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Abstract. From a handful of uncloned genetic loci 6
years ago, great strides have been made in understanding
the genetic and molecular actiology of Bardet-Biedl syn-
drome (BBS), a rare pleiotropic disorder characterised by
amultitude of symptoms, including obesity, retinal degen-
eration and cystic kidneys. Presently, 11 BBS genes have
been cloned, with the likelihood that yet more BBS genes
remain undiscovered. In 2003, a major breakthrough was
made when it was shown that BBS is likely caused by
defects in basal bodies and/or primary cilia. Since then,
studies in numerous animal models of BBS have corrob-

orated the initial findings and, in addition, have further
refined the specific functions of BBS proteins. These
include roles in establishing planar cell polarity (nonca-
nonical Wnt signaling) in mice and zebrafish, modulating
intraflagellar transport and lipid homeostasis in worms,
and regulating intracellular trafficking and centrosomal
functions in zebrafish and human tissue culture cells.
From these discoveries, a common theme has emerged,
namely that the primary function of BBS proteins may be
to mediate and regulate microtubule-based intracellular
transport processes.
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Introduction

In 1866, four siblings with obesity, retinal degeneration
and mental retardation were reported by Laurence and
Moon [1]. Over 50 years later, Bardet and Biedl found
individuals who, in addition to the Laurence-Moon
symptoms, presented with polydactyly [2, 3]. It is now
generally accepted that Laurence-Moon syndrome and
Bardet-Biedl syndrome are not distinct disorders, but
rather are allelic [4, 5]. Bardet-Biedl syndrome (BBS;
OMIM 209900) is a highly pleiotropic human disorder,
characterised by a multitude of symptoms. Beales et al.
[4] proposed that clinical diagnosis of BBS requires four
of six primary symptoms (i.e. obesity, rod-cone dystro-
phy, renal abnormalities, polydactyly, male hypogonad-
ism and learning disabilities), or three primary symptoms
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and at least two secondary symptoms, which include dia-
betes mellitus, hepatic fibrosis, ataxia/poor coordination/
imbalance, speech disorder/delay, polyuria/polydipsia
(nephrogenic diabetes insipidus), mild spasticity (espe-
cially lower limbs), dental crowding/hypodontia/small
roots/high arched palate, left ventricular hypertrophy/
congenital heart disease, hearing loss, anosmia, and sifus
inversus (for full description of BBS symptoms see [4,
6, 7].

Although many BBS symptoms are detectable at birth, a
number of them only become manifest from childhood
onwards (e.g. retinal degeneration, genital abnormalities,
obesity). Given the clinical hypervariability of BBS, cor-
rect diagnosis requires careful phenotypic analysis, and
for those symptoms that develop after childhood, due
consideration must be given to the age of the patient. In-
deed, phenotypic overlap with disorders such as Meckel
syndrome has resulted in a number of BBS patients being
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misdiagnosed [8]. Interestingly, a recent report describes
anew BBS-like disorder termed MORM syndrome (men-
tal retardation, truncal obesity, retinal dystrophy and mi-
cropenis) [9]. Although the genetic lesion responsible for
MORM syndrome is not linked to any of the known BBS
loci, the high degree of phenotypic overlap with BBS,
together with the fact that additional BBS genes remain
to be discovered, implies that an allelic association with
BBS cannot be discounted for MORM syndrome.

BBS is a rare disorder, with a prevalence of ~1:120,000
for all live births in North America and Europe [10-12].
However, in isolated communities with increased fre-
quency of consanguinity, such as certain fishing commu-
nities in Newfoundland and the Bedouin tribes of Kuwait
and Saudi Arabia, the incidence of BBS can be as high as
1:13,000-1:17,000 [6, 13].

Gene identification

BBS is a multigenic disorder, with 11 genes now asso-
ciated with the syndrome. Standard positional cloning
techniques were used to identify the first 3 BBS genes,
BBS6 [14, 15], BBS2 [16] and BBS4 [17], and very re-
cently, a similar approach uncovered BBS10 [18]. High-
density single-nucleotide polymorphism (SNP) microar-
ray genotyping was used to identify the most recently
discovered BBS gene, BBS11 [19]. For the remaining 6
genes, bioinformatics- and genomics-based approaches
were applied to probe uncloned BBS genetic loci for
candidate BBS genes. BBSI [20] and BBS7 [21] were
identified based on limited protein sequence similarity
to BBS2. BBS8 [22] was identified on account of pro-
tein sequence similarity to BBS4. Finally, BBS3 [23, 24],
BBS5 [25] and BBSY [26] were identified using com-
parative genomics analyses that exploited the fact that
all known BBS genes have been lost from the genomes
of certain organisms.

Globally, BBSI and BBSI10 are the most common BBS
loci, accounting for 23—-56% and 20% of BBS cases, re-
spectively [18, 27-29]. Next is BBS2 at 8—16%, followed
by BBS6 at 4-5%, with the remaining BBS loci each con-
tributing <4% of cases [BBS3 (2-4%), BBS4 (3%), BBS5
(3%), BBS7 (3.5%), BBS8 (1-2%) and BBS-9 (not deter-
mined)] [21, 30-33]. The reported variation in the contri-
bution of certain BBS genes, in particular BBS/, which
accounts for only 20-30% of cases in Caucasians [27],
suggests that other BBS genes remain to be identified.
Interestingly, with regard to the obesity phenotype, the
frequency of the most common BBS mutation, M390R,
is identical among obese and non-obese individuals in
a Newfoundland population, indicating that BBS muta-
tions are unlikely to function in the pathogenesis of non-
syndromic obesity [34]. Consistent with these findings,
Anderson and colleagues [35] found that BBS6 mutations
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are not linked to obesity in a Danish population with ju-
venile onset obesity.

With the exception of BBS3, BBS6, BBS10 and BBS11,
the primary sequences of the other seven BBS proteins
have not provided significant functional clues. BBSI,
BBS2 and BBS7 proteins have predicted -propeller do-
mains, which are relatively common motifs with multiple
functions [36]. BBS4 and BBS8 harbour several tetratri-
copeptide repeat domains (TPRs), which are found in
many different proteins and play important roles in pro-
tein-protein interactions [37]. BBSS5 possesses two DM 16
repeat motifs of unknown function, and BBS9 was pre-
viously annotated as human B1 protein whose function
is not known. In contrast, BBS3 encodes ADP-ribosyl-
ation-like protein 6 (ARL6), a small GTPase of the Ras
superfamily with likely regulatory functions [23, 24]. The
entire BBS6 protein and limited regions within BBS10
show sequence homology to archaeal chaperonins and the
eukaryotic CCT (chaperonin containing TCP-1) proteins,
suggesting possible roles in protein folding or assembly
[18, 38]. Finally, BBS11 is a member of the TRIM family,
and the encoded protein has E3 ubiquitin ligase activity
that suggests a role in the ubiquitin/proteasome system
[19]. Interestingly, as will be discussed later on, all of the
BBS genes are widely distributed in ciliated organisms
such as Chlamydomonas reinhardtii, Caenorhabditis el-
egans and Drosophila melanogaster, with the exception
of the chaperonin-like BBS6 and BBS10 genes, which ap-
pear to have emerged more recently in vertebrates [18,
38].

