
Bardet-Biedl syndrome (BBS; OMIM 209900) is a 
rare genetically heterogeneous developmental disorder 
with primary features of retinitis pigmentosa, postaxial 
polydactyly, obesity, renal dysfunctions, hypogonadism, 
and intellectual disability. Additional features reported in 
cases of BBS include strabismus, nystagmus, brachydactyly, 
syndactyly, truncal obesity, hydronephrosis, pyelonephritis, 
cryptorchidism, small penis/hypospadias [1,2], delay in 
reaching puberty, hypoplastic fallopian tubes, poor articu-
lation, anxiety, depression, obsessive-compulsive disorder, 
autism spectrum disorder or psychosis, hypertension, 
anosmia, dental anomalies (micrognathia, malocclusion, and 
microdontia), ataxia, and Hirschsprung disease [1-6]. Varia-
tion in the phenotypes within and among different families 
has been reported [4,5,7]. Facial similarities reported among 
patients with BBS include deep-set eyes, hypertelorism with 
downward slanting palpebral fissures, a flat nasal bridge with 
anteverted nares and prominent nasolabial folds, a long phil-
trum, a thin upper lip, and apathetic facial appearance [6,8].

BBS belongs to the group of ciliopathies that share 
partial-overlapping phenotypes and common genes [9]. 
Genetic studies revealed different variations within the geno-
type and phenotype of the disease [10]. To date, 21 BBS genes 
(BBS1–21) have been identified, which includes BBS1 located 
on chromosome 11q13 [11], BBS2 on chromosome 16q21 [12], 
BBS3 on chromosome 3p13-p12 [13], BBS4 on chromosome 
15q22.3-q23 [11,14], BBS5 on chromosome 2q31 [15], BBS6 
on chromosome 20p12 [16], BBS7 on chromosome 4q27 
[17], BBS8 on chromosome 14q32.11 [18], BBS9 on chromo-
some 7p14 [19], BBS10 on chromosome 12q21.2 [20], BBS11 
(TRIM32) on chromosome 9q33.1 [21], BBS12 on chromosome 
4q27 [22], BBS13 (MKS1) on chromosome 17q23 [23], BBS14 
(CEP290) on chromosome 12q21.3 [23], BBS15 (C2ORF86) 
on chromosome 2p15 [24], BBS16 on chromosome 1q43 [25], 
BBS17 (LZTFL1) on chromosome 3p21.31 [26], BBS18 (BBIP1) 
on chromosome 10q25.2 [27], BBS19 (IFT27) on chromosome 
22q12 [28], BBS20 (IFT172) on chromosome 2p23.3 [29], and 
BBS21 (C8ORF37) on chromosome 8q22.1 [30]. We report 
two novel mutations and three previously reported variants 
in the BBS genes in five consanguineous families of Pakistani 
origin segregating BBS in an autosomal recessive pattern.
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METHODS

Ethical approval: Permission to conduct the present research 
work was obtained from the Institutional Review Board 
(IRB) of Quaid-i-Azam University, Islamabad, Pakistan and 
Technical University Munich, Germany. This study adhered 
to the ARVO statement on human subjects, all those who 
participated in the study signed informed written consent 
forms and the research followed the tenets of the Declaration 
of Helsinki.

Family history and blood collection: In total, five consan-
guineous families (A–E) segregating Bardet-Biedl syndrome 
in an autosomal recessive manner were investigated in the 
present study. Families A and C live in a remote area of the 
Khyber Pakhtunkhwa (KPK) province of Pakistan. Two other 
families (B and D) originate from a remote village in Azad 
Jammu and Kashmir, bordering India and Pakistan. Family E 
was recruited from a remote area of Nawab Shah City, Sindh 
province of Pakistan. Information provided by the family 
elders was used for the construction of the pedigrees (Figure 
1, Figure 2A). All five pedigrees convincingly support the 
autosomal recessive inheritance pattern of the disease.

Affected members in the families underwent clinical 
examinations at local government hospitals. Venous blood 
samples from 38 members were collected in vacutainers (BD 
Biosciences, Franklin Lakes, NJ) containing EDTA.

Genomic DNA extraction: Genomic DNA was extracted from 
the collected blood samples using the Nucleospin® Blood kit 
(Macherey-Nagel, Germany). A NanoDrop-1000 Spectro-
photometer (Thermal Scientific, Wilmington, NJ) was used 
for DNA quantification, measuring optical density at 260 
nm and diluted to 40–50 ng/μl for amplification with PCR. 
PCR was performed in 25 μl reaction volume containing 40 
ng genomic DNA, 20 pmol of each primer, 200 mM of each 
deoxynucleoside triphosphate (dNTP), 2.5 μl reaction buffer 
(KCl 50 mM, Tris–HCl pH 8.3, and MgCl2 1.5 mM), and 
1 U Taq DNA polymerase (MBI Fermentas, Life Sciences, 
York, UK). PCR was performed using the GeneAmp® PCR 
System 9700 obtained from Applied Biosystems (Applera 
Corp, Foster City, CA). PCR conditions (1st cycle: 95 °C for 5 
min; 39 cycles: 95 °C for 30 s, 53-58 °C for 30 s, 72 °C for 30 
s; 72 °C for 5 min). Amplified PCR products were resolved on 
8% non-denaturing polyacrylamide gel followed by ethidium 
bromide staining to score the alleles.

Genotyping and WES: To identify the causative genes, 
homozygosity mapping followed by Sanger sequencing 
was performed in four families (A–D). In family E, exome 
sequencing was used to search for the causative gene. 
Linkage in the four families (A–D) was tested using several 

microsatellite markers linked to 21 candidate genes (BBS1–
BBS21) known for causing Bardet-Biedl Syndrome. After 
linkage was established in the families, the candidate regions 
were further saturated by typing additional markers linked to 
three genes (BBS7, BBS8, and BBS10).

