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Abstract: Bardet—Biedl syndrome (BBS) is an autosomal recessive condition characterized by
important clinical features, including obesity, blindness, renal cystic disease, and intellectual
disability. BBS is caused by mutations in >20 genes, a subset of which form the so-called
BBSome. The BBSome is a complex that coats intracellular vesicles and interacts with key
proteins, such as small GTPases, that regulate the trafficking of these vesicles to the base of
cilia. Cilia are microtubular protusions present on the surface of most cells that are defective
in a key group of disorders known as ciliopathies, of which BBS is one. BBSome components
particularly localize to the basal body of cilia, and also centrosomes, where they interact with
pericentriolar material proteins that regulate their function. The BBSome also facilitates the
transport of key cargo within cilia by acting as an adaptor protein for intraflagellar transport
complexes, and as such BBS mutations lead to a variety of functional defects in cilia in a
tissue- and cell-type-specific manner. This might include defects in photoreceptor trafficking
linked to the connecting cilium, abnormal hedgehog signaling within bone, and aberrant calcium
signaling in response to fluid flow along renal tubules, although the precise mechanisms are still
not completely understood. Taken together, the BBSome is an important complex that may be
targeted for treatment of a variety of common and important disorders, and understanding the
precise function of the BBSome will be essential to capitalize on this translationally.
Keywords: retinitis pigmentosa GTPase regulator, polycystin, disrupted in schizophrenia 1,
Hedgehog signaling, calcium signaling, photoreceptors

Introduction

The BBSome complex in human genetic disease
Bardet—Biedl syndrome (BBS) is a genetic disorder with an autosomal recessive mode
of inheritance. Major features of this condition are truncal obesity, polydactyly, rod-
cone dystrophy hypogenitalism in males, learning difficulties, and renal anomalies.
Patients are diagnosed as having BBS if they exhibit four of the major criteria or three
major and two minor criteria; brachydactyly/syndactyly, abnormal speech, polydypsia/
polyuria, ataxia, diabetes mellitus, developmental delay, congenital heart disease,
abnormal dentition/palatal defects, and hepatic fibrosis all constitute minor features.'
So far, 19 different genes have been found to be mutated in BBS, with different
contributions, from >20%, ie, BBS1 or <1% for the most unusual ones (Table 1).
BBS was one of the first diseases demonstrated to be a ciliopathy. Cilia are micro-
tubular protrusions present on the surface of most cells. Mutations that disrupt the
function of cilia have been identified in many human diseases, and abnormal ciliogen-
esis is associated with a characteristic set of human phenotypes, the “ciliopathies”.!
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Table | Genes mutated in BBS, contribution to other syndromes and BBSome links

Gene % of BBS Mutated in a Mutated in Member Necessary for Known to be
mutations  different syndromic nonsyndromic of the BBSome BBSome complex necessary for the
attributed® ciliopathy than BBS RP +LCA complex assembly BBSome function

BBSI 232 RP v v

BBS2 8.1 MKS v v

BBS3/ARL6 <l RP v

BBS4 23 MKS v v

BBS5 <l v v

BBS6/MKKS 5.8 MKS, MKKS v v

BBS7 1.5 v v

BBS8 1.2 RP ' v

BBS9 6 RP ' v

BBSI0 20 v v

BBS!1/TRIM32 <l

BBSI2 5 v v

BBSI3/MKS| 4.5 MKS

BBS14/CEP290/NPHP6 <l JBTS, MKS, NPHP, SLS  LCA v

BBS|5/WDPCPIFRITZ <l MKS

BBS16/SDCCG8/NPHP10 <l NPHP, SLS

BBSI7/LZTFLI <l v

BBS18/BBIP10/BBIPI <l ' v

BBSI19/IFT27 <l v

Notes: *From Forsythe E, Beales PL. Bardet-Biedl Syndrome. In: Pagon RA, Adam MP, Ardinger HH, et al. editors. GeneReviews(R). Seattle, WA; 1993.”2
Abbreviations: BBS, Bardet-Biedl syndrome; JBTS, Joubert syndrome; LCA, Leber congenital amaurosis; LZTFLI, Leucine-zipper transcription factor-like I; MKS,
Meckel-Gruber syndrome; MKKS, McKusick-Kaufman syndrome; NPHP, nephronophthisis; RP, retinitis pigmentosa; SLS, Senior—Loken syndrome.