Genetic inheritance of BBS

The genetic heterogeneity and familial phenotypic vari-
ability of BBS has sparked considerable interest in its
mode of inheritance. Classically, it appears that BBS is
inherited in an autosomal recessive manner, with two
mutations at a single locus sufficient to cause the dis-
ease. However, over the last 5 years, several studies have
indicated that BBS can be transmitted in a complex, non-
Mendelian fashion, requiring mutations at more than one
locus. In the seminal study, Katsanis et al. [39] screened
163 BBS families for mutations in BBS2 and BBS6 and
found four pedigrees with individuals possessing three
BBS alleles, namely a pair of homozygous mutations
in one BBS gene and a third mutation in a second BBS
gene. Since BBS gene mutations are rare in the general
population, the probability of discovering four pedigrees
with three BBS alleles is extremely small, indicating,
therefore, that the third alleles are likely linked to dis-
ease pathogenicity in these individuals. Consistent with
a triallelic mode of inheritance, Katsanis and colleagues
also identified unaffected individuals with two nonsense
alleles of BBS2 (Q59X/Y22X), indicating that two null
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mutations in one BBS gene are not always sufficient to
cause the syndrome.

Since this preliminary study, oligogenic (triallelic and
tetra-allelic) inheritance has been reported for BBSI,
BBS3, BBS4, BBS6, BBS7 and BBSI0 [24, 27, 31, 40].
Complex inheritance is also suggested by the identifica-
tion of an excess of heterozygous BBS individuals where
only one mutant allele was discovered, demonstrating that
additional BBS gene mutations are necessary for mani-
festation of the disease phenotype [8, 25, 27, 29, 31, 39,
41, 42]. Nevertheless, it is important to note that only
one of the above studies identified unaffected individuals
homozygous for known pathogenic BBS gene mutations
(i.e. M390R allele of BBS1) [27], indicating that an oligo-
genic model of disease causality may be overly simplis-
tic. Indeed, a number of studies have presented data sug-
gesting that most additional third and fourth BBS alleles
function as modifiers of disease onset and penetrance. In
this regard, a third mutation appears to exert an epistatic
effect on two mutations at another BBS locus. Badano
and colleagues [40] provided evidence that a single muta-
tion in BBS1, BBS2 or BBS6 exerts an epistatic effect in
individuals with two BBS! or two BBS2 mutations, pro-
ducing phenotypes of increased symptom severity and
with earlier onset. Similarly, one of two affected sisters
with homozygous BBSI M390R mutations suffered more
severe symptoms presumably because of a third muta-
tion in BBS3 [24]. More recently, Badano and colleagues
[43] identified a mutation in a non-BBS gene, MGC1203
(C430T), which appears to exert an enhanced effect on
homozygous BBSI mutations in humans and zebrafish,
resulting in a more severe phenotype. A functional link
between MGC1203 and BBS proteins was demonstrated
with the observation that myc-tagged MGC1203 immu-
noprecipitates all tested HA-tagged BBS proteins, and
that endogenous MGC1203 colocalises with BBS pro-
teins in tissues and cultured cells [43].

From the above studies, a number of conclusions can be
drawn. First, it appears that BBS is most often inherited
in a recessive manner. Indeed, for BBS1, greater than 80%
of individuals display Mendelian inheritance [27], Sec-
ond, BBS2, BBS4 and BBS6 appear to contribute most fre-
quently to complex inheritance, with >70% of individuals
possessing evidence of oligogenic inheritance [32]. Care-
ful consideration of the data has led to a gradient model
being proposed for BBS, where the penetrance, onset and
severity of BBS are modified to varying extents by muta-
tions at additional loci [32, 40]. At one end of the scale,
two homozygous null mutations are sufficient to cause
BBS, whereas at the other extreme, multiple mutations
at multiple loci are required for phenotypic expression.
In between, additional enhancer or suppressor mutations
serve to modulate the phenotypic expressivity and/or
penetrance of two BBS gene mutations at another locus.
Although the evidence of complex inheritance for BBS
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is strong, the oligogenic model is still somewhat contro-
versial. Indeed, two studies failed to detect any evidence
of complex inheritance for BBS [28, 44], a finding that
could possibly be explained by the small cohorts exam-
ined in these studies.

An important future goal will be to characterise the
pathogenic contributions of individual alleles to the phe-
notypic expression of BBS. However, this will not be
easily achieved for several reasons, including the fact
that the full complement of BBS genes is not yet known.
Elucidating the Mendelian and possible non-Mendelian
characteristics of BBS is a most worthwhile endeavour,
since it is hoped that the information gained will help
to shed light on the inheritance mechanisms underlying
truly complex disorders such as obesity and diabetes.

Basal body and/or cilia dysfunction underlies BBS

The first major breakthrough in understanding the molec-
ular aetiology of BBS came in 2003, with the discovery
that BBS is likely linked to dysfunction of basal bodies
and/or cilia [22]. Specifically, Ansley and colleagues pre-
sented three major findings. First, they observed that a
myc-epitope tagged BBS8 protein localised specifically
at the centrosomes and basal bodies of cultured mamma-
lian cells (Fig. 1a). Basal bodies are modified centriolar
structures that direct the nucleation of the microtubule-
based ciliary axoneme [45]. The BBS8 protein was also
shown to interact with PCM1, a known basal body pro-
tein implicated in ciliogenesis [46]. Second, immunohis-
tochemistry analyses demonstrated that the endogenous
BBSS protein localised within the ciliated cell layers of
mice and human tissues, including the connecting cilium
of the mouse retina and the ciliated columnar epithelial
cells of human bronchial tissue. Lastly, four Caenorhab-
ditis elegans BBS gene homologues (bbs-1, bbs-2, bbs-
7 and bbs-8) were shown to be expressed exclusively in
cells possessing cilia (60 sensory neurons) (Fig. 2a), and
to possess upstream X-box sequences that are known to
bind the ciliogenic RFX transcription factor, DAF-19.
These data were the first to substantiate the hypothesis
by Rosenbaum and Witman [47] that BBS may be caused
by ciliary dysfunction.

Shortly thereafter, a number of comparative genom-
ics and bioinformatics studies provided further support
for the cilia/basal body hypothesis for BBS. Compara-
tive genomics revealed that BBS gene homologues are
found only in the genomes of ciliated organisms, and not
in those where cilia have been lost through evolutionary
divergence. Specifically, by comparing the genomes of
humans and the flagellated alga, Chlamydomonas rein-
hardtii, with that of the non-flagellated plant, Arabidop-
sis thaliana, a basal body and flagellar proteome of 688
genes was determined and found to contain most of the
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Figure 1. Mammalian BBS proteins localise near or at centriolar structures and are required for the proper localisation of basal body/ciliary
proteins. (a and b)) Mammalian BBS proteins localise at basal bodies and centrosomes. (@) In cultured mouse cells (i.e. ciliated NIH 3T3
fibroblast cells), BBS8 (green, left panel) localises at both the mother centriole (basal body emanating a primary cilium) and the daughter
centriole (red; y~tubulin staining), but not along the ciliary axoneme (red; acetylated o~ tubulin staining) [22]. () In the ciliated cells of
mouse tissue (i.e. the multi-ciliated ependymal cells that line the brain ventricles), BBSS5 (red; lower left panel) co-localises with y~tubulin
(green; upper and lower right panels) at basal bodies [25]. The box in the upper panel indicates the region enlarged in the lower panels. (c)
Rhodopsin mislocalisation in the photoreceptors of Bbs6~ mice. In wild-type animals, rhodopsin (red) is confined to the outer segments
(OS; modified ciliary structures), whereas in Bbs6”~mice, rhodopsin is mislocalised, with a reduction of thodopsin levels in the outer seg-
ments and additional signals within the inner segments (IS) and the outer nuclear layer (ONL) of retinal tissue [64]. (¢) In mouse olfactory
epithelium, the signaling protein Gy13 (red) localises predominantly within the cilia layer of wild-type mice, whereas in Bbs/”~animals,
Gy13 levels are highly reduced in the cilia layer, and mislocalised signals are observed within the cell bodies [61]. (e) Loss of BBS4 gene
function causes mislocalisation of PCM1 and defects in microtubule organisation. In control cells (left panel), PCM1 (green; both pan-
els) localises predominantly at centrosomes and cytosolic microtubules (red; o~tubulin staining) display a distinct organisational pattern
emanating from the microtubule organising center (MTOC). In BBS4 RNAi knockdown COS-7 cells (right panel), PCM1 is dispersed
throughout the cytosol and tubulin organisation from the MTOC is lost [56]. Figures reproduced with permission.
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known BBS genes [25]. A separate study comparing the
genomes of organisms with prototypical compartmen-
talised cilia (Homo sapiens, Drosophila and C. elegans)
with those possessing non-compartmentalised or no cilia
(Saccharomyces cerevisiae, Arabidopsis, Dictyostelium)
led to the identification of approximately 200 genes re-
quired for prototypical cilia biogenesis, including at least
four BBS genes [48]. Similar to that found in the study by
Ansley and colleagues [22], bioinformatic screening for
DAF-19-binding X-box sequences in C. elegans found
that like known ciliogenic genes such as osm-5 (IFT88),
all of the nematode bbs genes possess canonical 14-bp
X-box sequences in their upstream promoter regions [24,
25, 49, 50].

