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PURPOSE: Bardet-Biedl syndrome (BBS) is a rare multisystem ciliopathy. The aim of this study was to describe the clinical and
genetic features of a cohort of Chinese patients carrying biallelic BBS gene variants.

METHODS: We recruited 34 patients from 31 unrelated pedigrees who carried biallelic pathogenic variants in BBS genes. All
patients underwent ophthalmic and systematic evaluations, as well as comprehensive molecular genetic analyses. Ultimately, 14
patients were followed up over time.

RESULTS: We identified 47 diseasing-causing variants in 10 BBS genes; 33 were novel. Diagnosis of BBS and non-syndromic retinitis
pigmentosa (RP) were established in 28 patients from 27 pedigrees and 6 patients, respectively. The two most prevalent genes in
patients with BBS were BBS2 and BBS4, accounting for 51.8% of the probands. The patients exhibited clinical heterogeneity, from
patients with all six primary clinical components to patients suffering from non-syndromic RP. The common components were
retinal dystrophy, polydactyly, and obesity, with frequencies of 78.6% to 100%, while renal anomaly frequencies were only 7.1%.
Patients exhibited early and severe visual defects and retinal degeneration. Patients with biallelic missense variants in BBS2 suffered
fewer clinical symptoms and mild visual impairment. Patients with BBS70 variants tended to have cone dystrophy.
CONCLUSIONS: Our study defined the mutated gene profiles and established the configuration of the variation frequencies for
each BBS gene in Chinese patients. Overall, our patients showed early and severe visual defects and retinal degeneration. Genetic

analysis is therefore crucial for diagnosis, genetic counseling, and future gene therapy in these patients.
Eye (2023) 37:3398-3405; https://doi.org/10.1038/541433-023-02516-w

INTRODUCTION

Bardet-Bied| syndrome (BBS) is a rare multisystem ciliopathy with a
variable prevalence between populations ranging from 1:100,000 in
North America and Europe to 1:18,000 and 1: 13,500 in Newfound-
land and Kuwait [1]. Patients with BBS usually have six primary
clinical features: retinal dystrophy, postaxial polydactyly, obesity,
intellectual disability, renal anomalies (RA), and genitourinary and
reproductive abnormalities [1, 2]. Patients also show secondary
features, such as speech disorder, brachydactyly/syndactyly, devel-
opmental delay, ataxia, diabetes, strabismus/cataracts/astigmatism,
dental anomalies (dental crowding/hypodontia/high arched palate),
and congenital heart defects [1, 2]. Patients display interfamilial and
intrafamilial phenotypic variability in their clinical phenotypes.
Clinically, the diagnosis of BBS is established by the presence of at
least four primary features or three primary features in combination
with two secondary features [3].

BBS is inherited in an autosomal recessive pattern and has high
genetic heterogeneity. Currently, at least 21 BBS-causing genes
(BBS1-21) have been identified [1, 2]. The BBS genes encode proteins
whose functions are directly correlated with the primary cilium, such
as the regulation of ciliary structure, biogenesis, and function;
therefore, BBS pathogenesis is mainly associated with ciliary
dysfunction [1, 2]. Of the BBS genes, eight (BBST, 2, 4, 5, 7, 8, 9,
and 78) encode a protein complex known as BBSome, which is

essential for mediating ciliary trafficking activity [1, 2]. Three BBS
genes (BBS6, 10, and 12) encode proteins that form a chaperone-like
protein complex that is responsible for the BBSome assembly. The
BBS3 gene encodes a small GTPase, which recruits the BBSome to
membranes [4]. The remaining genes are involved in the
maintenance of ciliary homeostasis and are referred to as non-
canonical BBS genes [5]. The BBS genes show diverse mutational
profiles, and variants in BBS1-12, 15, 17-19, 21, and 22 are mainly
responsible for BBS, but variants of the genes BBS1, 2, 3, 8, 14, 21 can
also sometimes caused non-syndromic retinal dystrophy (isolated
retinal dystrophy) [6]. Variants of three genes (BBS13, 14, and 16) can
also cause other syndromic ciliopathies, such as Joubert syndrome,
Meckel-Gruber syndrome, and Senior-Loken syndrome, whose
phenotypes partially genetic overlap with BBS [1].

