group of diseases that
manifest with or without systemic associations. Some IRDs are due to perturbations
of the development and maintenance of the photoreceptor cilium and other primary
cilia in the body. Bardet-Biedl syndrome (BBS) (MIM 209900) is an autosomal recessive
ciliopathy and is the second most common form of syndromic retinopathy after Usher
syndrome [1]. The diagnosis of BBS is established if the following criteria are met: (1) the
presence of four primary features or (2) the presence of three primary features with at least
two secondary features [2]. The primary features are retinal dystrophy, truncal obesity,
postaxial polydactyly, hypogonadism, cognitive impairment, and renal anomalies. The
secondary features are developmental delay, ataxia, poor coordination, short stature, speech
disorder, behavioral abnormalities, strabismus, cataract, astigmatism, dental abnormalities,
high arched palate, craniofacial dysmorphism, brachydactyly, syndactyly, lower limb
spasticity, reproductive abnormalities, diabetes mellitus, cardiovascular anomalies, and
hepatic fibrosis [2].
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Pathogenic variants in more than twenty genes have been associated with BBS [3]. BBS
genes encode for proteins that play a crucial role in the BBSome or its chaperonin complex,
which are involved in the ciliary biogenesis, regulation, and vesicular transport [4]. Most
BBS cases are associated with perturbations of the BBSome complex: BBS1, BBS2, BBS4,
BBS5, BBS7, TTC8, BBS9, and BBIP1, and less frequently with the genes encoding the BBS
chaperonin complex: MKKS, BBS10 and BBS12 [4-7]. The other BBS genes are rare [7,8].

Previous studies described the clinical and molecular features of BBS in various endog-
amous and exogamous populations, but such data are sparse in the Arab population [1,9,10].
The present study expands the spectrum of BBS mutations in the Saudi population, includes
previously unreported variants, and describes the associated retinal phenotypes.

2. Methods

This is a retrospective study of 46 individuals, from 31 families, who harbored biallelic
variants in known BBS genes and were reviewed at King Khaled Eye Specialist Hospital
(KKESH), a tertiary eye care center in Riyadh, Saudi Arabia, from 2007 to 2019. Institutional
Review Board (IRB)/Ethics Committee approval at KKESH was obtained (IRB: RP1933-R)
and the study adhered to the tenets of the declaration of Helsinki.

Informed consent for clinical genetic testing was obtained from all participants. Data
analyzed included: the earliest visual symptoms, age at onset of visual symptoms and last
visit, sex, visual acuity at presentation and at last clinic visit, reported systemic features, and
family history. All patients underwent full ophthalmic examination including Snellen VA,
slit lamp biomicroscopy, and dilated fundoscopy. The retinal structure was evaluated with
multimodal imaging: fundus images (Topcon, Tokyo, Japan; and Optos TM, Dunferline,
Scotland, UK), widefield medium wavelength (532 nm) fundus autofluorescence (FAF, on
the Optos machine), spectral-domain optical coherence tomography (OCT, Heidelberg
Engineering, Heidelberg, Germany). Full-field electroretinography (ERG, Nicolet Biomed-
ical Instruments, Madison, WI, USA; and Roland Consult, Brandenburg an der Havel,
Germany) was performed using a protocol that was modified from the International Society
for Clinical Electrophysiology of Vision Standards, as previously described [11].

Classification of FAF images, based on the patterns deduced from the macular AF
changes, was performed jointly by two retina specialists (DM and RB) and was reviewed
independently by a third retina specialist (SRN); in the case of discrepancy, RB reclassified
the image(s). Since the ERGs were undetectable in 34 patients, and assuming that most
patients with cone-rod dystrophy (CRD) would manifest with early severe maculopathy
and foveal involvement, the retinal phenotype was classified as (1) rod—cone dystrophy
(retinitis pigmentosa): if the VA at presentation was better than 20/200, with an annulus of
increased AF at the macula and a sub-foveal EZ depicted on OCT (Figure 1(A1,A2,A3));
(2) CRD: if the VA at presentation was less than or equal to 20/200—used as a measure
for foveal dysfunction, and the macular AF showed a pattern reminiscent of a bull’s eye
lesion with disrupted or hyporeflective ellipsoid zone (EZ) on OCT (Figure 1(B1,B2,B3));
(3) generalized photoreceptor dystrophy if the VA was less than 20/200, the AF did not
show a distinct macular annulus of increased signal, and the OCT showed an absent or
markedly disrupted EZ (Figure 1(C1,C2,C3)) [12,13].

Genetic testing was performed at two clinical laboratories using next-generation
sequencing for the following retinal panels (Figure S1): autosomal recessive retinitis pig-
mentosa, BBS, cone-rod dystrophy (CRD), cone dystrophy (CD), and macular dystrophy as
previously described [14]. Classification of variants, based on the laboratory reports, was
also scrutinized using Varsome 11.8 [15]; previously unreported variants were classified
according to the ACMG guidelines [16].
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Figure 1. Ultra-widefield color fundus images, fundus autofluorescence (FAF) and optical coherence
tomography (OCT) of the three retinal phenotypes: rod—cone dystrophy (RCD), cone-rod dystrophy
(CRD) and generalized photoreceptor involvement. (A) (A1,A2,A3) An example of RCD; (A1) color
photo showing widespread retinal alterations, vascular attenuation and multiple hypopigmented
small patches in the mid-periphery (black arrow); (A2) FAF revealing an annulus of increased AF at
the macula (white arrow); the hypopigmented patches in (A1) co-localize with hypo-autofluorescent
patches in the mid-periphery indicating retinal atrophy; (A3) OCT depicting relatively spared sub-
foveal ellipsoid zone (EZ) (yellow arrow). (B) (B1,B2,B3) An example of CRD; (B1) color image
showing widespread retinal alterations with widespread patchy hypopigmentation (black arrow),
note the relatively milder vascular attenuation compared to (A), and dull foveal reflex; (B2) FAF
shows a patch of increased signal at the macula surrounded by reduced signal (white arrow); there
is widespread patchy hypo-AF in the mid-periphery; (B3) OCT showing sub-foveal hyporeflective
EZ which tapers abruptly at the edges of the fovea with loss of the outer nuclear layer (yellow
arrow). (C) (C1,C2,C3) An example of generalized photoreceptor involvement; (C1) color image
showing bone spicule-like pigmentation extending from the vascular arcades to the periphery (black
arrow), vascular attenuation and macular atrophy; (C2) FAF revealed diffuse hypo-AF signal in the
mid-peripheral retina and macula and a distinct macular annulus of retained signal surrounding
a patch of signal loss (white arrow); (C3) OCT depicted an absent EZ (yellow arrow), epiretinal

membrane and severe laminar disorganization.

3. Results
3.1. Patient Characteristics and Clinical Features

Seventy-one individuals with a clinical diagnosis of BBS were identified; twenty-five
of them were not molecularly characterized and were excluded. Forty-six patients from
thirty-one families were included. A summary of their demographic data is given in Table 1.
The age range was 5-35 years (median: 19 years). Twenty-seven patients were males (59%).
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Table 1. Demographic data and clinical features of the patients. Abbreviations: M: male, F: female.
Patient Age Age of Onset of Visual Earliest Visual Symptoms Systemic Features Consanguinity
Symptoms

1 23 M Early childhood Nystagmus and poor night vision Obesity and polydactyly 1st cousins

2A 12 F Early childhood Poor night vision Obesity No

2B 22 F Early childhood Nystagmus and poor night vision Obesity No

3A 26 M Early childhood Nystagmus and poor night vision Obesity, polydactyly No
and cardiac disease

3B 28 F Early infancy Nystagmus and poor night vision Obesity and polydactyly No

4A 19 M Early childhood Poor day and night vision Obesity and polydactyly same tribe

4B 24 F Early childhood Poor day and night vision Obesity and polydactyly same tribe

5A 13 F Early infancy Nystagmus, poor night vision and poor Obesity and cognitive disability 1st cousins

navigation
5B 4 F Early infancy Nystagmus, poor night vision and poor Obesity and polydactyly 1st cousins
navigation

5C 11 M Early infancy Nystagmus and poor night vision Obesity, polydactyly 1st cousins
and hypothyroidism

6 33 M Early childhood Poor night vision None 1st cousins

7 15 M Early infancy Nystagmus Obesity, polydactyly renal impairment and 1st cousins
cognitive disability

8A 13 M Early infancy Poor night vision Obesity, polydactyly and hypothyroidism 1st cousins

8B 9 F Early childhood Poor night vision Obesity and brachydactyly 1st cousins

9 15 M Early childhood Poor night vision Obesity, polydactyly, renal impairment and 1st cousins
hypogonadism

10 33 M Early childhood Poor night vision and day vision Obesity and polydactyly 1st cousins

11 28 F Adulthood Poor day vision None 1st cousins

12 22 M Early childhood Poor night vision None 1st cousins

13A 15 M Early infancy Poor navigation Obesity and polydactyly No
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Table 1. Cont.
Patient Age Sex Age of Onset of Visual Earliest Visual Symptoms Systemic Features Consanguinity
Symptoms