Further early evidence of a role for BBS proteins in
cilia/basal body function came from the observation that
BBS shares significant phenotypic overlap with other
human disorders known to be firmly linked with defects
in primary cilia function, including polycystic kidney
disease (PKD), nephronophthisis, retinal dystrophy and
situs inversus, and, recently, Senior-Loken syndrome
and Meckel syndrome [47, 51-54]. Unlike their motile
counterparts, primary cilia are non-motile and typically
possess a 9+0 microtubule structure. Primary cilia are
widely distributed in nature, being found on most mam-
malian cell types and cells of lower eukaryotes such as
C. elegans. Research over the past decade has shown that
primary cilia play very important sensory roles in olfac-
tion, chemoreception, mechanosensation, photoreception
and development [47, 51, 55].

Taken together, the above discoveries firmly established
cilia/basal body dysfunction as an underlying cause of
BBS. Over the last 3 years or so, numerous studies con-
ducted in various experimental systems have built upon
the initial findings and helped to further refine the ge-
netic and cellular basis of BBS. Below follows a detailed
account of the recent data, which corroborates the role
of BBS proteins in cilia and basal body/centrosome pro-
cesses, and strengthens the notion that these proteins
serve as facilitators of intracellular trafficking systems.

BBS proteins are found within the ciliated cell layers
of mammalian tissues, where they localise at basal
bodies and centrosomes

Consistent with a cilia/basal body function, mammalian
BBS proteins have been found to associate with ciliated
tissues. Immunohistochemical analyses have revealed that
BBS4 and BBS6 proteins are found preferentially within
the ciliated border of renal tubules, the connecting cilium
and inner/outer layers of retinal photoreceptors, as well
as the ciliated epithelium of olfactory tissue [38, 56]. In
addition, murine BBS5 and BBS6 was found within brain
tissue cells, including the multi-ciliated ependymal cells
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that line brain ventricles [25, 38]. The probable involve-
ment of BBS proteins at the embryonic node, which relies
on cilia to specify left-right asymmetry in mammals [57,
58], is supported by in situ RNA hybridisation studies
that demonstrate the expression of BBS3/4RL6 in the cili-
ated embryonic node of early mouse embryos [59].
Immunolocalisation studies revealed that mammalian
BBS proteins localise at the basal bodies and centro-
somes of ciliated cells. As discussed above, BBS8 local-
izes to centrosomal and basal body structures in mam-
malian tissue culture cells (Fig. 1a) [22]. Mouse BBS5
was similarly detected at the basal bodies and centro-
somes of ependymal cells, with perhaps very faint sig-
nals along the ciliary axonemes [25] (Fig. 1b). In hu-
man tissue cells, including ciliated IMCD3 cells, BBS4
and BBS6 proteins associate with both centrosomes and
basal bodies, with additional signals for BBS6 at the
midbody during cytokinesis [38, 56]. More precise im-
munolocalisation analysis of BBS6 using digital confo-
cal microscopy found that BBS6 associates variably, and
in a cell cycle-dependent manner, with the PCM tube
structure that nearly envelops the centrosomal centrioles
[38]. Interestingly, BBS4 does not localize to centrioles
per se but rather exists in closely associated electron-
dense structures termed centriolar satellites [56]. Nota-
bly, BBS4 and BBS6 proteins were not detected along
ciliary axonemes, although they may be present there at
low concentrations [38, 56].

Mouse models of BBS recapitulate the human
phenotype

Null mouse models have thus far been presented for
BBS1, BBS2, BBS4 and BBS6, and in each case, the hu-
man BBS phenotype is at least partially recapitulated
[60—64]. Phenotypes observed in the knockouts include
obesity, retinal degeneration, kidney anomalies, neuro-
sensory defects and behavioural problems.

Obesity

Although Bbs null mice are small in size at birth, they
start to gain weight on their wild-type counterparts af-
ter weaning, becoming equal in size at 8—12 weeks, with
many animals becoming obese in the weeks and months
thereafter [60—64]. The increased weight of Bbs” mice
is reported to be associated with increased centrally de-
posited adipose tissue [60, 62]. Interestingly, longitudinal
feeding studies indicate that Bbs~~ animals eat more food
(~10-20% more) than unaffected animals [60, 62, 63], a
phenotype that may also be observed in human patients.
Bbs6 mice were also shown to possess high arterial
blood pressures and elevated serum hormone leptin levels
[63]. Leptin is important in controlling long-term weight
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regulation, and increased serum concentrations correlate
with obesity in mice and humans [65].

Retinal degeneration

At 6-8 weeks, Bbs null mice display a moderate loss
of the outer nuclear layer (ONL), with complete loss of
photoreceptors at 7-10 months [60-64]. Photoreceptor
loss appears to involve an apoptotic mechanism, since in-
creased numbers of terminal transferase dUTP nick end
labeling (TUNEL)-positive nuclei are seen in the ONL of
6-week-old Bbs2~ and Bbs4~ mice [60, 62].

Renal abnormalities

Although cystic kidney development is a primary feature
of BBS patients, kidney defects have only been reported
for Bbs2~~mice. Specifically, two of three examined mice
(5 months old) were found to possess bilateral multicystic
kidneys [62].

Neurosensory defects

Most of the BBS mouse models have been reported as
anosmic, as evidenced by an inability to find hidden
food [62—64], or a reduced electro-olfactogram (EOG)
response to odorant pulses [61]. Consistent with these
observed olfactory defects in mice, a significant propor-
tion of BBS patients present with anosmia. Kulaga and
colleagues [61] found that 47% of BBS patients (n=
19) scored as fully or partially anosmic using the B-SIT
12-item smell identification test, and Iannacone and col-
leagues [66] identified anosmia in two BBS4 patients us-
ing the UPSIT 40-item smell test. In addition, Bbs2~~ and
Bbs6 mice were found to possess decreased responses
to acoustics and touch sensing [62—64].

