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Abstract The BBSome is an octameric protein complex that regulates ciliary transport and 
signaling. Mutations in BBSome subunits are closely associated with ciliary defects and lead to ciliop-
athies, notably Bardet- Biedl syndrome. Over the past few years, there has been significant progress 
in elucidating the molecular organization and functions of the BBSome complex. An improved 
understanding of BBSome- mediated biological events and molecular mechanisms is expected 
to help advance the development of diagnostic and therapeutic approaches for BBSome- related 
diseases. Here, we review the current literature on the structural assembly, transport regulation, 
and molecular functions of the BBSome, emphasizing its roles in cilium- related processes. We also 
provide perspectives on the pathological role of the BBSome in ciliopathies as well as how these can 
be exploited for therapeutic benefit.

Introduction
Bardet- Biedl syndrome (BBS) is a rare, pleiotropic inherited autosomal recessive disorder characterized 
by retinal dystrophy, obesity, polydactyly, structural and functional renal abnormalities, and learning 
disabilities (Zhao and Rahmouni, 2022; Tsang et  al., 2018). Individuals with BBS can have other 
abnormalities including craniofacial dysmorphisms, hearing loss, and neurodevelopmental abnormal-
ities, which were widely used to diagnose BBS before the widespread adoption of molecular genetic 
testing (Zhao and Rahmouni, 2022; Tsang et al., 2018). As a rare disease, BBS affects approximately 
1:13,500–1:100,000 people around the world (Chandra et al., 2022). Since there is currently no cure 
for the multisystem dysfunction seen in BBS, patients with BBS can only benefit from early multidis-
ciplinary intervention with physical therapy, visual services, and support with gastrointestinal control. 
Thus, identifying the underlying pathobiology could significantly facilitate the clinical diagnosis and 
management of BBS.

To date, 26 genes have been reported to be related to BBS, 8 of which are involved in the forma-
tion of the BBSome, a stable octameric complex (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8/TTC8, BBS9, 
and BBS18/BBIP1) that shares common structural elements with canonical coat complexes (Jin et al., 
2010; Loktev et al., 2008; Nachury et al., 2007). Interestingly, most BBS proteins localize to the 
basal body or the primary cilium, a microtubule- based projection on the cell surface containing an 
axoneme that extends from the mother centriole (the basal body) and a membrane sheath, high-
lighting that cilia are the major sites of BBSome action (Prasai et al., 2020; Nishimura et al., 2019; 
Nachury and Mick, 2019; Anvarian et al., 2019; Mill et al., 2023).
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Primary cilia specialize in propagating signaling cascades, benefitting from their small volume rela-
tive to the cell body and enrichment in signaling molecules, such as G- protein- coupled receptors 
(GPCRs), hedgehog, Wnt, Notch, Hippo, platelet- derived growth factor (PDGF), mammalian target of 
rapamycin (mTOR), and transforming growth factor-β (TGF-β) (Wachten and Mick, 2021). Given their 
central role in cell signaling, ciliary defects lead to a broad spectrum of disorders with overlapping 
phenotypes, called ciliopathies (Nishimura et al., 2019). Molecular transport inside the cilium relies 
on the intraflagellar transport (IFT) machinery formed from two stable complexes, IFT- A and IFT- B, to 
bridge ciliary cargoes with the motors responsible for bidirectional transport along the microtubule 
axoneme. In the cilium, the BBSome acts as an adaptor between the IFT machinery and membrane 
proteins, making it essential for establishing specific ciliary compartmentalization of signaling mole-
cules (Lechtreck, 2022). Disruption of the BBSome leads to ciliary mislocalization of membrane recep-
tors, abnormal signal transduction, and thus BBS (a subgroup of ciliopathies).

Although structural and genetic studies have significantly broadened our understanding of the 
BBSome and BBS, details of the BBSome- related molecular mechanisms underpinning the patho-
biology of BBS remain unclear. Here, we review recent progress in the organization, functions, and 
molecular mechanisms of the BBSome in development and ciliopathies, and in doing so provide 
insights to inform future studies and therapeutic development.

Physiological and pathological roles of the BBSome in 
diseases
Bardet-Biedl syndrome
In 1866, two ophthalmologists, Laurence and Moon, reported the cases of patients with familial 
blindness, obesity, cognitive deficits, and spastic paraparesis (Laurence and Moon, 1995). Later 
descriptions of additional symptoms by Bardet and Biedl resulted in the description of ‘Laurence- 
Moon- Bardet- Biedl syndrome’. Currently, however, Laurence- Moon and Bardet- Biedl syndromes 
are recognized as separate entities on the same disease spectrum. Diagnosis is based on the pres-
ence of four major symptoms (retinal degeneration, postaxial polydactyly, truncal obesity, cognitive 
impairment, hypogonadism, and renal anomalies) or three major symptoms plus two minor symptoms 
(speech delay, developmental delay, diabetes mellitus, dental anomalies, congenital heart disease, 
brachydactyly/syndactyly, ataxia/poor coordination, anosmia/hyposmia) (Caba et al., 2022). Over 26 
gene loci have now been attributed to BBS symptoms, the functions of which can be subtyped into 
three categories: the BBSome, BBSome assembly chaperonins, and other IFT and ciliary proteins 
(Caba et al., 2022). Mutations in any BBSome subunit can cause BBS, suggesting that every subunit 
of the BBSome is essential for complete BBSome function.

Corresponding to the symptoms of BBS, the BBSome is necessary for the developmental process 
and homeostasis of various organs, including the structural organization of photoreceptor outer 
segments (Hsu et al., 2017; Mayer et al., 2022), neurological functions (Wang et al., 2021; Pak 
et al., 2021), adipose tissue maturation (Marion et al., 2012a), and renal development (Marchese 
et al., 2020). The loss of BBS genes has been reported to result in the ciliary dislocation of hedgehog 
signaling components, which may account for the embryonic developmental defects and polydac-
tyly phenotypes in BBS (Eguether et al., 2014; Hey et al., 2021; Seo et al., 2011; Zhang et al., 
2012a). In the eye, rhodopsin localization defects in the inner and outer segments of photoreceptors, 
and consequent photoreceptor apoptosis are considered causes of the retinal degeneration seen in 
several animal models of BBS (Nishimura et al., 2004; Davis et al., 2007; Abd- El- Barr et al., 2007; 
Jiang et  al., 2016). Recent studies also emphasize the importance of non- outer segment protein 
accumulation (Datta et al., 2015; Song et al., 2020; Dilan et al., 2018) and lipid homeostasis (Masek 
et al., 2022) in the outer segments, which also contribute to BBS- related retinal degeneration. The 
cognitive defects in BBS can be explained by abnormalities in neurogenesis (Pak et al., 2021) and 
mislocalization of ciliary receptors in neuronal cilia (Berbari et  al., 2008a; Berbari et  al., 2008b; 
Domire et  al., 2011). Specifically, the mislocalization of some receptors, such as neuropeptide Y 
receptor Y2 (NPY2R), serotonin 5- hydroxytryptamine (HT)2C receptor (5- HT2CR), and leptin receptor, 
in the hypothalamus may lead to hyperphagia and obesity (Guo et al., 2019; Guo et al., 2016; Seo 
et al., 2009). In the periphery, BBS proteins such as BBS4 (Anosov and Birk, 2019; Aksanov et al., 
2014), BBS10, and BBS12 (Marion et al., 2009) also regulate adipogenesis. The reason for the renal 
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pathophysiology seen in BBS is less well understood but can be partially attributed to the incorrect 
ciliary targeting of some transmembrane proteins, such as polycystins 1 and 2 (Su et al., 2014).

Our understanding of the pathogenic role played by the BBSome in BBS patients has benefitted 
from several animal models including mice, zebrafish, and Caenorhabditis elegans, which recapit-
ulate some of the human phenotypes (Song et al., 2020; Kretschmer et al., 2019; Bentley- Ford 
et al., 2022). For example, the zebrafish is a well- established animal model used to investigate the 
role of the BBSome in photoreceptor development (Masek et al., 2022). Indeed, recent use of the 
BBS4 mouse model established a link between immune/hematopoietic defects and BBS (Tsyklauri 
et al., 2021). However, animal models do not always precisely reproduce the clinical manifestations 
due to physiological differences between different species. The application of patient- derived cellular 
models, especially induced pluripotent stem cells (iPSCs) that can be reprogrammed and differenti-
ated into multifunctional tissues, represents a technological solution for BBS disease modeling and in 
vitro assessment of personalized therapies (Wang et al., 2021; Hey et al., 2021; Hey et al., 2019). 
For example, analysis of the BBS1- M390R mutation model of iPSC- derived hypothalamic arcuate- like 
neurons revealed downregulation of insulin and leptin signaling pathways, which may contribute to 
energy homeostasis regulation by the BBSome in neurons (Wang et al., 2021). Improving our under-
standing of the dynamics of BBS pathology using these disease models will shed further light on the 
mechanisms of disease onset in humans and help in the discovery and optimization of new treatment 
strategies.

Ciliopathies
Besides BBS, nephronophthisis (NPHP), Joubert (JBTS), Meckel- Gruber (MKS), and oral- facial digital 
(OFD) syndromes are all diseases caused by motile and non- motile primary cilia dysfunction and are 
collectively known as ciliopathies. These diseases often share common signatures including retinal 
degeneration, renal or liver dysfunction, polydactyly, brain anomalies, and cognitive impairment. 
Ciliopathies are genetically complicated disorders, as single gene variants can associate with different 
ciliopathies (although particular genes are most commonly associated with a specific ciliopathy). Indi-
vidual ciliopathy patients can also contain variants in multiple genes, which may partially explain the 
observed symptom diversity as a result of genetic interactions (Muller et al., 2010; Beales et al., 
2003; Badano et al., 2003b).

As suggested by their names, BBSome proteins are closely associated with the ciliopathy BBS. 
However, variants in BBSome proteins have also been identified in some additional ciliopathies 
and non- ciliated diseases including MKS and the non- syndromic retinitis pigmentosa (Jenkins and 
Hernandez- Hernandez, 2015). For example, variants in BBS genes (BBS2, BBS4, and BBS6) result in 
MKS- like phenotypes (Karmous- Benailly et al., 2005), while pathogenic variants in MKS- associated 
genes (MKS1/BBS13, centrosomal proteins 290 (CEP290/MKS4/BBS14)) cause clinical phenotypes of 
BBS (Leitch et al., 2008).