A very recent meta-analysis study revealed that more than half
of the patients with BBS carried variants of one of the eight
BBSome encoding genes, followed by patients (28%) who
harbored causative variants of the three genes encoding
chaperone-like proteins, patients (15%) who had non-canonical
BBS genes, and patients (5%) with variants of other BBS genes [7].

Several previous studies revealed that the mutated gene profile
varied in different ethnic origin patients [8-13]. For instance, BBST
and BBS10 genes are the two prevalent genes for patients in North
American and Northern Europe, accounting for 23% and 20% of
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Summary of the proportions of patients in this study with variants of the involved genes and the frequencies of each primary

clinical feature of BBS observed in patients with variants in genes encoding BBSome and Chaperonin-like proteins (CP). A Proportion of
all patients with variants of each involved gene. The shadow areas indicate patients with isolated retinal dystrophy. B Proportion in patients
with BBS. C The frequencies of each primary clinical feature in BBS observed in the patients with variants of genes encoding BBSome and

patients with variants of genes encoding CP.

the cases, respectively [8, 9, 11, 12]. By contrast, the most common
genes for Pakistani patients are BBS10 and BBS5, accounting for
27% and 18%, respectively [10]. The prevalence of BBS in the
Chinese population is not yet known, and studies on Chinese
patients with BBS are rare.

In the current study, we described the clinical and genetic
features of 34 patients from 31 unrelated families who carry
biallelic variants in one of the BBS genes. We reported the gene
profiles for Chinese patients with BBS and evaluated the probable
genotype and phenotype correlations.

METHODS

Subjects

This study was conducted strictly in accordance with the tenets of the
Declaration of Helsinki and was approved by the Beijing Tongren Hospital
Joint Committee on Clinical Investigation. In this study, 34 patients from 31
unrelated families were recruited at the Genetics Laboratory of Beijing
Institute of Ophthalmology, Beijing Tongren Ophthalmic Center, during
2010 to 2021. The criteria for inclusion were that patients had retinal
dystrophy and carried biallelic pathogenic or likely pathogenic variants in
one of 18 BBS genes (BBS1-12, 15, and 17-21). We excluded three genes
(BBS13, 14, and 16), as variants of these genes can also cause Joubert
syndrome, Meckel-Gruber syndrome, and Senior-Lgken syndrome, whose
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phenotypes overlap with BBS. We defined the recruited patients as having
either BBS or isolated retinal dystrophy (non-syndromic retinal dystrophy).
Diagnosis of BBS was based on the method described by Imhoff et al. [14].
whereby patients had at least two primary clinical features of BBS and
harbored biallelic variants in one of the BBS genes.

All patients underwent standard ocular examinations, including best-
corrected visual acuity (BCVA) using E decimal charts, slit-lamp biomicro-
scopy, and fundus photography (FP). Most patients were subjected to
retinal optical coherence tomography (OCT, Heidelberg, Germany), fundus
autofluorescence (FAF, Heidelberg, Germany), and full-field electroretino-
graphy (ERG), performed according to the ISCEV standard protocol.

We documented the general medical records and systemic examination
results of all patients. The patients underwent laboratory investigations
and ultrasonography of the kidney and liver, either in our hospital or in
their local hospital. Obesity, polydactyly, reproductive abnormalities, and
learning disabilities were established by physical examination or family
testimony at their visit or by a telephone survey. Obesity was defined using
the body mass index (BMI) according to the standards for Chinese children
and adults [15, 16]. In this cohort, 14 patients were followed up.

Targeted Exon Sequencing (TES) and Whole Exome
Sequencing (WES)

After informed consent was obtained, peripheral blood samples were collected
from all participants for genetic analysis. Genomic DNA was extracted using a
genomic DNA extraction kit (Vigorous, Beijing, China) following the
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manufacturer’s protocol. We performed TES analysis in all the probands, except
for one proband (0191189) who underwent WES analysis, using a capture
panel previously developed and evaluated by our group [17]. The capture