Behavioural phenotypes

Bbs2, Bbs4”~ and Bbs6’ mice were reported as more
lethargic, less vocal to handling and possessing a signifi-
cantly reduced level of social dominance [62, 63]. It ap-
pears that these behavioural abnormalities are not due to
defects in muscle or lower motor neuron function [62,
63]. Interestingly, in humans, BBS is associated with
numerous behavioural phenotypes, including withdrawn
behaviour, anxious/depressed mood, thought disturbance
and socialising problems [67]. In addition, it has also been
reported that compared with non-affected obese controls,
BBS patients may have a reduced level of physical activ-
ity, which could significantly affect energy requirements
[68]. Since BBS patients do not appear to possess de-
fects in energy metabolism, it has been suggested that the
neurological (e.g. learning difficulties) and physical (e.g.
retinal dysfunction) handicap components of BBS, in
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combination with various social and environmental fac-
tors, predisposes BBS patients to aberrant control of food
intake or physical activity [68]. However, a physiological
basis for disregulated appetite control (e.g. satiety sensa-
tion) cannot a priori be discounted.

Other phenotypes

A number of human BBS symptoms were never ob-
served within the various mouse models, including limb
abnormalities (e.g. polydactyly), hepatic cysts and organ
laterality defects such as situs inversus. This indicates
that the Bbs knockout mice may not phenocopy all of the
ailments associated with human BBS patients. However,
although polydactyly is often prevalent in patients (e.g.
58% reported by Green and colleagues [6]), the skeletal
anomaly shows variable expressivity [69]. Similarly, si-
tus inversus has only been reported for very few patients
[22, 70].

Bbs null mice exhibit variable and subtle defects in
cilia structure

Motile cilia

Numerous studies have shown that with the exception of
sperm flagella, motile cilia structures are generally un-
affected in Bbs null mice. TEM of tracheal epithelium
in Bbs mice showed that motile cilia structures appeared
normal, as defined by a typical 9+2 microtubule arrange-
ment [60, 62]. Similarly, using anti-f-tubulin immunoflu-
orescence staining, cultured tracheal epithelial cells from
Bbs67 and wild-type mice were found to develop the
same number of cilia, with indistinguishable morpholo-
gies [63]. Finally, acetylated o-tubulin staining of respira-
tory epithelial sections revealed that the motile cilia layer
of Bbs1~~, Bbs4~~ and Bbs6~ mice is grossly normal [61,
64]. A major exception to the above findings is that the
motile flagellum of spermatozoa was found to be com-
pletely absent in Bbs27-, Bbs4”~ and Bbs6”~ mice [60,
62, 63]. Interestingly, flagella were never detected in the
seminiferous tubules of mice of different ages, suggest-
ing that sperm flagella are never formed in the absence
of BBS protein function [62, 63]. Consistent with these
observations, scanning and transmission electron micros-
copy (SEM and TEM) analysis of semen samples from
two adult male BBS2 patients revealed severe defects in
the acrosome, nucleus and axonemal structures of sperm
cells [62].

Non-motile primary cilia

The evidence to date indicates that loss of Bbs gene func-
tion in mice can cause defects in primary cilia structure,
ranging from unaffected to grossly distorted. SEM of re-
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nal tubular cells in Bbs4 and Bbs6 mice showed that
primary cilia are normal in number, length and morphol-
ogy [60, 63]. Similar observations were made in Bbs2"
mice, with the exception that some of the renal tubular
cell cilia appeared abnormally tapered [62].

In contrast, immunostaining of ciliary axonemes in the
olfactory epithelium showed that Bbsl”~, Bbs4” and
Bbs6 mice possess a severely reduced cilia layer, po-
tentially indicative of short ciliary structures [61, 64]. In
addition, the olfactory epithelial cell ciliary axonemes of
BbsI and Bbs4” mice appear to be partially depleted
of stable microtubules [61]. Interestingly, acetylated
o-tubulin staining demonstrated that the dendritic mi-
crotubules are also distorted, indicating that the micro-
tubule structure of the entire olfactory bulb is severely
abrogated. This phenotype correlates with the mislocali-
sation of PCM1, a protein required for microtubule or-
ganisation, which was observed to be trapped within the
olfactory epithelium cell bodies of BbsI~ mice and the
dendritic knobs of Bbs4 mice [61]. Notably, anti y-tu-
bulin staining showed that the dendritic knob basal body
structures appear to be present and properly positioned in
BbsI and Bbs4” mice.

Finally, Bbs null mice exhibit defects in photoreceptor
outer segments, which are modified primary cilia with
higher-order structures, consisting of parallel stacks of
membranous disks. Before the complete apoptotic loss
of photoreceptors in 5-month-old Bbs2”~ mice, the outer
segments were observed to be highly disorganised, with
little evidence of any parallel stacks [62]. In addition,
photoreceptor cell-connecting cilia were rarely observed
in these mice [62]. Similarly, young Bbs4~~ and Bbs67~
mice were reported to possess attenuated photoreceptor
cell outer segments [60, 63, 64]. However, it is important
to note that photoreceptor outer segment loss in Bbs null
mice is also accompanied by an apoptotic disintegration
of the entire cell and the underlying outer nuclear layer
[60, 62—64]. Accordingly, it is difficult to discern the di-
rect contribution of BBS protein function abrogation to
photoreceptor cilia loss, since this phenotype may arise
indirectly through upregulation of apoptotic pathways.

Ciliary proteins are mislocalised in Bbs null mice

Although Bbs null mice harbour potentially marginal
defects in primary cilia structure, it is clear that loss
of BBS protein function severely abrogates the ciliary
localisation of several proteins, including photorecep-
tor rhodopsin and olfactory epithelium signaling mol-
ecules. Anti-rhodopsin staining of retinas revealed that
in wild-type animals, rhodopsin localises almost entirely
to the outer segments, whereas in 5-month-old Bbs2",
Bbs47~ and Bbs6” mice, significant mislocalisation of
rhodopsin is observed in the photoreceptor cell inner
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segments and cell bodies before the apoptotic loss of
photoreceptors [62—64] (Fig. 1c). The olfactory signal-
ing protein adenyl cyclase III (AC III) localises very
specifically to the ciliary layer of wild-type olfactory
epithelium, whereas in BbsI and Bbs4/ mice, this
ciliary staining is reduced, and a fraction of AC III ap-
pears mislocalised to the apical dendrites [61]. Similarly,
another olfactory signaling molecule normally found in
cilia, Gy;5, was not found within the olfactory sensory
cilia of Bbsl~~ mice, and was reduced in Bbs4” mice
sensory cilia, displaying mislocalisation within the cell
bodies and dendrites [61] (Fig. 1d). Finally, the lipid-raft
protein SLP3 was depleted from the cilia layer and ad-
jacent dendritic knobs of Bbs/~~ mice and Bbs4”/ mice
[61]. Taken together, the above findings suggest that
transport of ciliary proteins to cilia is defective in the
photoreceptor and olfactory epithelium cells of Bbs null
mice. The loss or reduction of opsin and ROM1 transport
across the connecting cilium to the rod outer segment is
also observed in the mouse intraflagellar transport hy-
pomorphic mouse mutant IFT88/Polaris/tg737, and is
thought to be the mechanism leading to apoptosis and
retinal degeneration [71].

BBS genes function within PCP pathways

Planar cell polarity (PCP, non-canonical Wnt signaling)
proteins play important roles in determining the cell po-
larity of many cell types, including the ommatidia of the
fly eye and the hair cells of the mouse inner ear [72, 73].
Specifically, PCP proteins such as Vangl2 perform impor-
tant functions in convergent extension processes during
gastrulation [74]. A recent study by Ross and colleagues
[64] has revealed an intriguing connection between PCP
and BBS genetic pathways. BbsI”~, Bbs 47~ and Bbs6™~
mice display phenotypic overlap with various PCP mu-
tants, including exencephaly and incomplete neural tube
closure, open eyelids and disrupted cochlear stereociliary
bundles within the inner ear [64]. In addition, BBSI and
BBS6 mutations were found to exert an enhanced effect
on Vangl2 mutations in mice and zebrafish, resulting in
increased embryonic lethality and enhanced stereociliary
bundle defects [64].

