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Abstract
Bardet–Biedl syndrome (BBS) is a rare autosomal recessive ciliopathy characterized by retinitis pigmentosa (RP), truncal 
obesity, cognitive impairment, hypogonadism in men, polydactyly, and renal abnormalities with severe renal dysfunction. 
Twenty-two causative genes have already been reported for this disorder. In this study, we identified two unrelated Japanese 
patients with clinical diagnoses of BBS associated with compound heterozygous SCLT1 mutation. Patient 1 was a 10-year-old 
girl, and patient 2 was a 22-year-old man. Both the patients showed severe renal dysfunction in childhood, RP, mild intellec-
tual disability, short stature, and truncal obesity, without oral aberrations and polydactyly. Patient 2 also had hypogonadism. 
We identified two missense variants in SCLT1, c.[1218G > A] and [1631A > G], in both the patients by next-generation 
sequencing. Subsequent cDNA analysis revealed that c.1218G > A affected exon 14 skipping in SCLT1. To date, SCLT1 has 
been reported as the causative gene of oral–facial–digital syndrome type IX, and Senior–Løken syndrome. The phenotypes 
of both the present patients were compatible with BBS. These results highlight SCLT1 as an additional candidate for BBS 
phenotype in an autosomal recessive manner.
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Introduction

Bardet–Biedl syndrome (BBS) is a rare genetic disorder, 
an autosomal recessive ciliopathy, characterized by retini-
tis pigmentosa (RP), truncal obesity, cognitive impairment, 
hypogonadism in men, polydactyly, and renal abnormali-
ties [1]. BBS has an occurrence of approximately 1/100,000 
in North America and Europe [2]. The Online Mendelian 
Inheritance in Man (https ://www.omim.org/) has reported 
22 causative genes for BBS. Although the genes that have 
been associated with BBS so far are inherited in an autoso-
mal or digenic recessive manner, we recently reported an 
OFD1 (gene responsible for causing oral–facial–digital syn-
drome type I in women) [3] aberration in a man with BBS 
phenotype that was inherited in an X-linked manner [4]. A 
renal abnormality in BBS is recognized as renal dysplasia 
or nephronophthisis (NPHP) [1], and renal dysfunction is 
observed in 53–82% of BBS patients [1]. Renal symptoms 
begin in childhood with polyuria, polydipsia, and nephro-
genic anemia, and reach end-stage renal disease (ESRD). 
Therefore, renal abnormalities are the most important rea-
sons for mortality in BBS patients.
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Recently, the sodium channel and clathrin linker 1 gene 
(SCLT1, 4q28.2) has been reported to be the causative gene 
for oral–facial–digital syndrome type IX (OFD9) [5], and 
Senior–Løken syndrome (SLSN) [6]. SCLT1 encodes an 
adaptor protein associated with the sodium voltage-gated 
channel alpha subunit 10 and clathrin [7], and SCLT1 was 
identified as one of the component proteins of the distal 
appendages of centrioles, which was proposed to anchor 
cilia to the plasma membrane [8]. However, few patients 
with SCLT1 aberrations have been reported. Here, we report 
two unrelated patients clinically diagnosed with BBS, who 
carry the same compound heterozygous SCLT1 mutations.

Case reports

Patient 1

Patient 1 was a 10-year-old Japanese girl with non-con-
sanguineous parents. The patient had no significant family 
history (Fig. 1a). Her gestational age was 39 weeks 2 days 
and birth weight was 2700 g. She had intellectual disabil-
ity, autism, and motor developmental delay (head control 
3–4 months old, turn over 9 months old) because of which 
she had recently received special education support. She also 
had visual disability due to RP, which was diagnosed by flat 
electroretinogram. The patient was first detected with mild 
proteinuria (urine protein/creatinine ratio 0.36) at the age 
of 10 through an annual school urinalysis, which revealed 
severe renal dysfunction (serum creatinine was 5.6 mg/dL, 
estimated glomerular filtration rate was 8 mL/min/1.73  m2) 
and hyperuricemia (9.3 mg/dL). Her urine β2-microglobulin 
was > 10,000 μg/dL. Renal echography revealed bilateral 
hyperechogenicity, ambiguous cortico-medullary junction, 
and small renal cysts. Renal biopsy was not performed. 
Her height was 121.0 cm (− 2.84 SD) and body weight was 
28.6 kg (obesity ratio = 27.8%). The oral cavity of the patient 
showed no apparent abnormalities.