Table 1. Variant type of each BBS gene in this study.
Genes Total variants MS (%) FS NS SP CNV
BBsome genes
BBST1 2 1 1 0 0 0
BBS2 14 6 (43) 3 3 2 0
BBS4 6 0 2 2 2 0
BBS8 7 3 2 1 0 1
BBS9 1 0 0 1 0 0
CP genes
BBS6 2 1 0 0 0
BBS10 7 5(71) 1 0
BBS12 4 1 2 1 0 0
GTPase
BBS3 2 0 1 0 1 0
Others
BBS21 2 0 0 2 0 0
Total 47 17 (36) 12 11 6

BBS Bardet-Bied| syndrome, CNV copy number variant, CP chaperonins like
protein, FS frameshift, MS missense, NS nonsense, Other initiating
Methionine lost; SP splicing effect.

panel included the 21 BBS genes. The lllumina library preparation and capture
experiment were completed as previously described [17].

Bioinformatics analysis

Two databases, the HGMD database (http://www.hgmd.cf.ac.uk/ac/index.php)
and the LOVD database (https://grenada.lumc.nl/LOVD2/eye/home.php), were
used to explore any described pathogenic variants. The pathogenicity of the
missense variants was predicted by in silico programs: SIFT (http://sift.jcvi.org/,
in the public domain), Mutation Taster (http://www.mutationtaster.org, in the
public domain), and PolyPhen2 (http://genetics.bwh.harvard.edu/pph, in the
public domain). The pathogenicity of any variants involving splicing was
analyzed by several programs, including Human Splice Finder (HSF, http://
www.umd.be/HSF3/), NetGene2 Server (http//www.cbs.dtu.dk/services/
NetGene2/), and the Berkeley Drosophila Genome Project (BDGP, http:/
www fruitfly.org/seq_tools/splice.html). Co-segregation analysis was conducted
when DNA of any family members was accessible.

Statistical analysis

For statistical convenience, the Snellen ratios were converted into the
logarithm of the minimum angle of resolution (logMAR) values. Snellen
ratios of 1.0, 0.1, counting fingers, hand movements, and light perception
match logMAR values of 0, 1.0, 2.1, 24, and 2.7, respectively. The
Kolmogorov-Smirnov test was employed to assess whether the age and
BCVA of a single group conformed to a normal distribution. Data with a
normal distribution were described as means, and data with non-normal
distribution were described as medians.

RESULTS

BBS-related mutant genes and variants

We identified 47 distinct diseasing-causing variants related to 10
BBS genes in the 31 probands. The 10 BBS genes were detected in

Fig. 2 Systemic manifestations of patient (0191418) with BBS. A Obesity (BMI 22.6 kg/m? in his 6 years). B Surgical scar after removal of
polydactyly of both limbs. C High arched palate. D Sexual organ dysplasia.
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F 010042 Follow-up 127 month BBS10 p.P229R/p.P229R

G 0101189 BBS10 p.C201Y/p.Y248%*

the following frequencies, from high to low: BBS2 in 11 probands BBS3 resulted in isolated retinal dystrophy, and variants in the
(35.5%), BBS4, BBS8, and BBS10 each in four probands (12.9%), remaining seven genes only caused BBS (Fig. 1A, B). Among the 47
BBS12 and BBS21 each in 2 probands (6.5%), and BBS1, BBS3, BBS6, variants, 33 were first detected in the current cohort. All the novel
and BBS9 each in 1 proband (3.2%) (Fig. 1A). Variants in BBS2 and variants were either not recorded in any public database or were
BBS8 cause both BBS and isolated retinal dystrophy, variants in present at a very low frequency (between 0.0008% and 0.04%),
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Fig.3 The best corrected visual acuity (BCVA) for the better-seeing eye as function of age. And color fundus (CF), fundus autofluorescence
(FAF), and macular optical coherence tomography (OCT) images of patients with variants in BBS genes. A The BCVA at the last visit for 34
patients, including 28 patients with BBS (25 RP presented as circles and 3 COD as squares) and 6 with isolated RP (triangles). B The stacked
column chart of the number of patients with different clinical phenotypes in each visual impairment category. The first column shows the
BCVA of all patients in each group, and the second and third columns show the BCVA of 12 patients at the first and last visit. VI, Visual
impairment. C CF, OCT, and FAF images of the left eye of patient 0191229. During the follow-up period, CF and OCT images displayed more
yellow dots in the macular area and thinning of the retina in the macular fovea. FAF image showed a hypo-AF zone in the macular region.
D CF, FAF, and OCT images of patient 0191224 showed obvious tapetoretinal degeneration in the retina and macular atrophy. His fundus
appearances showed macular atrophy enlargement and bone spicule during a 127month follow-up. E CF, OCT, and FAF images of the left eye
of patient 019711 at age 37. FAF indicated a hyper-AF area surrounded by a mottled hypo-AF region at age 43. F CF, FAF, and OCT images of
the left eye of patient 010042. At her first visit, her CF image showed small macular atrophy. Eleven years later, the CF image showed that the
macular atrophy had enlarged, corresponding to the hypo-AF region in FAF. The OCT scan displayed a disruption and absence of the ellipsoid
zone and RPE in the foveal region. G CF and OCT image of patient 0191189. CF image indicated diffused foveal reflection with a leopard