To investigate further the functional link between Vangl2
and BBS proteins, immunolocalisation analysis of Vangl2
protein in mouse IMCD3 kidney cells was conducted
and revealed that this PCP protein localises at the base
of cilia, similar to BBS proteins [64]. A connection be-
tween cilia function and PCP is further supported by the
fact that in the middle ear, a single microtubule-based
cilium structure, termed the kinocilium, lies adjacent to
the actin-based cochlear stereociliary bundle during early
development. Interestingly, SEM analysis demonstrated
that although the kinocilium of Bbs6~~ mice is morpho-
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logically intact, it appears to be placed further from the
stereociliary bundle than in wild-type mice [64]. Since
BBS protein function is required for basal body and
ciliary localisation of various proteins such as rhodop-
sin [62—64] and PCM-1 [56], Ross and colleagues hy-
pothesised that BBS protein function is also required for
the proper ciliary localisation of PCP proteins such as
Vangl2. To confirm this, future studies will need to for-
mally examine the localisation patterns of PCP proteins
in loss-of-function vertebrate BBS gene mutants.
Consistent with the BBS6 data, a very recent study has
shown that loss of BBS10 function in zebrafish embryos
causes mild abnormalities in gastrulation movement
(convergence and extension), such as shortening of the
rostrocaudal body axis, dorsal thinning, and broadening
and kinking of the notochord [18]. Interestingly, another
basal body and ciliary protein, inversin, which is linked to
organ laterality defects and cystic kidneys, is reported to
act as a molecular switch between the canonical and non-
canonical Wnt signaling pathways [75]. Taken together,
the BBS6, BBS10 and inversin data provide strong evi-
dence that cilia and basal body-associated functions play
important roles in PCP pathways. Such roles may involve
intracellular transport of PCP components to their sites
of action, which in some cases may be at, or near, ciliary
structures (e.g. Vangl2).

BBS4 plays a role in microtubule organisation

Kim et al. [56] employed yeast two-hybrid and coim-
munoprecipitation analyses to show that human BBS4
interacts with both PCM1, a microtubule-organising pro-
tein [76], and p1502™<d, a subunit of dynactin that serves
to link dynactin with the dynein molecular motor [77].
PCMI1 is an integral component of centriolar satellites,
which are electron-dense structures located in proxim-
ity to centrosomes. This protein appears to play essential
roles in coordinating microtubule organisation around the
microtubule organising centre (centrosomes) by promot-
ing the anchoring of microtubules [76]. Consistent with
the observed interaction between PCM1 and BBS4, both
of these proteins were found to co-localise at centriolar
satellites [56]. Furthermore, it was observed that dynein
is required for proper BBS4 and PCMI1 localisation,
since abrogation of dynein function (using p50 dynamitin
overexpression) in HeLa cells resulted in a loss of BBS4
perinuclear localisation and abnormal diffuse cytosolic
signals for PCM1 [56]. Finally, RNA interference (RNAI1)
knockdown of BBS4 resulted in the cytosolic dispersal
of PCM1 in HeLa, HEK293 and COS-7 cells, and a loss
of centrosomal microtubule anchoring in COS-7 cells
[56] (Fig. 1e). Taken together, the above data suggest that
BBS4 functions in dynein-mediated intracellular trans-
port as an adaptor of dynactin, which serves to recruit
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PCMI and potentially other associated cargo to the cent-
riolar satellites [56].

Coimmunoprecipitation experiments in HEK293 cells
subsequently revealed that BBS4 interacts with two
Prader-Willi syndrome (PWS)-linked proteins, nectin
and Fezl [78]. Consistent with these observations, all
three proteins were observed to co-localise in proximity
to centrosomes. PWS is a pleiotropic disorder charac-
terised by a multitude of symptoms, including neonatal
hyptonia, global developmental delay and hyperphagia
[78]. PWS also exhibits significant phenotypic overlap
with BBS, with common symptoms including obesity,
learning disabilities and hypogonadism. Analysis of nec-
tin null mice revealed that these animals possess neural
and axonal outgrowth defects. The authors conclude that
nectin’s function in mediating the cytoskeletal rearrange-
ments required for neural outgrowth and extension is
closely linked to important centrosome-associated activi-
ties, including axonal transport (Fezl) and microtubule
organisation (BBS4) [78].

Loss of BBS6 function causes centrosomal and
cytokinesis defects

Unlike BBS4, the centrosomal localisation of BBS6 in
IMCD?3 cells is independent of intact microtubules and
dynein motor function, and RNAi knockdown of BBS6
in COS-7 and NIH3T3 cells does not affect the organi-
sation of microtubules [38]. Instead, silencing of BBS6
transcripts produces three specific phenotypes, namely
cytokinesis abnormalities (unresolved intracellular
bridges), centrosomal deficiencies (abnormal number of
centrosomes) and nuclear defects (bi- and multi-nucle-
ated cells) [38]. Interestingly, RNAi knockdown of BBS4
in HeLa cells also produced cell division abnormalities,
including cells with multiple nuclei and abnormal num-
bers of centrosomes, but cells did not normally progress
up to telophase/cytokinesis, as did the BBS6-depleted
cells [56].

Although the group II chaperonin-like sequence ho-
mology of BBS6 suggests a role in protein folding,
the BBS6 protein sequence has diverged significantly
from other chaperonins, resulting in the possible loss of
a functional ATP hydrolysis domain that is conserved
in all chaperonins. In addition, cytosolic BBS6 does
not appear to oligomerise in the manner observed for
all chaperonins [38]. These observations suggest that
BBS6 is perhaps not a bona fide chaperonin and that the
putative centrosomal and intracellular bridge-resolv-
ing functions of BBS6 may not entail protein folding
mechanisms [38]. Interestingly, the newly discovered
BBS10 chaperonin-like protein is even more divergent,
suggesting that both the BBS6 and BBS10 proteins have
evolved new functions.
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C. elegans bbs genes function within intraflagellar
transport pathways

With the exception of BBS6, BBS10 and BBS11, the re-
maining eight known human BBS genes have strong ho-
mologues in C. elegans, indicating that BBS gene function
is conserved in lower organisms. Similar to that observed
for mammalian BBS genes, all eight nematode bbs genes
are expressed exclusively in the ciliated subset of cells
[22, 24, 25; unpublished observation for bbs-4] (Fig. 2a).
In C. elegans, 302 of the ~1000 adult hermaphrodite cells
are neuronal, and of these, 60 possess ciliary structures
that extend from the dendritic endings. Ciliated cells in
the nematode primarily serve sensory (e.g. chemosen-
sory) functions, with many of the ciliary structures hav-
ing access to the outside environment via pore structures
(sensillae) in the nematode cuticle [79]. Similar to mouse
and human BBS proteins, green fluorescent protein
(GFP)-tagged C. elegans BBS proteins are enriched at
the base of cilia (basal bodies), which are also called tran-
sition zones (Fig. 2b). Unlike what has been observed for
vertebrate BBS proteins, however, the nematode BBS::
GFP proteins also localise along the entire length of cili-
ary axonemes [24, 49] (Fig. 2b). Furthermore, when live
worms expressing GFP-tagged BBS proteins were ex-
amined using time-lapse video microscopy, fluorescent
BBS::GFP-associated particles were observed to undergo
intraflagellar transport [24, 49, 80; unpublished observa-
tions for BBS-4 and BBS-5] (Fig. 2c¢).