Patient 2

Patient 2 was a 23-year-old Japanese man with non-consan-
guineous parents, with no family history of BBS (Fig. 1b). 
His gestational age was 41 weeks and 1 day and birth weight 
was 3442 g. At the age of 1 year, he was diagnosed with 
hepatic fibrosis after analysis of a liver biopsy. The patient 
had nystagmus and visual impairment, and was diagnosed 
with RP at the age of 3 years by an ophthalmologist. His 
renal function had deteriorated, and the patient was initiated 
on peritoneal dialysis at the age of 11 years. At the time 
of kidney transplantation, his urine β2-microglobulin was 
4519 μg/dL and N-acetylglucosaminidase was 3.9 U/L. The 
patient had received living-donor kidney transplant from his 
father at the age of 13 years. The patient also showed other 
abnormalities, such as micropenis, mild cognitive impair-
ment, short stature (156.8 cm, − 2.4 SD), and obesity (obe-
sity ratio = 57.3%). The oral cavity of the patient showed no 
apparent abnormalities. These symptoms indicated BBS in 
the patient, even though polydactyly was not observed.

Genetic analysis

Genetic analysis was performed after obtaining written 
informed consent from both the patients and their parents. 
This study was approved by the Institutional Review Board 
of Kobe University School of Medicine (IRB approval 
number 86 and 301). Genomic DNA was extracted from 
peripheral blood leukocytes of the patients using the Quick 
Gene Mini 80 system (Wako Pure Chemical Industries, Ltd., 
Tokyo, Japan). Targeted sequencing using next-generation 
sequencing (NGS) was conducted for 159 genes (Online 
Resource 1) associated with congenital anomalies of the 
kidney, the urinary tract, and NPHP-related ciliopathies. 
NGS samples were prepared using the HaloPlex HS target 
enrichment system kit (Agilent Technologies, Santa Clara, 
CA, USA) according to the manufacturer’s instructions for 

Fig. 1  Pedigrees of the two 
families. The patients had no 
siblings, and their parents were 
non-consanguineous
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the MiSeq platform (Illumina, San Diego, CA, USA). The 
mutations detected by NGS were confirmed by standard 
Sanger direct sequencing using the 3130 Genetic Analyzer 
(Thermo Fisher Scientific, Waltham, MA, USA).

For total RNA extraction from leukocytes, blood, 
RiboPure RNA Purification Kit (Thermo Fisher Scientific), 
and RNA stabilization agent (RNAlater; Thermo Fisher Sci-
entific) were used. Total RNA was reverse-transcribed into 
cDNA using EcoDry Premix (Double Primed; Takara Bio 
USA, Inc., Mountain View, CA, USA). We performed nested 
PCR using different pairs of SCLT1 primers: for exon 14 first 
forward primer: 5′-GTG ACA ATC CAA GAA GCC AACC-3′, 
and reverse: 5′-TGA ACG CTC TGA AAC CAG GA-3′, and 
second forward primer: 5′-AGG AGA AGC AAA AAG AAG 
AAG ACA -3′, and reverse: 5′-TCT AGT TCT TCT TCC ACT 
GCTTT-3′. The products were electrophoretically fraction-
ated; the gel band was sliced out, and cDNA was extracted 
using the QIAquick Gel Extraction Kit (QIAGEN, Hilden, 
Germany). The cDNA was sequenced using a dye termina-
tor cycle sequencing kit and an automatic DNA sequencer 
as mentioned above.