These phenotypes include a variety of tissue patterning
defects that are attributable to roles of nonmotile cilia in
regulating a number of signal transduction pathways,>* as
well as defects caused by the abnormal formation and/or
degeneration of specialized cilia such as photoreceptors (eg,
retinitis pigmentosa). Approximately 100 causative genes
have been identified in ciliopathies. Although the prevalence
of individual ciliopathies varies considerably, collectively, the
ciliopathies are much more common and certain disorders,
such as polycystic kidney disease, affect up to 1 in 1,000
people. In some cases, genes found to be mutated in BBS also
contribute to other syndromic cilipathies and nonsyndromic
retinal degeneration (Table 1).

BBS proteins localize to centrosomes and basal bodies in
mammalian cells and tissues, including sensory neurons and
photoreceptors. Many of the encoded proteins are unchar-
acterized biochemically and are defined by the structural
domains that they contain, such as tetratricopeptide repeats
and tripartite motifs. A subset of these proteins forms the
protein complex known as the BBSome.* The stage for dis-
covery of the BBSome was set by elucidation of the molecular
genetic basis for BBS. In this review, we will see how some
of the proteins encoded by the different BBS genes are part

of this BBSome complex and some others contribute directly
or indirectly to its function (summarized in Table 1).

BBSome structure and assembly
The first work proposing the existence of the BBSome
demonstrated the presence of a stable heptameric complex
consisting of BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and
BBS9. Using BBS4-LAP technology in mammalian cells,
the authors found that the seven BBS proteins pull-down
together and bind with pericentriolar material 1 (PCM1)
and Rabin8, a guanosine exchange factor for RAB8A.>* An
additional member of the complex, BBIP10/BBS18/BBIP1,
was subsequently identified making the BBSome an octa-
meric complex.’ These early studies showed that the BBSome
was implicated in vesicular protein transport to the cilium.
Further studies in Chlamydomonas flagella show a similar
complex, including BBS1, BBS4, BBS5, BBS7, and BBSS,
orthologous to the previously found mammalian BBSome.¢
Evolutionary analysis of proteins linked to ciliopathies sup-
ported these results showing that the seven BBS proteins are
conserved in a modular fashion.”

However, not all the genes found to be mutated in patients
with BBS are part of the BBSome complex. The complete
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Figure | The BBSome.

Notes: (I) Remodeling of centriolar satellites. In cycling cells, CSs stay in the PCM, where they remain ubiquitinilated. When a signal (ie, stress response, cell confluency,
UV response, or heat-shock) triggers the dissociation of the MIB| and oral facial difital syndrome protein | OFDI from the CSs, all ubiquitinated proteins move from
the PCM into the centrosome.’>®# |t is still unknown if there could be different types of CS remodeling and if there is a different response of different CSs to different
signals. It is possible that the BBSome also migrates into the centrosome and allows its migration to form the basal body owing to interactions between BBS4 and the
CSs. (2) The basal body is transported to the membrane.The basal body initiates formation of the CV and the TZ.These occur in succession, and their formation involves
the Rabl I/Rab8, through vesicular traffic, and Cep290. How they are assembled and matured remains obscure. The BBSome could be part of these processes, thanks
to its membrane interaction with BBS5 and with the interaction of BBSI with RAB8A/Rabin8. Subsequently, the basal body has to be transported and docked to the
membrane, and it will require IFT and the microtubular cystoskeleton. The BBSome proteins containing B-propellers (BBSI, 2, 7, and 9) or TPR domains (BBS4 and 8)
are involved in the transport of ciliary cargo and may regulate transport of the basal body.*®* (3) Regulatory network of BBSome loading into the cilium. Once the basal
body is docked, the BBSome is needed to load cargo into the ciliary IFT. In order to do that, it must first be internalized into the ciliary membrane. In this area, there are
three main compartments structurally separated: the CSs, the TZ, and the cilium.All the key components linked to the loading of the BBSome. BBS4 is unique among the
BBSome subunits, as it interacts with the CSs, where CEP290 plays a central role. Disruption of any of these proteins usually leads to the failure of the BBSome to reach
the cilium. Several proteins localize to the TZ (also known as the ciliary gate), including the MKS and the NPHP complexes.®**® No interaction with BBSome subunits
has been reported, although mutations in the Meckel syndrome subunits MKSI/BBS13 and TMEM67 have been found to in patients with BBS.%-*' CEP290 and NPHP5
regulate the entry of the BBSome components in the TZ. Finally, the BBSome interacts with the small GTPases, ARL6/BBS3 and RAB8A. Depletion of both small GTPases
leads to a failure to target a wide range of cargo to the cilium. It is likely that ARL6 has a more specific effect on the BBSome where it seems to regulate both the entry
and exit of some subunits.