13B 16 F Early infancy Poor navigation Obesity and polydactyly No

13C 11 M Early infancy Nystagmus Obesity and polydactyly No

14 10 M Early infancy Nystagmus and poor night vision Obesity and cognitive disability 1st cousins
15 33 M Early childhood Poor day vision Obesity and cognitive disability 1st cousins
16 21 F Early childhood Poor day and night vision Obesity, polydactyly and cognitive disability  1st cousins
17 28 M Early childhood Poor day and night vision Obesity and polydactyly No

18A 35 M Early childhood Poor day and night vision Obesity and polydactyly No

18B 30 M Early childhood Poor day and night vision Obesity No

19 20 M Early childhood Poor navigation Obesity and polydactyly Same tribe

Poor day and night vision
20A 31 F Early childhood Poor night vision Obesity, polydactyly, renal impairment, 1st cousins
cognitive disability and splenomegaly

20B 22 F Early infancy Nystagmus, poor day and night vision Obesity and renal impairment 1st cousins
21 34 F Early childhood Poor day vision Obesity and cognitive disability No

22 6 M Early infancy Nystagmus Obesity 1st cousins
23 34 F Adulthood Poor night vision Obesity 2nd cousins
24 17 M Early childhood Nystagmus, poor day and night vision Obesity, polydactyly, cognitive disability and  1st cousins

hypogonadism

25 15 F Early childhood Nystagmus, poor day and night vision None 1st cousins
26 19 F Early childhood Poor night vision Obesity 1st cousins
27A 30 F Early childhood Poor day and night vision Obesity, polydactyly and benign lung tumor  1st cousins
27B 24 M Early childhood Poor day and night vision Obesity, short stature 1st cousins
28A 28 F Early childhood Nystagmus, poor day and night vision Obesity, polydactyly and cognitive disability =~ Same tribe
28B 19 M Early childhood Nystagmus, poor day and night vision Obesity, cognitive disability and Same tribe

hypothyroidism
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Table 1. Cont.
Patient Age Sex Age of Onset of Visual Earliest Visual Symptoms Systemic Features Consanguinity
Symptoms

28C 34 M Early childhood Poor day and night vision Obesity, polydactyly and syndactyly Same tribe
cognitive disability

28D 30 Early childhood Poor day and night vision Obesity, diabetes, cognitive disability, renal Same tribe
impairment and hypothyroidism

29 17 M Early childhood Poor day and night vision Obesity and polydactyly 2nd cousins

30A 13 M Early childhood Nystagmus, poor night vision Obesity, polydactyly, syndactyly, cognitive 1st cousins
disability and delay speech

30B 8 M Early childhood Esotropia and Obesity, polydactyly, and cognitive disability ~ 1st cousins

poor night vision
31 10 M Early childhood Exotropia, nystagmus and poor day and Obesity, cognitive disability and 1st cousins

night vision

hypogonadism
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Poor night vision and subnormal visual acuity were the initial symptoms and noted
during the first decade of life in 70% of the cases. Nystagmus was noted at presentation in
seventeen patients (37%). Initial VA was 20/200 (1.00 logMAR) or less in the better seeing
eye in 27/46 patients (58.7%), better than 20/200 in 12/46 (26.1%), and not measured in
7 patients who were able to fixate and follow but had limited cooperation. Of the 12 with
initial VA better than 20/200, vision deteriorated to 20/200 or worse in five patients (41.6%;
duration 1-10 years, mean 6.4). At the last clinic visit, the VA was 20/200 or worse in
the better-seeing eye in 35/46 patients (76%) and better than 20/200 in 9/46 (19.6%); the
remaining two patients were able to fixate and follow. The most frequent systemic features
were obesity 42/46 (91.3%), polydactyly 26/46 (56.5%), and severe cognitive disability
15/46 (32.6%).

3.2. Multimodal Imaging and Electroretinographic Features

The most frequent fundus features were retinal pigmentary alterations (84%), vascular
attenuation (95.5%), mid-peripheral bone spicule-like pigmentation (55.5%) and macular
atrophy (24%) (Figure S2, Table 2). Other clinical findings included Coats’-like picture (2.2%)
[patient 28B] (Figure 2(A1,A2)), congenital hypertrophy of the retinal pigment epithelium
(2.2%) [patient 30A] (Figure 2(B1,B2)), and nummular pigmentation (11%) [patients: 11, 18A,
18B, 28C, 28D] (Figure 2(C1,C2)). Fundus autofluorescence was available for 43 patients
(Figure S3), one patient (20A) had cataract and was therefore excluded from the macular
AF analysis. The macular AF pattern was classified as the following: (1) bull’s eye lesion:
hyper-autofluorescence at the macular center, with or without an annulus of decreased AF
(Figure S3: 2A; 3B; 5C; 8A; 8B; 9; 11; 12; 13B; 13C; 14; 15; 16; 17; 18A; 18B; 19; 20B; 21; 22; 24;
25; 26; 28A; 28C; 29; 30A); (2) atrophic maculopathy: geographic or nummular loss of AF
at the macular center (Figure S3: 1; 2B; 3A; 6; 7; 10; 23; 27A; 27B; 28B; 28D); (3) perifoveal
annulus of increased AF, with unremarkable central macular signal (Figure S3: 5A and
13A); (4) the remaining two subjects had a patch of decreased AF at the macular center
(Figure S3: 30B, 31).



Genes 2024, 15,762 8of 24

Table 2. Ocular features, multimodal images and electrophysiological findings of the patients; Abbreviations: (VA: visual acuity, OCT: optical coherence tomography,
FAF: fundus autofluorescence, ERG: electroretinography, UD: undetectable, NA: not available).

Patient Age VA at Presentation = VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
1 23 20/300 HM OU Retinal atrophy, vascular Patches of decreased AF CRD Partial disorganization =~ NA
(14Y) (21Y) attenuation, around the arcades with patchy of retinal lamination
midperipheral bone spicules  loss of AF at the macula with loss of EZ.
and macular atrophy
2A 12 20/100 and 20/400  20/300 and Retinal atrophy, vascular Patches of decreased AF atthe =~ CRD Partial disorganization =~ UD
5Y) 20/400 attenuation and macular midperiphery with a central of retinal lamination
(13Y) pigment alteration. patch of increased AF at the with loss of EZ.
macula surrounded by an
annulus of decreased AF.
2B 23 LPOU LPOU Retinal atrophy, Patches of decreased AF of the  CRD Partial disorganization UD
(23Y) (23Y) vascular attenuation, retina with patchy loss of AF at of retinal lamination
midperipheral bone spicules  the macula. with disrupted EZ.
and macular atrophy.
3A 26 1/200 1/200 Vascular attenuation Patches of decreased AF at the = Generalized Severe disorganization UD
ou ou midperipheral bone spicules  midperipheral retina with photoreceptor of retinal lamination
19Y) (25Y) and macular atrophy. patchy loss of AF at the macula.  involvement with loss of EZ.
3B 28 CFOU HM Vascular attenuation, Patches of decreased AF at the Generalized Severe disorganization UD
(14Y) (0)8) midperipheral bone spicules ~ midperiphery with a central photoreceptor of retinal lamination
(25) and macular patch of increased AF at the involvement with loss of EZ.
pigment alteration. macular surrounded by an
annulus of decreased AF.
4A 19 CFOU CF OU Retinal atrophy and NA Not classified Partial disorganization UD
(12Y) (12Y) vascular attenuation. of retinal lamination
with disrupted EZ.
4B 24 HM OD and 2/200 HM OD and Retinal atrophy, vascular NA Not classified NA UD
(18Y) 2/200 attenuation and
(18Y) macular atrophy.
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Table 2. Cont.
Patient Age VA at Presentation = VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
5A 13 20/100 OU 20/100 and Retinal atrophy and vascular ~ Patches of decreased AF with RCD Partial disorganization =~ UD
9Y) 20/60 attenuation. perifoveal annulus of of retinal lamination
(13Y) increased AF. with disrupted EZ.
5B 4 Fand F (1Y) Fand F NA NA Not classified NA Reduced
4Y) photonic and
scotopic
responses
(Figure S5)
5C 11 20/100 and 20/200 20/100 and Retinal atrophy and Patches of decreased AF at the RCD Partial disorganization UD
9Y) 20/200 vascular attenuation. midperiphery with perifoveal of retinal lamination
11y annulus of increased AF. with disrupted EZ.
6 33 LP OU LP OU Vascular attenuation, Patches of decreased AF in the  Generalized Partial disorganization UD
(27Y) (34Y) Midperipheral bone spicules, midperiphery with patchy loss  photoreceptor of retinal lamination,
and macular atrophy. of AF at the macula. involvement. with loss of EZ.
7 15 HM/LP HM/LP Retinal atrophy, Patches of decreased AF in the  Generalized Severe disorganization UD
(12Y) (16Y) vascular attenuation, midperiphery with patchy loss  photoreceptor of retinal lamination
midperipheral bone spicules  of AF at the macula. involvement. with loss of EZ.
and macular atrophy.
8A 13 Fand F(8Y) 20/100 and Retinal atrophy, vascular Patches of decreased AF inthe  CRD Unremarkable NA
20/80 attenuation and macular midperiphery with a central lamination with
(14Y) pigment alteration. patch of increased AF at the disrupted EZ.
macula surrounded by an
annulus of decreased AF.
8B 9 Fand F(4Y) 20/80 and Retinal atrophy, vascular Patches of decreased AFinthe  CRD Unremarkable UD
20/100 attenuation and bull’s midperiphery with a central lamination with
©9Y) eye maculopathy. patch of increased AF at the disrupted EZ.

macula surrounded by an
annulus of decreased AF.
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Table 2. Cont.