Pathogenicity predictions were performed in accord-
ance with the American College of Medical Genetics 
(ACMG) guidelines [9]. Several websites, including 
CADD [10], PROVEAN [11], SIFT [12], PolyPhen-2 [13], 
and Mutation Taster [14], were also used to predict variant 

pathogenicity. We also determined GERP ++ [15] and 
phyloP [16] conservation scores. Human Splicing Finder 
(HSF) was used for the prediction of exon skipping [17].

Both patient 1 and patient 2 displayed two identical 
compound heterozygous SCLT1 mutations: NM_144643.4: 
c.1218G > A, p.Met406Ile, and c.1631A > G, p.Lys544Arg 
(Fig. 2). We identified these variants in the parents (both 
mother and father) of both these patients. For the missense 
variants, the CADD score was 24.9 for c.1218G > A and 
24.4 for c.1631A > G. PROVEAN was neutral and SIFT 
was deleterious for both the mutants, PP2 was benign for 
c.1218G > A and possibly damaging for c.1631A > G, and 
Mutation Taster showed it to be damaging in the case of 
both the variants (Table 1). The GERP ++ scores were 
4.49 and 5.31, and Phylop scores were 3.984 and 5.589 for 
c.1218G > A and c.1631A > G, respectively. HSF predicted 
potential alteration in splicing for c.1218G > A, but did not 
predict any effect on splicing for c.1631A > G. Accord-
ing to ACMG guidelines, both the missense variants met 
uncertain significance criteria (PM2 and PP3). Because 
these results could not determine pathogenicity in the 
patients, we performed cDNA analysis for c.1218G > A. 
The variants were found to be c.1218G > A in exons 14 
adjacent to the introns. We identified exon 14 skipping by 
cDNA analysis, and the skipping was found to result in 
in-frame deletion (72 bp) (Fig. 3).

Fig. 2  Direct sequencing of SCLT1 mutations in the two families. Both patients had two identical mutations in exon 14 and 17. The mutation in 
exon 14 was derived from the mother in patient 1 and from the father in patient 2
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Discussion

BBS is a clinically recognizable disorder owing to its spe-
cific symptoms. The clinical diagnosis of BBS according 
to Beales et al. [18] is as follows: patients should display 
at least four features from the six primary features: rod-
cone dystrophy (almost synonymous with RP), polydac-
tyly, obesity, learning disabilities, hypogonadism in males, 
and renal anomalies. In the current study, patient 1 had 
RP, obesity, intellectual disability, and renal dysfunction, 
and patient 2 had RP, obesity, intellectual disability, renal 
dysfunction, and hypogonadism. Therefore, we clinically 
diagnosed them with BBS. In patient 1, renal abnormal-
ity was compatible with NPHP based on inspection and 
clinical findings. In patient 2, although the detailed clinical 
course before ESRD was unknown, the renal dysfunction 
in the patient might have been due to NPHP. The clinical 
symptoms of BBS and its related ciliopathies, including 
SLSN, Joubert syndrome, Meckel syndrome, and Alström 
syndrome, show an overlap [19]. These diseases are com-
prehensively called NPHP-related ciliopathies (NPHP-
RC). These diseases are likely to result in an ESRD due 
to NPHP. The onset time at which the renal replacement 
therapy is required in NPHP patients may vary depending 
on the causative genes; in patients with SCLT1 mutation, 
it is likely to be in the second decade. We analyzed most 
of the NPHP-RC genes in the patients by NGS (Online 
Resource 1), and were able to identify SCLT1 as the gene 
responsible for BBS. Comprehensive analysis using NGS 
is a useful strategy for patients with any NPHP-RC.