In family E, DNA from a proband (IV-3) was subjected 
to whole exome sampling (WES; Figure 2A). Exome enrich-
ment was accomplished using the SureSelect XT Human 
All Exon 50 Mb kit, version 5 (Agilent Technologies, San 
Clara, CA), and sequencing was performed on HiSeq 2500 
systems (Illumina, San Diego, CA). All the reads were 
aligned against the human assembly hg19 (GRCh37), using 
Burrows-Wheeler Aligner (BWA v 0.7.5). Subsequently, the 
Exome Depth (v1.0.0), PINDEL (v 0.2.4t), and SAM tools (v 
0.1.18) were used for variant calling. Filtering of the variants 
was performed with the help of the SAM tools varFilter script 
and custom scripts. All the variants obtained after filtering 
were inserted in an in-house database for further analysis.

Screening the BBS7, BBS8, and BBS10 genes: After linkage 
was established in the four families (A–D), three genes 
(BBS7, BBS8, and BBS10) were Sanger sequenced. In family 
E, WES identified a pathogenic homozygous variant in the 
MKKS gene. All exons and flanking intronic sequences of the 
genes were PCR amplified using gene-specific primers. The 
primer sequences used to screen the BBS7 and BBS8 genes 
are listed in Table 1, while those used for BBS10 were the 
same as reported previously [31]. The PCR products were 
purified using the Rapid PCR Purification System 9700 
(Axygen, Union City, CA) and sequenced following the 
dideoxy chain termination method using the BigDye Termi-
nator v3.1 Cycle Sequencing Kit and the Applied Biosystems 
310 DNA Analyzer (Applied Biosystems Inc.) according to 
the manufacturer’s instructions. To identify sequence vari-
ants, the BioEdit sequence alignment editor version 6.0.7 was 
used. PCR primers were designed using the Primer3 program 
() [32] and checked for specificity using BLAST.

RESULTS

Clinical features: Affected members, investigated in the five 
families (A–E), were 10–38 years of age at the time of the 
study (Figure 2B–I, Figure 3; Table 2).

Family A: All three affected members presented clinical 
features of obesity, retinitis pigmentosa, postaxial polydac-
tyly (hexadactyly), mental delay, hypertension, and cutaneous 
syndactyly. Radiographs of the affected individual (IV-3) 
revealed normal carpals, metacarpals, and phalanges while 
the feet radiographs revealed postaxial polydactyly (PAP) 
type A, with an extra toe originating from a two-headed 
metatarsal. Tarsals and metatarsals were hypoplastic and 

http://www.molvis.org/molvis/v23/482
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Figure 1. Pedigrees and Sanger sequencing results for four families segregating BBS in an autosomal recessive pattern. A: Pedigree of family 
A. B: Sequence analysis of the BBS7 gene showing a 3 bp deletion at nucleotide position 580–582 (c.580_582delGCA). C: Pedigree of family 
B. D: Sequence chromatograms of 6 bp deleted variant (c.1592_1597delTTCCAG) in the BBS7 gene. E: Pedigree of family C. F: Sequence 
analysis of the variant (c.1347G>C) identified in the gene BBS8 in family C. G: Pedigree of family D. H: Sequence chromatogram of the 
frameshift mutation (c.271_272insT) found in the BBS10 gene in family D. The genotype of individuals for the mutation identified in the 
respective family, verified with segregation analysis, is written below each member tested. The upper panel shows the nucleotide sequence 
in the homozygous affected member, the middle panel in the heterozygous carrier, and the lower panel in the homozygous normal member 
in each sequence chromatogram.

http://www.molvis.org/molvis/v23/482
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distorted (Figure 3P,Q). Carpals were hypoplastic in the 
second affected member (IV-4) of the family (Figure 3R,S).

Fundus examination in two affected individuals (IV-3 
and IV-4) showed typical features of sine pigmentosa, 
a variant of retinitis pigmentosa that have characteristic 
features, including atrophy of the RPE and vessel (arteriolar) 
attenuation. The vessels were thinner than normal, and the 
optic nerve had pallor. Features such as microaneurysms, 
edema, exudates, neovascularization, and hypo- and hyper-
pigmentation of macula were not observed in either affected 
individual (Figure 3W,X).

Family B: Affected individuals showed mental delay, hyper-
tension, retinitis pigmentosa, reproductive tract/organ anoma-
lies, obesity, postaxial polydactyly, and cutaneous syndactyly.

Family C: Affected members displayed weak analytical 
ability, vision impairment, obesity, hypogonadism, and 
postaxial polydactyly. Radiographs of both hands of affected 
individual (IV-6) displayed complete PAP type A. An extra 
digit, originated from the fifth metacarpal, was present in the 
left hand. In the right hand, the extra digit had no connection 
with the fifth metacarpal. Both extra digits had fix flexion 
deformity. Feet radiographs of the affected individuals (IV-1 
and IV-6) showed PAP type A, and an extra toe originated 
from the fifth metatarsal (Figure 3T,U).

Family D: Both affected individuals (V-1 and V-2) showed 
clinical features of cognitive impairment, obesity, vision 
impairment, polysyndactylism, and hypogonadism. Camp-
todactyly was also observed in the right hand of affected 