The transition zone is a mutation hub for several ciliopathies including MKS, and genetic interac-
tions between the BBSome and the transition zone complexes cooperatively support ciliary functions 
(Gonçalves and Pelletier, 2017; Yee et al., 2015). As observed in Trypanosoma brucei, the BBSome 
localizes to a more distal portion of the transition zone than the MKS complex and is seldom observed 
to overlap with MKS proteins, probably due to rapid shuttling across the transition zone (Dean et al., 
2016). Although there are no obvious physical interactions between BBSomes and MKS1, genetic 
interactions are observed (Leitch et al., 2008). Studies in zebrafish show that partially compromised 
MKS1 function aggravates the severity of loss of BBS protein function, and Mks1/Bbs4 double- mutant 
mouse embryos exhibit exacerbated defects in hedgehog- dependent patterning compared with 
either mutant alone (Leitch et al., 2008; Goetz et al., 2017). In mice, double mutants in Bbs1 and 
another MKS complex component, tectonic family member 1 (Tctn1), form cilia at a substantially lower 
frequency than Tctn1 single mutants (Yee et al., 2015). Further, binding of BBSomes to other transi-
tion zone proteins, such as nephrocystin 5 (NPHP5) and CEP290, has also been reported (Barbelanne 
et al., 2015). Additional loss of Bbs4 alleles in Cep290rd16- mutant (a hypomorphic allele that contains 
an internal in- frame deletion of 1599–1897 amino acids from the CEP290 protein) mice increases 
their body weight and accelerates photoreceptor degeneration compared with Cep290rd16 single 
homozygous mutant mice, suggesting a modifying role for the BBSome in CEP290 ciliopathy pheno-
types (Zhang et al., 2014). Genetic interactions have also been observed for BBS5 and NPHP1/4 
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(Bentley- Ford et al., 2022; Yee et al., 2015). Thus, the transition zone complex genetically interacts 
with the BBSome to maintain cilia homeostasis and modify the phenotypic consequences of each 
other, which may account for the wide clinical and phenotypic spectra observed in BBSome mutants.

Structure and formation of the BBSome
BBS proteins and the BBSome
Discovery of the BBSome was driven by the identification of the genes associated with BBS pheno-
types. The first identified BBS gene, BBS6, which is similar to group II chaperonins, was discovered 
at the beginning of the 21st century by positional cloning (Katsanis et al., 2000; Slavotinek et al., 
2000). Subsequently, other BBS genes including BBS1, 2, and 4 were cloned using similar methods 
(Mykytyn et al., 2002; Mykytyn et al., 2001; Nishimura et al., 2001). However, given that these 
proteins did not share any similarities with other characterized proteins at that time, their function 
remained elusive.

Nevertheless, other BBS genes were soon identified by screening similar sequences of the cloned 
BBS genes with the help of bioinformatic comparisons. For example, searching the conceptual trans-
lation of the human subset of the EST database with the human and zebrafish BBS2 peptide sequence 
defined a novel BBS locus corresponding to BBS7 (Badano et al., 2003a). However, it was not until 
the discovery of BBS8, with its region of similarity to the BBS4 protein sequence and localization to 
the basal body of ciliated cells, that BBS proteins were hypothesized to be related to ciliary function 
(Ansley et al., 2003). Notably, patients with BBS8 variants possess defects in left- right axis determina-
tion, which is reminiscent of the nodal cilia dysfunction phenotype (Ansley et al., 2003). The attempt 
to demonstrate the ciliary role of BBS8 paved the way for the study of ciliary function in BBS. Indeed, 
most BBS proteins now have established roles in BBSome- or cilia- related functions, and the major 
functions of the twenty- six BBS proteins are listed in Table 1.

In 2007, Nachury et al. applied localization and tandem affinity purification (LAP) to BBS4 in hTERT 
RPE- 1 (RPE- 1) cells and pulled down six other BBS proteins (BBS1, BBS2, BBS5, BBS7, BBS8, and 
BBS9) in a stoichiometric ratio with BBS4. This indicated that these seven BBS proteins form a stable 
complex, which they named the BBSome (Nachury et al., 2007). Another 10 kDa BBSome subunit, 
BBS18, was identified one- year later (Loktev et al., 2008), completing the identification of the entire 
octameric protein complex. Later, another subset of BBS proteins (BBS6, BBS10, and BBS12) were 
demonstrated to mediate BBSome assembly (Seo et al., 2010).

As well as these BBS proteins, some IFT- B complex components (IFT74, IFT172, and IFT27) have 
also been reported in association with BBS, suggesting that BBS proteins genetically interact with 
IFT components (Zhou et al., 2022b; Bujakowska et al., 2015; Luo et al., 2021). In addition, clinical 
case reports of different BBS families identified other BBS proteins, some of which are associated with 
additional ciliopathies. For example, variants in the transition zone protein MKS1 result in MKS and 
BBS, while CEP290 variants are associated with NPHP, JBTS, and BBS (Leitch et al., 2008; Coppieters 
et al., 2010). These findings indicate that variants in genes encoding ciliary proteins, especially transi-
tion zone and IFT proteins, share a wide range of phenotypes, and more BBS proteins will potentially 
be identified from those proteins.

Molecular structure and assembly of the BBSome
Assembly of the BBSome
Consisting of eight subunits, BBSome assembly is thought to proceed sequentially, with all BBSome 
subunits interdependent to create stability (Prasai et al., 2020; Zhang et al., 2012b). In addition to 
the core BBSome subunits, several other BBS proteins are important for BBSome assembly, including 
chaperonin- like BBS proteins and small GTPases.

Three non- core BBS proteins, BBS6, BBS10, and BBS12, have sequence homology with the CCT/
TRiC family of group II chaperonins (Katsanis et al., 2000; Stoetzel et al., 2006; Stoetzel et al., 2007). 
Chaperone proteins represent a ubiquitous and essential protein family involved in many fundamental 
biological processes including correct protein folding and refolding, transport, and quality control 
(Gupta et al., 2022). Of these, CCT family chaperonins form a hetero- oligomeric complex consisting 
of two stacked rings composed of eight radially arranged subunits (CCT1–8) that mediate protein 
folding in an ATP- dependent manner (Ghozlan et  al., 2022). Variants in BBS6, BBS10, or BBS12 
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Table 1. Characteristics and functions of BBS genes.

No Gene Symbol Gene Name Protein Functions References

1 BBS1 Bardet- Biedl syndrome 1 Bardet- Biedl syndrome 1 protein Member of the BBSome complex Mykytyn et al., 2002

2 BBS2 Bardet- Biedl syndrome 2 Bardet- Biedl syndrome 2 protein Member of the BBSome complex Nishimura et al., 2001

3 ARL6
ADP ribosylation factor like 
GTPase 6

ADP- ribosylation factor- like protein 
6

Small GTPase; Facilitate BBSome 
assembly and recruitment to the 
cilium

Chiang et al., 2004; Fan 
et al., 2004

4 BBS4 Bardet- Biedl syndrome 4 Bardet- Biedl syndrome 4 protein Member of the BBSome complex Mykytyn et al., 2001

5 BBS5 Bardet- Biedl syndrome 5 Bardet- Biedl syndrome 5 protein Member of the BBSome complex
Woods et al., 1999; 
Young et al., 1999

6 MKKS
MKKS centrosomal shuttling 
protein

McKusick- Kaufman/Bardet- Biedl 
syndromes putative chaperonin

Chaperonin protein for BBSome 
complex assembly

Katsanis et al., 2000; 
Slavotinek et al., 2000

7 BBS7 Bardet- Biedl syndrome 7 Bardet- Biedl syndrome 7 protein Member of the BBSome complex Badano et al., 2003a

8 TTC8
Tetratricopeptide repeat 
domain 8 Tetratricopeptide repeat protein 8 Member of the BBSome complex Ansley et al., 2003

9 BBS9 Bardet- Biedl syndrome 9 Protein PTHB1 Member of the BBSome complex Nishimura et al., 2005

10 BBS10 Bardet- Biedl syndrome 10 Bardet- Biedl syndrome 10 protein
Chaperonin protein for BBSome 
complex assembly Stoetzel et al., 2006

11 TRIM32 Tripartite motif containing 32 E3 ubiquitin protein ligase TRIM32 E3 ubiquitin ligase Chiang et al., 2006

12 BBS12 Bardet- Biedl syndrome 12 Bardet- Biedl syndrome 12 protein
Chaperonin protein for BBSome 
complex assembly Stoetzel et al., 2007

13 MKS1
MKS transition zone complex 
subunit 1 Meckel syndrome type 1 protein

Transition zone component; 
Regulates ciliary trafficking Leitch et al., 2008

14 CEP290 Centrosomal protein 290
Centrosomal protein of 290 kDa 
(Cep290)

Transition zone component; 
Regulates ciliary entry Leitch et al., 2008

15 WDPCP
WD repeat containing planar 
cell polarity effector

WD repeat containing and planar 
cell polarity effector protein fritz 
homolog (hFRTZ)

Component of the CPLANE 
(ciliogenesis and planar polarity 
effectors) complex; regulates 
ciliogenesis Kim et al., 2010

16 SDCCAG8

SHH signaling and 
ciliogenesis regulator 
SDCCAG8

Serologically defined colon cancer 
antigen 8

Regulates ciliogenesis and 
Hedgehog signaling pathway Otto et al., 2010

17 LZTFL1
Leucine zipper transcription 
factor like 1

Leucine zipper transcription factor- 
like protein 1 Regulates the BBSome trafficking Marion et al., 2012b

18 BBIP1 BBSome interacting protein 1 BBSome- interacting protein 1 Member of the BBSome complex Loktev et al., 2008

19 IFT27 Intraflagellar transport 27
Intraflagellar transport protein 27 
homolog

IFT- B complex component; 
Required for ciliary trafficking Aldahmesh et al., 2014

20 IFT172 Intraflagellar transport 172
Intraflagellar transport protein 172 
homolog IFT- B complex component Bujakowska et al., 2015

21 CFAP418
Cilia And Flagella Associated 
Protein 418

Cilia- and flagella- associated 
protein 418

A ciliary protein of unknown 
function

Khan et al., 2016; Heon 
et al., 2016

22 IFT74 Intraflagellar transport 74
Intraflagellar transport protein 74 
homolog IFT- B complex component Lindstrand et al., 2016

23 NPHP1 Nephrocystin 1 Nephrocystin- 1 Transition zone component Lindstrand et al., 2014

24 SCAPER
S- phase cyclin A associated 
protein in the ER

S phase cyclin A- associated protein 
in the endoplasmic reticulum (S 
phase cyclin A- associated protein 
in the ER) Regulates ciliary dynamics Wormser et al., 2019

