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Bardet-Biedl syndrome (BBS) is a pleiotropic genetic disor-
der with the cardinal features of obesity, photoreceptor degener-
ation, polydactyly, hypogenitalism, renal abnormalities, and de-
velopmental delay. Other associated clinical findings in BBS
patients include diabetes, hypertension, and congenital heart
defects. The clinical diagnosis is based on the presence of at least
four of the cardinal symptoms. BBS is recognized to be a
genetically heterogeneous autosomal recessive disorder mapping
to eight known loci. Positional cloning and candidate gene
evaluation have resulted in the identification of six BBS genes.
Mutation of one of these genes, BBS6, also causes McKusick-
Kaufman syndrome. The BBS6 gene is predicted to code for a
protein with sequence similarity to the chaperonin family of
proteins. The predicted BBS1, BBS2, BBS4, BBS7, and BBS8

gene products do not seem to be molecular chaperones, on the
basis of a lack of sequence similarity to the chaperonin family of
proteins. The identification of BBS8 suggests a possible role in
cilia function for BBS gene products. It remains to be determined
whether the multiple BBS proteins are part of a multisubunit
complex or do not directly interact with each other but are part of
a common pathway. The study of BBS illustrates the value of
using isolated inbred populations for the study of human genetic
diseases and suggests strategies for facilitating the study of
complex diseases and traits. (Pediatr Res 55: 908–911, 2004)

Abbreviations
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Hereditary diseases are often divided into two categories:
those that display a simple Mendelian mode of inheritance and
genetically complex disorders that do not display Mendelian
inheritance. Mendelian disorders are the result of abnormalities
of single genes, whereas complex disorders result from the
interaction of at least two genes and/or genes and environmen-
tal factors. Mendelian disorders are individually rare but be-
cause �10,000 Mendelian disorders exist cumulatively have a
major impact on health, particularly in the pediatric population.
Complex disorders are individually common. With the com-
pletion of the Human Genome Project, the resources, oppor-
tunity, and challenge exist to assign function to all genes. One
component of fully understanding gene function is to elucidate
the involvement of individual genes in both monogenic and
complex human diseases. One approach to better understand-

ing the molecular pathophysiology of complex disorders is to
investigate Mendelian disorders that have phenotypic overlap
with common complex diseases. Our laboratory has applied
this strategy by studying Bardet-Biedl syndrome (BBS), a
fascinating disorder once thought to be a single locus autoso-
mal recessive disorder but now proved to be a genetically
heterogeneous disease caused by multiple individual loci (1–
6). Furthermore, there has been the recent suggestion that some
cases of BBS result from the interaction of two or more loci
(7–10). Because of the extensive genetic heterogeneity and
possible genetic complexity, the study of BBS has benefited
extensively from the availability of isolated human populations
with this disorder.

In 1866, Laurence and Moon (11) described a syndrome that
consisted of retinal degeneration, hypogonadism, mental retar-
dation, and spastic paraplegia. Bardet (12) and Biedl (13)
independently described a similar syndrome with the additional
features of polydactyly and obesity. Subsequently, the disorder
was referred to in the scientific and medical literature as
Laurence-Moon-Biedl syndrome and Laurence-Moon-Bardet-
Biedl syndrome. More recently, the Laurence-Moon-Bardet-
Biedl syndrome has been considered to be two distinct disor-
ders, Laurence-Moon syndrome and Bardet-Biedl syndrome
(14). BBS is now recognized to have the primary features of
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obesity, polydactyly, pigmentary retinopathy, hypogonadism,
renal anomalies, and developmental delay (14–17). Secondary
features of BBS include diabetes, hypertension, and congenital
heart defects (16, 18).

BBS is rare in most populations (�1/100,000) but is re-
ported to occur at a much higher incidence in some isolated
inbred populations (19). It is hypothesized that genes involved
in BBS may provide clues to the identification of biochemical
and developmental pathways involved in common disorders
and traits such as obesity, as well as provide additional under-
standing of normal developmental processes.

Genetic heterogeneity of BBS. Little was known about the
cause of BBS, and no BBS genes or loci were identified until
we began studying the disorder in isolated Bedouin Arab
populations (1). The high rate of consanguinity in these pop-
ulations results in an increase in the frequency of recessive
genetic disorders (20). Three tribes with BBS were identified
among the Bedouin Arabs of Israel. It was expected that the
combined genetic information available in these three tribes
would make it possible to map and positionally clone the BBS
gene. Surprising, genetic mapping studies demonstrated that
the disorder mapped to a different region of the human genome
in each of the three Bedouin kindreds (1, 3, 4). Work by us and
others have now identified eight loci involved in BBS on
chromosomes 11q13 (BBS1) (2), 16q21 (BBS2) (1), 3p
(BBS3) (3), 15q22.3-q23 (BBS4) (4), 2q31 (BBS5) (5), 20p12
[BBS6; McKusick-Kaufman syndrome (MKKS)] (21, 22), 4p
(BBS7) (23), and 14q32 (BBS8) (24). In addition, a pericentric
inversion of chromosome 1 (p36.3;q23) has been reported to be
associated with the BBS phenotype in multiple members of a
single extended family (25).