Abbreviations: BB, basal body; BBS, Bardet—Bied| syndrome; CSs, centriolar satellites; CT, centrosome; CV, ciliary vesicle; IFT, intraflagellar transport; MIB I, mindbomb
E3 ubiquitin protein ligase |; MKS, Meckel-Gruber syndrome; MT, microtubular; NPHP, nephronophthisis; OFD I, oral facial difital syndrome protein |; PCM, pericentriolar
material; TF, transition fibers; TZ, transition zone; UV, ultraviolet; TPR, tetratricopeptide.
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picture on how the BBSome and these other BBS proteins
interact is still incomplete, but we know that some of them
directly regulate cellular localization of the BBSome.

BBS3/ARLG6 is a small ARF-like GTPase that localizes
to the basal body and ciliary membrane. ARL6 interacts
with BBS1 in its active GTP-bound form (Figure 1) through
its N-terminal domain, and this interaction is necessary for
the transport of the BBSome to the cilium; in human retinal
pigmented epithelial cells, knockdown of ARL6 prevents
localization of BBS1 to the cilium, which can be rescued
following transfection of ARL6S™, but not ARL6SPE.S The
BBSome complex is pulled-down in its entirety in ARL6-
deficient cells and so it has been proposed that its function
is to regulate trafficking of the BBSome. In its GTP-bound
form, ARL6 binds the BBSome and forms a BBSome/
ARL6 coat on the surface of membrane lipids of cellular
vesicles. This BBSome-ARL6 coat has been shown to sort
membrane proteins into cilia by recognizing ciliary targeting
sequences by the BBSome.*!' The BBSome associates with
the cellular membranes, thanks to the pleckstrin domains of
BBS35, that bind phosphoinositides.> How this membrane—
BBSome interaction works is not yet clear, but it has been
reported that in the retina, BBS5 can be phosphorylated by
light stimulation of protein kinase C, releasing Arrestinl into
the outer segment membranes.'? It is possible that a similar
mechanism could be in place for primary cilia to regulate
ciliary BBSome function.

The BBSome is also regulated by the interaction of ARL6
with another protein mutated in patients with BBS, IFT27/
Rab41/BBS19. IFT27 is a Rab-like GTPase that associ-
ates with IFT25 to interact with the intraflagellar transport
complex-B. IFT27 can bind nucleotide-free ARL6 (ARL6PF),
and cells lacking IFT27 hyper-accumulate ARL6 and the
BBSome in cilia. This accumulation is due to the requirement
for IFT27 to export the BBSome from the cilium, although its
transport into the cilium is not dependent on IFT27 function.
This mechanism is not specific for the BBSome as other
ciliary proteins, such as GPR161 and leucine-zipper tran-
scription factor-like 1 (LZTFL1), also accumulate in cilia in
[FT27-deprived cells.'®"® The LZTFL1, encoded by BBS17,
is an occasional cause of disease in a subset of patients with
BBS.!4!15 LZTFL1 interacts with the BBSome through its
C-terminal half that binds BBS9. Its expression is cytosolic,
and it is not enriched in the centriolar region or the cilium.
Moreover, when LZTFL1 expression is inhibited, cilia length
or cilia formation are not disrupted. Only when LZTFL1 is
deleted is its ciliary function observed, increasing transloca-
tion of BBSome proteins to the cilium. Even in cells depleted

for BBS3 and BBS5, LZTFL1 downregulation is able to restore
BBSome localization to the cilium.'®

The chaperonin-like proteins, BBS6, BBS10, and
BBS12, another group of BBS proteins, are only required
for the assembly of the BBSome. They mediate the associa-
tion of the BBSome proteins with a CCT/TRiC chaperonin
complex that folds all the components in the right place.'”
BBS7 is stabilized by the CCT/TRiC complex in partnership
with BBS6, BBS10, and BBS12. BBS7 is then coupled with
BBS2 and BBS9 to form the BBSome core complex. BBS1,
BBS8, BBSS5, and finally BBS4 are added individually to
complete the complex.'® It is still unclear how BBIP10 is
incorporated into the complex. No other function has been
found for these BBS chaperones indicating that disruption
of BBSome assembly and its mobilization to the basal body/
centriolar satellites (CSs) causes similar phenotypes.