25 CCDC28B
Coiled- coil domain 
containing 28B

Coiled- coil domain- containing 
protein 28B

Centrosomal protein that 
regulates ciliogenesis Badano et al., 2006

26 SCLT1
Sodium channel and clathrin 
linker 1

Sodium channel and clathrin linker 
1

Distal appendage component that 
regulates ciliogenesis Morisada et al., 2020
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typically cause more severe phenotypes than those of the core BBSome components (Álvarez- Satta 
et al., 2017). Furthermore, variants in BBS6, BBS10, or BBS12 together account for a large propor-
tion of BBS cases (over 30%, compared with the 28% for BBS1), indicating they might function at a 
relatively early step of BBSome formation (Niederlova et al., 2019). BBS6, BBS10, and BBS12 form 
a higher order complex with six CCT chaperonin proteins (CCT1, CCT2, CCT3, CCT4, CCT5, and 
CCT8), and the BBSome fails to assemble when this complex is absent (Seo et al., 2010). Considering 
that BBS6 and BBS12 do not contain an ATP- binding motif and the ATPase activity of BBS10 is not 
validated either, the protein folding activity of the complex is accomplished through the incorporated 
CCT chaperonins (Katsanis et al., 2000; Stoetzel et al., 2006; Stoetzel et al., 2007). In fact, BBS6, 
BBS10, and BBS12 act as the substrate- binding unit of the CCT chaperonins responsible for mediating 
the association between CCT chaperonins and BBS7 to stabilize BBS7 and facilitate its association with 
BBS2, before their transition to other BBSome subunits (Seo et al., 2010). BBS10 is not a structural 
component of the BBS- chaperonin complex, but rather regulates its formation (Zhang et al., 2012b).

By exploiting positional mutagenesis and null alleles of BBS proteins to disrupt BBSome assembly, 
Zhang et al. (Zhang et al., 2012b) characterized BBSome assembly intermediates and the intrinsic 
protein- protein interactions between BBSome proteins. They identified BBS2- BBS7- BBS9 as an 
important intermediate complex during the initiation of BBSome assembly, which is coordinated by 
the release of BBS7 from the BBS- chaperonin complex (Figure 1; Zhang et al., 2012b). BBS2 and 
BBS7 form a tight dimer brought together by chaperonins, followed by association of BBS9 through 
binding with BBS2 to form the BBS2- BBS7- BBS9 core. Then, BBS1, BBS5, and BBS8 are incorporated 
independently into the BBSome by directly interacting with BBS9, while BBS4 is the final subunit added 
to the BBSome (Zhang et al., 2012b). The protein interaction network revealed by the visible immu-
noprecipitation (VIP) assay consistently identifies BBS9 as the hub of the BBSome, which organizes a 
core subcomplex consisting of BBS1, BBS2, BBS7, and BBS9 (Katoh et al., 2015). At the periphery, 
BBS18 and BBS8 serve as a linker between BBS4 and BBS9, while BBS5 localizes to the periphery of 
the core complex to bind the membrane (Katoh et al., 2015). Interestingly, some recent studies argue 
essential roles for BBS2 and BBS7 in initiating BBSome assembly, as Drosophila melanogaster does 
not possess these subunits and their absence leads to a more stable BBSome subcomplex during 

Figure 1. Sequential assembly model of the BBSome. The CCT chaperonin complex and BBS6/10/12 stabilize 
BBS7 to form the BBS- chaperonin complex, which recruits BBS2 for BBS7 binding. BBS2 directly interacts with 
BBS9 and BBS7 to form a ternary core complex before subsequent recruitment of other BBSome subunits. BBS4, 
which localizes on the centriolar satellites, is presumably the last subunit to be incorporated into the BBSome, 
whereas the basal body- localized BBS1 facilitates transfer of the BBSome into the cilium. BBSome transfer from 
centriolar satellites to the basal body (and then to the cilium) is regulated by centriolar satellite proteins (e.g. 
CEP72, CEP290, SSX2IP, CCDC66, DZIP1, and AZI1).
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purification from insect cells (Klink et al., 2017). Of note, CCT chaperonins are also not conserved 
outside vertebrates, probably because there is no need to incorporate BBS2/7 into the BBSome in D. 
melanogaster, while alternative modes of BBSome assembly must exist as BBSome components are 
conserved in other invertebrates and protists (such as in C. elegans and Chlamydomonas reinhardtii). 
The mechanisms underlying BBSome assembly clearly still require further clarification.

Immunofluorescence- based techniques in living cells have revealed that the BBSome is in fact 
readily assembled in non- ciliated cells and regulated in a spatiotemporal manner (Prasai et  al., 
2020). In this context, BBS1 is thought to be the last subunit incorporated into the BBSome, or 
the complex undergoes a conformational change to complete the translocation of the pre- BBSome 
from the centriolar satellites to the ciliary base (Prasai et al., 2020). It has been proposed that the 
BBSome is pre- assembled and recruited to the centriolar satellites by BBS4 (Figure 1), which was 
the first BBSome component reported to localize to centriolar satellites in non- ciliated cells (Prasai 
et al., 2020; Kim et al., 2004). In fact, every BBSome component accumulates at centriolar satellites 
when BBS1 is depleted, which is not observed in BBS1/BBS4 double- knockout cells (Prasai et al., 
2020). Conversely, the centriolar satellite localization of BBS4 is not affected by the deletion of other 
BBSome components (Zhang et al., 2012b).

Centriolar satellites are important for the efficient localization of centrosomal and ciliary proteins, 
as they control protein entry to the cilium either through sequestration or trafficking them to or away 
from the cilium (Tischer et al., 2021). As a scaffold protein for the assembly and maintenance of centri-
olar satellites, pericentriolar material 1 (PCM1) is essential for proper ciliogenesis and ciliary functions, 
and Pcm1 knockout mice display ciliopathy- associated phenotypes such as dwarfism, hydronephrosis, 
and male infertility (Odabasi et al., 2020; Hall et al., 2023). The N- terminal 380 amino acids of BBS4 
interact with the C- terminal of PCM1, and the centriolar satellite localizations of BBS4 and PCM1 are 
interdependent (Zhang et al., 2012b). BBS4 recruits PCM1 to the centriolar satellites by acting as an 
adaptor between the p150glued subunit of the dynein- dynactin motor complex and PCM1, while PCM1 
serves as a centriolar satellite platform for BBS4 and other centriolar satellite proteins (Zhang et al., 
2012b; Kim et al., 2004; Chamling et al., 2014). However, PCM1 depletion does not prevent ciliary 
localization of BBS4, indicating that it might not be required for the basal body transfer of BBS4 and 
thus the BBSome, but rather orchestrates or sequesters the BBSome in the centriolar satellite ready 
for its release to the basal body (Stowe et al., 2012). Consistently, membrane- bound BBSomes pulled 
down by ARL6/BBS3- GTP do not contain PCM1, implying that PCM1 should be removed before 
ciliary translocation of the BBSome (Jin et  al., 2010). PCM1 also regulates the proper centriolar 
satellite localizations of several centriolar satellite proteins such as centrosomal proteins 72 (CEP72) 
and CEP290 (Stowe et al., 2012), SSX family member 2- interacting protein (SSX2IP) (Klinger et al., 
2014), and coiled- coil domain- containing 66 (CCDC66) (Conkar et  al., 2017), depletion of which 
impaired the ciliary localization of BBSome. Another centriolar satellite protein, AZI1/CEP131, phys-
ically binds the BBSome via BBS4 and sequesters the BBSome in the centriolar satellite to prevent 
its release into the cilium (Chamling et  al., 2014), while leucine zipper transcription factor- like 1 
(LZTFL1/BBS17) associates with and sequesters the BBSome in the cytoplasm to limit the ciliary entry 
of the BBSome in mammalian cells (Seo et al., 2011). Cell cycle- dependent regulation has also been 

Figure 2. Domain organization of homo BBSome subunits. The number of residues and the domain structures are 
indicated. α, alpha helices; GAE, gamma- adaptin ear domain; cc, coiled- coil domain; PF, platform domain; PH, 
pleckstrin- homology domain.

https://doi.org/10.7554/eLife.87623
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reported. For example, it has been reported that DAZ- interacting zinc finger protein 1 (DZIP1) assem-
bles the BBSome- DZIP1- PCM1 complex at centriolar satellites for ciliary targeting in G0 phase, while 
it is phosphorylated at Ser210 by polo- like kinase 1 (PLK1) to disassociate from centriolar satellites 
and decrease the centriolar satellite association of the BBSome (Zhang et al., 2017). In summary, 
these regulatory proteins may provide a quality control mechanism that blocks the release of incom-
plete pre- BBSomes from centriolar satellites (Figure 1). However, no proper centriolar satellites or 
orthologues of centriolar satellite proteins, such as PCM1 and CEP72, were identified in C. reinhardtii 
(Stowe et al., 2012; Keller et al., 2005), suggesting that the centriolar satellite- dependent assembly 
and recruitment of BBSome to the cilia base is not conserved between species.

Structurally, BBS1, BBS2, BBS7, and BBS9 share similar domain architectures including an N- ter-
minal β-propeller domain (Figure 2), suggesting a common evolutionary origin. BBS4 and BBS8 are 
related through their tetratricopeptide repeat domains, which can fold into solenoids (Figure 2). BBS18 
possesses two alpha helices, while BBS5 contains pleckstrin- homology domains (Figure 2). Thanks to 
the development of biological techniques, including co- immunoprecipitation- based protein- protein 
interaction assays, GST pull- down, VIP, and the yeast two- hybrid assay, the BBSome interaction 
network has been narrowed down to specific domains (Woodsmith et al., 2017). For example, the 
C- terminal 200 amino acids of BBS7 binds the α-helix–rich C- terminal domain of BBS2, with binding 
regulated by the central coiled- coil domain of BBS2 (Seo et al., 2010; Zhang et al., 2013). BBS9 indi-
rectly interacts with BBS7 by binding the C- terminus of BBS2 (Zhang et al., 2012b; Woodsmith et al., 
2017). The C- terminal domain of BBS9 is responsible for binding BBS1 and BBS4, while the N- terminal 
domain of BBS9 binds BBS8 and BBS5 (Woodsmith et al., 2017). Detailed insights into the BBSome 
interaction network (Figure 3A) will explain how some of the genetic variations in the BBSome give 
rise to specific functional defects and lead to diseases.