Figure 2. Pedigree drawing of family E showing autosomal recessive inheritance. A: The red arrow indicates the affected individual for whom 
whole exome sequencing (WES) was performed. B: Affected individual IV-3 has typical features of BBS syndrome, including hypertelorism, 
deep-set eyes, a flat nasal bridge, a small mouth, retrognathia, malar hypoplasia, and curly hair. C, D: Dorsal and palmar view of hands that 
have postaxial polydactyly only in the left hand. E: Feet of affected individual IV-3 who has obesity and bilateral post axial polydactyly. F: 
Typical BBS facial features shown in affected individual IV-4: flat nasal bridge, poor eyesight, intellectual disability, and a small mouth. 
G, H: Dorsal and palmar view of the hands (IV-4) and postaxial polydactyly in the right hand. I: Feet of affected individual IV-4, showing 
obesity but no polydactyly. J: The gene structure of the MKKS gene. The arrow shows the mutation (c.119C>G) identified in exon 1 of the 
MKKS gene in the present study. K: Schematic representation of the MKKS protein domains (equatorial, intermediate, and apical domain); 
the red arrow shows the identified mutation (p.Ser40*) within the MKKS equatorial domain. Intronic regions are not drawn to scale. L: The 
upper panel shows the nucleotide sequence in the homozygous affected individual. M: The middle panel shows the nucleotide sequence 
in the heterozygous carrier. N: The lower panel shows the nucleotide sequence in the homozygous normal individual in each sequence 
chromatogram. O: Partial amino acid sequence comparison of the human MKKS protein with other orthologs showing serine residue in 
green conserved across different species. 
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Figure 3. Clinical features of affected members in four families. A, B: Affected individual IV-3 in family A, showing a thin upper lip, 
obesity, cutaneous syndactyly, and polydactyly in the left foot. C–E: Affected individual IV-4 in family A showing truncal obesity, postaxial 
polydactyly (PAP) in the hands, and polysyndactylism in the feet. F, G: Clinical features of affected individual IV-7 in family B showing 
obesity and postaxial polydactyly in his feet. H, I: Affected individual (V-1) in family B showing postaxial polydactyly in his hands and 
feet. J: Affected individual (IV-1) in family C showing clinical features of obesity, prominent nasolabial folds, a long philtrum, a thin upper 
lip, postaxial polydactyly, and curving of the pinky toward the ring finger (clinodactyly) in his hands. K: Postaxial polydactyly in both 
hands and clinodactyly in the right hand in affected individual (IV-2) in family C. L: Postaxial polydactyly in the left foot in the affected 
individual (IV-6) of family C. M–O: Affected individuals (V-1 and V-2) of family D with clinical features of obesity and anteverted nares, 
postaxial polydactyly in the right hand of affected individual V-1, and postaxial polydactyly and camptodactyly in the right hand of affected 
individual V-2. P, Q: Hands and feet radiographs of affected individual IV-3 of family A, who has PAP only in both feet and normal hands. 
R, S: Hand and feet radiographs of affected individual IV-4 of family A, who has a skin tag on his right hand and PAP type A in both feet. 
T, U: Hand and feet radiographs of affected individual IV-6 of family C, who has PAP type A. V: Fundus photographs of affected individuals 
IV-3 and IV-4 representing sine pigmento (retinitis pigmentosa). W, X: Hand radiographs of affected individual IV-1 who has PAP type A. 
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individual V-2. Clinical reports of an affected individual 
(V-2) suggested the right kidney is either missing or severely 
hypoplastic, and the affected individual had a small penis 
with cryptorchidism. Presence of cognitive impairment 
was assessed through interviews with parents of affected 
members. In affected members of all four families (A–D), 
retinitis pigmentosa debuted with night blindness started at 
the age of 5 years with progressive decreased visual acuity at 
the age of 7–10 years.

Family E: Clinical evaluation of all three affected individuals 
in family E demonstrated common BBS phenotypes, such as 
obesity, learning disability, speech difficulties, mild hearing 
problems, and slight mental retardation. PAP was observed 
in the left hand and feet of affected individual IV-3 (Figure 
2C–E) and the right hand of affected individual IV-4 (Figure 
2G,H). An extra digit was surgically removed from affected 
individual III-7.

Linkage, WES, and Sanger sequencing: Selected microsat-
ellite markers, mapped on chromosomal regions harboring 
genes for BBS1–BBS21, were used to search genetic linkage 
based upon the homozygosity mapping technique in four 
families (A–D). Haplotype analysis showed linkage in two 
families (A and B) to chromosome 4q27 harboring BBS7, 
in family C to chromosome 14q32 harboring BBS8, and 
in family D to chromosome 12q21.2 harboring BBS10. All 
affected members were heterozygous with microsatellite 
markers linked to other BBS genes.

In family E, direct WES was performed using DNA 
from an affected individual (IV-3) at the Institute of Human 
Genetics, Helmholtz Zentrum Munchen, Germany [33]. All 
the variants were filtered and validated according to minor 
allele frequency (MAF) >0.001 in the Single Nucleotide 
Polymorphism database (dbSNP) and in the 1000 Genome 
Project, Exome Variant Server (EVS), and Exome Aggrega-
tion Consortium (ExAC), 7,000 in-house exome database 
(Appendix 1).

Sanger sequencing of the BBS7 gene identified a novel 
3 bp deletion (c.580_582delGCA) in family A (Figure 
1B) and a previously reported 6 bp in-frame deletion 
(c.1592_1597delTTCCAG) in family B (Figure 1D). In family 
C, sequence analysis of the BBS8 gene revealed a homozy-
gous G to C transition at nucleotide position 1347(c.1347G>C) 
resulting in a missense variant (p.Gln449His) in all affected 
individuals (Figure 1F). In family D, sequence analysis of 
the BBS10 gene revealed a homozygous frameshift mutation 
(c.271_272insT; Figure 1H). In family E, a novel nonsense 
mutation (c.119C>G, p.Ser40*) was detected in the MKKS 
gene (Figure 2L). Unaffected members in the respective 
families were either heterozygous for a mutant allele or had a 

wild-type allele. Sanger sequencing validated cosegregation 
of the variants with the disease phenotype in all five families 
(A–E). The frequency of the identified variants in the in-house 
7,000 exomes (IHG; Germany) and ExAc is presented in 
Appendix 2. The nonpathogenic nature of the four variants 
(c.580_582delGCA and c.1592_1597delTTCCAG in the BBS7 
gene, c.1395G>C in the BBS8 gene, c.271_272insT in the 
BBS10 gene, and c.119C>G in the MKKS gene) were excluded 
in 175 ethnically matched control individuals.

DISCUSSION

Bardet-Biedl syndrome is a clinically pleiotropic disorder 
segregating in an autosomal recessive pattern [34]. However, 
in rare cases, the triallelic nature of BBS involving three 
mutated alleles in two genes have been reported as well [35]. 
In the study presented here, we identified disease-causing 
alleles in five consanguineous families (A–E) of Pakistani 
origin. The disease was inherited in an autosomal recessive 
pattern. Clinical features, observed in the five families, were 
similar to those reported previously [31]. Linkage and WES 
analysis followed by Sanger sequencing revealed five vari-
ants, including two novel mutations in BBS6 (MKKS) and 
BBS7 and three previously reported mutations in the BBS7, 
BBS8, and BBS10 genes.