fundus. OCT showed an almost normal macular structure.

and all were defined as pathogenic or likely pathogenic based on
the ACMG guidelines and standards (Supplementary Table 1). The
type of variants and allele numbers in each gene are summarized
in Table 1. Of the 47 variants, only variants c.79A > C (p.T27P) and
¢.534 + 1G> T in BBS2 were identified three times or more, with a
gene-specific allele frequency of 27.3% (6/22) and 13.6% (3/22),
respectively.

Clinical findings

In the current cohort, 34 patients (24 males and 10 females)
carried biallelic disease-causing variants in one of the BBS genes.
These variants were confirmed by co-segregation analyses; the
exceptions were two probands (010042 and 0191106) (Supple-
mentary Fig. 1). Of the 34 patients, 28 from 27 unrelated families
were diagnosed with BBS (Figs. 1B and 2), and the remaining six
patients were diagnosed with isolated RP. The median age of the
patients with BBS at last examination was 14 (range, 7-49) years
and the mean age of the patients with isolated RP was 20 (range
5-43). As the patients were evaluated at an ophthalmic research
institution, retinal dystrophy was observed in all the patients,
followed by polydactyly in 24 patients (85.7%), obesity in 22
patients (78.6%), learning disabilities in 14 patients (50.0%),
reproductive abnormalities in 11 patients (39.3%), and renal
anomalies in two patients (7.1%). Only patient 019965 harboring
BBS12 variants had developed all six primary components at their
last examination. The remaining 27 patients with BBS included
seven with five primary clinical signs, six with four components,
eight presenting with three signs, and six displaying only two
primary clinical features. Several secondary clinical features were
noted in some patients, including brachydactyly in five patients,
speech delay and dental abnormalities in four cases, ataxia in two
cases, and congenital heart disease in one case. The main clinical
characteristics of each patient are summarized in Supplementary
Table 2. Some patients also experienced accessory spleen, fatty
liver, hearing loss, hyperlipemia, hypertension, hypothyroidism,
hyperuricemia, laryngeal cartilage dysplasia, midbrain dysplasia,
ptosis, rachischisis, lateral ventricle cyst, and septum pellucidum
cyst (Supplementary Table 2).

Ophthalmic features

All 34 patients had different extents of visual defects, and most (27
patients, 79.4%) experienced nyctalopia. In this cohort, 31 patients
(91%) were diagnosed with RP, and only three patients (010042,
010179, and 0191189) were diagnosed with cone dystrophy
(COD). Two patients with COD carried variants in BBS10. The
median onset age for retinal dystrophy was 4 (range, 1-18) years.
Among the patients suffering from severe visual impairments,
more than 70% had reached the standard of low vision according
to WHO criteria when they were under 20 years of age, and over
75% of the patients reached the standard of low vision or
blindness when they were older than 20 years, regardless of the
mutated genes (Fig. 3A, B). Nystagmus was observed in 14
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patients, and five of them had isolated RP (three carrying BBS8
variants and two harboring BBS3 variants). The ERG examinations
in 21 patients showed extinguished or almost extinguished
recordings, except for two patients with COD, who displayed
normal rod function and absent cone function.