Patient Age VA at Presentation = VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
9 15 20/100 OU 20/100 OU Retinal atrophy, Patches of decreased AF atthe =~ CRD Partial disorganization =~ UD
(10Y) (16Y) vascular attenuation, midperiphery and around the of retinal lamination
and bull’s eye maculopathy. arcades with a central patch of with disrupted EZ.
increased AF at the macula
surrounded by an annulus of
decreased AF.
10 33 HM OU HM OU Retinal atrophy, vascular Patches of decreased AF at the Generalized Severe disorganization NA
30Y) (34Y) attenuation, midperiphery and around the photoreceptor of retinal lamination
midperipheral bone spicules arcades with patchy loss of AF  involvement. with loss of EZ.
and macular atrophy. at the macula.
11 28 2/200 2/200 Retinal atrophy, vascular Patches and nummular dots of CRD Partial disorganization UD
(23Y) (29Y) attenuation, decreased AF at the of retinal lamination
Scanty midperipheral bone midperiphery and around the with loss of EZ.
spicules, scanty nummular arcades with a central patch of
pigmentations and bull’s eye  increased AF at the macula
maculopathy. surrounded by an annulus of
decreased AF.
12 21 20/100 and 20/125 20/400 OU Retinal atrophy, Patches of decreased AF at the CRD Partial disorganization UD
FU (16Y) (22Y) vascular attenuation, midperiphery and around the of retinal lamination
6Y midperipheral bone spicules  arcades with a central patch of with disrupted EZ.
and bull’s eye maculopathy. increased AF at the macula
surrounded by an annulus of
decreased AF.
13A 15 20/70 OU 20/200 and Retinal atrophy Perifoveal annulus of RCD Partial disorganization UD
FU (12Y) 20/100 increased AF of retinal lamination
3Y 15Y) with disrupted EZ.
13B 16 2/200 3/200 and Retinal atrophy, A central patch of increased AF CRD Partial disorganization =~ Reduced scotopic
(13Y) 20/400 vascular attenuation, at the macula surrounded by an of retinal lamination response and
(16Y) and bull’s eye maculopathy. annulus of decreased AF. with disrupted EZ. unrecordable
photopic
response.

(Figure S5)
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Table 2. Cont.
Patient Age VA at Presentation =~ VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
13C 10 CFOU CFOU Retinal atrophy, A central patch of increased CRD Partial disorganization =~ UD
6Y) (10Y) vascular attenuation, AF at the macula surrounded of retinal lamination
and macular pigment by an annulus of decreased with disrupted EZ.
alteration. AF.
14 10 Fand F 20/300 and Retinal atrophy, vascular and Patches of decreased AF inthe CRD Partial disorganization UD
“4Y) 5/200 macular pigment alteration. midperiphery with a central of retinal lamination
11y patch of increased AF at the with loss of EZ.
macula surrounded by an
annulus of decreased AF.
15 33 HM and LP HM and LP Retinal atrophy, Patches of decreased AF inthe CRD Severe disorganization NA
(28Y) 34Y) vascular attenuation, midperiphery with a central of retinal lamination,
midperipheral bone spicules patch of increased AF at the with loss of EZ.
and bull’s eye maculopathy:. macula surrounded by an
annulus of decreased AF.
16 21 LP OU LP OU Retinal atrophy, Patches of decreased AF inthe CRD Partial disorganization UD
17Y) (22Y) vascular attenuation, midperiphery with a central of retinal lamination
Scanty midperipheral bone patch of increased AF at the with loss of EZ.
spicules and bull’s eye macula surrounded by an
maculopathy. annulus of decreased AF.
17 28 1/200 and 20/300 1/200 and Retinal atrophy, Patches of decreased AF inthe CRD Partial disorganization UD
(23Y) 20/300 vascular attenuation, midperiphery with a central of retinal lamination
29Y) Scanty midperipheral bone patch of increased AF at the with loss of EZ.
spicules and bull’s eye macula surrounded by an
maculopathy. annulus of decreased AF.
18A 35 HM OU LP OU Retinal atrophy, Patches of decreased AF atthe CRD Severe disorganization UD
29Y) 35Y) vascular attenuation, midperiphery and around the of retinal lamination

Scanty midperipheral bone
spicule and macular pigment
alteration.

arcades with a central patch of
increased AF at the macula
surrounded by an annulus of
decreased AF.

with loss of EZ.
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Table 2. Cont.
Patient Age VA at Presentation =~ VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
18B 30 20/400 and 20/300 HM and 20/300  Retinal atrophy, Patches and nummular dots of CRD Partial disorganization =~ UD
(23Y) 30Y) vascular attenuation, decreased AF at the of retinal lamination
midperipheral bone spicules, = midperiphery and around the with loss of EZ.
scanty nummular arcades with a central patch of
pigmentations and macular increased AF at the macula
pigment alteration. surrounded by an annulus of
decreased AF.
19 20 20/300 and 20/100 20/100 and Retinal atrophy, Midperipheral hypo CRD Severe disorganization UD
(18Y) 20/100 vascular attenuation, autofluorescence patches, a of retinal lamination
20Y) midperipheral bone spicules central patch of increased AF with loss of EZ.
and macular pigment at the macula surrounded by
alteration. an annulus of decreased AE.
20A 31 HM OU HM OU Retinal atrophy, Patches of decreased AF inthe CRD Severe disorganization UD
(27Y) 30Y) vascular attenuation, midperiphery with we could of retinal lamination
and scanty midperipheral not assess the macular AF with loss of EZ.
bone spicules. features due cataract.
20B 22 LP OU LP OU Retinal atrophy, vascular Patches of decreased AF inthe CRD Severe disorganization =~ UD
(19Y) (22Y) attenuation and macular midperiphery with a central of retinal lamination
pigment alteration. patch of increased AF at the with loss of EZ.
macula surrounded by an
annulus of decreased AF.
21 34 LP OU LP OU Retinal atrophy, Patches of decreased AF inthe CRD Severe disorganization NA
(32Y) 34Y) vascular attenuation, midperiphery with a central of retinal lamination
midperipheral bone spicules patch of increased AF at the with disrupted EZ.
and bull’s eye maculopathy. macula surrounded by an
annulus of decreased AF.
22 6 FandF (4Y) F andF (6Y) Retinal atrophy and vascular Patches of decreased AF inthe CRD Partial disorganization UD

attenuation and macular
pigment alteration.

midperiphery with a central
patch of increased AF at the
macula surrounded by an
annulus of decreased AF.

of retinal lamination
with disrupted EZ.
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Table 2. Cont.
Patient Age VA at Presentation =~ VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
23 34 20/60 and 4/200 20/300 OU Retinal atrophy, Patches of decreased AF in the CRD Partial disorganization =~ UD
(23Y) B3y) vascular attenuation, midperiphery with a patchy of retinal lamination
midperipheral bone spicules loss of AF at the macula. with loss of EZ.
and macular atrophy.
24 17 CFOU CFOU Retinal atrophy A central patch of increased CRD Partial disorganization UD
(14Y) (18Y) and bull’s eye maculopathy. AF at the macula surrounded of retinal lamination
by an annulus of decreased with disrupted EZ.
AF.
25 15 6/200 and 20/100 20/300 AND Retinal atrophy, A central patch of increased CRD Severe disorganization =~ UD
(7Y) 20/400 vascular attenuation, AF at the macula surrounded of retinal lamination,
(14Y) and bull’s eye maculopathy. by an annulus of decreased with loss of EZ.
AF.
26 20 20/70 and 20/60 20/80 and Retinal atrophy, Patch of increased AF at CRD Severe disorganization NA
(12Y) 30/100 vascular attenuation, the macula. of retinal lamination
(20Y) and macular pigment with disrupted EZ.
alteration.
27A 30 HM OU LP OU Retinal atrophy, Patches of decreased AF in the  Not classified NA NA
(24Y) (28Y) vascular attenuation, midperiphery with a patchy
midperipheral bone spicules loss of AF at the macula.
and macular atrophy.
27B 18 LP OU LP OU Vascular attenuation, Patches of decreased AF in the  Not classified NA NA
(18Y) (18Y) midperipheral bone spicules midperiphery with a patchy
and macular atrophy. loss of AF at the macula.
28A 28 20/300 OU HM OU vascular attenuation, Patches of decreased AFinthe CRD Severe disorganization UD
(20Y) (28Y) midperipheral bone spicules midperiphery with a central of retinal lamination

and macular
pigment alteration.