The BBS7 gene spans a 60.06 kb genomic region on 
chromosome 4q27. It is composed of 19 exons encoding 715 
amino acids for the BBS7 protein. The BBS7 protein shares 
structural features with the BBS1 and BBS2 proteins [17]. 
A group of seven BBS proteins (BBS1, BBS2, BBS4, BBS5, 
BBS7, BBS8, and BBS9) form a complex called the BBSome 
that promotes ciliogenesis. The cilia are microtubule-based 
structures that play important roles in the development of 
several tissues. Two of these proteins, BBS7 and BBS8, 
although structurally different, function as intraflagellar 
transport (IFT) cohesion factors [36]. Three other proteins 
(BBS6, BBS10, and BBS12) function as chaperonins and 
arbitrate assembly of BBSome. Any sequence variant causing 
disruption in the seven genes results in defective ciliogenesis.

To date, 31 mutations, including 16 missense/nonsense, 
four splice sites, eight deletions, one small indel (inser-
tion/deletion), and one complex rearrangement, have been 
reported in the BBS7 gene (HGMD) [37]. The present study 
reported a ninth novel deletion mutation (c.580_582delGCA, 
p.Ala194del) in the BBS7 gene. The 3 bp deletion removed 
an evolutionary conserved alanine codon 194, which most 
likely altered the secondary structure of the BBS7 protein. 
The pathogenic nature of the variant was validated using 
multiple online bioinformatics tools. The second deletion 
variant (c.1592_1597delTTCCAG, p.Val531_Pro532del), 
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identified in family B, was previously reported in a family 
of Iranian origin [37].

The BBS8 gene is one of the 21 genes identified for 
Bardet-Biedl syndrome. This gene encodes the 515 amino 
acid BBS8 protein that interacts with PCM1 in ciliary biogen-
esis [18]. Thus far, 15 mutations (including four missense/
nonsense, five splice sites, five small deletions, and one small 
insertion) have been reported in the BBS8 gene (HGMD) [37]. 
Riazuddin et al. found a splice-site mutation (c.115–2A>G) 
in a retina-specific exon of BBS8 that causes non-syndromic 
retinitis pigmentosa in a consanguineous family of Paki-
stani origin [38]. Goyal et al. reported another BBS8 variant 
(p.Gln449His) that causes non-syndromic retinitis pigmen-
tosa in a consanguineous family of Indian origin. The same 
variant (p.Gln449His) was detected in family C in the present 
study [39]. However, in addition to retinitis pigmentosa, 
the affected members in family C showed all the primary 
features and phenotypic abnormalities of BBS. Among the 15 
mutations reported in the BBS8 gene thus far, only two were 
found to cause non-syndromic retinitis pigmentosa while the 
other 13 cause BBS. It is possible that the allelic mutation or 
familial background of the families plays a pivotal role in 
causing different phenotypes.

BBS10 with two exons, encoding a 723 amino acid 
protein, mapped to chromosome 12q21.2 [20]. Stoetzel et al. 
reported the most common mutation (271dupT, C91fsX95) 
in the BBS10 gene in several families with Bardet-Biedl 
syndrome. The same mutation was detected in family D 
in the present study [20]. In a study involving five fetuses 
and a child, one fetus was found to be carrying homozygous 
271dupT, 3 compound heterozygous with another mutation in 
the BBS10, and a fifth with homozygous 271dupT in addition 
to a truncating variant in the BBS6 gene [40]. To date, 88 
mutations, including 54 missense/nonsense, one splice site, 
25 deletions, seven insertions, and one indel mutation, have 
been found in the BBS10 gene (HGMD) [37], which account 
for 20% of BBS cases.

MKKS/BBS6, mapped on chromosome 20p12, encodes a 
570 amino acid protein. MKKS has been reported to cause the 
phenotypically overlapping McKusick-Kaufmann syndrome. 
Mutations in critical ciliary-regulating proteins result in an 
increase in rhodopsin in the inner segment and cause eventual 
photoreceptor cell death [41]. This results in phenotypes that 
include tunnel vision, peripheral vision loss, and blindness. 
The BBS chaperonin complex is formed at the base of the 
primary cilia in the photoreceptor cell and comprises the 
three BBS proteins (MKKS/BBS6, BBS10, and BBS12) 
that form the BBSome complex [42,43]. Mice that lack 
Bbs6 and humans who have mutations in the MKKS/BBS6, 

BBS10, or BBS12 phenotypically resemble defects caused by 
BBSome genes [44]. However, mutations in the MKKS/BBS6 
gene give rise to variable phenotypes, yet similar to other 
BBS syndromes [45]. The mutation (p.Ser40*) identified 
in family E resides within the predicted equatorial domain 
(Figure 2K) and most likely results in loss of function of the 
MKKS protein either through nonsense-mediated mRNA 
decay (NMD) or resulting in the production of a truncated 
MKSS protein. To date, 52 mutations have been identified in 
the MKKS gene, including 43 nonsense/missense, one splice 
site, six deletions, one insertion, and one indel (HGMD) [37].

BBS genes show expression in ciliated cells. Proteins, 
encoded by these genes, are divided into two groups, 
including BBSome, a complex formed by the assembly of 
BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and BBS9, involved 
in promoting ciliogenesis by recruiting Rab8GTP to enter 
the cilium and type II chaperonin-like proteins, a complex 
formed by BBS6, BBS10, and BBS12, which plays a role 
in the regulation of BBSome assembly [46]. In conclusion, 
we have identified mutations in four BBS genes that cause 
BBS phenotypes. This study will support genetic testing of 
patients with BBS in Pakistan.

APPENDIX 1. FILTERING STEPS FOLLOWED 
TO SEARCH FOR THE CANDIDATE VARIANT IN 
AFFECTED INDIVIDUAL OF FAMILY E (IV-3).

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. FREQUENCY OF THE IDENTIFIED 
VARIANTS IDENTIFIES IN FIVE FAMILIES (A-E) IN 
BOTH IN-HOUSE EXOMS AND EXAC.

To access the data, click or select the words “Appendix 2.”