Fundus features

Some patients with RP, aged approximately 10 years old, exhibited
mild tapetoretinal degeneration (TD) in the mid-peripheral or
peripheral retina and pigmentary changes in the macula (Fig. 3C).
OCT scans revealed a relatively normal macular laminar architec-
ture or mild macular atrophy. FAF showed a hypo-AF zone
surrounded by a hyper-AF ring in the macular region. By contrast,
some patients with disclosed obvious TD, macular dystrophy, and
black pigment clumps scattered in the posterior pole
and peripheral retina were under 10 years of age. Their OCT
showed epiretinal membrane, macular dystrophy, and disruption
and absence of the ellipsoid zone (EZ), photoreceptor inner/outer
junction, and RPE in the central retina. The patients older than 20
years exhibited obvious retinal and retinal pigment epithelium
(RPE) atrophy, with black bone spicule scattering in the peripheral
retina (Fig. 3D) or even in the posterior pole. The exception was
patient 019711, who carried biallelic missense variants in BBS2 and
showed an almost normal macular structure at the age of 37 years
(Fig. 3E).

Of the three patients with COD, two patients showed bull’s eye
maculopathy with a smooth contour and a normal-appearing
surrounding retina. FAF revealed a hypo-AF region in the macula.
OCT scans displayed disruption and absence of the ellipsoid zone
(EZ) and RPE in the foveal region (Fig. 3F). By contrast, patient
0191189 exhibited diffused fovea reflection and a leopard fundus.
OCT showed an almost normal macular structure (Fig. 3G).

Longitudinal observation of 14 follow-up patients

We followed 14 patients for their ocular longitudinal changes,
including BCVA and fundus appearance by fundus photography,
OCT scanning, and FAF examination (Table 2). Two patients did
not have BCVA recordings for their initial visits. The mean follow-
up time was 59.07 months (range, 7-127 months). We observed
that visual acuity decreased in 8 patients, remained stable in
3 patients, and was slightly improved in one patient. The three
patients with stable BCVA during the follow-up either had a severe
visual impairment at their first visit or had short follow-up times.
During follow-up, fundus examinations in some patients revealed
enlargement of the macular atrophy and expanded retinal and
RPE atrophy, as well as increases in bone spicules with aging
(Fig. 3).

DISCUSSION
This study provides the first description of mutated gene profiles
identified in a relatively large cohort of Chinese patients with BBS
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Table 2. The follow-up information and clinical features of patients with Biallelic variants in BBS genes.
Patient ID Gender Age(year) Follow-Up VA(logMAR, OD/ Fundus Changes Causative gene Disease
Interval 0S)
(Month/
First Last Year) First Last First Last (Change)

019400 F 23 27 47/3.9 2.7/2.7 2.7/2.7 MD, BS BS increased BBS2 BBS

0191299 F 7 1 43/3.6 0.8/0.8 1.4/1.7 MD, TD MD BBS2 BBS
enlarged, SPLR

0191418 M 8 24/2.0 1.0/1.3 1.0/2.4 LSLA MD, TD BBS2 BBS

010472 M 14 59/4.9 1.2/1.2 1.3/1.0 MD MD BBS2 BBS
increased, TD

019134 M 1 20 117/9.7 0.7/1.0 1.0/2.4 EM, TD RPEA enlarged BBS4 BBS

010179 M 18 21 43/3.6 NA 1.3/1.3 MD Unremarkable BBS4 BBS

0191137 M 9 15 73/6.1 NA 1.0/1.0 MD, SPLR MD BBS10 BBS
enlarged, BS

010042 F 39 49 127/10.6 0.1/0.1 0.6/0.8 MD MD enlarged BBS10 BBS

0191083 M 21/1.8 0.4/0.5 0.5/1.0 MD, TD Unremarkable BBS1 BBS

0191550 M 7/0.6 1.0/2.7 1.3/2.7 MD, TD Unremarkable BBS6 BBS

010055 M 26 29 30/2.5 1.3/1.4 1.3/1.4 MD, TD MD BBS12 BBS
enlarged, SPLR

0191224 M 21 32 127/10.6 1.0/1.5 1.7/2.4 MD MD BBS21 BBS
enlarged, BS

019711 M 37 43 72/6.0 0.2/0.05 0.2/0.2 TD Unremarkable BBS2 RP

0191250 F 4 7 37/3.1 2.1/2.1 2.1/21 MD, SPLR RPEA increased BBS8 RP

BBS bardet biedl syndrome, BS bone spicule, EM epiretinal membrane, F female, LSLA leopard-spot like appearance, M male, MD macular atrophy, NA not
available, RP retinitis pigmentosa, RPEA retinal pigment epithelial atrophy, SPLR Salt-and-pepper-like retinopathy, TD tapetoretinal degeneration.

or non-syndromic BBS-related retinal dystrophy and defines the
variant spectrum for each BBS gene. We also depicted the clinical
features in this patient cohort and preliminarily explored the
correlation between genotype and phenotype.