Functions of the BBS proteins
The BBSome and the CSs

The recruitment of the BBSome to the base of the cilium
depends first on its localization to the centrioles. This
localization depends on the interaction of certain BBSome
components, especially BBS4, with proteins expressed
in CSs. The CSs are dense granules clustered around the
centrosomes and centrioles in the PCM.

CEP290is a gene found to be mutated in several ciliopa-
thies from Joubert and Senior—Leken syndromes to Meckel—
Gruber syndrome, Leber congenital amaurosis, or BBS. It is
still unclear why mutations in CEP290 can give such a diver-
sity of phenotypes. Structurally, CEP290 is part of the CSs,
where it interacts with CEP72, and it has been proposed that
depletion of these proteins disrupts the localization of BBS4
to the cilium before the final step of BBSome formation.
As such, mutations in CEP290 interfere with the formation
of the BBSome and its recruitment to the cilium."” When a
hypomorphic mutation in murine CEP290 (Cep290'°) is
crossed onto the Bbs6 (Mkks™~) mutant background, the Bbs6
mutant phenotype is partially rescued when compared with
single mutants. On the other hand, Cep290'%% and Bbs4™'~
double mutants show aggravated phenotypes, including addi-
tive effects on obesity and photoreceptor degeneration.?’?!
It is possible that these apparently discrepant results could
be explained by the particular CEP290 protein domains that
interact differentially with BBS4 or BBS6.

PCM1 and disrupted in Schizophrenia 1 (DISC1) are
centriolar proteins, and like CEP290, they regulate BBSome
function through their interactions with BBS1, BBS4,
and BBS8. PCM1 and DISC1 are core constituents of the
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CSs and have been shown to cause genetic susceptibility
to schizophrenia and other psychiatric diseases.”> PCM1,
DISCI, and BBS4 form a complex that mutually regulates
their localization to the CSs. Disruption of either BBS4 or
DISCI1 expression leads to a decreased enrichment of PCM1
to the CSs.232

AZI1 (also known as CEP131) is another CS that interacts
with the BBSome through BBS4. AZI1 co-localizes with
BBS4 to the CSs, and when it is depleted by siRNA-mediated
knockdown, the ciliary localization of BBSome proteins like
BBS4, BBSS, and BBS9 is increased, and the proportion of
ciliated cells is also increased.” Accordingly, AZI1 overex-
pression reduces BBS8 and BBS9 inside the cilium.*

The CS protein SSX2IP is another common interactor
between the BBSome and CEP290.7” Loss of SSX2IP leads
to shortened cilia and is needed to target BBS2, BBS4, BBSS,
CEP290, SSTR3, and RABS8A to the primary cilium. CEP90
is another CS that is required for BBS4 localization to the
CSs.22 SSX2IP, CEP90, and PCM1 associate with each other,
and their localization to the CSs is interdependent; all three
proteins are necessary for cilia formation.?”?

Nephrocystin-5 (NPHPS) protein localizes to the distal
ends of the centrioles (Figure 1). When mutated, it causes
Leber congenital amaurosis and Senior—Leken syndromes,
but NPHP5 mutations have not been reported in BBS. We
know that NPHP5 interacts with CEP290, and mutations
in NPHPS5 impair their interaction.**> When one of the two
is depleted in cells, both disrupt the transport of BBSome
components to the cilium. Interestingly, NPHPS depletion
only affects the ciliary localization of BBS2 and BBSS5,
but not BBS1, BBS7, BBS8, BBS9, BBIP10, or even
BBS4, a BBSome component that is known to interact with
CEP290.

In contrast, when CEP290 (or CEP72) are depleted,
the BBS4 and BBSS fail to relocalize from the CSs to the
cilium."” Therefore, NPHP5 and CEP290 interact together
in the transition zone and both are able to bind and alter
localization of BBSome proteins, but their interaction with
the BBSome seems to have different effects on BBSome
stability.*!

PCM1, CEP290, and AZI1 CSs seem to be the link
between the BBSome, ciliogenesis, and the cell cycle.
Depletion of Cep290 results in the accumulation of PCM1 at
the centrosomes.'**? When ciliogenesis is naturally or stress
induced, PCM1 preferentially binds AZI1, releasing CEP290
from the CSs, accumulating in the centrosome/basal body.
When CEP290 is at its optimal concentration within the
basal body, the AZI1-PCM1 complex concentrates RABSA

near the centrosomes and allows CEP290 to recruit RABSA
into the cilium.* In that context, lack of expression of BBS4
reduces PCM1 localization in the CSs, possibly reducing
the concentration of CEP290 to the basal body disrupting
ciliogenesis.