BBSome assembly is also regulated by the small Arf- like GTPase ARL6, which helps the BBSome to 
assemble into a coat complex for membrane targeting (Jin et al., 2010; Mourão et al., 2014). BBS1 
binds to the switch regions of the GTP site of ARL6, indicating that the BBSome is an effector for ARL6 
(Mourão et al., 2014). The overall formation of the BBSome shows a domain architecture similar to 
vesicle- forming complex proteins such as COPI/COPII and clathrin, and the interaction between the 
BBSome and ARL6 is reminiscent of the activation of clathrin- AP complexes by ARF1/SAR1 GTPases 

Figure 3. Structure of the mammalian BBSome. (A) Atomic models of the eight subunits of the bovine BBSome. 
(B) Cryo- EM structure of the bovine BBSome. (C) Cryo- EM structure of the BBSome:ARL6:GTP complex in the 
same orientations as the map in panel B. Images are adapted from Singh et al., 2020, where it was published 
under a CC BY 4.0 license.

https://doi.org/10.7554/eLife.87623
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(Jin et  al., 2010). The detailed mechanisms of regulation of the BBSome by ARL6 are discussed 
further below.

Molecular structure of the BBSome
Determining the crystal structure of the BBSome has been a long- standing challenge, as recombi-
nant BBSome complexes are notoriously difficult to purify. Recent analyses based on single- particle 
cryoelectron microscopy (cryo- EM) and purified BBSomes from the bovine retina or insect cells have 
advanced our knowledge about BBSome architecture and provided insights into how the BBSome is 
organized, recruited to the membrane, and binds to cargoes (Chou et al., 2019; Klink et al., 2020).

To better understand the mechanisms of BBSome assembly, a trimeric BBSome subcomplex of 
BBS2- BBS7- BBS9 was isolated from HEK- 293T cells and resolved by electron microscopy (EM) and 
chemical crosslinking coupled with mass spectrometry (XL- MS) (Ludlam et  al., 2019). The overall 
structure of the reconstructed trimer (23  Å) resembled a flattened triangle, with BBS2 and BBS7 
forming a tight dimer through a coiled- coil interaction involving residues 334–363 of BBS2 and resi-
dues 340–363 of BBS7 (Ludlam et al., 2019). BBS9 associated with the dimer by interacting with 
the α-helix domain of BBS2. The N- terminal domain of purified BBS9 (1.8 Å) folded into a seven- 
bladed β-propeller, a structure potentially involved in protein- protein interactions to hold the BBSome 
complex together (Knockenhauer and Schwartz, 2015). In slight contrast to the trimeric model, the 
mid- resolution (4.9 Å) and high- resolution (3.1 Å and 3.4 Å) cryo- EM reconstructions of the whole 
BBSome purified from cow retina showed that the β-propeller of BBS9 extends away from the BBS2/7 
dimer due to interactions with the other BBSome subunits (Chou et al., 2019; Singh et al., 2020; 
Yang et al., 2020). In this holo complex (Figure 3A and B), the BBSome is arranged in two lobes, a 
top lobe (BBS2 and BBS7) and a bottom lobe (BBS1, BBS4, BBS5, BBS8, BBS9, and BBS18) connected 
by the central helical bundle composed of BBS2 and BBS9 (Singh et al., 2020). Consistent with the 
binary interaction networks, BBS4 and BBS5 localize to the periphery of the complex, in accordance 
with their dispensable roles in BBSome assembly, while BBS18 functions as a linker between BBS8 
and BBS4. In the case of BBS2 and BBS7, their positions on the BBSome are flexible and decrease the 
resolution of the whole BBSome complex. As these two components are less soluble by themselves, 
they probably need chaperonins for incorporation into the complex (Seo et al., 2010; Klink et al., 
2017; Singh et al., 2020). However, their interweaved binding increases their interdependence, which 
may dramatically affect BBSome assembly (Zhang et al., 2012b).

As a critical step for BBSome recruitment to the membrane, the crystal structure of ARL6- GTP- BBS1 
(3.1–3.5 Å) revealed that ARL6 binds to the N- terminal ß-propeller domain of BBS1 at blades 1 and 
7 (Mourão et al., 2014). In the absence of BBS2 and BBS7, the ß-propeller of BBS1 locates at the 
periphery of the remaining core BBSome complex (3.8 Å), freely accessible to bind to membrane- 
attached ARL6 (Klink et al., 2020). This allows a positively charged surface patch of the core BBSome 
to contact the negatively charged membrane. Interestingly, the anchoring of BBS1- ARL6 to the preex-
isting holo- BBSome crystal structure (4.9 Å) turns out to be problematic, since the BBSome adopts 
a conformation that is refractory to ARL6- GTP binding (Chou et al., 2019). The BBSome is thought 
to exist in a closed conformation before undergoing a conformational change to bind ARL6, and the 
top lobe (BBS2 and BBS7) must open to allow ARL6 to bind (Figure 3B and C). However, the high- 
resolution structure of the BBSome- ARL6- GTP complex (3.5 Å) shows that the top lobe remains in 
a closed, downward conformation, even in the presence of ARL6 (Singh et al., 2020). Instead, the 
ß-propeller of BBS1 swivels in its cradle between BBS4 and BBS7 to open a central cavity for accom-
modating ARL6 (Singh et al., 2020; Yang et al., 2020). Similar to the crystal structure resolved by the 
ARL6- GTP- BBS1 ternary complex, the first and last blades of the BBS1 ß-propeller interact with two 
loops - helices a3 (residues 75–78) and a4 (residues 98–108) - of the GTP- bound ARL6 (Singh et al., 
2020). Thus, a convex, positively charged surface defined by the N- terminal of ARL6- GTP and parts of 
the BBS2 platform, BBS7 ß-propeller, and BBS9 ß-propeller, allows these complexes to associate with 
the concave membrane (Yang et al., 2020).

To recruit the BBSome to the membrane, it was previously thought that BBS5 is responsible for 
mediating membrane contact by binding phosphoinositides through pleckstrin homology domains 
(Nachury et al., 2007). However, it now seems that a sub- complex containing BBS4, 8, 9, and 18 
binds to phosphoinositides with similar affinity as the core complex containing BBS1, 4, 5, 8, 9, and 18, 
indicating that BBS5 is not exclusively responsible for phosphoinositide binding (Klink et al., 2020). 

https://doi.org/10.7554/eLife.87623
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For the holo- BBSome complex, the predicted PIP- binding sites of BBS5 are occluded by BBS9 and 
BBS8 (Yang et al., 2020). Thus, more evidence is needed to verify the lipid- binding function of BBS5.

Upon binding to ARL6- GTP, rotation of the BBS1 ß-propeller and the opening of the cavity lead 
to the formation of a negatively charged cleft potentially involved in cargo recognition (Singh et al., 
2020). This cleft might provide space for its cargoes to shelter. The plasticity of BBS1 in its loosely held 
cradle may allow it to subtly reorient to optimally contact multiple cargoes. Furthermore, the cleft is 
close to the BBS7 ß-propeller and coiled- coil domains, which are responsible for binding its cargoes 
such as Smoothened (Smo) (Yang et al., 2020). Thus, ARL6- GTP binding to the BBSome may modify 
the BBSome to an orientation optimal for cargo binding.

With only limited information available about the high- resolution structure of the BBSome, the 
detailed arrangement of BBSome subunits still requires further exploration. A detailed structure of 
the BBSome will provide insights into the interconnected arrangement of its architecture, provide 
information about the molecular mechanisms underlying BBSome functions, and help to accurately 
locate pathogenic mutations that perturb the intermolecular interactions and functions of the protein 
complex.

Cellular functions of the BBSome
BBSomes have several intracellular functions in addition to their ciliary functions including regu-
lating intracellular vesicular trafficking, cell cytoskeleton dynamics, gene expression, and cellular and 
organelle homeostasis (Figure 4). This wide range of functions of the BBSome may contribute to the 
complexity of BBSome- related diseases.

With respect to intracellular vesicular trafficking, the BBSome is required for plasma membrane 
surface localization of several receptors or membrane proteins including the leptin receptor (Guo 
et al., 2016), Notch receptor (Leitch et al., 2014), insulin receptor (Starks et al., 2015), 5- HT2CR (Guo 
et al., 2016), and Vangl2 (May Simera et al., 2015). Considering the metabolic and developmental 
functions of these receptors, their dislocation from the plasma membrane may account for some BBS 
symptoms, such as obesity, insulin resistance, and planar cell polarity defective phenotypes (Guo 
et al., 2019; Leitch et al., 2014; Starks et al., 2015; May Simera et al., 2015). In zebrafish, BBSome 

Figure 4. Non- ciliary functions of the BBSome. The BBSome is involved in a wide range of cellular functions 
including intracellular vesicular transport, cytoskeletal dynamics, gene expression, and cellular and organelle 
homeostasis. ER, endoplasmic reticulum; UPR, unfolding protein response.

https://doi.org/10.7554/eLife.87623


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  11 of 29

depletion inhibits the retrograde transport of melanosomes, probably by disrupting intracellular traf-
ficking (Yen et al., 2006). BBSomes colocalize with late endosomes (rather than early endosomes and 
Golgi apparatus) and are supposed to regulate intracellular trafficking by interacting with components 
of the secretory pathway (Guo et al., 2019).

Early evidence of compromised cell migration, adhesion, and division in BBS4- deficient cells 
indicated a role for the BBSome in regulating cytoskeleton dynamics (Hernandez- Hernandez 
et al., 2013). It has been reported that BBS18 regulates cytoplasmic microtubule polymerization 
and acetylation by interacting with histone deacetylase 6 (HDAC6) (Loktev et al., 2008). BBS4 
depletion or expression of truncated forms of BBS4 similar to those found in some BBS patients 
leads to defective anchoring of centrosomal microtubules and a failure of cell division, indicating 
that microtubule disorganization may contribute to BBS phenotypes (Kim et al., 2004). The disrup-
tion of cytoplasmic actin polymerization is also reported for BBS4- depleted cells (Hernandez- 
Hernandez et  al., 2013). BBS8 and BBS9 colocalize with focal adhesions, further supporting a 
role for the BBSome in regulating actin cytoskeleton homeostasis (Hernandez- Hernandez et al., 
2013).

BBSomes are predicted to regulate gene expression due to the presence of nuclear localization/
export signals, and confirmed nuclear localizations for several BBSome components have been 
reported (Gascue et al., 2012; Ewerling et al., 2023). In a screen for genes regulating the photo-
receptor protein LITE- 1 in C. elegans, BBSome proteins were selected and shown to regulate LITE- 1 
stability by transcriptionally regulating DLK- MAPK signaling, providing potential evidence for cilia- 
independent roles of the BBSome in BBS- related visual loss (Zhang et al., 2022). In another study, 
BBS7 physically interacted with the polycomb group (PcG) member RNF2 and regulated its down-
stream targets, most of which are crucial for development and tissue homeostasis (Gascue et al., 
2012). Thus, BBSome likely plays roles in transcriptional regulation.