In the current cohort, we detected pathogenic variants in the 10
BBS genes: seven caused BBS (BBST, 4, 6, 9,10,12, and 21), two
(BBS2 and BBS8) caused both BBS and isolated RP, and one (BBS3)
caused isolated RP. The two most prevalent genes for BBS were
BBS2 and BBS4, which accounted for 37.0% and 14.8% of the
probands with BBS, respectively. Our findings were somewhat
similar to those observed in a small Chinese cohort that included
10 probands with BBS: half of the probands carried BBS2 variants
[18], but they differed distinctly from the observations made in
other populations [8-13]. For example, the two most common BBS
genes in Spanish patients were BBST and BBS10, comprising 54%
and 22% of the patients, respectively [12]. These two genes were
also the most frequent BBS genes in patients of North America
and North Europe, at 23% and 20%, respectively [9, 10, 13]. By
contrast, variants of BBST were only detected in one patient (3.6%,
1/28) in our cohort. Of the 47 variants identified in the current
study, 33 were novel variants, and 38 were detected only once,
indicating greater allelic heterogeneity. The two common variants
in BBS2 (p.T27P and ¢.534 + 1 G >T), with a gene-specific allele
frequency of 27.3% and 13.6%, respectively, were first identified in
Chinese patients [18]. As expected, the most common BBST
variant, p.Met390Arg, which had an 80% gene-specific allele
frequency in Spanish patients and Caucasian patients [10, 12, 13],
was not identified in the current cohort. All these findings
collectively suggest that the variant spectrum for each BBS gene in
Chinese patients also differed from the spectra reported in other
populations.

The patients in the current cohort exhibited high variability in
their phenotypes, ranging from patients with all six primary
clinical components to patients with only isolated RP. Using the
classic diagnosis criteria [3], only 15 patients (53.5%, 15/28) could
be diagnosed with BBS; therefore, genetic analysis could define
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patients at early stages, especially atypical patients. We confirmed
the results of previous studies that the most common clinical
features were retinal dystrophy, polydactyly, and obesity [7-14],
but the frequencies of polydactyly and obesity differed slightly
from the previous findings. The slightly higher frequency of
polydactyly (86%) might be related to the high proportion of
patients carrying BBS2 variants, as a meta-analysis study revealed
that patients with variants in BBS2 have a higher penetrance of
polydactyly [7]. The penetrance of renal anomalies in BBS is highly
variable, but it is usually around 50% [1]. By contrast, only two
patients (7.1%) in our cohort suffered renal defects. In a recent
study, which included 12 Chinese patients with BBS, renal
anomalies were observed in one of the nine patients (11.1%)
[18]. In another study that included two Chinese pedigrees, four
patients carrying BBS2 variants from the same family did not
display renal anomalies [19]. Currently, all published studies
involving Chinese patients with BBS are either case reports or
small cohort studies (fewer than 15 patients) [18-22]; therefore,
we could not justify a conclusion that the incidence of renal
anomalies was lower in Chinese patients with BBS. The
pathophysiology of the renal defects caused by BBS protein
deficiency remains unresolved. One previous study proposed that
BBSome deficiency resulted in mislocalization and dysfunction of
polycystin-1 and polycystin-2 [23]. Another study on animal
models indicated that calorie restriction reversed the morpholo-
gical and molecular changes in the kidney that occur in Bbs2~/~
and Bbs4~'~ mice and prevented renal defects [23]. Therefore, the
low frequency of renal defects in Chinese patients might be
related to dietary habits or other environmental and epigenetic
factors.