The link between Rab GTPases
and the BBSome

There are two proposed models for the transport of ciliary
proteins inside the ciliary membrane: lateral diffusion and
targeted vesicle transport. The second type of delivery and
membrane sorting depends on the small GTPases RAB11
and RABSA. RABI11 controls vesicle exit from the recy-
cling endosomes,** and RABS8A is involved in vesicular
trafficking between the trans-golgi network and the plasma
membrane.**3¢ In addition to these functions, their coopera-
tion regulate ciliogenesis and transport of proteins to the
cilium.?73#

The BBSome interacts with the RABSA interactor,
Rabin8, through a direct interaction with BBS1 alone. BBS1
binds the C-terminal end of Rabin§ (Figure 1). Since Rabin§
is not found in the cilium or the CSs, it seems that this interac-
tion with BBS1 must occur in the basal body.>* Rabin8 is a
guanosine exchange factor for RAB8A. Rabin8 forms a key
bridge between the vesicular membranes and the BBSome,
forming a direct interaction only with BBS1. Rabin8 drives
ciliogenesis by loading GTP on to RABSA allowing it to
enter the cilium and to elongate its membrane. Tandem
affinity purification to identify Rabin8-associated proteins
from 293 and IMCD3 cells has shown only weak signals for
BBS1 (and BBS7) suggesting that BBSome interactions can
be transient.* As discussed previously, CEP290 has been
linked with ciliary RAB8A function, and it is necessary for
the localization of RAB8A to the basal body.?”!3

IFT27, a RAB-like GTPase, and BBS3, which are both
mutated in patients with BBS, form a direct protein—protein
interaction and regulate BBSome entry into the cilium.
However, so far only ARL6 has been shown to bind the
BBSome. Both ARL6 and Rabin8 interact with BBSI1.
However, while ARLG6 is distributed in a punctate manner along
the ciliary axoneme, Rabin8 and BBS1 appear to co-localize
at the basal body. Moreover, polycystin-1 (PC-1), a protein
mutated in autosomal dominant polycystic kidney disease is
able to interact with all subunits of the BBSome. Depletion
of BBS1, but not any of the other BBSome subunits, impairs
ciliary trafficking of PC-1 in kidney epithelial cells.* In the
same manner, over-expression of BBS3/ARL6 mutant (T31R)
that locks ARLG6 in its inactive GDP-bound form generates
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shorter cilia and loss of localization of PC-1 to primary cilia,
although a separate report did not see the same effect on
cilia length.® As BBSome assembly appears to be normal in
ARLG6 knockdown cells, while translocation of the complex
to the cilium is impaired, it is possible that interactions of the
BBSome with Rabin8 and ARL6 are functionally separable.!!
It is noteworthy that, although data implicating the RABS—
RAB11-Rabin8 complex in ciliary regulation are growing
in number and quality,*® publications about the role of the
BBSome with different small GTPases are limited.

The BBSome and the cell cytoskeleton
Research into ciliopathies has focused almost exclusively on
the cilium. The initial indication that cilia are of fundamental
importance came from the observation that the majority
of proteins mutated in a group of clinically overlapping
syndromes — subsequently defined as ciliopathies —do indeed
localize to cilia and/or affect cilia formation/function. How-
ever, ciliopathy proteins represent a range of protein classes
involved in processes as diverse as microtubule-based trans-
port, vesicle transport/small GTPases, molecular chaperone
activity, and cytoskeletal regulation. In terms of subcellular
distribution, ciliopathy proteins are found in many locations
within the cell. One example is the polycystins which regulate
cell—cell adherens junctions in cells grown in conditions that
do not permit cilia formation. We reported the first evidence
linking BBSome components to cytoskeletal abnormali-
ties. For example, BBS4 knockdown leads to microtubule-
organizing center disorganization and failed microtubule
anchoring to the CS, and silencing of BBS6 in a range of cell
types leads to multinucleate and multicentrosomal cells with
defects in cytokinesis.?**! Cytoskeletal phenotypes were not
limited to microtubules, and we also found perturbations in
actin cytoskeleton polymerization.**#

We now know of additional BBSome interactors
(ALDOB, EXOC7, FLOT1, KRT18, or PAX2) that are
expressed not only in the CSs but also in the microtubule-
organizing center.* The cellular consequences of potential
nonciliary-related phenotypes seem to be diverse. The planar
cell polarity pathway is disrupted in BBS gene-trap mice,
affecting Vangl2 expression and causing early neural tube
defects and cochlear stereociliary disruption.***#" They
also seem to be responsible for the disorganization of the
dendritic microtubule network and trapping of olfactory
ciliary proteins in dendrites and cell bodies,** suggesting a
role in the central nervous system.