BBSomes also regulate cellular homeostasis through proteasomal degradation of signaling 
pathway subunits. BBS1, 2, 4, 7, and 8 can all interact with proteasomal subunits, and loss of BBS4 
leads to depletion of multiple subunits from the centrosomal proteasome and defective accumulation 
of proteasome- dependent signaling components (Liu et  al., 2014; Gerdes et  al., 2007). Further-
more, BBS4 is reported to localize on the endoplasmic reticulum and play a role in the endoplasmic 
reticulum stress- induced unfolding protein response (UPR) in adipocytes and neuronal cells, poten-
tially influencing early- stage development of the related organs (Anosov and Birk, 2019; Horwitz 
and Birk, 2021). A recent study also reported a role for the BBSome in mitochondrial functions (Guo 
et al., 2023). The BBSome regulates mitochondria morphology and function by modulating the phos-
phorylation and mitochondrial translocation of dynamin- like protein 1 (DRP1), highlighting a role for 
mitochondrial defects in BBSome- related diseases (Guo et al., 2023). Importantly, rescuing the mito-
chondrial defects partially reversed neuroanatomical abnormalities, metabolic alterations, and obesity 
phenotypes in BBSome- deficient mice, highlighting the mitochondrial function of the BBSome in the 
pathogenesis of BBS (Guo et al., 2023).

Other cell- type- specific functions of the BBSome may include: regulating dendritic spine homeo-
stasis in the postsynaptic density of hippocampal neurons (Haq et al., 2019); regulating astrocyte 
activity in the brain (Singh et al., 2019); affecting axonal targeting in the olfactory bulb (Tadenev 
et al., 2011); regulating vascular tone and related physiological processes in endothelial cells (Jiang 
et al., 2021); impacting photoreceptor synaptogenesis and synaptic contact positioning in the retina 
(Hsu et al., 2020); regulating aortic stiffness in smooth muscle (Reho et al., 2019); and regulating 
fibroblast migration through platelet- derived growth factor- AA (PDGF) receptor-α signaling and 
Cullin- 3- mediated control of RhoA (Guo and Rahmouni, 2019). The widespread functions of the 
BBSome in many different cell types and organs help to explain the pathogenesis of its associated 
multisystem diseases.

BBS is classified as a ciliopathy, and many clinical aspects of this disorder can be explained by ciliary 
defects (Ansley et al., 2003). However, some of the pleiotropic symptoms of BBS may also result from 
the non- ciliary functions of BBS proteins. Note that some of the ciliary and non- ciliary functions of the 
BBSome may interconnect and overlap, and it is still unclear to what extent the non- ciliary functions 
of the BBSome contribute to the diverse defects seen in BBS- deficient cells. Thus, it will be important 
to interpret the mechanisms and functions of the BBSome from a more comprehensive perspective 
of the entire cell.

https://doi.org/10.7554/eLife.87623
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Ciliary regulation of the BBSome
BBSome components are localized to cilia as well as the basal body and centriolar satellites. As an 
interdependent entity, deficiency in any BBSome subunit will reduce endogenous levels of the others, 
suggesting that the BBSome or BBSome intermediates are more stable than the free individual 
subunits. BBSome or BBSome intermediates are found in the cytoplasm, even when there is no cilium 
(Prasai et al., 2020). Indeed, the assembled BBSome is proposed to be targeted to the cilium from 
the basal body, then travel along the cilium via anterograde IFT trains. Upon reaching the ciliary tip, 
the BBSome undergoes a reassembling process to be loaded onto the retrograde IFT trains for ciliary 
exit (Figure 5A; Liu et al., 2023a; Sun et al., 2021).

Recruitment to the basal body
The BBSome is present at the basal body in various species, where it is loaded onto IFT trains for 
cilium entry (Ansley et al., 2003; Lechtreck et al., 2009; Wingfield et al., 2017). BBS1 is particularly 

Figure 5. Ciliary transport of the BBSome. (A) The BBSome is recruited to the basal body through ARL6- GTP and IFT22- GTP. LZTFL1 also facilitates 
basal body recruitment of the BBSome. At the ciliary tip, IFT25/27 promotes BBSome reassembly for retrograde transport. At the proximal ciliary 
region above the transition zone, a portion of cargo- laden BBSome sheds off retrograde IFT and acts as the effector of ARL3 for ciliary retrieval. (B) The 
BBSome is recruited to the membrane as an effector of ARL6- GTP. Ciliary entry of the BBSome is facilitated by IFT- A and transition zone proteins NPHP5 
and CEP290. (C) The BBSome rides on the retrograde transport train, probably mediated by the IFT- B components IFT27 and IFT25. Whether the 
adaptor protein LZTFL1 functions as the linker between the BBSome and IFT- B remains to be demonstrated (D) At the ciliary tip, IFT27 disassociates 
from IFT- B to activate ARL6. Then, ARL6- GTP arranges the BBSome onto the membranes for retrograde transport. (E) During ciliary exit, the BBSome is 
transported across the transition zone on IFT- B, where Rabl2- GTP hydrolyses to the Rabl2- GDP form to dissociate from IFT trains. The BBSome sheds off 
from the IFT- B trains and fails to pass through the transition zone when the IFT- B is persistently bound by the GTP- locked Rabl2.

https://doi.org/10.7554/eLife.87623
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abundant at the centrosome in non- ciliated cells and its absence stalls other BBSome components at 
the centriolar satellites, while the centrosomal localization of BBS1 is not otherwise affected by BBS4 
depletion (Prasai et al., 2020). Consistently, BBS5 is absent from the basal bodies in BBS1- depleted 
Chlamydomonas strains (Liu et al., 2021). Thus, BBS1 is predicted to mediate basal body recruitment 
of the BBSome for ciliary entry (Prasai et al., 2020).

In C. reinhardtii, ARL6/IFT22 is required for recruiting the BBSome to the basal body when they are 
both in GTP- bound states (Figure 5A; Xue et al., 2020). IFT22 is a Rab- like 5 (RABL5) GTPase, and its 
depletion results in a dramatic decrease in basal body and ciliary BBS1 and BBS5, which are restored 
by GTP- bound but not GDP- bound IFT22 (Xue et al., 2020). IFT22 binds and stabilizes ARL6 in the 
cell body independent of their nucleotide states, while their recruitment to the basal body requires 
both proteins to be in their GTP- bound states (Xue et al., 2020). In contrast with mammalian cells, 
in which only GTP- ARL6 binds the BBSome, the binding between ARL6 and the BBSome is indepen-
dent of the nucleotide state of ARL6 in the cell body of C. reinhardtii, but only GTP- bound ARL6 can 
recruit BBSomes to the basal body or bind BBSomes in cilia (Liu et al., 2021). Note that IFT22 or ARL6 
mutants, in which IFT22 or ARL6 has normal basal body localization but fails to localize in cilia, also 
retain the ciliary localization of the BBSome, indicating that IFT22 and ARL6 only function in the basal 
body recruitment of BBSomes but not their ciliary entry (Liu et al., 2021; Xue et al., 2020). Once 
in the cilium, BBSome transport along the cilium does not require IFT22 or ARL6 either. Thus, IFT22 
and ARL6 are only required to recruit the BBSome to the basal body to make it available for loading 
onto anterograde IFT trains for ciliary entry in C. reinhardtii. In addition, C. reinhardtii LZTFL1 also 
directs BBSome basal body recruitment by promoting basal body targeting of ARL6 without binding 
to IFT22/ARL6 (Sun et al., 2021).

Ciliary entry and trafficking
In mammalian cells, it is believed that the BBSome is recruited to membrane structures as the major 
effector of ARL6, which binds the BBSome through BBS1 (Figure 5B; Jin et al., 2010). The ciliary 
localization of the BBSome and ARL6 are likely interdependent, and both require GTP binding of 
ARL6. The BBSome subunits BBS1 and BBS18 fail to localize to cilia when ARL6 is depleted in mamma-
lian cells, and ciliary localization of ARL6 dramatically decreases in BBS2-, BBS4-, and BBS5- depleted 
cells (Jin et al., 2010). However, C. reinhardtii ARL6 is not required for the BBSome to enter cilia from 
the basal body, and it diffuses into the cilium without IFT movement, indicating that the entry of ARL6 
to the cilium does not depend on BBSomes either (Liu et al., 2021; Xue et al., 2020). In the retinal 
photoreceptor of Arl6 knockout mice, the BBSome is fully assembled and recruited to cilia, indicating 
that the recruitment of BBSomes to photoreceptor cilia is ARL6 independent (Hsu et al., 2021). These 
studies suggest that the ciliary entry of the BBSome is differentially regulated across tissues or species, 
and the detailed mechanisms underlying its ciliary entry are still not well characterized.

It is known that only the fully assembled BBSome holo- complex can gain entry into the ciliary 
compartment, as the loss of any single subunit prevents its ciliary trafficking (Seo et  al., 2011; 
Lechtreck et al., 2009). However, in the absence of BBS2 or BBS7, a subcomplex (BBS1/5/8/9) was 
able to enter retinal photoreceptor cilia, providing additional evidence that the residual BBSome, 
reminiscent of the partial BBSome in D. melanogaster, enters cilia (Hsu et al., 2021). Ciliary entry 
requires passage of the BBSome through a special region at the base of the cilium, known as the 
transition zone. The transition zone acts as a permeability barrier to control the entry and exit of 
ciliary proteins (Park and Leroux, 2022). It has been reported that the transition zone protein NPHP5 
interacts with the BBSome to mediate its integrity (Barbelanne et al., 2015). Depletion of NPHP5 or 
expression of NPHP5 mutants defective in BBSome binding leads to dissociation of BBS2 and BBS5 
from the BBSome and loss of ciliary BBS2 and BBS5, while other BBSome subunits enter cilia normally 
(Barbelanne et al., 2015). CEP290, another transition zone protein that directly binds NPHP5 (Barbe-
lanne et al., 2013; Sang et al., 2011; Schäfer et al., 2008), can also regulate BBSome integrity. The 
absence of CEP290 abolishes the ciliary localization of BBS2, BBS5, and BBS8 without affecting the 
ciliary localization of BBS1, BBS7, BBS9, and BBS18. Whether the ciliary targeting of BBS4 is impaired 
by CEP290 depletion is still arguable (Barbelanne et al., 2015; Stowe et al., 2012). Considering 
that the BBSome is missing in some subunits instead of completely compromised for ciliary entry in 
the absence of NPHP5 or Cep290 (Barbelanne et al., 2013), transition zone- localized NPHP5 and 
CEP290 potentially accomplish two goals (Figure 5B): regulating BBSome integrity and forming a 
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diffusion barrier that allows the selective passage of the holo- BBSome complex into the cilium. Of 
note, the loss of CEP290 in C. reinhardtii increases the amount of BBS4 and IFT- B complex proteins in 
the flagellum (Craige et al., 2010). Thus, the precise mechanisms underlying ciliary entry control still 
deserve further exploration.