Intraflagellar transport (IFT) was initially described in
Chlamydomonas flagella as a bidirectional motility of
protein complexes, required to deliver various cargo for
building and maintaining the structure and function of
cilia and flagella [47, 51, 81]. Anterograde IFT (basal
body to distal tip) is driven by microtubule plus-ended ki-
nesin-2 motors, whereas retrograde IFT (distal tip back to
basal body) recycles the IFT machinery and probably also
other components by way of the [FT-dynein motor [47,
51]. Associated with the IFT motor complexes is the IFT
particle, which is biochemically characterised by two dis-
tinct subcomplexes, A and B, consisting of at least 6 and
11 polypeptides, respectively [82, 83]. Motor-IFT particle
assemblies constitute core IFT machinery, and disruption
of any one component leads to severe abrogation of IFT,
and consequently defects in cilia structure and function
[47, 51]. Genetic studies in Chlamydomonas and C. el-
egans have determined that IFT subcomplex B mutants
have severely abrogated or no ciliary structures, with the
core IFT machinery excluded from the stumpy ciliary ax-
onemes. These observations indicate that subcomplex B
components play important roles in anterograde transport
[47, 51]. In contrast, IFT subcomplex A mutants possess
moderately truncated cilia, yet contain large accumula-
tions of core IFT machinery, indicating that subcomplex
A proteins likely function within retrograde IFT [47, 51].
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Similar to IFT mutants, the loss of C. elegans bbs-7
and bbs-8 gene function was found to compromise the
structure and function of sensory cilia [49]. Specifically,
bbs mutant cilia are moderately truncated and possess
defective chemosensory functions [49]. These findings
are consistent with studies in Chlamydomonas, which
showed that RNAi knockdown of BBSS5 produced algae
with either no flagella or short flagella [25]. Further-
more, IFT was compromised in C. elegans bbs mutants:
the numbers of transport events observed were reduced,
and core IFT components often accumulated within the
truncated ciliary axonemes [49; and see below]. Inter-
estingly, these hbs mutant phenotypes are less severe
than those observed for IFT particle mutants, indicat-
ing that in C. elegans, BBS proteins likely play a subtle
role in IFT, as modulators of the core IFT machinery
(see below). To date, IFT has not been demonstrated for
mammalian BBS proteins. Indeed, mammalian BBS pro-
teins have not been observed within ciliary axonemes,
although as with C. elegans, they accumulate at basal
bodies (and centrosomes). Although the overall trans-
port-associated functions of BBS proteins in C. elegans
and mammals are likely to be evolutionarily conserved,
it will be of great interest to determine whether this BBS
machinery has been largely co-opted for IFT in worms
and whether the main functions of the mammalian BBS
proteins are to support intracellular transport processes
in the cell body.

Functional coordination of IFT motors by BBS
proteins in C. elegans

Unlike Chlamydomonas, where only one anterograde
IFT pathway via the canonical heterotrimeric kinesin-2
motor has been described, work by Snow and colleagues
[84] demonstrated that C. elegans sensory cilia are built
via two anterograde IFT pathways, with each pathway
building distinct segments of the ciliary axoneme. Con-
struction of ciliary middle segments (extending from the
basal body) requires the cooperative actions of two ki-
nesin-2 motors, kinesin-II and OSM-3-kinesin, whereas
the building of distal segments (extending from the tips
of middle segments) is driven solely by the homodimeric
kinesin OSM-3 [84] (Fig. 2¢). C. elegans middle seg-
ments are built of doublet microtubules, as with other
‘canonical’ ciliary axonemes, but interestingly, the nema-
tode distal segments consist of singlet microtubules. This
bipartite ciliary structure does not appear to be unique to
C. elegans, as distal ciliary segments are found in other
organisms. For example, the transition of outer doublet
microtubules to singlet microtubules at the distal end is
observed for flagella of mating Chlamydomonas cells as
well as for sensory cilia of several vertebrate cell types,
including pancreatic, renal and olfactory cells [85—88].
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Examination of anterograde IFT in bbs mutants revealed
that BBS proteins are required to functionally coordinate
the two kinesin-2 motors that drive IFT in the middle seg-
ment. Using in vivo time-lapse microscopy-based IFT as-
says developed by Jonathan Scholey’s laboratory at UC
Davis [84, 89, 90], it was found that GFP-tagged kinesin-
II and OSM-3-kinesin are separated within the middle
segments of hbs mutant cilia, moving at their correspond-
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ing slow (~0.5 um/sec) and fast (1.3 um/sec) velocities,
respectively [80] (Fig. 2c). This is in contrast to the
middle segments of wild-type cilia, where the kinesin-2
motors function cooperatively, resulting in an intermedi-
ate velocity (~0.7 um/sec) for both of these motors [84]
(Fig. 2¢). Furthermore, it was found that fluorescence-
tagged IFT particle subcomplex A and B components
are also separated within bbs mutant cilia, with subcom-
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Figure 2. C. elegans BBS proteins undergo intraflagellar transport (IFT) and stabilise the anterograde IFT machinery. () In the nematode,
bbs genes are expressed exclusively in cells with cilia, including the labial quadrant (1) and amphid (2) neurons in the head (upper panels),
and the phasmid (PHA, PHB) and PDE neurons in the tail (lower panels) [22]. Shown are DIC and fluorescence images of a worm express-
ing a transcriptional GFP reporter to bbs-8. (b) Similar to IFT particle proteins (e.g. OSM-5), C. elegans BBS proteins (green) localise at
the base of cilia (also called transition zones; tz; arrowhead) and along ciliary axonemes (cil), with little or no staining along the dendrite
structures (den) [49]. Shown are one set of amphid neuronal cilia in the worm head. The asterisk denotes the ciliated endings of neurons
found at the anterior end of the worm (e.g. IL1/2, OLL, CEP and BAG neurons). (c¢) Like IFT particle subcomplex proteins, BBS pro-
teins are transported along wild-type ciliary middle segments at an intermediate rate (~0.7 pum/sec) by both heterotrimeric kinesin-II and
homodimeric OSM-3-kinesin, and along distal segments at a fast rate (~1.3 pm/sec) by OSM-3-kinesin alone [80]. Loss of BBS protein
function causes the separation of both kinesin-2 motors and IFT particle subcomplexes A and B, resulting in subcomplex A moving at a
slow rate (~0.5 pm/sec) with heterotrimeric kinesin-2, and subcomplex B moving at a fast rate (~1.3 um/sec) with OSM-3-kinesin [80].
Figures reproduced with permission.
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plex A proteins moving at kinesin-II-associated veloci-
ties (~0.5 um/sec) and subcomplex B proteins moving
at OSM-3-kinesin-associated velocities (~1.3 pm/sec)
(Fig. 2¢). Together, these data indicate that C. elegans
BBS proteins are required to stabilise the molecular as-
sociations between kinesin-II motors and IFT particle
subcomplexes. Moreover, these observations suggest that
within the macromolecular architecture of motor-IFT
particle assemblies, subcomplex A is likely positioned
close to the kinesin-II motor, whereas subcomplex B is
placed close to the OSM-3-kinesin motor (Fig. 2¢). Thus,
the specific functional consequence of disrupting BBS
protein function is that various IFT subcomplex A and
B components are not transported correctly in the cilium
and accumulate in the dendrite leading up to the base of
the cilium, at the basal body (transition zone), at the mid-
point between the middle and distal segments, and at the
tip of the cilium [49].