Patients with SCLT1 mutations are extremely rare. The 
first patient with SCLT1 aberration reported by Adly et al. 
[5] presented a severe midline cleft lip, microcephaly, 
bilateral coloboma, abnormal genitalia, and congenital 
heart disease, but polydactyly was not observed; he was 
diagnosed with OFD9. A Japanese girl reported by Kata-
giri et al. [6] showed RP and NPHP, resulting in the diag-
nosis of SLSN. In addition, she showed mild intellectual 
disability and obesity, but no polydactyly was observed. 
The clinical manifestations of our patients and those of 
the patient reported by Katagiri et  al. [6] are similar. 
Polydactyly is seen in most patients with BBS, except in 
patients with BBS due to SDCCAG8 aberrations. Although 
the SCLT1 knockout mice exhibited polydactyly [20], no 
patients with polydactyly and SCLT1 aberrations has been 
reported, thus far. Therefore, humans with SCLT1 aberra-
tions may have normal digits.

Renal diseases are common in BBS patients. Katagiri 
et al. reported that the patient showed severe renal disorder 
during childhood [6]. The patient reported by Adly et al. 
died at the age of 3 months; therefore, details regarding 
renal diseases of this patient are unknown [5]. Patients 
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with SCLT1 aberrations may have exacerbated renal dys-
function. Maddirevula et al. recently reported two siblings 
with congenital pan hypopituitarism [21]. However, they 
did not show any syndromic features, including develop-
mental delay. To establish the clinical manifestations of 
SCLT1 aberrations, further studies are required.

Although the pathogenicity of the two missense variants 
described in this study remains controversial, we believe 
that these variants are pathogenic. The c.1218G > A muta-
tion is a novel variant and was predicted to be pathogenic in 
some in silico analyses (SIFT, Mutation Taster) but not in 
others (PROVEAN, PP2). This variant was located within 
exon 14, near intron 14. It was predicted using HSF that 
this variant would affect exon skipping, and we indeed iden-
tified a splicing aberration in exon 14 skipping by cDNA 
analysis (Fig. 3). This exon skipping was the same as that 
in the case of the patient reported by Katagiri et al. [6]. 
The c.1631A > G mutation was registered in dbSNP as 
rs762215370 and its allele frequency in the Japanese popu-
lation was reported to be 0.12%. This variant was located 
within exon 17, near intron 17; therefore, it might affect 
exon skipping. Although HSF predicted it to have no effect 
on splicing, Katagiri et al. have reported that this variant 
might induce the skipping of SCLT1 exon 17 or exon 17 and 
18 and could induce a 6-bp deletion or could have no effect 
on exon skipping or deletion. Except for the 6-bp deletion, 
these skipping events might occur in healthy individuals 
[6]. In addition, the existence of three patients (two patients 
reported by us and one by Katagiri et al.) with similar phe-
notypes and the same genotype strongly suggests that these 
mutations are pathological.

The reason behind the occurrence of identical muta-
tions (c.1218G > A and c.1631A > G) in the two unrelated 

patients in this study is currently unknown. To the best 
of our knowledge, the two families were unrelated. The 
c.1218G > A mutation has not been registered in the gno-
mAD browser (https ://gnoma d.broad insti tute.org/), Inte-
grative Japanese Genome Variation Database (iJGVD, 
https ://ijgvd .megab ank.tohok u.ac.jp/), or Human Genetic 
Variation Database (HGVD, https ://www.hgvd.genom 
e.med.kyoto -u.ac.jp/); however, c.1631A > G showed very 
low allele frequency in gnomAD and HGVD (0.00082% 
and 0.12%, respectively). Similar to that in the patients in 
this study, the patient reported by Katagiri et al. [6] also 
possessed the c.1631A > G mutation. Further studies are 
needed to clarify the genetic distribution of NPHP-RC in 
the Japanese population.

In conclusion, we report about two unrelated BBS 
patients with identical SCLT1 aberrations. Based on our 
investigations, we suggest that SCLT1 is the gene respon-
sible for causing BBS without polydactyly. Although 
our study did not include whole exome or whole genome 
sequencing by NGS, the findings could contribute to a 
greater understanding of NPHP-RC patients.
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Fig. 3  The splicing aberrations 
in SCLT1 at exons 14 in patient 
1. Electrophoresis revealed two 
DNA bands (a), and exon 14 
skipping of the shorter band (b). 
This results in a 72-bp deletion 
(c). L longer band, S shorter 
band
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