ACKNOWLEDGMENTS

We highly appreciate cooperation and participation of 
the family members in this study. The work presented in 
the study was supported by Pakistan Academy of Science 
(PAS), Islamabad Pakistan. This work was funded by the 
Higher Education Commission (HEC), Islamabad, Pakistan. 
Muhammad Umair was supported by an Indigenous Ph.D. 
Fellowship and International Research Support Initiative 
Program (IRSIP) from HEC, Islamabad, Pakistan. Funding: 
The work presented in the study was supported by Pakistan 
Academy of Science (PAS), Islamabad Pakistan and funded 
by the Higher Education Commission (HEC), Islamabad, 
Pakistan.

http://www.molvis.org/molvis/v23/482
http://hgmd.cf.ac.uk/ac/index.php
http://hgmd.cf.ac.uk/ac/index.php
http://hgmd.cf.ac.uk/ac/index.php
http://www.molvis.org/molvis/v23/appendices/mv-v23-482-app-1.docx
http://www.molvis.org/molvis/v23/appendices/mv-v23-482-app-2.docx


Molecular Vision 2017; 23:482-494 <http://www.molvis.org/molvis/v23/482> © 2017 Molecular Vision 

492

REFERENCES
1. Beales PL, Elcioglu N, Woolf AS, Parker D, Flinter FA. New 

criteria for improved diagnosis of Bardet–Biedl syndrome: 
results of a population survey.  J Med Genet  1999; 36:437-46. 
[PMID: 10874630].

2. . M’HamdiO.  Ouertani I, Chaabouni-Bouhamed H. Update 
on the genetics of Bardet-Biedl syndrome.  Mol Syndromol  
2014; 5:51-6. [PMID: 24715851].

3. Moore SJ, Green JS, Fan Y, Bhogal AK, Dicks E, Fernandez 
BA, Stefanelli M, Murphy C, Cramer BC, Dean JC, Beales 
PL, Katsanis N, Bassett AS, Davidson WS, Parfrey PS. 
Clinical and genetic epidemiology of Bardet-Biedl syndrome 
in Newfoundland: a 22-year prospective, population-based, 
cohort study.  Am J Med Genet  2005; 132A:352-60. [PMID: 
15637713].

4. Deveault C, Billingsley G, Duncan JL, Bin J, Theal R, 
Vincent A, Fieggen KJ, Gerth C, Noordeh N, Traboulsi EI, 
Fishman GA, Chitayat D, Knueppel T, Millán JM, Munier 
FL, Kennedy D, Jacobson SG, Innes AM, Mitchell GA, 
Boycott K, Héon E. BBS genotype-phenotype assessment of 
a multiethnic patient cohort calls for a revision of the disease 
definition.  Hum Mutat  2011; 32:610-9. [PMID: 21344540].

5. Shin SJ, Kim M, Chae H, Kwon A, Kim Y, Kim SJ, Yoon HE, 
Jekarl DW, Lee S. Identification of compound heterozygous 
mutations in the BBS7 Gene in a Korean family with Bardet-
Biedl Syndrome.  Ann Lab Med  2015; 35:181-4. [PMID: 
25553308].

6. Sahin C, Huddam B, Akbaba G, Tunca H, Koca E, Levent M. 
Two Brothers with Bardet-Biedl syndrome presenting with 
chronic renal failure.  Case Rep Nephrol  2015; 2015:[PMID: 
25960897].

7. Riise R, Andréasson S, Borgaström MK, Wright AF, Tomm-
erup N, Rosenberg T, Tornqvist K. Intrafamilial variation of 
the phenotype in Bardet–Biedl syndrome.  Br J Ophthalmol  
1997; 81:378-85. [PMID: 9227203].

8. David A, Bitoun P, Lacombe D, Lambert JC, Nivelon A, 
Vigneron J, Verloes A. Hydrometrocolpos and polydactyly: 
a common neonatal presentation of Bardet-Biedl and McKu-
sick-Kaufman syndromes.  J Med Genet  1999; 36:599-603. 
[PMID: 10465109].

9. Forsythe E, Beales PL. Bardet-Biedl syndrome.  Eur J Hum 
Genet  2013; 21:8-13. [PMID: 22713813].

10. White DR, Ganesh A, Nishimura D, Rattenberry E, Ahmed 
S, Smith UM, Pasha S, Raeburn S, Trembath RC, Rajab A, 
Macdonald F, Banin E, Stone EM, Johnson CA, Sheffield VC, 
Maher ER. Autozygosity mapping of Bardet–Biedl syndrome 
to 12q21.2 and confirmation of FLJ23560 as BBS10.  Eur J 
Hum Genet  2007; 15:173-8. [PMID: 17106446].

11. Mykytyn K, Braun T, Carmi R, Haider NB, Searby CC, 
Shastri M, Beck G, Wright AF, Iannaccone A, Elbedour K, 
Riise R, Baldi A, Raas-Rothschild A, Gorman SW, Duhl 
DM, Jacobson SG, Casavant T, Stone EM, Sheffield VC. 
Identification of the gene that, when mutated, causes the 
human obesity syndrome BBS4.  Nat Genet  2001; 28:188-91. 
[PMID: 11381270].

12. Nishimura DY, Searby CC, Carmi R, Elbedour K, Van 
Maldergem L, Fulton AB, Lam BL, Powell BR, Swiderski 
RE, Bugge KE, Haider NB, Kwitek-Black AE, Ying L, 
Duhl DM, Gorman SW, Heon E, Iannaccone A, Bonneau D, 
Biesecker LG, Jacobson SG, Stone EM, Sheffield VC. Posi-
tional cloning of a novel gene on chromosome 16q causing 
Bardet-Biedl syndrome (BBS2).  Hum Mol Genet  2001; 
10:865-74. [PMID: 11285252].

13. Fan Y, Esmail MA, Ansley SJ, Blacque OE, Boroevich K, 
Ross AJ, Moore SJ, Badano JL, May-Simera H, Compton 
DS, Green JS, Lewis RA, van Haelst MM, Parfrey PS, 
Baillie DL, Beales PL, Katsanis N, Davidson WS, Leroux 
MR. Mutations in a member of the Ras superfamily of small 
GTP-binding proteins causes Bardet-Biedl syndrome.  Nat 
Genet  2004; 36:989-93. [PMID: 15314642].

14. Iannaccone A, Mykytyn K, Persico AM, Searby CC, Baldi A, 
Jablonski MM, Sheffield VC. Clinical evidence of decreased 
olfaction in Bardet-Biedl syndrome caused by a deletion in 
the BBS4 gene.  Am J Med Genet  2005; 132A:343-6. [PMID: 
15654695].