How the BBS genes and the BBSome regulate cytoskel-
etal architecture still remains unclear. It is possible that the

BBSome is required for cytoplasmic microtubule poly-
merization and acetylation. BBIP10 has been proposed to
physically interact with Histone-deacetylase 6 to regulate
microtubule stability and to couple acetylation of axonemal
microtubules and ciliary membrane growth.® It has also been
reported that some BBSome subunits are expressed in focal
adhesions. The focal adhesions provide a structural link
between the actin cytoskeleton and the extracellular matrix.
The polymerization of actin is highly regulated by the small
GTPase RHOA,* and the active GTP-bound form of RHOA
is upregulated in BBS mutant cells. Actin cytoskeletal defects
in BBS mutants can be rescued by inhibiting this pathway
with the ROCK inhibitor Y-27632.#* Moreover, disruption
of the cellular cytoskeleton is not unique to BBS cells and
is shared with other ciliopathies,*® suggesting that some of
the phenotypes observed in ciliopathies may be directly
linked to regulation of the cytoskeleton rather than the cili-
ary function.

BBS syndrome as a model ciliopathy

Further observations indicate that BBS proteins function at
the basal body stems from the identification of 668 proteins
that are conserved in the ciliated organism Homo sapiens
and Chlamydomonas reinhardtii (C. reinhardtii) but absent
from Arabidopsis thaliana, a plant that lacks cilia. This cilia-
enriched set of proteins contained all known BBS proteins,
and it was found that bbs gene expression was activated in
C. reinhardtii when induced to form flagella.’! These obser-
vations led to the discovery of mutations in BBSS. Second,
all Caenorhabditis elegans bbs genes are expressed exclu-
sively in ciliated neurons where they regulate intraflagellar
transport (IFT).52%% All types of cilia lack the necessary
machinery for protein synthesis. Therefore, all proteins
required for ciliary function must first be transported to the
membrane and/or base of cilia in specific vesicles.! Many of
these proteins are subsequently transported from the base
to within the cilium by the process of IFT, whereby kinesin
or dynein molecular motors drive anterograde (from base
to tip) or retrograde (tip to base) IFT along microtubules
that comprise the ciliary axoneme. In addition to deter-
mining the ciliary composition, IFT of certain signaling
molecules is necessary for their biochemical processing and
therefore for proper regulation of signal transduction.’ IFT
along the connecting cilium is also required to replenish
components of the outer segments of photoreceptor cells,
which degrade following exposure to light.%” Therefore,
defects in IFT represent a mechanism of pathogenesis that
is relevant to many, if not all, ciliopathies, including retinal
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degeneration/blindness and a variety of birth defects that
are found in patients with BBS.

The BBSome acts as a scaffold linking IFT components
and key cargo, including PCM1, to dynein molecular motors,
thereby acting as key regulators of retrograde IFT within
cilia.’*>¢ Remarkably, almost all mutations found in the
100 or so genes in ciliopathies cause a loss of function and
are inherited in a recessive mode. This is likely to reflect the
fact that many ciliopathy proteins form structural complexes,
such as those forming the BBSome. It is therefore perhaps not
surprising that mutations in more than one protein within such
complexes could lead to additive functional defects. Support
for this contention comes from examples of possible triallelic
inheritance in BBS, with three mutations in two genes being
necessary to produce the disease.’’** A minor subset of
families has been described that carry mutations in more
than one BBS gene. In some cases, three mutations correlated
with a more severe clinical phenotype than members of the
same family who carried mutations in just one gene. In very
rare examples, phenotypically normal individuals were found
who were homozygous for deleterious mutations.* Other
examples of triallelic inheritance have been reported.

These observations suggest that multiallelic inheritance
could be important in modifying the penetrance and expres-
sivity of ciliopathies. A crucial protein complex underlying
this phenomenon is the BBSome.