Loss of zebrafish BBS gene function abrogates
retrograde intracellular trafficking and disrupts
Kupffer’s vesicle cilia function

Direct roles for BBS proteins in cilia biogenesis and
intracellular trafficking have recently been observed
in Danio rerio (zebrafish). Using a morpholino-based
approach to suppress the expression of zebrafish bbs2,
bbs4, bbs5, bbs6, bbs7, bbs8 and bbsll, two studies
have found that morphant embryos have defects in the
Kupffer’s vesicle (KV) [19, 91]. This transient mono-
cilia-containing spherical structure, which arises dur-
ing gastrulation, is proposed to function comparably to
the mouse node in determining left-right (l-r) asymme-
try [92]. Specifically, 16-38% of bbs morphants have
Kupffer’s vesicles that were either absent altogether or
possessed a severely reduced diameter [19, 91]. Unlike
control morphants, where KV cilia length and number
increase during development, bbs morphant KV cilia
were observed to be reduced in number, shortened and
occupied a diminishing KV space [91]. In addition, two
genes important for establishing 1-r asymmetry, lefty-1
and /efty-2, were found to be misexpressed within the lat-
eral plate mesoderm of bbs6 and bbs7 morphants, with
36% of animals displaying bilateral plate expression
and 9% of animals exhibiting reversed right-sided plate
expression [91]. Furthermore, 5-30% of bbs morphant
embryos are predisposed to organ laterality defects, as
evidenced by abnormal heart jogging and looping, and
the frequency of these deficiencies correlated with the
severity of KV defect, indicating that KV abnormalities
are linked to altered organ laterality [91].

On account of the putative role of BBS proteins in intra-
cellular transport pathways, intracellular trafficking was
analysed in 5 day post fertilisation bbs morphant larvae
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Table 1. Loss of zebrafish BBS protein function slows retrograde
trafficking of melanosome pigments. Using a morpholino (MO)-
based approach, knockdown of bbs gene function delays retrograde
trafficking of melanosomes (in zebrafish melanophore cells) from
the cell periphery to the perinuclear region [19, 91]. In contrast,
anterograde trafficking rates of melanosomes back to the cell pe-
riphery is indistinguishable in both the control and bbs morphant
fish [91].

Treatment Retrograde Anterograde
response time response time
(min) (min)

Wild-type 1.7 4.1

Control — MO 1.6 -

bbs2 — MO 3.6 4.5

bbs4 — MO 35 43

bbs5 — MO 7.2 -

bbs6 — MO 33 4.5

bbs7 — MO 6.6 4.0

bbs8 — MO 43 -

bbsll —MO 3.0 -

using an established assay that assesses the microtubule-
dependent redistribution of melanosome pigment organ-
elles within melanophore cells. Using this system, all bbs
morphants were found to possess defects in microtubule
minus-end-directed retraction of melanosome pigments,
indicating abnormalities in dynein-driven retrograde traf-
ficking [19, 91]. Melanosome pigment retraction in bbs
morphants was either slowed 2—4 times compared with
control animals or failed to complete [19, 91] (Table 1).
In contrast, microtubule plus-end-directed recovery to
full pigment dispersal was normal in bbs morphants,
indicating that loss of bbs function does not affect an-
terograde kinesin-2-driven melanosome trafficking [91].
The bbs morphant trafficking defect was phenocopied
in wild-type animals treated with brefeldin A, which is
a fungal metabolite that predominantly abrogates retro-
grade vesicle and organelle trafficking. Taken together,
these zebrafish data indicate that BBS proteins play im-
portant organelle trafficking functions which are entirely
consistent with the intracellular transport roles suggested
by previous studies in C. elegans [49, 80], mice [60—64]
and human tissue culture cells [38, 56].

C. elegans bbs gene function regulates lipid storage

One of the most intriguing aspects of BBS, along with
the Alstrom and MORM syndromes [9, 93], is an obe-
sity phenotype that does not appear to be manifested in
other ‘classical’ ciliopathies. A recent study by Mak and
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colleagues [94] identified a genetic association between
bbs-1 and two conserved genes linked to lipid homeosta-
sis and obesity, namely kat-1, a 3-ketoacyl-coenzyme A
(coA) intestinal gene involved in fatty acid oxidation,
and fub-1, a ciliated cell-specific gene whose loss of
function causes obesity, retinal degeneration and hear-
ing loss in mammals [95, 96]. Similar to kat-1 single
mutants, loss of bbs-1 or tub-1 function produced mod-
erate levels of lipid accumulation within C. elegans in-
testinal cells. Consistent with a synergistic association,
fat storage was dramatically increased in kat-1,bbs-1
and kat-1,tub-1 double mutants [94], a finding that was
also observed for double mutants of kat-/ and mutations
in IFT particle subcomplex components such as che-2
and osm-5. Transgenic expression of bbs-I within the
ciliated neurons expressing tax-4 in kat-1;bbs-1 mutants
suppressed the enhanced lipid accumulation phenotype,
indicating that this lipid homeostasis pathway is regu-
lated by a group of 15 cells which possess the potential
to sense external (amphid neurons) and internal (PQR/
AQR neurons) nutrient levels. Given these findings, the
authors propose a model whereby ciliary genes such as
bbs-1 and tub-1 form part of a neuroendocrine feedback
loop that controls lipid homeostasis within intestinal
cells. Based on the apparent roles of BBS proteins in
intracellular transport, it is possible therefore that in hu-
mans, dysregulation of food consumption and obesity
could arise by the mistrafficking of important recep-
tors — for example, the cilia-localised 5-HT(6) serotonin
receptor [97] — implicated in the modulation of energy
metabolism [98].

Summary and conclusions

In the remarkably short time frame of 3 years, studies on
Bardet-Biedl syndrome, a previously understudied rare
genetic disorder, have provided significant insights into
a multigene family of proteins implicated in a surpris-
ing range of human ailments, including obesity, retinal
degeneration and cystic kidneys. As discussed below, the
research findings have led us to conclude that BBS pro-
teins function together, possibly as an oligomeric com-
plex, in intracellular transport processes that are relevant
to cilia function, microtubule organisation, cell division
and PCP pathways.

BBS belongs to a growing list of human ciliopathies

BBS is a member of a growing number of human disor-
ders caused by dysfunction of cilia and/or centrosomes
or basal bodies. For some time now, it has been known
that defects in cilia function underlie immotile cilia syn-
drome, polycystic kidney disease, retinitis pigmentosa
and organ laterality disorders such as situs inversus (re-
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viewed in [47, 51]). However, over the past few years, the
number of developmental diseases and disorders linked
to cilia dysfunction has grown further to include nephro-
nophthisis [99], Joubert syndrome [100], hydrocephalus
[101], Alstrdom syndrome [93], Senior-Loken syndrome
[52] and Meckel syndrome [53, 54]. Together, these find-
ings underscore the diverse and important roles that cilia
play during development and indicate that ciliary defects
may contribute to relatively common phenotypes such
as mental retardation (BBS, Joubert syndrome), obesity
(Bardet-Biedl, Alstrdm and MORM syndromes) and hy-
pertension (BBS).

BBS proteins may form heteromeric complexes
Numerous studies indicate that BBS genes function
within the same or parallel genetic pathways. First, BBS
patients generally display almost identical phenotypes,
regardless of the particular BBS gene mutated. Second,
loss of BBS gene function in mice, C. elegans and ze-
brafish produces overlapping phenotypes [49, 60-64, 80,
91]. Third, mammalian BBS proteins co-localise at cen-
trosomes and basal bodies. Fourth, the C. elegans BBS
proteins all undergo IFT [24, 49], suggesting at the very
least, close physical association of BBS components in
moving IFT protein complexes. Together, these observa-
tions suggest that some, if not all, BBS proteins form
part of large heteromeric complexes. Consistent with
this notion is the recent finding that the protein product
of MGC1203, a vertebrate-specific genetic modifier of
BBS, immunoprecipitates no fewer than seven BBS pro-
teins [43].