15. Young TL, Penney L, Woods MO, Parfrey PS, Green JS, 
Hefferton D, Davidson WS. A fifth locus for Bardet-Biedl 
syndrome maps to chromosome 2q31.  Am J Hum Genet  
1999; 64:900-4. [PMID: 10053027].

16. Slavotinek AM, Stone EM, Mykytyn K, Heckenlively JR, 
Green JS, Heon E, Musarella MA, Parfrey PS, Sheffield 
VC, Biesecker LG. Mutations in MKKS cause Bardet-Biedl 
syndrome.  Nat Genet  2000; 26:15-6. [PMID: 10973238].

17. Badano JL, Ansley SJ, Leitch CC, Lewis RA, Lupski JR, 
Katsanis N. Identification of a novel Bardet-Biedl syndrome 
protein, BBS7, that shares structural features with BBS1 and 
BBS2. A.  J Hum Genet  2003; 72:650-8. [PMID: 12567324].

18. Ansley SJ, Badano JL, Blacque OE, Hill J, Hoskins BE, Leitch 
CC, Kim JC, Ross AJ, Eichers ER, Teslovich TM, Mah AK, 
Johnsen RC, Cavender JC, Lewis RA, Leroux MR, Beales 
PL, Katsanis N. Basal body dysfunction is a likely cause of 
pleiotropic Bardet-Biedl syndrome.  Nature  2003; 425:628-
33. [PMID: 14520415].

19. Nishimura DY, Swiderski RE, Searby CC, Berg EM, Ferguson 
AL, Hennekam R, Merin S, Weleber RG, Biesecker LG, 
Stone EM, Sheffield VC. Comparative genomics and gene 
expression analysis identifies BBS9, a new Bardet-Biedl 
syndrome gene.  Am J Hum Genet  2005; 77:1021-33. [PMID: 
16380913].

20. Stoetzel C, Laurier V, Davis EE, Muller J, Rix S, Badano 
JL, Leitch CC, Salem N, Chouery E, Corbani S, Jalk N, 
Vicaire S, Sarda P, Hamel C, Lacombe D, Holder M, Odent 
S, Holder S, Brooks AS, Elcioglu NH, Silva ED, Rossillion 
B, Sigaudy S, de Ravel TJ, Lewis RA, Leheup B, Verloes A, 
Amati-Bonneau P, Mégarbané A, Poch O, Bonneau D, Beales 
PL, Mandel JL, Katsanis N, Dollfus H. BBS10 encodes a 
vertebrate-specific chaperonin-like protein and is a major 
BBS locus.  NatureGenet  2006; 38:521-4. [PMID: 16582908].

21. Chiang AP, Beck JS, Yen HJ, Tayeh MK, Scheetz TE, Swid-
erski RE, Nishimura DY, Braun TA, Kim KY, Huang J, 
Elbedour K, Carmi R, Slusarski DC, Casavant TL, Stone 

http://www.molvis.org/molvis/v23/482
http://www.ncbi.nlm.nih.gov/pubmed/10874630
http://www.ncbi.nlm.nih.gov/pubmed/24715851
http://www.ncbi.nlm.nih.gov/pubmed/15637713
http://www.ncbi.nlm.nih.gov/pubmed/15637713
http://www.ncbi.nlm.nih.gov/pubmed/21344540
http://www.ncbi.nlm.nih.gov/pubmed/25553308
http://www.ncbi.nlm.nih.gov/pubmed/25553308
http://www.ncbi.nlm.nih.gov/pubmed/25960897
http://www.ncbi.nlm.nih.gov/pubmed/25960897
http://www.ncbi.nlm.nih.gov/pubmed/9227203
http://www.ncbi.nlm.nih.gov/pubmed/10465109
http://www.ncbi.nlm.nih.gov/pubmed/22713813
http://www.ncbi.nlm.nih.gov/pubmed/17106446
http://www.ncbi.nlm.nih.gov/pubmed/11381270
http://www.ncbi.nlm.nih.gov/pubmed/11285252
http://www.ncbi.nlm.nih.gov/pubmed/15314642
http://www.ncbi.nlm.nih.gov/pubmed/15654695
http://www.ncbi.nlm.nih.gov/pubmed/15654695
http://www.ncbi.nlm.nih.gov/pubmed/10053027
http://www.ncbi.nlm.nih.gov/pubmed/10973238
http://www.ncbi.nlm.nih.gov/pubmed/12567324
http://www.ncbi.nlm.nih.gov/pubmed/14520415
http://www.ncbi.nlm.nih.gov/pubmed/16380913
http://www.ncbi.nlm.nih.gov/pubmed/16380913
http://www.ncbi.nlm.nih.gov/pubmed/16582908


Molecular Vision 2017; 23:482-494 <http://www.molvis.org/molvis/v23/482> © 2017 Molecular Vision 

493

EM, Sheffield VC. Homozygosity mapping with SNP arrays 
identifies TRIM32, an E3 ubiquitin ligase, as a Bardet-Biedl 
syndrome gene (BBS11).  Proc Natl Acad Sci USA  2006; 
103:6287-92. [PMID: 16606853].

22. Stoetzel C, Muller J, Laurier V, Davis EE, Zaghloul NA, 
Vicaire S, Jacquelin C, Plewniak F, Leitch CC, Sarda P, Hamel 
C, de Ravel TJ, Lewis RA, Friederich E, Thibault C, Danse 
JM, Verloes A, Bonneau D, Katsanis N, Poch O, Mandel 
JL, Dollfus H. Identification of a novel BBS gene (BBS12) 
highlights the major role of a vertebrate-specific branch of 
chaperonin-related proteins in Bardet-Biedl syndrome.  Am 
J Hum Genet  2007; 80:1-11. [PMID: 17160889].

23. Leitch CC, Zaghloul NA, Davis EE, Stoetzel C, Diaz-Font A, 
Rix S, Alfadhel M, Lewis RA, Eyaid W, Banin E, Dollfus 
H, Beales PL, Badano JL, Katsanis N. Hypomorphic muta-
tions in syndromic encephalocele genes are associated with 
Bardet-Biedl syndrome.  Nat Genet  2008; 40:443-8. [PMID: 
18327255].