Identification of BBS genes. Studies aimed at identifying
the genes involved in BBS focused on refining the map posi-
tions of loci and the evaluation of positional candidate genes
within the mapped intervals. Positional cloning of the BBS
genes was initially hindered by the extensive genetic hetero-
geneity and by the inability to distinguish between causative
loci based on phenotypic analysis. The identification of the first
BBS gene resulted from the recognition that BBS shared
phenotypic features of the McKusick-Kaufman syndrome
(MKS). MKS is an autosomal recessive disorder characterized
by vaginal atresia with hydrometrocolpos, postaxial polydac-
tyly, and congenital heart defects (26, 27). The phenotypic
overlap between MKS and BBS suggested that the gene that
causes MKS would be a likely candidate gene for BBS. MKS
was initially mapped to chromosome 20p12 using an Old Order
Amish population (28). The causative gene was subsequently
identified using positional cloning methods and given the name
MKKS (29). On the basis of phenotypic overlap between BBS
and MKS, two groups independently identified a total of six
mutations in BBS families, convincingly demonstrating that
mutations in the MKKS gene cause a small subset of BBS cases
(21, 22). The MKKS gene is now often referred to as BBS6.

Our laboratory recently used positional cloning to identify
the BBS1, BBS2, and BBS4 genes (30–32). The use of popu-
lation isolates and haplotype analysis was key to the identifi-
cation of these genes by making it possible to map the indi-
vidual loci and narrow the disease intervals even in the

presence of extensive genetic heterogeneity. The identification
of BBS1, BBS2, and BBS4 was accomplished using populations
from Puerto Rico and Bedouin populations from Israel. Sub-
sequently, BBS7 and BBS8 were identified using a candidate
gene approach based on the observation of some similarity
with BBS2 and BBS4, respectively (23, 24).

BBS gene function. Despite that six BBS genes now have
been identified, little is known about the function of these
genes and how they contribute to the pathogenesis of BBS. The
known genes show very similar spatial and temporal patterns
of expression. All are expressed early in development and
continue to be widely expressed in adult tissues (29, 30–32).
One of these genes, BBS6, is predicted to code for a protein that
has sequence similarity to the chaperonin family of proteins.
Molecular chaperones are proteins that participate in the fold-
ing or assembly of nascent proteins into a higher order struc-
ture. The BBS6 protein has significant sequence homology to
the � subunit of the Thermoplasma acidophilum thermosome
(25), a prokaryotic chaperonin complex with structural simi-
larity to a eukaryotic chaperonin called tailless complex
polypeptide ring complex. On the basis of sequence homology,
BBS1, BBS2, BBS4, and BBS7 do not seem to play a chap-
eronin role. These proteins may require BBS6 for proper
folding and function.

The predicted BBS1, BBS2, and BBS7 proteins do not have
sequence homology to other known proteins that provide sig-
nificant clues to their function (30–32). BBS1 and BBS2 show
modest sequence homology to each other over a limited region.
Similarly, BBS2 and BBS7 show some sequence similarity.
The predicted BBS4 protein shows weak homology to O-
linked N-acetylglucosamine transferase from several species
(30). This sequence homology is limited to the TPR domains
and is of unclear significance.

The recent discovery of BBS8 seems to have provided an
important clue to the function of BBS proteins. The predicted
protein sequence of BBS8 exhibits significant similarity to the
pilF prokaryotic domain. In bacteria, the pilF gene has been
shown to be involved in assembly of type IV pili, which
mediate bacterial twitching motility (33). Ansley et al. (24)
hypothesized that BBS8 and other BBS proteins are involved
in cilia function. In support of this hypothesis, they demon-
strated that BBS8 localizes to the basal body of ciliated cells,
suggesting a role for BBS8 and other BBS proteins in ciliary
assembly, maintenance, or function. It remains to be seen
whether the multiple BBS genes will prove to code for proteins
that are a part of a multisubunit complex or whether BBS
proteins do not directly interact with each other but are part of
a common biochemical or developmental pathway.