patch of increased AF at the
macula surrounded by an
annulus of decreased AF.

with loss of EZ.
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Table 2. Cont.
Patient Age VA at Presentation =~ VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
28B 19 HM HM OU Coats’-like picture, retinal Patches of decreased AF in the CRD Severe disorganization =~ UD
6Y) (18Y) atrophy, vascular attenuation, = midperiphery with a patchy of retinal lamination
scanty midperipheral bone loss of AF at the macula. with loss of EZ.
spicules, macular atrophy and
superior temporal peripheral
cryotherapy scars.
28C 34 HM OU LP OU Vascular attenuation, Patches and nummular dots of CRD Partial disorganization NA
29Y) 31Y) midperipheral bone spicules, decreased AF in the of retinal lamination
scanty nummular midperiphery with a central with loss of EZ.
pigmentations, laser scars patch of increased AF at the
around the arcades and bull’s  macula surrounded by an
eye maculopathy. annulus of decreased AF.
28D 30 LP OU LP OU Vascular attenuation, Patches and nummular dots of CRD Severe disorganization UD
(22Y) 30Y) midperipheral bone spicules, decreased AF in the of retinal lamination
scanty nummular midperiphery and around the with loss of EZ.
pigmentations and macular arcades with a patchy loss of
atrophy, ARGUS II AF at the macula.
Implant OD.
29 17 20/160 OU 20/300 OU Retinal atrophy, Patches of decreased AF in the = Not classified NA NA
(14Y) (15Y) vascular attenuation, midperiphery with a central
and macular atrophy. patch of increased AF at the
macula surrounded by an
annulus of decreased AF.
30A 13 20/100 20/100 Retinal atrophy, Patches of decreased AF at the CRD. Partial disorganization UD
And 20/160 20/160 vascular attenuation, midperiphery and around the of retinal lamination
8Y) 13Y) scanty midperipheral bone arcades with with loss of EZ.

spicules, and macular atrophy;,
left round pigmented lesion
surrounded by lacunae
(CHRPE).

a central patch of increased AF
at the macula surrounded by
an annulus of decreased AF,
left peripheral round lesion
with decreased AF.
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Table 2. Cont.

Patient Age VA at Presentation =~ VA at Last Visit Fundus Images FAF Finding Phenotype OCT Finding ERG
(Age) (Age)
30B 8 Fand F(3Y) 20/200 Retinal atrophy, vascular A patch of decreased AF at RCD Unremarkable UD
20/300 attenuation, hypopigmented the macula. lamination with
8Y) and macular disrupted EZ.
pigment alteration.
31 10 Fand F (8Y) 20/400 OU Retinal atrophy, A patch of decreased AF at Generalized Unremarkable NA
(10Y) vascular attenuation, the macula. photoreceptor lamination with
and macular involvement. disrupted EZ.

pigment alteration.
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Figure 2. Ultra-widefield color fundus images and fundus autofluorescence (FAF) of three different
patients with distinct features. (A) Patient 28B has Coats’-like picture; (A1) color image showing
macular and peripheral exudation and telangiectatic blood vessels (white arrow); (A2) FAF revealed
patches of decreased AF inferior to the macula and in the midperiphery with loss of AF at the macular
center, a ring of loss of AF (cryotherapy mark) is noted supero-temporally (black arrow). (B) Patient
30A has cone-rod dystrophy and congenital hypertrophy of the retinal pigment epithelium (CHRPE)
lesion temporally; (B1) color image showing vascular attenuation, and a bull’s eye lesion at the
macula; a round pigmented lesion comprising lacunae (CHRPE, white arrow); (B2) FAF revealed
round area of decreased AF temporally (black arrow), numerous small patches of decreased AF at
the midperiphery and anterior to the arcades with a central patch of increased AF at the macular
center, surrounded by an annulus of decreased AF. (C) Patient 18B has nummular pigmentation;
(C1) color image showing retinal atrophy, severe vascular attenuation, bone spicules and nummular
pigmentation in the nasal midperiphery (white arrow), a CHRPE lesion temporally (yellow arrow)
and a bull’s eye lesion at the macula. (C2) FAF revealed patches and nummular dots of decreased
AF at the midperiphery (black arrow), round area of decreased AF temporally (yellow arrow) and
adjacent to the arcades with a central patch of increased AF at the macular center, surrounded by an
annulus of decreased AF.

Optical coherence tomography scans were available for 41 patients (Figure S4a). To
characterize the phenotype, the pattern of retinal lamination was graded according to
severity (Figure S4b): (1) unremarkable lamination (3/41 patients, 7.3%); (2) partially
disorganized: disrupted retinal lamination with variability within the same scan (23/41;
56.1%); (3) severely disorganized: indistinct lamination (15/41, 36.6%). Additionally, the
ellipsoid zone (EZ) was described as either absent (25/41 patients, 60.9%), or disrupted
(16/41 patients, 39%).

Thirty-six patients underwent full field ERG examination. Scotopic and photopic
responses were undetectable in 34 patients (94.5%; Table 2). One patient showed a rod—cone
dystrophy pattern (Figure S5—patient 5B), and another showed a cone-rod dystrophy
pattern (Figure S5—patient 13B).

Because most patients had undetectable ERGs, the patients in this cohort were classi-
fied according to the VA, the macular AF and OCT findings as described in the Methods
section. Of the 40 patients who had AF and OCT images, thirty (75%) were classified to
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have cone-rod dystrophy, six (15%) had generalized photoreceptor dystrophy, and four
(10%) had rod—cone dystrophy (Table 2).

3.3. Molecular Genetics

The probands from 31 families were genotyped (Figure S6). Twenty patients were
simplex cases and underwent genotyping and phenotyping. For families with multiple
affected members, genotyping was carried out only for the probands, but the clinical
data were analyzed for all the affected individuals who presented to the IRD clinic. Nine
probands (29%) had variants in BBS4, six (19.4%) in MKKS, four (13%) in BBS1, and
three (9.7%) in BBS5. Eight probands had variants in one of the following genes: BBS9,
BBS10, BBS12, ARL6 (6.5% each), and one proband had variants in BBS2 (3.2%) (Table 3).
Nineteen probands (61%) harbored a mutation in one of BBSome complex genes, ten (32%)
harbored a mutation in one of chaperonin complex genes (Table 3). Two probands (6%)
were homozygous for variants in ARL6.

Family pedigrees were available for 23 of the 31 probands (Figure S6). Twenty-two
probands (71%) came from consanguineous families, and harbored homozygous variants
in one of the BBS genes, except for family 23 where the proband was heterozygous for
two variants in BBS4 (Table 3). Six probands came from non-consanguineous families,
four harbored homozygous variants in BBS1, BBS10, and MKKS; and two harbored two
heterozygous variants in BBS2 and BBS1. Three probands came from non-consanguineous
families, but the parents originated from the same tribe, and they harbored homozygous
variants in BBS1, BBS4, and BBS12.

Five probands had previously unreported variants. Proband 8 harbored a homozygous
splice-site variant in BBS9 (NM_198428): c.617+3A>C. This variant was not reported in
gnomAD, ClinVar or LOVD (PM2) [17-19], and was predicted to break the doner splice-site
(Human Splicing Finder Pro [20,21]: MaxEnt Donor site at position chr7:33257408, variation:
—107.81%) (PP3) [16], and the phenotype was in keeping with the diagnosis of BBS (PP4).
This variant was classified as a variant of uncertain significance. Proband 9 harbored a
homozygous splice-site variant in BBS5 (NM_152384): ¢.900+1G>A, which was classified
as pathogenic. Proband 17 had homozygous in-frame deletion of three nucleotides in
BBS10 (NM_024685): c.1195_1197del, p.(Leu399del). This variant was classified as likely
pathogenic based on the following criteria: (1) it changes the protein length (PM4); (2)
it is predicted by in silico tools to have a significant impact on the protein (PP3); (3) the
phenotype is in keeping with the diagnosis of BBS (PP4); and (4) PM2. In addition, three
pathogenic variants were detected in BBS4 (NM_033028): c.1159G>T, p.(Glu387%), c.262delG,
p-(Glu88Asnfs*54), ¢.1311_1312insT, p.(Lys438*)-probands 20 and 23 (Table 3).