24. Kim SK, Shindo A, Park TJ, Oh EC, Ghosh S, Gray RS, Lewis 
RA, Johnson CA, Attie-Bittach T, Katsanis N, Wallingford 
JB. Planar cell polarity acts through septins to control collec-
tive cell movement and ciliogenesis.  Science  2010; 329:1337-
40. [PMID: 20671153].

25. Otto EA, Hurd TW, Airik R, Chaki M, Zhou W, Stoetzel C, 
Patil SB, Levy S, Ghosh AK, Murga-Zamalloa CA, van 
Reeuwijk J, Letteboer SJ, Sang L, Giles RH, Liu Q, Coene 
KL, Estrada-Cuzcano A, Collin RW, McLaughlin HM, Held 
S, Kasanuki JM, Ramaswami G, Conte J, Lopez I, Wash-
burn J, Macdonald J, Hu J, Yamashita Y, Maher ER, Guay-
Woodford LM, Neumann HP, Obermüller N, Koenekoop 
RK, Bergmann C, Bei X, Lewis RA, Katsanis N, Lopes V, 
Williams DS, Lyons RH, Dang CV, Brito DA, Dias MB, 
Zhang X, Cavalcoli JD, Nürnberg G, Nürnberg P, Pierce EA, 
Jackson PK, Antignac C, Saunier S, Roepman R, Dollfus H, 
Khanna H, Hildebrandt F. Candidate exome capture identi-
fies mutation of SDCCAG8 as the cause of a retinal-renal 
ciliopathy.  Nat Genet  2010; 42:840-50. [PMID: 20835237].

26. Marion V, Stutzmann F, Gérard M, De Melo C, Schaefer E, 
Claussmann A, Hellé S, Delague V, Souied E, Barrey C, 
Verloes A, Stoetzel C, Dollfus H. Exome sequencing identi-
fies mutations in LZTFL1, a BBSome and smoothened traf-
ficking regulator, in a family with Bardet-Biedl syndrome 
with situsinversus and insertionalpolydactyly.  J Med Genet  
2012; 49:317-21. [PMID: 22510444].

27. Scheidecker S, Etard C, Pierce NW, Geoffroy V, Schaefer E, 
Muller J, Chennen K, Flori E, Pelletier V, Poch O, Marion 
V, Stoetzel C, Strähle U, Nachury MV, Dollfus H. Exome 
sequencing of Bardet-Biedl syndrome patient identifies a null 
mutation in the BBSome subunit BBIP1 (BBS18).  J Med 
Genet  2014; 51:132-6. [PMID: 24026985].

28. Aldahmesh MA, Li Y, Alhashem A, Anazi S, Alkuraya H, 
Hashem M, Awaji AA, Sogaty S, Alkharashi A, Alzahrani 
S, Al Hazzaa SA, Xiong Y, Kong S, Sun Z, Alkuraya FS. 
IFT27, encoding a small GTPase component of IFT particles, 
is mutated in a consanguineous family with Bardet-Biedl 

syndrome.  Hum Mol Genet  2014; 23:3307-15. [PMID: 
24488770].

29. Schaefer E, Stoetzel C, Scheidecker S, Geoffroy V, Prasad 
MK, Redin C, Missotte I, Lacombe D, Mandel JL, Muller 
J, Dollfus H. Identification of a novel mutation confirms the 
implication of IFT172 (BBS20) in Bardet-Biedl syndrome.  J 
Hum Genet  2016; 61:447-50. [PMID: 26763875].

30. Heon E, Kim G, Qin S, Garrison JE, Tavares E, Vincent A, 
Nuangchamnong N, Scott CA, Slusarski DC, Sheffield 
VC. Mutations in C8ORF37 cause BardetBiedl syndrome 
(BBS21).  Hum Mol Genet  2016; 25:2283-94. [PMID: 
27008867].

31. Khan S, Ullah I. Irfanullah, Touseef M, Basit S, Khan MN, 
Ahmad W. Novel homozygous mutations in the genes ARL6 
and BBS10 underlying Bardet-Biedl syndrome.  Gene  2013; 
515:84-8. [PMID: 23219996].

32. Rozen S, Skaletsky H. Primer3 on the WWW for general users 
and for biologist programmers.  Methods Mol Biol  2000; 
132:365-86. [PMID: 10547847].

33. Haack TB, Danhauser K, Haberberger B, Hoser J, Strecker 
V, Boehm D, Uziel G, Lamantea E, Invernizzi F, Poulton J, 
Rolinski B, Iuso A, Biskup S, Schmidt T, Mewes HW, Wittig 
I, Meitinger T, Zeviani M, Prokisch H. Exome sequencing 
identifies ACAD9 mutations as a cause of complex I defi-
ciency.  Nat Genet  2010; 42:1131-4. .

34. Muller J, Stoetzel C, Vincent MC, Leitch CC, Laurier V, 
Danse JM, Hellé S, Marion V, Bennouna-Greene V, Vicaire 
S, Megarbane A, Kaplan J, Drouin-Garraud V, Hamdani M, 
Sigaudy S, Francannet C, Roume J, Bitoun P, Goldenberg A, 
Philip N, Odent S, Green J, Cossée M, Davis EE, Katsanis 
N, Bonneau D, Verloes A, Poch O, Mandel JL, Dollfus H. 
Identification of 28 novel mutations in the Bardet–Biedl 
syndrome genes: the burden of private mutations in an exten-
sively heterogeneous disease.  Hum Genet  2010; 127:583-93. 
[PMID: 20177705].

35. Katsanis N, Ansley SJ, Badano JL, Eichers ER, Lewis RA, 
Hoskins BE, Scambler PJ, Davidson WS, Beales PL, Lupski 
JR. Triallelic inheritance in Bardet-Biedl syndrome, a 
Mendelian recessive disorder.  Science  2001; 293:2256-9. 
[PMID: 11567139].

36. Nachury MV, Loktev AV, Zhang Q, Westlake CJ, Peränen J, 
Merdes A, Slusarski DC, Scheller RH, Bazan JF, Sheffield 
VC, Jackson PK. A core complex of BBS proteins cooperates 
with the GTPase Rab8 to promote ciliary membrane biogen-
esis.  Cell  2007; 129:1201-13. [PMID: 17574030].