Genetic insights from monogenic disorders. The study of
monogenic disorders can contribute to our understanding of
complex disorders at several levels. First, the study of mono-
genic disorders that have phenotypic overlap with a common
complex disorder can lead to identification of biochemical or
developmental pathways involved in the common phenotype.
For example, the study of BBS may lead to an understanding
of pathways involved in regulation of weight control. Second,
the study of Mendelian diseases can lead to improved under-
standing of genetic mechanisms that can play a role in genet-
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ically complex disease. Finally, the study of monogenic disor-
ders can lead to improved strategies for studying genetically
complex disorders. To date, the study of BBS has not estab-
lished a unifying disease mechanism. However, this work has
provided insights into the types of mutational events, genetic
variation, study design, and strategies that are likely to con-
tribute to the understanding of common complex disorders.
Furthermore, this research has provided opportunities to gain
insight into basic biologic processes and specific disease
pathophysiology.

Mutation analysis of the BBS1 gene indicated that nearly
40% of North American and European BBS patients have
mutations in this gene, making it the most common cause of
BBS, and identified a common mutation (M390R) shared by
most BBS1 patients (32, 34). A surprisingly large region (~400
kb) of linkage disequilibrium is shared across populations in
patients with the BBS1 M390R mutation (34). Although iden-
tification of shared haplotypes in affected individuals is poten-
tially a powerful approach for identifying genes involved in
complex disorders, one must be cautious when using this
approach. For example, three different BBS mutations were
found on a rare Puerto Rican haplotype, a finding suggesting a
bias for mutational events on some haplotypes or a change in
the Puerto Rican population structure over time (32, 34).
Furthermore, a 6-kb deletion mutation was identified in the
BBS4 gene in unrelated families. This mutation seems to be
recurrent because the mutation is found on different genetic
backgrounds in two different families. The recurrence of this
mutation is due to unequal crossing over between Alu se-
quences within this gene (31). This finding illustrates that local
sequence context can result in recurrence of identical mutations
in unrelated individuals and on different haplotypes. This
finding is relevant to the study of complex diseases because it
suggests that some disorders may occur commonly as a result
of mutational events that recur relatively often in a population
as a result of local genomic sequence and architecture.

Mutation analysis of the BBS2, BBS4, and BBS6 genes led to
the hypothesis that three mutant alleles are required for man-
ifestation of the BBS phenotype, a form of complex inheritance
referred to as triallelic (8). To investigate the potential for
complex inheritance of BBS, we have sequenced the known
BBS genes, including the recently identified BBS1 gene, in a
large patient cohort (32, 34). Our data indicate that BBS
displays autosomal recessive inheritance. However, reports of
rare instances of BBS nonpenetrance are consistent with com-
plex inheritance in a small subset of patients (8–10). Impor-
tantly, the existence of inter- and intrafamilial clinical variation
indicates that there are genes that modify the BBS phenotype
(16, 18, 35–37). Genetic modifiers of the BBS phenotype may
be the other BBS genes and/or genes that encode products that
interact with BBS proteins.

Improved studies of complex disease. The identification of
genes involved in common complex diseases has proved to be
difficult. Improved and refined strategies need to be used to
facilitate identification of genes and sequence variation in-
volved in such disorders. Such strategies include 1) investiga-
tion of the influence of local genomic architecture on recurrent
mutation, 2) evaluation of the contribution of gene dosage

differences (increased and decreased) to disease phenotypes,
and 3) determination of the influence on gene expression of
noncoding evolutionary-conserved sequences. Thus, in pursuit
of genes and genetic variation involved in complex disorders,
we will need to take into account genomic architecture, local
sequence context, and genome annotation in the evaluation of
candidate genes and include the use of methods for identifying
recurrent mutations, gene dosage variation, and variation in
noncoding sequences. Furthermore, the identification of the
genes that cause Mendelian disorders such as BBS provides the
opportunity to identify genes that mitigate or modify pheno-
types generally thought to be monogenic in origin. Continued
study of Mendelian disorders and their modifier may provide
the best opportunity for improved understanding of genetic
complexity.

BBS animal models. The identification of modifier genes for
even monogenic disorders is difficult in humans. The use of
animal models is a powerful resource for the identification of
modifier genes. In preliminary work, we have developed ze-
brafish and mouse models of BBS and are in the process of
careful phenotypic evaluation of these models. Such animal
models will allow studies to determine whether BBS genes
modify each other and the opportunity to use genetic methods
to identify other loci that genetically interact with the known
BBS genes. Furthermore, these models will facilitate function
studies of the BBS proteins and the further study of BBS
pathophysiology.
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