Recurrent variants were identified: BBSI: ¢.951+58C>T p.(Gly318Valfs*61), in four
probands; six probands had a recurrent variant in BBS4: ¢.157-2A>G, two probands had
a variant in BBS5: ¢.966dupT p.(Ala323Cysfs*57); five probands had a recurrent variant
in MKKS: ¢.116C>T p.(Pro39Leu); and two probands had the same variant in BBS12:
¢.787dupT p.(Tyr263Leufs*4) (Table 3).
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Table 3. Molecular data of the 31 probands (novel mutations identified in this study are marked with an asterisk [*]).

Proband Gene Group Gene Allele 1 Allele 2 Pathogenicity
1 Others ARL6 (NM_001278293) c431C>T c.431C>T Likely pathogenic
p-(Ser144Phe) [9,22,23] p-(Ser144Phe)
2 BBSome BBS1 (NM_024649) c.124+1G>A [24,25] ¢.951+58C>T Pathogenic
p- (Gly318Valfs*61) [26]

3 Chaperonin complex BBS10 c.924G>T c.924G>T Pathogenic
(NM_024685) p-(Leu308Phe) [27] (p-Leu308Phe)

4 BBSome complex BBS4 (NM_033028) c.157-2A>G [9,28] c.157-2A>G Pathogenic

5 BBSome complex BBS4 (NM_033028) c.157-2A>G [9,28] ¢.157-2A>G Pathogenic

6 BBSome complex BBS4 (NM_033028) ¢.157-2A>G [9,28] c.157-2A>G Pathogenic

7 BBSome complex BBS5 c.966dupT: c.966dupT: Pathogenic
(NM_152384) p-(Ala323Cysfs*57) [29] p-(Ala323Cysfs*57)

8 BBSome complex BBS9 c.617+3A>C [*] c.617+3A>C Vus
(NM_198428)

9 BBSome complex BBS5 (NM_152384) c.900+1G>A [*] c.900+1G>A Pathogenic

10 Chaperonin complex MKKS c.116C>T c.116C>T Likely pathogenic
(NM_170784) p-(Pro39Leu) [24,25] p-(Pro39Leu)

11 Others ARL6 (NM_001278293) c.362G>A c.362G>A Likely pathogenic

p-(Argl21His) [30,31] p-(Arg121His)

12 Chaperonin complex MKKS ¢.295T>C ¢.295T>C Likely pathogenic
(NM_170784) p-(Cys99Arg) [32,33] p-(Cys99Arg)

13 Chaperonin complex MKKS c.116C>T c.116C>T Likely pathogenic
(NM_170784) p-(Pro39Leu) [24,25] p-(Pro39Leu)

14 BBSome complex BBS4 (NM_033028) c.157-2A>G [9,28] ¢.157-2A>G Pathogenic

15 BBSome complex BBS4 (NM_033028) c.1106+2T>A [34,35] c.1106+2T>A Pathogenic

16 BBSome complex BBS4 ¢.157-2A>G [9,28] c.157-2A>G Pathogenic

(NM_033028)
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Table 3. Cont.

Proband Gene Group Gene Allele 1 Allele 2 Pathogenicity

17 Chaperonin complex BBS10 (NM_024685) ¢.1195_1197delCTT ¢.1195_1197delCTT Likely pathogenic
(p. Leu399del) [*] (p- Leu399del)

18 BBSome complex BBS2 (NM_031885) c471G>A c.944G>A Likely pathogenic
p-(Thrl57=) [36] p-(Arg315GlIn) [37]

19 BBSome complex BBS1 (NM_024649) c.951+58C>T c.951+58C>T Pathogenic
p-(Gly318Valfs*61) [26] p-(Gly318Valfs*61)

20 BBSome complex BBS4 (NM_033028) ¢.1159G>T c.1159G>T Pathogenic
p-(Glu387%) [*] p-(Glu387%)

21 BBSome complex BBS1 (NM_024649) €.951+58C>T ¢.951+58C>T Pathogenic
p-(Gly318Valfs*61) [26] p-(Gly318Valfs*61)

22 BBSome complex BBS4 (NM_033028) ¢.157-2A>G [9,28] c.157-2A>G Pathogenic

23 BBSome complex BBS4 (NM_033028) €.262delG ¢.1311_1312insT Pathogenic
p-(Glu88Asnfs*54) [*] p-(Lys438*) [*]

24 BBSome complex BBS9 (NM_198428) c.832C>T c.832C>T Pathogenic
p-(Arg278*) [38] p-(Arg278*)

25 Chaperonin complex MKKS (NM_170784) c.116C>T c.116C>T Pathogenic
p-(Pro39Leu) [24,25] p-(Pro39Leu)

26 Chaperonin complex BBS12 c.787dupT c.787dupT Pathogenic

(NM_001178007) p-(Tyr263Leufs*4) [25] p-(Tyr263Leufs*4)

27 BBSome complex BBS1 (NM_024649) c.951+58C>T c.951+58C>T Pathogenic
p-(Gly318Valfs*61) [26] p-(Gly318Valfs*61)

28 Chaperonin complex BBS12 (NM_001178007) c.787dupT c.787dupT Pathogenic
p-(Tyr263Leufs*4) [25] p-(Tyr263Leufs*4)

29 Chaperonin complex MKKS (NM_170784) c.116C>T c.116C>T Pathogenic
p-(Pro39Leu) [24,25] p-(Pro39Leu)

30 Chaperonin complex MKKS (NM_170784) c.116C>T c.116C>T Pathogenic
p-(Pro39Leu) p-(Pro39Leu)
[24,25]

31 BBSome complex BBS5 (NM_152384) c.966dupT: c.966dupT: Pathogenic
p-(Ala323Cysfs*57) [29] p-(Ala323Cysfs*57)
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3.4. Genotype—Phenotype Correlation

Clinical classification of retinopathy showed a continuum where the predominantly
affected photoreceptor cell type was not always determined. All but four patients had
syndromic features (Table 1). The four probands with apparently non-syndromic CRD or
generalized photoreceptor degeneration had biallelic variants in BBS4 (proband 6), ARL6
(proband 11) and BBS6 (probands 12 and 25) (Tables 1 and 3).

The retinal phenotype in three patients (5A, 5B, 13A) was classified as rod—cone
dystrophy. Family 5 was homozygous for a variant in BBS4: ¢.157-2A>G; this variant was
identified in five other families (4, 6, 14, 16, 22) with cone-rod dystrophy or generalized
photoreceptor degeneration.

The proband from family 13 was homozygous for a variant in MKKS: ¢.116C>T,
p.(Pro39Leu); while one sibling (13A) manifested with rod—cone dystrophy, the other two
(13B and 13C) had CRD. Family 30 harbored the same variant in MKKS, with one member
(30B) manifesting with rod—cone dystrophy, while the other sibling (30A) manifested
with CRD.

There was no correlation between the genotype and the severity of central visual loss
in this study. Nine patients had VA > 20/200 in the better seeing eye on the last clinical
examination. The age range was 9-20 years (median: 16 years) (Tables 2 and 3). These
patients harbored biallelic variants in genes encoding components of the BBSome, as well
as the chaperonin complex: BBS1, BBS4, BBS5, BBS9, BBS12, MKKS. Twenty-seven patients
had visual acuity < 20/200 at presentation (age 6-32 years, median: 20 years). Those
patients harbored biallelic variants in the same genes found in the former group in addition
to ARL6, BBS10, BBS2.

4. Discussion

In this study, the retinal and main systemic manifestations of BBS were described in a
cohort of Saudi patients, managed at the country’s largest tertiary eye care center. We also
identified six previously unreported variants in four BBS genes.

Most patients in this study had advanced retinal degeneration such that phenotypic
classification to have either rod—cone dystrophy or CRD was not feasible based on ERG, as
previously reported [26,39]. Other parameters that aid in phenotyping are clinical history
and retinal imaging. Although the first two symptoms commonly reported were nyctalopia
and reduced visual acuity, due to foveal involvement, the latter suggests that the foveal
cones are particularly vulnerable to dysfunctional BBS proteins. Moreover, information
can be gained from retinal imaging. For example, the distribution of macular AF changes,
such as the parafoveal ring of increased signal with normal signal in the middle, as seen
in rod—cone dystrophy, or altered central signal as seen in cases of cone-rod dystrophy is
better defined than mid-peripheral AF where the signal can be either indistinct (featureless)
or lost, due to deep retinal changes or intra-retinal pigment migration and loss of the retinal
pigment epithelium, respectively [12,13]. Both mid-peripheral changes can occur in rod-
cone dystrophy or CRD. Macular OCT is also useful in assessing the integrity of the foveal
ellipsoid zone and assessing the degree of loss of lamination, due to retinal remodeling [40].
The classifications proposed in this study suggest that only a minority of patients had
typical retinitis pigmentosa. This differs from other reports of large cohorts, which showed,
based on ERG recordings, a rod—cone dystrophy pattern [3]. This difference is due to our
reliance on retinal imaging, highlighting a discrepancy between retinal features and the
retinal mass responses on ERG.