Recent studies have revealed the function of IFT- A in ciliary entry, and the BBSome is abnormally 
localized in cells defective in IFT- A subunits IFT139 (non- core subunit), IFT144 (core subunit), and the 
IFT- A interactor C11ORF74 (Takahara et al., 2019; Hirano et al., 2017). BBS9 tends to accumulate 
within cilia, particularly at the distal tip in IFT139- depleted cells, but it is absent from cilia in IFT144- or 
C11ORF74- depleted cells, representing a functional difference in IFT- A core and non- core subunits.

Inside the cilium, the BBSome moves both anterogradely and retrogradely at the same rates as 
IFT (Lechtreck et al., 2009; Ou et al., 2005). It is thought that the BBSome is carried by IFT but is 
an adapter rather than an integral component of the IFT machinery. In the cilia of mammalian olfac-
tory sensory neurons, the BBSome components undergo bidirectional particle movement with similar 
velocities to IFT proteins and participate in IFT as a constituent in 1:1 stoichiometry, in contrast to 
BBSome proteins only associating with a subset of IFT particles in unstimulated IMCD3 cells and C. 
reinhardtii (Lechtreck et al., 2009; Williams et al., 2014; Ye et al., 2018). The docking of BBSomes 
to the IFT- B complex is predicted to involve IFT38, which interacts with BBS1- BBS2- BBS9 through the 
C- terminal tail and is essential for retrograde transport of the BBSome (Nozaki et al., 2019; Wang 
et al., 2022). Structurally, a positive patch on a region of BBS9 that interacts with BBS1 and BBS2 
constitutes the ideal candidate for binding to IFT38 (Yang et al., 2020). Other components from IFT- B, 
such as IFT74- IFT81 and IFT25- IFT27, may also contribute to BBSome- dependent transport (Zhou 

Figure 6. Functions of the BBSome in the cilium. (A) The anchoring of the BBSome on IFT trains. The BBSome interacts with IFT- B through IFT38. 
The Rabl2 GTPase and the IFT25- IFT27 dimer bind to IFT74- IFT81 of IFT- B in a mutually exclusive manner and may regulate BBSome- mediated cargo 
loading. (B) During the cargo’s ciliary entry, the BBSome either regulates vesicle targeting in a Rab8- Rabin8- dependent manner or regulates the cargo’s 
lateral transport between the plasma and ciliary membrane. At the ciliary base and at the ciliary tip, the BBSome may regulate IFT assembly to ensure 
their ciliary entry and turnaround and hold them together during transport. At the ciliary tip, ARL6 and ARL13 regulate cargo pickup by the BBSome for 
retrieval. During the cargo’s exit, β-arrestin arranges the cargo for ubiquitin modification, followed by BBSome- mediated exit across the transition zone. 
TOM1L2 may function as an adapter between the BBSome and ubiquitin sidechains. The BBSome facilitates endocytic sorting of select membrane 
proteins at the base of the cilium. The unretrieved GPCRs can also be shed into ectocytosis vesicles for disposal.
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et al., 2022b; Luo et al., 2021). IFT74- IFT81 interacts with IFT25- IFT27, which can be competitively 
regulated by Rabl2 GTPase, and this interaction is important for BBSome- associated ciliary defects 
(Figure 6A; Luo et al., 2021; Zhou et al., 2022a). The detailed mechanisms of BBSome trafficking on 
the IFT trains still need further investigation.

Turnaround at the ciliary tip
Once reaching the ciliary tip, the BBSome and IFT trains are thought to undergo remodeling before 
turning around for retrograde transport to exit cilia (Figure 5A; Wei et al., 2012; Wingfield et al., 
2021). IFT27, a small G protein with very low intrinsic GTPase activity distantly related to the Rab 
subfamily of Ras- like GTPases, is a component of IFT- B and forms a stable heterodimer with IFT25 
(Bhogaraju et al., 2011). BBSome subunits (BBS5 and BBS9) and BBS regulators (ARL6 and LZTFL1) 
accumulate in the cilia of IFT27- knockout cells (Eguether et al., 2014). The ciliary exit rate of the 
BBSome measured by fluorescence loss after photobleaching (FLAP) decreases in IFT27- knockdown 
cells, while ciliary entry measured by fluorescence recovery after photobleaching (FRAP) does not alter, 
indicating that a defect in ciliary exit but not entry contributes to ciliary accumulation of the BBSome 
(Liew et al., 2014). In LZTFL1- mutant cells, ciliary staining of IFT27 remains normal, suggesting that 
LZTFL1 functions downstream of IFT27 (Eguether et al., 2014). BBSome depletion does not affect 
IFT27 and LZTFL1 localization, indicating that they function upstream of the BBSome (Eguether et al., 
2014). Based on the above observations, the proposed model indicates that LZTFL1 coordinates inter-
actions between the BBSome and IFT particles to remove ciliary cargoes from the cilium (Figure 5C). 
However, Chlamydomonas LZTFL1 does not interact with IFT in cilia, thus refuting the role of LZTFL1 
as the BBSome/IFT linker, at least in C. reinhardtii (Sun et al., 2021).

In an alternative model, IFT27/25 may regulate BBSome loading onto retrograde IFT for ciliary 
removal at the ciliary tip. Mammalian IFT27 was previously considered to work as the guanine exchange 
factor (GEF) for ARL6 at the ciliary tip to prepare for retrograde BBSome trafficking (Figure 5D; Liew 
et al., 2014). In murine cells, IFT25/IFT27 is transiently released from IFT- B at the distal tip of the 
cilium, where IFT27 then binds and stabilizes the nucleotide- free form of ARL6 to promote ARL6 acti-
vation and subsequent capture of the BBSome to membranes (Liew et al., 2014). However, ARL6 is 
not required for loading BBSomes onto retrograde IFT trains for ciliary exit at the ciliary tip in C. rein-
hardtii, as ARL6 and BBSome transport separately in C. reinhardtii cilia and ciliary loss of ARL6 does 
not cause ciliary hyperaccumulation of BBS1, BBS4, BBS5, or BBS7 (Liu et al., 2021). The ARL6 GEF 
activity of IFT27 should also be considered with caution, considering that the GEF activity of IFT27 in 
vitro is low and the biochemical assays are performed on whole cell samples rather than cilia alone 
(Liew et al., 2014). In C. reinhardtii, IFT25/27 does not depend on IFT27’s nucleotide state to cycle 
on and off IFT- B and fails to activate ARL6 in vitro, arguing against a GEF function for IFT27 (Liu et al., 
2023a; Liu et al., 2023b). Similar to IFT27, IFT25 depletion also has no effect on ciliary entry of the 
BBSome, but it does impair BBSome ciliary exit (Dong et al., 2017). Closely related to IFT27, IFT25 
depletion causes a dramatic decrease in IFT27 levels and a BBSome exit defect similar to the defects 
induced by IFT27 depletion both in mice and C. reinhardtii (Eguether et al., 2014; Dong et al., 2017; 
Keady et al., 2012). At the ciliary tip of IFT25- knockdown cells, BBS1 and BBS5 cannot assemble 
into the intact BBSome and hyperaccumulate there (Liu et al., 2021). In summary, Chlamydomonas 
IFT25/27 promotes BBSome reassembly for coupling with IFT- B during the BBSome turnaround at 
the ciliary tip (Figure 5A; Sun et al., 2021; Dong et al., 2017). Meanwhile, Chlamydomonas LZTFL1 
mediates BBSome reassembly at the ciliary tip for its removal by stabilizing IFT25/27 in the cell body 
(Sun et al., 2021). Note that Ift25, Ift27, and Lztfl1 homologs are absent from the genomes of D. 
melanogaster and C. elegans (van Dam et al., 2013), suggesting a different mechanism underlying 
retrograde BBSome transport in flies and worms.

Ciliary removal
For ciliary exit, the BBSome must pass through the transition zone (Ye et al., 2018). Rabl2 is a Rab- 
like small GTPase capable of self- activation into a GTP- binding form, and it was previously found to 
initiate ciliary entry of IFT (Kanie et al., 2017). BBS5, BBS7, and ARL6 accumulate in cilia in GTP- 
locked Rabl2 mutant (Q80L) cells (Duan et al., 2021): although anterograde and retrograde transport 
velocities were not affected, BBSome export dramatically decreased. In cells expressing Rabl2- Q80L, 
super- resolution imaging revealed that the BBSome distributes exclusively above the transition zone, 
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where the BBSome reaches but fails to pass across. Interestingly, disrupting the Rabl2- Q80L and 
IFT- B interaction ensures transition zone passage of the BBSome, indicating that persistent binding 
of Rabl2- GTP to IFT- B results in shedding of the BBSome before it passes across the transition zone 
(Duan et  al., 2021). Thus, it is proposed that the BBSome is transported and reaches the transi-
tion zone on the IFT- B retrograde machinery in the presence of Rabl2- GTP, which hydrolyses to its 
Rabl2- GDP form to dissociate from IFT trains and to allow the BBSome to pass through the transition 
zone (Figure 5E). In C. reinhardtii, a portion of cargo- laden BBSome sheds off retrograde IFT at the 
proximal ciliary region and acts as the effector of ARL3 to pass the transition zone for ciliary retrieval, 
likely via diffusion (Figure 5A; Liu et al., 2022). Whether a Rabl2- ARL3 cascade exists, in which Rabl2 
functions as the GEF of ARL3, remains to be confirmed in C. reinhardtii.