By presenting a relatively large cohort of patients whose
genotypes were confirmed, our study provided an opportunity to
explore genotype and phenotype correlations. Consistent with a
previous study [7], we did not detect any difference in the
frequencies of any primary clinical features between the patients
(n=19) with variants in genes encoding BBSome and patients
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(n=7) with variants of genes encoding chaperonin-like proteins
(Fig. 1Q). In the largest genotype group (BBS2), the patients with
truncating variants presented more clinical features of BBS, while
patients with biallelic missense variants displayed fewer clinical
features or isolated RP. All variants of BBS2 detected in isolated RP
were missense variants, further suggesting that missense variants
of BBS2 cause a mild phenotype and lower penetrance of the
primary clinical features [6, 7]. The most common missense
variant, p.T27P in BBS2, was detected in five pedigrees (six
patients). The patients with variant p.T27P, one in the homo-
zygous and the remaining five in the heterozygous state, tended
to exhibit fewer primary components, as three patients suffered
only RP and polydactyly. We speculated that variant p.T27P might
be a mild or hypomorphic variant that causes only a partial loss of
function of BBS2.

Apart from the patients with BBS2 variants, we also observed
five other patients from three unrelated families who carried
variants of BBS3 and BBS8, only suffered from isolated RP. Both
BBS3 and BBS8 have retina-specific isoforms BBS3L and BBS8L
[24, 25]. RNA rescue experiments revealed that variant p.A89V in
BBS3, detected in patients with isolated RP, could rescue the
transport delays induced by the loss of bbs3, but were unable to
rescue vision impairment, indicating that this variant was critical
and specific for the vision defect. One reported variant, c.115-
2 A>G in BBS8, detected in four Pakistani patients with isolated
RP, caused skipping of exon 2a of BBS8L, confirming a role of this
isoform in retinal pathology [24]. The variants of BBS3 and BBS8
identified in the current study included missense, splicing,
frameshift, and large deletion variants, but their mechanisms for
causing isolated RP need comprehensive exploration in future
studies.

Retinal dystrophy, the most highly penetrant feature in BBS,
usually occurs early and is severe[7, 26, 27]. Most of the patients
in our cohort exhibited more severe visual impairments than
were reported in a cohort that included 67 patients carrying
variants in BBST and BBS10 [28]. One previous study noted that
VA was significantly worse in patients with BBS2 variants than in
patients with BBST variants [26]. The severity of visual defects was
related to early retinal degeneration involving the macular
region. Similar to previous descriptions [18, 26], advanced retinal
degeneration with profound macular atrophy was observed in all
patients aged over 20 years, except for two patients, 010042 and
019711, who both had biallelic missense variants. Patient 010042
with COD with BBS10 variants had only small bull's eye
maculopathy and nearly normal BCVA (logMAR 0.1) at age 39.
After over 10 years of follow-up, her maculopathy enlarged and
her BCVA decreased to logMAR 0.6. Patient 019711 with BBS2
variants displayed relatively normal macular structures and mild
visual defects (logMAR 0.2 OD and 0.05 OS) at age 37. After
6 years of follow-up, he had only a mild visual decrease in his left
eye, from 0.05 to 0.2. Two of the four patients with BBS70 variants
were diagnosed with COD, in agreement with the finding
reported in a cohort that included 67 patients with variants in
BBS1 and BBS10 [28].

The current study has some limitations. One is its retrospective
design. Another is the small number of patients with variants in
BBS genes other than BBS2; therefore, establishing a genotype-
phenotype correlation is rather difficult. In addition, the frequency
of renal anomalies and cognitive impairment might be under-
estimated as they were not properly assessed or were not
displayed at the time of clinical evaluation.

In conclusion, our study defined the mutation profiles of BBS
genes and established the configuration of the variation
frequencies for each BBS gene in a Chinese patient cohort. Our
results revealed that Chinese patients showed early and severe
visual defects and retinal degeneration. Our findings provide
essential information for future genetic counseling and gene
therapy in these patients.
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Summary table
What was known before

® Biallelic BBS gene variants cause Bardet Biedl syndrome. The
two most common BBS genes in North America and North
Europe patients were BBS1 and BBS10.

What this study adds

® Genotype and phenotype of Chinese patients with biallelic
BBS gene variants. Our findings were differed distinctly from
the observations made in other populations.
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