Four patients in this study, carrying four different homozygous variants in BBS4,
ARL6, and MKKS genes, were found to have no obvious syndromic features. Previously,
variants in C80rf37 [8], ARL6 [41,42], and BBS8 [43] were associated with non-syndromic
retinopathy [44]. The absence of syndromic features could be due to the presence of retina-
specific isoforms of the same gene, or the involvement of amino acids that are crucial for the
photoreceptor function but have no clinically significant impact on the cilia in other organs.
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The most common genes in this study were BBS4 (29%) and MKKS (19.4%). This
finding differs from other national studies from a general hospital setting where ARL6,
BBS1, and BBS2 were the most frequently mutated genes [10,22]. Twenty-five patients
in this study were excluded as their genotypes were not available, and this might have
contributed to this difference. Additionally, patients with significant visual loss, particularly
those with non-syndromic retinopathy or only subtle features, are usually diagnosed with
BBS by ophthalmologists, whilst those with prominent systemic features present first to
general hospitals. Internationally, the most frequently mutated BBS genes were BBS1 and
BBS10 [4,38,45].

The high prevalence of homozygous variants in this study offers an opportunity to
assess the effect of these variants on the retina and aids in the diagnosis of patients who
may harbor one of these variants in trans with a novel variant. Intrafamilial variability of
systemic manifestations of BBS was documented in the literature; however, little is known
about variability of the retinal phenotype within the same family [46,47]. As previously
reported, there was no clear genotype—phenotype correlation in our cohort [45,48-50].
Additionally, we identified a recurrent variant in BBS4: ¢.157-2A>G causing both CRD
and rod—cone dystrophy. Similarly, a recurrent variant in MKKS: c.116C>T, p.(Pro39Leu)
caused CRD and rod—cone dystrophy in different individuals. As observed by others,
variants in the same BBS gene have been reported to give rise to either CRD or retinitis
pigmentosa [26,51].

Inherited retinal disorders were recently ranked at the top of the causes of blind
registration in the working age group in developed countries [52]. Given that the median
age in this study was 19 years, and 76% of the patients were legally blind at the last clinic
visit, it is reasonable to conclude that BBS would have a stronger socio-economic impact
compared to non-syndromic IRDs, as patients are also affected by other comorbidities.
Future therapeutic trials for patients with BBS should consider targeting the systemic
manifestations as well as multiple cell types in the retina since it has been suggested that
BBS proteins are also expressed in other retinal cell types [53,54]. The early presentation and
rapid progression of visual loss in BBS patients impose a narrow window of opportunity
for novel therapeutic interventions such as gene rescue; therefore, other approaches such
as optogenetics and visual rehabilitation would be more suitable for advanced retinopathy.
Premarital screening in highly consanguineous populations, genetic counselling, and a
multidisciplinary approach remain the standard of care for BBS patients.

In conclusion, this study has the largest Middle Eastern cohort to depict BBS as a
severe form of retinopathy in our population. Additionally, the study added six previously
unreported variants to the genetic spectrum of BBS. Due to the retrospective nature of
the current study, the depth of systemic phenotyping was limited, which may have led to
underreporting of BBS systemic manifestations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/genes15060762/s1, Figure S1: gene panels of the two clinically
accredited laboratory centers, Figure S2: fundus images, Figure S3: fundus autofluorescence im-
ages, Figure S4: (a) OCT images, (b) fundus images; Figure S5: ERG data, Figure S6: pedigree of
the probands.

Author Contributions: Conception and design: D.M. and R.B.-A.; data collection: D.M.; data analysis
and interpretation: D.M., R.B.-A. and S.R.N.; manuscript writing and revision: D.M., R.B.-A. and
S.R.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by Institutional Review Board (IRB)/Ethics Committee approval at KKESH
(IRB no.: RP1933-R approval date 23 April 2019).

Informed Consent Statement: Written informed consent has been obtained from the all patients.


https://www.mdpi.com/article/10.3390/genes15060762/s1
https://www.mdpi.com/article/10.3390/genes15060762/s1

Genes 2024, 15, 762 22 of 24

Data Availability Statement: The original contributions presented in the study are included in
the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.
11.

12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.

24.

25.

Sharon, D.; Ben-Yosef, T.; Goldenberg-Cohen, N.; Pras, E.; Gradstein, L.; Soudry, S.; Mezer, E.; Zur, D.; Abbasi, A H.; Zeitz, C.; et al.
A nationwide genetic analysis of inherited retinal diseases in Israel as assessed by the Israeli inherited retinal disease consortium
(IIRDC). Hum. Mutat. 2020, 41, 140-149. [CrossRef] [PubMed]

Beales, P.L.; Elcioglu, N.; Woolf, A.S.; Parker, D.; Flinter, F.A. New criteria for improved diagnosis of Bardet-Biedl syndrome:
Results of a population survey. . Med. Genet. 1999, 36, 437-446. [CrossRef] [PubMed]

Grudzinska Pechhacker, M.K.; Jacobson, S.G.; Drack, A.V.; Scipio, M.D.; Strubbe, I.; Pfeifer, W.; Duncan, J.L.; Dollfus, H.; Goetz, N.;
Muller, J.; et al. Comparative Natural History of Visual Function From Patients with Biallelic Variants in BBS1 and BBS10. Investig.
Ophthalmol. Vis. Sci. 2021, 62, 26. [CrossRef] [PubMed]

Forsythe, E.; Beales, P.L. Bardet-Biedl syndrome. Eur. |. Hum. Genet. 2013, 21, 8-13. [CrossRef]

M’Hamdi, O.; Ouertani, I.; Chaabouni-Bouhamed, H. Update on the genetics of bardet-biedl syndrome. Mol. Syndromol. 2014, 5,
51-56. [CrossRef]

Khan, S.A.; Muhammad, N.; Khan, M.A.; Kamal, A.; Rehman, Z.U.; Khan, S. Genetics of human Bardet-Biedl syndrome, an
updates. Clin. Genet. 2016, 90, 3-15. [CrossRef]

Kleinendorst, L.; Alsters, S.I.M.; Abawi, O.; Waisfisz, Q.; Boon, E.IM.].; van den Akker, E.L.T.; van Haelst, M.M. Second case of
Bardet-Biedl syndrome caused by biallelic variants in IFT74. Eur. ]. Hum. Genet. 2020, 28, 943-946. [CrossRef]

Khan, A.O.; Decker, E.; Bachmann, N.; Bolz, H.].; Bergmann, C. C80rf37 is mutated in Bardet-Biedl syndrome and constitutes a
locus allelic to non-syndromic retinal dystrophies. Ophthalmic Genet. 2016, 37, 290-293. [CrossRef] [PubMed]

Abu Safieh, L.; Aldahmesh, M.A_; Shamseldin, H.; Hashem, M.; Shaheen, R.; Alkuraya, H.; Al Hazzaa, S.A.; Al-Rajhi, A,;
Alkuraya, ES. Clinical and molecular characterisation of Bardet-Biedl syndrome in consanguineous populations: The power of
homozygosity mapping. J. Med. Genet. 2010, 47, 236-241. [CrossRef]

Farag, T.I.; Teebi, A.S. High incidence of Bardet Biedl syndrome among the Bedouin. Clin. Genet. 1989, 36, 463-464. [CrossRef]
Magliyah, M.S.; AlSulaiman, S.M.; Schatz, P.; Nowilaty, S.R. Evolution of macular hole in enhanced S-cone syndrome. Doc.
Ophthalmol. 2021, 142, 239-245. [CrossRef] [PubMed]

Robson, A.G.; Michaelides, M.; Luong, V.A.; Holder, G.E.; Bird, A.C.; Webster, A.R.; Moore, A.T.; Fitzke, FW. Functional correlates
of fundus autofluorescence abnormalities in patients with RPGR or RIMS1 mutations causing cone or cone rod dystrophy. Br. |.
Ophthalmol. 2008, 92, 95-102. [CrossRef] [PubMed]

Robson, A.G.; Michaelides, M.; Saihan, Z.; Bird, A.C.; Webster, A.R.; Moore, A.T.; Fitzke, EW.; Holder, G.E. Functional character-
istics of patients with retinal dystrophy that manifest abnormal parafoveal annuli of high density fundus autofluorescence; a
review and update. Doc. Ophthalmol. 2008, 116, 79-89. [CrossRef] [PubMed]

Magliyah, M.S.; Geuer, S.; Alsalamah, A.K.; Lenzner, S.; Drasdo, M.; Schatz, P. Association of the Recurrent Rare Variant ¢.415T>C
p-Phel39Leu in CLN5 with a Recessively Inherited Macular Dystrophy. JAMA Ophthalmol. 2021, 139, 339-343. [CrossRef]
[PubMed]

VarSome. The Human Genomics Community. Available online: https://varsome.com/ (accessed on 14 August 2021).
Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]
gnomAD. Available online: https://gnomad.broadinstitute.org/ (accessed on 14 August 2021).

ClinVar. Available online: https://www.ncbi.nlm.nih.gov/clinvar/ (accessed on 14 August 2021).