Ciliary mechanisms and functions of the BBSome
Unlike IFT mutants, which typically result in pronounced structural ciliary abnormalities, BBSome 
mutants have varied effects on cilium assembly and in most cases are dispensable for ciliogenesis 
(Loktev et al., 2008; Hey et al., 2021). Knockout of BBSome components in mice does not abolish 
ciliogenesis globally; however, there is evidence of cilia assembly defects in BBS- deficient cells, such 
as the absence of sperm flagella and malformed photoreceptor outer segments (Hsu et al., 2017; 
Nishimura et al., 2004; Davis et al., 2007; Zhang et al., 2013; Mykytyn et al., 2004). Meanwhile, 
ciliary membrane composition is affected by the absence of the BBSome, indicating a role for them 
in ciliary transport.

Early studies revealed that the BBSome is required for ciliary entry of several GPCRs, as soma-
tostatin receptor type 3 (SSTR3) and melanin- concentrating hormone receptor 1 (MCHR1) are absent 
from hippocampal neuron cilia in Bbs2- or Bbs4- mutant mice (Berbari et al., 2008b). NPY2R failed 
to localize to cilia in Bbs18- mutant mice hypothalamus (Loktev and Jackson, 2013). However, recent 
results support a role for the BBSome in ciliary exit, excluding non- ciliary proteins leaked into the 
cilium, and regulating the balance of ciliary receptor concentration (Lechtreck et al., 2009; Ye et al., 
2018). For example, SSTR3 was also shown to exit the cilium in IMCD3 cells in a BBSome- dependent 
manner (Ye et al., 2018). These pleiotropic outcomes may be influenced by the activation state of 
the receptors or be cell type- and species- dependent, and the detailed mechanisms remain unclear 
(Domire et al., 2011). In summary, the BBSome acts as a cargo adaptor of the IFT, expanding the 
cargo range of IFT in ciliary trafficking to regulate the movement of cargo proteins in and out of cilia 
(Lechtreck, 2022).

Target recognition
To mediate cargo transport, the BBSome should be able to bind cargoes on specific domains involved 
in cilium targeting (ciliary targeting sequence, CTS). It has been reported that the third intracellular 
loops of SSTR3, 5- hydroxytryptamine receptor 6 (HTR6), MCHR1, and dopamine receptor 1 (D1) are 
sufficient for ciliary localization and can be bound by the holo- BBSome (Jin et  al., 2010; Berbari 
et al., 2008a; Domire et al., 2011). Comparing these loops reveals a loose consensus sequence, 
Ax[S/A]xQ (Berbari et al., 2008a). Other CTSs include the C- terminal VxP sequence in rhodopsin, 
polycystin 1, and polycystin 2 (Deretic et al., 1998; Su et al., 2015) and the (F/Y/W)(K/R) motif in Smo 
(Corbit et al., 2005). There is also some evidence implicating the RVxP motif in the N- terminal domain 
of polycystin 2 (Geng et al., 2006). However, a recent study challenged the legitimacy of some of 
the previously identified hot spots, and showed that the heterologously expressed BBSome hexamer 
(BBS1, 4, 5, 8, 9, and 18) has robust affinity for the (F/Y/W)(K/R) motif and other sequences containing 
one or more basic or aromatic residues (Klink et al., 2017). Note that these CTSs seem to be sufficient 
but not necessary for ciliary cargo localization, indicating that the regulation of cargo localization is 
rather complex and may involve several parallel mechanisms.

BBS1 is considered the major subunit for BBSome cargo recognition, interacting with several ciliary 
cargoes including Smo, Patched, leptin receptor, and polycystin 1 (Zhang et al., 2012a; Seo et al., 
2009; Su et al., 2014). Besides BBS1, the C- terminal of Smo is also reported to bind the BBSome 
through BBS4, 5, and 7 (Seo et al., 2011). BBS5 specifically interacts with the third intracellular loop of 
D1 (Domire et al., 2011). Regardless, cargo binding may depend on the 3- dimensional arrangement 
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of the holo- BBSome, which exploits different binding modes to cope with different cargoes (Singh 
et al., 2020).

Cargo entry
BBSome- mediated ciliary entry can be achieved by targeting vesicles to the cilium to promote ciliary 
membrane elongation or by functioning as a planar coat for lateral transport between the plasma and 
ciliary membranes (Figure 6B; Jin et al., 2010; Nachury et al., 2007). At the basal body, the BBSome 
interacts with Rabin8, a guanine nucleotide exchange factor (GEF) for Rab8, through BBS1, which may 
potentiate the GEF activity of Rabin8 to facilitate vesicle docking and fusion to the base of the cilium 
(Nachury et al., 2007). Interestingly, a recent study also established a unique role for the BBSome in 
preventing entry (Yu et al., 2020). Fluorescence protein- tagged carbonic anhydrase 6 (CAH6- mNG) 
preferentially localized to the trans- flagellum emerging from the older basal body, which was estab-
lished early during flagellar assembly and restored after photobleaching. The uneven distribution in 
both cilia was disrupted in BBS1- mutant strains. Considering that the BBSome localizes to the tran-
sition zone, it may serve as a roadblock that prevents the entry of CAH6- mNG into the cis- flagellum 
(Dean et al., 2016; Yu et al., 2020).

Cargo exit
It has been reported that several GPCRs, such as Smo, GPR161, Patched, and D1, accumulate in BBS- 
mutant cilia (Domire et al., 2011; Nozaki et al., 2018). A role for the BBSome in ciliary exit is further 
supported by a proteomic analysis that detected over 130 non- ciliary proteins accumulated in the 
photoreceptor outer segments of Bbs- mutant mice (Datta et al., 2015). It has been suggested that 
the BBSome promotes ciliary export of proteins by linking them to IFT particles for retrograde trans-
port, facilitating their passage across the transition zone, and shedding ciliary extracellular vesicles for 
disposal (Figure 6B).

The interplay between the BBSome and IFT can be divided into three major events: movement on 
IFT as a cargo adaptor, maintaining IFT integrity, and regulating IFT assembly at the ciliary base for 
entry and at the ciliary tip for turnaround (Figure 6B). In C. reinhardtii, single particle imaging revealed 
that the IFT movement of phospholipase D1 (PLD) was abolished in BBS4 mutants, resulting in PLD 
accumulation inside cilia (Liu and Lechtreck, 2018). This accumulation was abolished by reintroducing 
the wild- type BBSome into BBS- mutant strains, which caused rapid removal of PLD from the mutant 
cilia (Lechtreck et al., 2013). PLD travels predominately on the IFT trains together with the BBSome, 
indicating that the BBSome is a cargo adapter ensuring the ciliary export of PLD on IFT trains (Liu 
and Lechtreck, 2018). In brief, the BBSome moves in association with IFT particles to mediate the 
ciliary exit and the transition zone passage of membrane proteins by connecting them with the IFT- B 
complex (Lechtreck et al., 2009; Nozaki et al., 2019).

The BBSome plays a role in maintaining IFT integrity and organization, holding IFT- A and IFT- B 
together. IFT- A and IFT- B are observed to move together in C. elegans sensory cilia, while they sepa-
rate to move at different speeds by the heterotrimeric kinesin- 2 and homodimeric OSM- 3 motors, 
respectively, in BBS7 and BBS8 mutants (Ou et al., 2005). Consistently, asynchronous rates of IFT- -
A/B particle movements were observed within the olfactory sensory neuron cilia of Bbs4- mutant 
mice (Uytingco et al., 2019). However, this function is species- specific, as BBS proteins seem to be 
dispensable for IFT assembly and transport in C. reinhardtii (Lechtreck et al., 2009).

In C. elegans, it has also been shown that the BBSome is the key player in regulating IFT assembly 
and turnaround in cilia (Figure 6B; Wei et al., 2012). The ciliary localization and motility of IFT proteins 
OSM- 5, CHE- 11, and CHE- 2 are altered in BBS7- and BBS8- mutant C. elegans strains, indicating that 
the C. elegans BBSome may facilitate the selective assembly of IFT protein components into the IFT 
particle at the basal body before its proper movement inside cilia (Wei et al., 2012). At the ciliary 
tip, IFT particles undergo a dissociation and reassembly process, while the absence of the C. elegans 
BBSome leads to defective reassembly of the IFT complex and the specific accumulation of IFT- B 
components at the ciliary tip (Wei et al., 2012).

In mammalian cells, retrograde trafficking and/or export of ciliary GPCRs are impaired in the 
absence of ARL6, and PLD is observed to accumulate in the ciliary tip of Chlamydomonas mutant 
that lacks ciliary ARL6 (Liu et al., 2021; Liew et al., 2014; Zhang et al., 2011). At the ciliary tip, GTP- 
bound Chlamydomonas ARL6 is required for recruiting BBSomes to the ciliary membrane, making the 
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BBSome available for picking up ciliary signaling cargoes (Figure 6B; Liu et al., 2021). Recent studies 
have shown that the ARL6- BBS1 interaction is reinforced by BBS9 (Nozaki et al., 2018). Ciliary GPCR 
trafficking defects in BBS1- depleted cells cannot be rescued by BBS1 mutants lacking BBS9- binding 
ability, indicating that intact BBSomes are required for retrograde trafficking of GPCRs out of cilia 
(Nozaki et al., 2018). Besides ARL6, ARL13 is also involved in BBSome- dependent cargo transport 
in Chlamydomonas (Liu et al., 2023a; Dai et al., 2022). In the Chlamydomonas arl13 mutant, a set 
of membrane- associated proteins accumulated in cilia, although the IFT movement of BBSomes was 
mostly normal, suggesting that ARL13 is probably required for ensuring that cargo proteins can be 
picked up by the BBSome carriers but not for maintaining BBSome IFT integrity (Dai et al., 2022). At 
the ciliary tip, ARL13 is activated by ARL6 and recruits the BBSome as an ARL13 effector to anchor to 
the ciliary membrane, making it spatiotemporally available for coupling with cargoes (Figure 6B; Liu 
et al., 2023a). Regardless, the detail of how the BBSome is organized into a complex that can recog-
nize signaling molecules in the ciliary membrane for IFT needs further exploration.

Facilitated by the BBSome, ciliary exit is supposed to be a two- step process in which activated 
GPCRs pass through the transition zone before crossing a periciliary barrier (Ye et al., 2018). It has 
been reported that activation of ciliary GPCRs such as Smo and SSTR3 drives the ARL6- dependent 
assembly of large, highly processive, and cargo- laden retrograde BBSome trains. Single- molecule 
imaging revealed that the assembly of BBSome trains enables the lateral transport of ciliary GPCRs 
across the transition zone but not a second periciliary diffusion barrier (Ye et al., 2018).