A single functional BBS complex could explain the ge-
netics of BBS, such as its complex inheritance patterns
in humans and the epistatic relationships of BBS genes
in zebrafish [43, 91]. Although oligogenic inheritance is
apparent for many BBS genes, very few unaffected indi-
viduals homozygous for pathogenic null mutations have
been identified. In the context of a hypothetical BBS
complex, this is perhaps not surprising, since the com-
plete loss of any one BBS protein would likely have dire
functional consequences on the entire BBS complex.
Indeed, support of the latter has been observed in C. el-
egans null mutant models of BBS, where no enhance-
ment of the phenotype (defects in cilia structure and
IFT) is observed in double mutants versus single mu-
tants [49]. On the contrary, in situations where BBS gene
function is predicted to be reduced but not completely
abolished (e.g. zebrafish morphants and missense/hypo-
morphic mutations in mice and humans [43, 91]), such
alleles would be expected to exert varying effects on the
integrity of BBS protein complexes, leading ultimately
to subtle epistatic increases or decreases in the overall
function of the complex.
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BBS protein function is required to maintain cilia
structure and function

As discussed in this review, loss of BBS protein function
impacts variably on cilia structure. Data from the various
BBS animal models have shown that many types of cilia
are relatively unaffected (e.g. mouse renal tubular cell
cilia, motile cilia of respiratory epithelial cells [60—64]),
others are moderately affected (e.g. truncated sensory
cilia in C. elegans [49], shortened olfactory epithelial
cell cilia in mice [61], truncated Kupffer’s vesicle cilia in
zebrafish [91]) and others still are severely affected (e.g.
complete absence of motile flagella on mouse sperma-
tozoa [60, 62, 63] and aflagellar Chlamydomonas [25]).
With the exception of sperm flagella, it can be concluded
that BBS proteins are not generally required to form
cilia in mammals. Instead, it would appear that in certain
cases, in particular non-motile primary cilia, BBS pro-
tein function is necessary to build wholly intact and fully
functional ciliary structures. This notion is supported
by the fact that severely disrupting cilia function, as is
the case with the IFT88/Polaris/tg737 loss-of-function
mouse, results in a lethal phenotype [102]. Accordingly,
it would seem that partially affected BBS mutant ciliary
structures retain enough function to ensure survival of the
organism. The partial or complete loss of spermatozoan
flagella in BBS mice [60, 62, 63] and humans [62] indi-
cates that the molecular and genetic pathways underly-
ing sperm flagella biosynthesis may not be identical to
the IFT pathways that drive canonical cilia biogenesis.
Although IFT almost certainly builds these specialized
flagellar structures, subtle alterations to the pathways
have likely defined more critical roles for BBS proteins
in sperm flagellar biosynthesis. Alternatively, important
non-IFT roles for the BBS proteins that are required for
the differentiation of spermatozoa could be affected.
Concomitant with the variable morphological ciliary de-
fects observed in animal models of BBS are numerous
cilia-associated molecular abnormalities. These include
mislocalisation of ciliary signaling proteins in mice [61—
64] and IFT components in worms [49, 80], absence of
stable microtubules in mammalian olfactory epithelial
cell cilia [61], uncoordinated kinesin-2 motors in worms
[80] and centrosomal/basal body abnormalities such as
defects in microtubule organisation in human tissue cul-
ture cells [38, 56]. Taken together, all of the available data
clearly indicate that BBS protein function is required for
the normal structure and function of cilia.

BBS proteins play important roles in PCP pathways

The discovery that loss of BBS6 and BBS10 function is
linked to PCP anomalies, including neural tube defects
and cochlear stereociliary bundle abnormalities [18,
64], provides an intriguing explanation for some of the
developmental phenotypes of BBS. These findings are
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especially interesting in light of some very recent obser-
vations demonstrating the association between cilia func-
tion and wnt signaling. First, it was shown that inversin,
a basal body/ciliary protein associated with cystic kid-
neys and retinitis pigmentosa [99, 103], lies at a critical
junction of wnt signaling, where it appears to act as a
molecular switch between the canonical and non-canoni-
cal branches of this signaling cascade [75]. In the cur-
rent model, it is proposed that fluid flow-induced bending
of primary cilia in the developing renal tubules triggers
non-canonical Wnt signaling (via inversin), leading ul-
timately to changes in gene expression and the control
of apical-basolateral polarity in renal tubular epithelial
cells [75, 104]. Second, in Xenopus embryos, it was
shown that PCP components, Dishevelled and Inturned,
are required for cilia biogenesis and Hedgehog signaling
[105]. Indeed, these findings serve to consolidate previ-
ous studies, which found that ciliogenic intraflagellar
transport pathway components are required for normal
Hedgehog signaling in vertebrates [106—110]. Finally, the
observation that key components of PCP, namely Inver-
sin, Vangl2, Dishevelled and Inturned, all localise at or
near basal bodies and/or cilia [64, 105, 111] provides fur-
ther support for the notion that primary cilia-basal body-
centrosomal components play central roles in conducting
PCP signaling.

Overall, the above findings indicate that any molecular
process that abrogates cilia structure and function (e.g.
fluid flow sensing) has the potential to disrupt important
developmental processes such as PCP. The challenge for
future BBS research will therefore be to further define
the specific molecular mechanisms by which BBS pro-
teins function, especially their putative roles in intracel-
lular transport, and how these functions impact upon cilia
and basal-body/centrosome-dependent developmental
signaling pathways.

A common role for BBS proteins in microtubule-
based intracellular transport

In summary, BBS protein function is associated with (i)
PCP in vertebrates, (ii) intraflagellar transport and coor-
dination of kinesin-2 motors in worms, (iii) retrograde
organelle trafficking in zebrafish and (iv) microtubule
organisation and anchoring in mammalian cells. As de-
scribed above, all of these observations can be explained
by a role for BBS proteins in microtubule-based intra-
cellular transport. A direct role in molecular transport
pathways has been demonstrated in C. elegans [49, 80]
and zebrafish [91]. In addition, the centrosomal abnor-
malities observed in the mammalian BBS tissue culture
models (e.g. aberrant microtubule anchoring, cytokinesis
defects, multiple centrosomes [38, 56]) are proposed to
arise from mistrafficking of important centrosomal/basal
body proteins such as PCM1 [56]. Furthermore, intracel-
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lular trafficking defects would explain the inability of
photoreceptor pigments (e.g. rthodopsin) and olfactory
epithelial cell ciliary proteins (e.g. AC III) to localise at
ciliary structures in vertebrate models of BBS. Finally,
the ciliary localisation of developmental signaling com-
ponents such as Smoothened (hedgehog signaling) and
possibly Vangl2 (non-canonical wnt signaling) may be a
requirement for their function [107]. Accordingly, a gen-
eral role in intracellular transport for BBS proteins would
ensure the proper ciliary localisation of various wnt and
hedgehog signaling components, and therefore, normal
embryonic development. The challenge is now to under-
stand in precise molecular terms how the various BBS
proteins help to modulate intracellular transport pro-
cesses, and how disruption of these functions leads to the
observed pleiotropic phenotypes of this multigenic syn-
drome [112, 113]. Such insights will undoubtedly help to
shed light not only on BBS but also on the molecular ba-
sis of important developmental processes in vertebrates
and the possible pathomechanisms of a multitude of dif-
ferent disorders.
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