An Open Source DNA Variation Database System. Available online: https:/ /www.lovd.nl/ (accessed on 14 August 2021).
Human Splicing Finder—Version 3.1. Available online: http://umd.be/Redirect.html (accessed on 14 August 2021).

Desmet, FO.; Hamroun, D.; Lalande, M.; Collod-Béroud, G.; Claustres, M.; Béroud, C. Human Splicing Finder: An online
bioinformatics tool to predict splicing signals. Nucleic Acids Res. 2009, 37, e67. [CrossRef] [PubMed]

Shamseldin, H.E.; Shaheen, R.; Ewida, N.; Bubshait, D.K.; Alkuraya, H.; Almardawi, E.; Howaidi, A.; Sabr, Y.; Abdalla, EM.;
Alfaifi, A.Y.; et al. The morbid genome of ciliopathies: An update. Genet. Med. 2020, 22, 1051-1060. [CrossRef]

Abu-Safieh, L.; Al-Anazi, S.; Al-Abdi, L.; Hashem, M.; Alkuraya, H.; Alamr, M.; Sirelkhatim, M.O.; Al-Hassnan, Z.; Alkuraya, B.;
Mohamed, ].Y;; et al. In search of triallelism in Bardet-Biedl syndrome. Eur. J. Hum. Genet. 2012, 20, 420-427. [CrossRef] [PubMed]
Abouelhoda, M.; Sobahy, T.; El-Kalioby, M.; Patel, N.; Shamseldin, H.; Monies, D.; Al-Tassan, N.; Ramzan, K.; Imtiaz, F,;
Shaheen, R.; et al. Clinical genomics can facilitate countrywide estimation of autosomal recessive disease burden. Genet. Med.
2016, 18, 1244-1249. [CrossRef]

Abualsaud, D.; Hashem, M.; AlHashem, A.; Alkuraya, F.S. Survey of disorders of sex development in a large cohort of patients
with diverse Mendelian phenotypes. Am. J. Med. Genet. A 2021, 185, 2789-2800. [CrossRef]


https://doi.org/10.1002/humu.23903
https://www.ncbi.nlm.nih.gov/pubmed/31456290
https://doi.org/10.1136/jmg.36.6.437
https://www.ncbi.nlm.nih.gov/pubmed/10874630
https://doi.org/10.1167/iovs.62.15.26
https://www.ncbi.nlm.nih.gov/pubmed/34940782
https://doi.org/10.1038/ejhg.2012.115
https://doi.org/10.1159/000357054
https://doi.org/10.1111/cge.12737
https://doi.org/10.1038/s41431-020-0594-z
https://doi.org/10.3109/13816810.2015.1066830
https://www.ncbi.nlm.nih.gov/pubmed/26854863
https://doi.org/10.1136/jmg.2009.070755
https://doi.org/10.1111/j.1399-0004.1989.tb03378.x
https://doi.org/10.1007/s10633-020-09787-8
https://www.ncbi.nlm.nih.gov/pubmed/32815098
https://doi.org/10.1136/bjo.2007.124008
https://www.ncbi.nlm.nih.gov/pubmed/17962389
https://doi.org/10.1007/s10633-007-9087-4
https://www.ncbi.nlm.nih.gov/pubmed/17985165
https://doi.org/10.1001/jamaophthalmol.2020.6085
https://www.ncbi.nlm.nih.gov/pubmed/33507209
https://varsome.com/
https://doi.org/10.1038/gim.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/25741868
https://gnomad.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.lovd.nl/
http://umd.be/Redirect.html
https://doi.org/10.1093/nar/gkp215
https://www.ncbi.nlm.nih.gov/pubmed/19339519
https://doi.org/10.1038/s41436-020-0761-1
https://doi.org/10.1038/ejhg.2011.205
https://www.ncbi.nlm.nih.gov/pubmed/22353939
https://doi.org/10.1038/gim.2016.37
https://doi.org/10.1002/ajmg.a.61876

Genes 2024, 15, 762 23 of 24

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Scheidecker, S.; Hull, S.; Perdomo, Y.; Studer, F.; Pelletier, V.; Muller, J.; Stoetzel, C.; Schaefer, E.; Defoort-Dhellemmes, S.;
Drumare, L; et al. Predominantly Cone-System Dysfunction as Rare Form of Retinal Degeneration in Patients with Molecularly
Confirmed Bardet-Biedl Syndrome. Am. J. Ophthalmol. 2015, 160, 364-372.el. [CrossRef] [PubMed]

Stoetzel, C.; Laurier, V.; Davis, E.E.; Muller, J.; Rix, S.; Badano, J.L.; Leitch, C.C.; Salem, N.; Chouery, E.; Corbani, S.; et al. BBS10
encodes a vertebrate-specific chaperonin-like protein and is a major BBS locus. Nat. Genet. 2006, 38, 521-524. [CrossRef] [PubMed]
Katsanis, N.; Eichers, E.R.; Ansley, S.].; Lewis, R.A.; Kayserili, H.; Hoskins, B.E.; Scambler, PJ.; Beales, P.L.; Lupski, J.R. BBS4 is a
minor contributor to Bardet-Biedl syndrome and may also participate in triallelic inheritance. Am. J. Hum. Genet. 2002, 71, 22-29.
[CrossRef] [PubMed]

Al-Hamed, M.H.; van Lennep, C.; Hynes, A.M.; Chrystal, P; Eley, L.; Al-Fadhly, E; El Sayed, R.; Simms, R.].; Meyer, B.; Sayer, ].A.
Functional modelling of a novel mutation in BBS5. Cilia 2014, 3, 3. [CrossRef] [PubMed]

Biswas, P.; Duncan, J.L.; Maranhao, B.; Kozak, I.; Branham, K.; Gabriel, L.; Lin, J.H.; Barteselli, G.; Navani, M.; Suk, J.; et al.
Genetic analysis of 10 pedigrees with inherited retinal degeneration by exome sequencing and phenotype-genotype association.
Physiol. Genom. 2017, 49, 216-229. [CrossRef] [PubMed]

Ramkumar, H.L.; Gudiseva, H.V,; Kishaba, K.T.; Suk, ]J.J.; Verma, R.; Tadimeti, K.; Thorson, J.A.; Ayyagari, R. A Report on
Molecular Diagnostic Testing for Inherited Retinal Dystrophies by Targeted Genetic Analyses. Genet. Test. Mol. Biomark. 2017, 21,
66-73. [CrossRef] [PubMed]

Méjécase, C.; Kozak, I.; Moosajee, M. The genetic landscape of inherited eye disorders in 74 consecutive families from the United
Arab Emirates. Am. J. Med. Genet. C Semin. Med. Genet. 2020, 184, 762-772. [CrossRef] [PubMed]

Kerr, EXN.; Bhan, A.; Héon, E. Exploration of the cognitive, adaptive and behavioral functioning of patients affected with
Bardet-Biedl syndrome. Clin. Genet. 2016, 89, 426-433. [CrossRef] [PubMed]

Jespersgaard, C.; Fang, M.; Bertelsen, M.; Dang, X.; Jensen, H.; Chen, Y.; Bech, N.; Dai, L.; Rosenberg, T.; Zhang, J.; et al. Molecular
genetic analysis using targeted NGS analysis of 677 individuals with retinal dystrophy. Sci. Rep. 2019, 9, 1219. [CrossRef]

Yates, C.L.; Monaghan, K.G.; Copenheaver, D.; Retterer, K.; Scuffins, J.; Kucera, C.R.; Friedman, B.; Richard, G.; Juusola, J.
Whole-exome sequencing on deceased fetuses with ultrasound anomalies: Expanding our knowledge of genetic disease during
fetal development. Genet. Med. 2017, 19, 1171-1178. [CrossRef]

Shevach, E.; Ali, M.; Mizrahi-Meissonnier, L.; McKibbin, M.; El-Asrag, M.; Watson, C.M.; Inglehearn, C.F.; Ben-Yosef, T.;
Blumenfeld, A.; Jalas, C.; et al. Association between missense mutations in the BBS2 gene and nonsyndromic retinitis pigmentosa.
JAMA Ophthalmol. 2015, 133, 312-318. [CrossRef] [PubMed]

Deveault, C.; Billingsley, G.; Duncan, J.L.; Bin, J.; Theal, R.; Vincent, A.; Fieggen, KJ.; Gerth, C.; Noordeh, N.; Traboulsi, E.I; et al.
BBS genotype-phenotype assessment of a multiethnic patient cohort calls for a revision of the disease definition. Hum. Mutat.
2011, 32, 610-619. [CrossRef] [PubMed]

Muller, J.; Stoetzel, C.; Vincent, M.C.; Leitch, C.C.; Laurier, V.; Danse, ].M.; Hellé, S.; Marion, V.; Bennouna-Greene, V.;
Vicaire, S.; et al. Identification of 28 novel mutations in the Bardet-Biedl syndrome genes: The burden of private mutations
in an extensively heterogeneous disease. Hum. Genet. 2010, 127, 583-593. [CrossRef] [PubMed]