37. Stenson PD, Mort M, Ball EV, Shaw K, Phillips A, Cooper DN. 
The Human Gene Mutation Database: building a comprehen-
sive mutation repository for clinical and molecular genetics, 
diagnostic testing and personalized genomic medicine.  Hum 
Genet  2014; 133:1-9. [PMID: 24077912].

38. Riazuddin SA, Iqbal M, Wang Y, Masuda T, Chen Y, Bowne S, 
Sullivan LS, Waseem NH, Bhattacharya S, Daiger SP, Zhang 
K, Khan SN, Riazuddin S, Hejtmancik JF, Sieving PA, Zack 
DJ, Katsanis N. A Splice-Site Mutation in a Retina-Specific 

http://www.molvis.org/molvis/v23/482
http://www.ncbi.nlm.nih.gov/pubmed/16606853
http://www.ncbi.nlm.nih.gov/pubmed/17160889
http://www.ncbi.nlm.nih.gov/pubmed/18327255
http://www.ncbi.nlm.nih.gov/pubmed/18327255
http://www.ncbi.nlm.nih.gov/pubmed/20671153
http://www.ncbi.nlm.nih.gov/pubmed/20835237
http://www.ncbi.nlm.nih.gov/pubmed/22510444
http://www.ncbi.nlm.nih.gov/pubmed/24026985
http://www.ncbi.nlm.nih.gov/pubmed/24488770
http://www.ncbi.nlm.nih.gov/pubmed/24488770
http://www.ncbi.nlm.nih.gov/pubmed/26763875
http://www.ncbi.nlm.nih.gov/pubmed/27008867
http://www.ncbi.nlm.nih.gov/pubmed/27008867
http://www.ncbi.nlm.nih.gov/pubmed/23219996
http://www.ncbi.nlm.nih.gov/pubmed/10547847
http://www.ncbi.nlm.nih.gov/pubmed/20177705
http://www.ncbi.nlm.nih.gov/pubmed/11567139
http://www.ncbi.nlm.nih.gov/pubmed/17574030
http://www.ncbi.nlm.nih.gov/pubmed/24077912


Molecular Vision 2017; 23:482-494 <http://www.molvis.org/molvis/v23/482> © 2017 Molecular Vision 

494

Exon of BBS8 Causes Nonsyndromic Retinitis Pigmentosa.  
Am J Hum Genet  2010; 86:805-12. [PMID: 20451172].

39. Goyal S, Jäger M, Robinson PN, Vanita V. Confirmation 
of TTC8 as a disease gene for nonsyndromic autosomal 
recessive retinitis pigmentosa (RP51).  Clin Genet  2015; 
2015:[PMID: 26195043].

40. Putoux A, Mougou-Zerelli S, Thomas S, Elkhartoufi N, Audol-
lent S, Le Merrer M, Lachmeijer A, Sigaudy S, Buenerd A, 
Fernandez C, Delezoide AL, Gubler MC, Salomon R, Saad A, 
Cordier MP, Vekemans M, Bouvier R, Attie-Bitach T. BBS10 
mutations are common in ‘Meckel’-type cystic kidneys.  J 
Med Genet  2010; 47:848-52. [PMID: 20805367].

41. Ramamurthy V. CayouetteM. Development and disease of the 
photoreceptor cilium.  Clin Genet  2009; 76:137-45. [PMID: 
19790290].

42. Seo S, Baye LM, Schulz NP, Beck JS, Zhang Q, Slusarski DC, 
Sheffield VC. BBS6, BBS10, and BBS12 form a complex 
with CCT/TRiC family chaperonins and mediate BBSome 
assembly.  Proc Natl Acad Sci USA  2010; 107:1488-93. 
[PMID: 20080638].

43. Sheffield VC. The blind leading the obese: the molecular 
pathophysiology of a human obesity syndrome.  Trans Am 
Clin Climatol Assoc  2010; 121:172-81. [PMID: 20697559].

44. Nishimura DY, Fath M, Mullins RF, Searby C, Andrews M, 
Davis R, Andorf JL, Mykytyn K, Swiderski RE, Yang B, 
Carmi R, Stone EM, Sheffield VC. Bbs2-null mice have 
neurosensory deficits, a defect in social dominance, and reti-
nopathy associated with mislocalization of rhodopsin.  Proc 
Natl Acad Sci USA  2004; 101:16588-93. [PMID: 15539463].

45. Schaefer E, Durand M, Stoetzel C, Doray B, Viville B, Hellé S, 
Danse JM, Hamel C, Bitoun P, Goldenberg A, Finck S, Faivre 
L, Sigaudy S, Holder M, Vincent MC, Marion V, Bonneau 
D, Verloes A, Nisand I, Mandel JL, Dollfus H. Molecular 
diagnosis reveals genetic heterogeneity for the overlapping 
MKKS and BBS phenotypes.  Eur J Med Genet  2011; 54:157-
60. [PMID: 21044901].

46. Seo S, Baye LM, Schulz NP, Beck JS, Zhang Q, Slusarski DC, 
Sheffield VC. BBS6, BBS10, and BBS12 form a complex 
with CCT/TRiC family chaperonins and mediate BBSome 
assembly.  Proc Natl Acad Sci USA  2010; 107:1488-93. 
[PMID: 20080638].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 21 July 2017. This reflects all typographical corrections and errata to the article 
through that date. Details of any changes may be found in the online version of the article.

http://www.molvis.org/molvis/v23/482
http://www.ncbi.nlm.nih.gov/pubmed/20451172
http://www.ncbi.nlm.nih.gov/pubmed/26195043
http://www.ncbi.nlm.nih.gov/pubmed/20805367
http://www.ncbi.nlm.nih.gov/pubmed/19790290
http://www.ncbi.nlm.nih.gov/pubmed/19790290
http://www.ncbi.nlm.nih.gov/pubmed/20080638
http://www.ncbi.nlm.nih.gov/pubmed/20697559
http://www.ncbi.nlm.nih.gov/pubmed/15539463
http://www.ncbi.nlm.nih.gov/pubmed/21044901
http://www.ncbi.nlm.nih.gov/pubmed/20080638

	Reference r46
	Reference r45
	Reference r44
	Reference r43
	Reference r42
	Reference r41
	Reference r40
	Reference r39
	Reference r38
	Reference r37
	Reference r36
	Reference r35
	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1
	Table t1
	Table t2