Molecular mechanisms underlying ciliary phenotypes
Key phenotypes in BBS that illustrate current knowledge
about some of the fundamental mechanisms involved in
pathogenesis include polydactyly/limb malformations, renal
cystic disease, and retinal degeneration/blindness. How
BBSome disruption is linked to the phenotypes observed in
patients and animal models is intrinsically linked with the
function of cilia in sensing environmental cues. Therefore,
the disparate roles of the BBSome and cilia in producing
organ-specific phenotypes relates to tissue-specific context
for ciliary function. Little is known about the mechanisms
that cause BBS specifically, although inference can be
made from two areas of investigation. First, insight can be
gleaned from investigations of classical ciliopathies. Second,
biochemical investigations of the BBSome have revealed
direct interactions with key effector proteins implicated
in key human diseases. We have reviewed much of this
in detail elsewhere,* % and so it will only be summarized
briefly here.

Classic autosomal dominant polycystic disease is charac-
terized by cysts affecting the renal collecting duct epithelium.

It is caused by mutations in PKDI or PKD2, which encode
the transmembrane proteins, PC-1 or polycystin-2 (PC-2).
Landmark studies have shown that PC-1 and PC-2 interact
to form a calcium channel that is present within the ciliary
membrane.** " Bending of the cilium was shown to activate
this channel leading to calcium influx. This can lead to cal-
cium waves that spread across an epithelial cell monolayer
by the mechanism of calcium-induced calcium release
from the endoplasmic reticulum. In the context of the renal
epithelium, it is therefore speculated that urine flow along
the collecting ducts may lead to orchestrated cilia bending,
thereby generating co-ordinated waves of calcium signaling
across the epithelium.

A similar mechanism has been proposed in relation to
the laterality defects that are observed in some patients with
BBS.%% Two populations of cilia are found in the embryonic
node, which is an epithelial invagination present on the early
embryo. A population of motile primary cilia is found within
the center of the node, and a second population of immo-
tile cilia is found laterally. Studies in which embryos were
cultured in a fluid flow chamber showed that reversing the
direction of fluid flow, which normally travels from right to
left, have suggested a model whereby the central cilia gener-
ate unidirectional flow owing to the angle at which they are
embedded within the epithelium, leading to bending of cilia
specifically to the left of the node. These lateral cilia, which
contain polycystin paralogs, including PKD2 and PKDI111,
initiate calcium signaling. This initiates a series of further
signaling cascades which establish asymmetric patterns of
Nodal signaling within the lateral plate mesoderm, which
gives rise to organ asymmetries. Interestingly, multiple
components of the BBSome have been shown to interact
directly with PC-1 and -2. Although the exact relevance of
this interaction is unclear, it is tempting to speculate that
the BBSome plays a part in regulating localization of this
calcium channel to cilia.

We already commented that PC-1 is able to interact
with all subunits of the BBSome, and depletion of BBS1 or
locking of BBS3/ARLG6 in its inactive GDP-bound impairs
ciliary trafficking of PC-1 in kidney epithelial cells and gen-
erates shorter cilia.** We cannot be sure whether the failed
polycystin localization is directly affected by its interactions
with the BBSome subunits or if it is secondary to defects in
primary cilia assembly. Patients with BBS sometimes pres-
ent with situs inversus owing to early left-right patterning
defects. This could be linked to the role of PC-1, the
embryonic organizer in mammals, where it seems to control
calcium signaling on the left side only. When bbs9 or bbs§
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are knocked down in zebrafish, the motile cilia of Kupffer’s
vesicle — the zebrafish equivalent of the node — appear fewer
and shorter. Heart looping is also dependent on left-right
patterning and is randomized in bbs morphants.”’ On the
other hand, mouse models for BBS show no obvious left—
right patterning defects, and the penetrance of renal cysts is
low.*¢7 How BBSome disruption exactly modifies calcium
signaling, cystogenesis or left-right patterning development
still needs to be unveiled.

Another molecular pathway for which cilia are essential
is the Hedgehog (Hh) pathway, and this has been reviewed
extensively elsewhere.®? Hh signaling is a unique signaling
pathway which centers around two transmembrane pro-
teins, known as Smoothened (SMO) and Patched-1, named
according to the loss-of-function phenotypes observed in
Drosophila mutants for each of the encoding genes. SMO
is derived from G-protein coupled receptors (GPCRs).
However, other than signaling via small G-proteins, it appears
to have retained no functional relationship to GPCRs. The
precise mechanism by which SMO induces downstream
signaling is still ambiguous, but it has become clear that its
transport through the cilium by the process of IFT is essential
for proper activation and regulation of the pathway. Patched-1
is a 12-pass transmembrane protein that is related to the
Niemann-Pick protein pump. In the absence of Hh ligand, it
serves to repress Hh signaling through inhibition of SMO.
Like SMO, it too localizes to the ciliary membrane and
serves to exclude SMO from cilia. This activity is inhibited
following binding of Hh ligand.