Estrada-Cuzcano, A.; Koenekoop, R.K.; Senechal, A.; De Baere, E.B.; de Ravel, T.; Banfi, S.; Kohl, S.; Ayuso, C.; Sharon, D;
Hoyng, C.B.; et al. BBS1 mutations in a wide spectrum of phenotypes ranging from nonsyndromic retinitis pigmentosa to
Bardet-Biedl syndrome. Arch. Ophthalmol. 2012, 130, 1425-1432. [CrossRef] [PubMed]

Zhai, Y.; Oke, S.; MacDonald, I.M. Validating Ellipsoid Zone Area Measurement with Multimodal Imaging in Choroideremia.
Transl. Vis. Sci. Technol. 2021, 10, 17. [CrossRef] [PubMed]

Pretorius, P.R.; Baye, L.M.; Nishimura, D.Y.; Searby, C.C.; Bugge, K.; Yang, B.; Mullins, R.E; Stone, E.M.; Sheffield, V.C,;
Slusarski, D.C. Identification and functional analysis of the vision-specific BBS3 (ARL6) long isoform. PLoS Genet. 2010, 6,
€1000884. [CrossRef] [PubMed]

Pretorius, PR.; Aldahmesh, M.A.; Alkuraya, F.S.; Sheffield, V.C.; Slusarski, D.C. Functional analysis of BBS3 A89V that results in
non-syndromic retinal degeneration. Hum. Mol. Genet. 2011, 20, 1625-1632. [CrossRef] [PubMed]

Riazuddin, S.A.; Igbal, M.; Wang, Y.; Masuda, T.; Chen, Y.; Bowne, S.; Sullivan, L.S.; Waseem, N.H.; Bhattacharya, S.;
Daiger, S.P; et al. A splice-site mutation in a retina-specific exon of BBS8 causes nonsyndromic retinitis pigmentosa. Am.
J. Hum. Genet. 2010, 86, 805-812. [CrossRef] [PubMed]

Verbakel, S.K.; van Huet, R.A.C.; Boon, C.J.F,; den Hollander, A.L; Collin, RW].; Klaver, C.C.W.; Hoyng, C.B.; Roepman, R,;
Klevering, B.]. Non-syndromic retinitis pigmentosa. Prog. Retin. Eye Res. 2018, 66, 157-186. [CrossRef]

Castro-Sénchez, S.; Alvarez-Satta, M.; Cortén, M.; Guillén, E.; Ayuso, C.; Valverde, D. Exploring genotype-phenotype relationships
in Bardet-Biedl syndrome families. . Med. Genet. 2015, 52, 503-513. [CrossRef]

Riise, R.; Andréasson, S.; Borgastrom, M.K.; Wright, A.F.; Tommerup, N.; Rosenberg, T.; Tornqvist, K. Intrafamilial variation of
the phenotype in Bardet-Biedl syndrome. Br. J. Ophthalmol. 1997, 81, 378-385. [CrossRef] [PubMed]

Malone, C.P; Carrigan, M.; Collins, K.; Dempsey, H.; Dockery, A.; Farrar, G.J.; Kenna, P.F. Intrafamilial Phenotype Variation
Associated with BBS1 Met390Arg. Investig. Ophthalmol. Vis. Sci. 2017, 58, 3257.

Daniels, A.B.; Sandberg, M.A.; Chen, ].; Weigel-DiFranco, C.; Fielding Hejtmancic, J.; Berson, E.L. Genotype-phenotype correla-
tions in Bardet-Biedl syndrome. Arch. Ophthalmol. 2012, 130, 901-907. [CrossRef] [PubMed]

Niederlova, V.; Modrak, M.; Tsyklauri, O.; Huranova, M.; Stepanek, O. Meta-analysis of genotype-phenotype associations in
Bardet-Biedl syndrome uncovers differences among causative genes. Hum. Mutat. 2019, 40, 2068-2087. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ajo.2015.05.007
https://www.ncbi.nlm.nih.gov/pubmed/25982971
https://doi.org/10.1038/ng1771
https://www.ncbi.nlm.nih.gov/pubmed/16582908
https://doi.org/10.1086/341031
https://www.ncbi.nlm.nih.gov/pubmed/12016587
https://doi.org/10.1186/2046-2530-3-3
https://www.ncbi.nlm.nih.gov/pubmed/24559376
https://doi.org/10.1152/physiolgenomics.00096.2016
https://www.ncbi.nlm.nih.gov/pubmed/28130426
https://doi.org/10.1089/gtmb.2016.0251
https://www.ncbi.nlm.nih.gov/pubmed/28005406
https://doi.org/10.1002/ajmg.c.31824
https://www.ncbi.nlm.nih.gov/pubmed/32783370
https://doi.org/10.1111/cge.12614
https://www.ncbi.nlm.nih.gov/pubmed/25988237
https://doi.org/10.1038/s41598-018-38007-2
https://doi.org/10.1038/gim.2017.31
https://doi.org/10.1001/jamaophthalmol.2014.5251
https://www.ncbi.nlm.nih.gov/pubmed/25541840
https://doi.org/10.1002/humu.21480
https://www.ncbi.nlm.nih.gov/pubmed/21344540
https://doi.org/10.1007/s00439-010-0804-9
https://www.ncbi.nlm.nih.gov/pubmed/20177705
https://doi.org/10.1001/archophthalmol.2012.2434
https://www.ncbi.nlm.nih.gov/pubmed/23143442
https://doi.org/10.1167/tvst.10.6.17
https://www.ncbi.nlm.nih.gov/pubmed/34111265
https://doi.org/10.1371/journal.pgen.1000884
https://www.ncbi.nlm.nih.gov/pubmed/20333246
https://doi.org/10.1093/hmg/ddr039
https://www.ncbi.nlm.nih.gov/pubmed/21282186
https://doi.org/10.1016/j.ajhg.2010.04.001
https://www.ncbi.nlm.nih.gov/pubmed/20451172
https://doi.org/10.1016/j.preteyeres.2018.03.005
https://doi.org/10.1136/jmedgenet-2015-103099
https://doi.org/10.1136/bjo.81.5.378
https://www.ncbi.nlm.nih.gov/pubmed/9227203
https://doi.org/10.1001/archophthalmol.2012.89
https://www.ncbi.nlm.nih.gov/pubmed/22410627
https://doi.org/10.1002/humu.23862
https://www.ncbi.nlm.nih.gov/pubmed/31283077

Genes 2024, 15, 762 24 of 24

50.

51.

52.

53.

54.

Billingsley, G.; Bin, J.; Fieggen, K.J.; Duncan, J.L.; Gerth, C.; Ogata, K.; Wodak, S.S.; Traboulsi, E.L; Fishman, G.A.; Paterson, A.; et al.
Mutations in chaperonin-like BBS genes are a major contributor to disease development in a multiethnic Bardet-Biedl syndrome
patient population. J. Med. Genet. 2010, 47, 453-463. [CrossRef] [PubMed]

Mockel, A.; Perdomo, Y.; Stutzmann, F; Letsch, J.; Marion, V.; Dollfus, H. Retinal dystrophy in Bardet-Biedl syndrome and related
syndromic ciliopathies. Prog. Retin. Eye Res. 2011, 30, 258-274. [CrossRef] [PubMed]

Liew, G.; Michaelides, M.; Bunce, C. A comparison of the causes of blindness certifications in England and Wales in working age
adults (16-64 years), 1999-2000 with 2009-2010. BM] Open 2014, 4, e004015. [CrossRef] [PubMed]

Chandra, B.; Tung, M.L.; Hsu, Y.; Scheetz, T.; Sheffield, V.C. Retinal ciliopathies through the lens of Bardet-Biedl Syndrome: Past,
present and future. Prog. Retin. Eye Res. 2022, 89, 101035. [CrossRef]

May-Simera, H.L.; Wan, Q.; Jha, B.S.; Hartford, ].; Khristov, V.; Dejene, R.; Chang, ].; Patnaik, S.; Lu, Q.; Banerjee, P,; et al. Primary
Cilium-Mediated Retinal Pigment Epithelium Maturation Is Disrupted in Ciliopathy Patient Cells. Cell Rep. 2018, 22, 189-205.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1136/jmg.2009.073205
https://www.ncbi.nlm.nih.gov/pubmed/20472660
https://doi.org/10.1016/j.preteyeres.2011.03.001
https://www.ncbi.nlm.nih.gov/pubmed/21477661
https://doi.org/10.1136/bmjopen-2013-004015
https://www.ncbi.nlm.nih.gov/pubmed/24525390
https://doi.org/10.1016/j.preteyeres.2021.101035
https://doi.org/10.1016/j.celrep.2017.12.038

	Introduction 
	Methods 
	Results 
	Patient Characteristics and Clinical Features 
	Multimodal Imaging and Electroretinographic Features 
	Molecular Genetics 
	Genotype–Phenotype Correlation 

	Discussion 
	References