The Hh pathway plays well-established roles in many
aspects of embryonic development. The Hh ligands are
well-established morphogens that pattern embryonic tissues
by setting-up concentration-dependent signaling responses.
Within the embryo, Hh ligand is expressed specifically within
the posterior aspect of the limb bud, in a group of cells known
as the zone of polarizing activity. This establishes an antero-
posterior gradient of Hh signaling that determines the correct
number and identity of each of the digits. Given the essential
role of cilia in regulating Hh signaling, and the numerous
examples of limb patterning defects in ciliopathy models, it
is speculated that the polydactyly that is observed in some
patients with BBS is the result of abnormal Hh signaling
within the limb bud.

The Hh pathway has also been implicated in the regulation
of adiposity. A genome-wide RNAi-based screen identified
Hh pathway components as key regulators of triglyceride
content in fruit flies and identified Hh signaling as a fat-
specific pathway in Drosophila.®® Crucially, adipose-specific

activation of the Hh pathway generated a lean phenotype in
mice and revealed a role for Hh signaling in driving atrophy
of white fat. Subsequent work revealed a cilium-dependent
Smo-Ca(2+)-Ampk axis that triggers rapid Warburg-like
metabolic reprogramming within adipose tissue.®! Collec-
tively, this raises the possibility that obesity, which is found in
BBS, is the result of reduced cilium-dependent Hh signaling
in a cell autonomous manner. This being said, other work
has shown that Bbs mutant mice exhibit reduced localization
of neuropeptide Y receptors, which are GPCRs, to hypotha-
lamic neurons.®” This was accompanied by excessive food
intake in the mouse models. This raises the possibility that
obesity in BBS is driven non-cell autonomously by GPCR
signaling to regulate satiety. Further studies will be needed
to bring these two datasets together, in particular, a complete
analysis of Hh signaling in Bbs mutant mice and in adipose
tissue is required.

In patients with BBS, disruption of the BBSome could
perturb cilia function in the limb buds, producing the typical
postaxial polydactyly. However, the nature of this pertur-
bation, whether it involves disruption of cilia formation
or specific aspects of IFT, is unclear. It is noteworthy that
polydactyly has not been reported in any of the available
mouse models of BBS.#767

Conclusion and perspectives

BBS is a complex disorder, both genetically and in terms of
pathogenic mechanisms. While we can infer several potential
mechanisms of pathogenesis based on what we know about
ciliary biology and ciliopathies in general, several of which
have been discussed in this review, their exact contribution
to the BBS phenotype is unclear. For instance, renal cystic
disease is much less well characterized in BBS than in other
disorders, such as classic polycystic kidney disease, and so
the exact role of polycystin signaling in BBS is open for
debate. Furthermore, while BBSome components are clearly
important for IFT in neurons, for example, the exact contribu-
tion of defective IFT along the connecting cilium of photo-
receptors in retinal degeneration in BBS is currently unclear
and other mechanisms, such as altered vesicle trafficking in
response to light stimulation, might be more important. What
does seem to be clear is that the mechanisms of pathogenesis
underlying different clinical features are likely to be tissue
and cell type specific.

This phenotypic complexity is mirrored by the vast array
of functional and biochemical interactions that the BBSome
makes. Since the initial discovery of the BBSome, the list
of interactors has grown and some unexpected functional
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relationships have been revealed. One example is the partial
rescue of the Cep290 mutant mouse phenotype on the Bbs6
mutant background, but enhancement of this phenotype when
crossed to Bbs4 mutant mice. It is also intriguing, given
the many roles of the BBSome in ciliary function, that loss
of BBSome trafficking to cilia does not prevent cilia from
forming. Likewise, enrichment of the BBSome within cilia
(eg, in LZTFL1 null mutant cells) also has no overt morpho-
logical effects on cilia. Therefore, the role of the BBSome in
regulating ciliary function seems to be rather subtle. What is
clear, however, is the importance of small GTPases, such as
ARL6 and RAB8A, in regulating BBSome function. Because
GTPases are classical molecular switches which have been
targeted therapeutically in other disorders, including various
forms of cancer, this raises the intriguing possibility that
modulating the activity of specific GTPases could also be
used to manipulate BBSome function therapeutically.
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