Ciliary GPCRs can also be retrieved by shedding ciliary extracellular vesicles and removal from the 
periciliary membrane compartment (Figure 6B). It has been reported that GPCRs failing to undergo 
BBSome- mediated retrieval concentrate into membranous bud at the tips of cilia and undergo ecto-
cytosis to compensate for BBSome- related ciliary removal defects (Nager et al., 2017). Interestingly, 
the BBSome negatively regulates extracellular vesicle release by targeting RAB28, and possibly also 
other extracellular vesicle regulators, to cilia (Akella et al., 2020; Jensen et al., 2016). Note that both 
a lack of ciliary localization in BBSome- defective cells and BBSome- dependent ciliary exit have been 
reported for SSTR3 in different cell types (Berbari et al., 2008a; Berbari et al., 2008b; Ye et al., 
2018; Nager et al., 2017). Considering that the redundant GPCRs can be removed by ectocytosis 
in BBSome- defective cells, thus leaving cilia devoid of the protein, this disparity can be reasonably 
explained (Nager et al., 2017). Furthermore, it has been reported that BBS4 and BBS5 have redun-
dant functions in the degradative sorting of ciliary sensory receptors (Xu et al., 2015). The BBSome 
is reported to facilitate endocytic sorting of select membrane proteins at the cilium base (Langousis 
et  al., 2016). As the exported ciliary membrane proteins undergo clathrin- mediated endocytosis 
outside of the ciliary compartment for their clearance, the involvement of the BBSome in periciliary 
membrane dynamics still needs to be explored (Pal et al., 2016).

Questions also remain as how the BBSome distinguishes cargoes – such as active and inactive 
GPCR states – for export, and there must exist another layer of regulation that commits activated 
GPCRs for exit. Recent studies have shown that a common mechanism of ciliary removal of activated 
GPCRs is ubiquitination by K63 linkages for BBSome- dependent exit (Figure 6B; Shinde et al., 2020). 
In C. elegans, attachment of ubiquitin (Ub) to the cytoplasmic end of polycystin 2 results in its ciliary 
clearance (Xu et al., 2015; Hu et al., 2007). It has also been reported that ubiquitinated proteins 
accumulate in the cilia of BBSome- defective mammalian cells, suggesting that the BBSome might 
sort ubiquitinated signaling receptors out of cilia (Shinde et al., 2020). Even though Ub copurifies 
with the BBSome in T. brucei, suggesting a potential interaction between BBSomes and Ub chains, 
the direct biochemical evidence for Ub chain binding is still missing (Langousis et al., 2016). Anyway, 
an interaction between BBSomes and Ub chains may enhance BBSome- cargo interactions to enable 
sorting of ubiquitinated GPCRs out of cilia. Alternatively, adaptor proteins, such as target of Myb1 like 
2 membrane trafficking protein (TOM1L2), which bridges the BBSome to its ubiquitinated cargoes, 
might be involved (Shinde et al., 2023). Upon activation, an intermediate protein, β-arrestin, may well 
first arrange the activated GPCRs for Ub linkage, followed by BBSome- mediated retrieval (Shinde 
et al., 2020). Ubiquitinated Smo is retained in IFT27-, LZTFL1-, and BBS2- depleted cells, suggesting 
an IFT- dependent removal mechanism, in which the BBSome binds both Ub and Smo and couples 
with the IFT for ciliary removal (Desai et al., 2020). Different from Smo, ubiquitinated SSTR3 does not 
accumulate in IFT27- depleted cells, indicating that an IFT- independent alternative mechanism exists. 
Thus, different GPCRs may rely on different mechanisms for ciliary removal.
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Conclusions and perspectives
There has been significant progress in establishing the biological significance of the BBSome over the 
last decade, not least confirming its fundamental roles in regulating ciliary dynamics and non- ciliary 
processes. However, several questions about the BBSome remain. How is the BBSome spatiotempo-
rally assembled and transported in cilia? How do BBSome subunits cooperate and function in selec-
tive ciliary and non- ciliary events? How are the functions of the BBSome mechanistically associated 
with symptoms? Bolstered by significant advances in modern technologies such as super- resolution 
microscopy, time- lapse and single molecular imaging, and cryo- electron microscopy, future studies 
are likely to further extend our understanding of BBSome regulation and related diseases, providing 
novel targets for clinical treatment and drug development.

Characterized by a high degree of genetic and clinical heterogeneity, there is no cure for BBS, 
and these patients are treated symptomatically with multidisciplinary approaches (Caba et al., 2022). 
Molecular genetic testing is recommended to help focus on particular pathogenic genes and provide 
the possibility of gene therapy. Indeed, there have been several successful attempts at gene therapy in 
BBS mouse models, at least for eye pathology, since the eyes are relatively more accessible than other 
organs for gene delivery. In Bbs1- and Bbs4- mutant mice, subretinal delivery of adeno- associated 
virus (AAV)- mediated BBS proteins ameliorated rhodopsin mislocalization and retinal degeneration 
(Seo et al., 2013; Simons et al., 2011). A U1 small nuclear RNA (U1)- mediated therapeutic approach 
corrected the splice defect in BBS1- variant patient- derived fibroblasts in vitro, suggesting a potential 
gene therapy to overcome the pathogenic effects of splice donor site mutations (Schmid et al., 2011). 
In another study, translational readthrough- inducing drugs were used to restore full- length protein, 
bypassing in- frame premature termination codons in BBS2 variant patient fibroblasts, highlighting 
the feasibility of the approach in nonsense mutation- dependent ciliopathies (Eintracht et al., 2021). 
A recent study reported that an adenovirus- delivered wild- type Bbs1 gene could restore ciliation 
and acute odor responses in olfactory sensory neurons in Bbs1- mutant mice, supporting the viability 
of gene therapy in congenital olfactory disorders in BBS patients (Williams et al., 2017). Aided by 
advanced diagnostic techniques, detailed phenotyping, and pharmacogenomic analysis, more BBS 
patients are likely to benefit from personalized medicine and gene therapy in the future.

Acknowledgements
This work was supported by grants from the National Natural Science Foundation of China (31991193, 
32000524, and 32270807) and the Shandong Provincial Natural Science Foundation (ZR2020QC076). 
Images were created with BioRender.com. We gratefully acknowledge editorial assistance from Next-
genediting (https://www.nextgenediting.com/).

Additional information

Competing interests
The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author

National Natural Science 
Foundation of China

31991193 Jun Zhou

National Natural Science 
Foundation of China

32000524 Xiaoyu Tian

National Natural Science 
Foundation of China

32270807 Huijie Zhao

Shandong Provincial 
Natural Science 
Foundation

ZR2020QC076 Xiaoyu Tian

https://doi.org/10.7554/eLife.87623
https://www.biorender.com/
https://www.nextgenediting.com/


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  20 of 29

Funder Grant reference number Author

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Xiaoyu Tian, Conceptualization, Writing – original draft, Writing – review and editing; Huijie Zhao, 
Writing – review and editing; Jun Zhou, Conceptualization, Supervision, Writing – original draft, 
Writing – review and editing

Author ORCIDs
Xiaoyu Tian    http://orcid.org/0000-0003-1384-8687
Huijie Zhao    http://orcid.org/0000-0002-8595-8159
Jun Zhou    http://orcid.org/0000-0003-3131-7804

References
Abd- El- Barr MM, Sykoudis K, Andrabi S, Eichers ER, Pennesi ME, Tan PL, Wilson JH, Katsanis N, Lupski JR, 

Wu SM. 2007. Impaired photoreceptor protein transport and synaptic transmission in a mouse model of 
Bardet- Biedl syndrome Vision Research 47:3394–3407. DOI: https://doi.org/10.1016/j.visres.2007.09.016, 
PMID: 18022666

Akella JS, Carter SP, Nguyen K, Tsiropoulou S, Moran AL, Silva M, Rizvi F, Kennedy BN, Hall DH, Barr MM, 
Blacque OE. 2020. Ciliary Rab28 and the BBSome negatively regulate extracellular vesicle shedding eLife 
9:e50580. DOI: https://doi.org/10.7554/eLife.50580, PMID: 32101165

Aksanov O, Green P, Birk RZ. 2014. BBS4 directly affects proliferation and differentiation of adipocytes Cellular 
and Molecular Life Sciences 71:3381–3392. DOI: https://doi.org/10.1007/s00018-014-1571-x, PMID: 24500759

Aldahmesh MA, Li Y, Alhashem A, Anazi S, Alkuraya H, Hashem M, Awaji AA, Sogaty S, Alkharashi A, 
Alzahrani S, Al Hazzaa SA, Xiong Y, Kong S, Sun Z, Alkuraya FS. 2014. IFT27, encoding a small GTPase 
component of IFT particles, is mutated in a consanguineous family with Bardet- Biedl syndrome Human 
Molecular Genetics 23:3307–3315. DOI: https://doi.org/10.1093/hmg/ddu044, PMID: 24488770

Álvarez- Satta M, Castro- Sánchez S, Valverde D. 2017. Bardet- Biedl syndrome as a chaperonopathy: dissecting 
the major role of chaperonin- like BBS proteins (BBS6- BBS10- BBS12) Frontiers in Molecular Biosciences 4:55. 
DOI: https://doi.org/10.3389/fmolb.2017.00055, PMID: 28824921

Anosov M, Birk R. 2019. Bardet- Biedl syndrome obesity: BBS4 regulates cellular ER stress in early adipogenesis 
Molecular Genetics and Metabolism 126:495–503. DOI: https://doi.org/10.1016/j.ymgme.2019.03.006, PMID: 
30902542

Ansley SJ, Badano JL, Blacque OE, Hill J, Hoskins BE, Leitch CC, Kim JC, Ross AJ, Eichers ER, Teslovich TM, 
Mah AK, Johnsen RC, Cavender JC, Lewis RA, Leroux MR, Beales PL, Katsanis N. 2003. Basal body dysfunction 
is a likely cause of pleiotropic Bardet- Biedl syndrome Nature 425:628–633. DOI: https://doi.org/10.1038/ 
nature02030, PMID: 14520415

Anvarian Z, Mykytyn K, Mukhopadhyay S, Pedersen LB, Christensen ST. 2019. Cellular signalling by primary cilia 
in development, organ function and disease Nature Reviews. Nephrology 15:199–219. DOI: https://doi.org/10. 
1038/s41581-019-0116-9, PMID: 30733609

Badano JL, Ansley SJ, Leitch CC, Lewis RA, Lupski JR, Katsanis N. 2003a. Identification of a novel Bardet- Biedl 
syndrome protein, BBS7, that shares structural features with BBS1 and BBS2 American Journal of Human 
Genetics 72:650–658. DOI: https://doi.org/10.1086/368204, PMID: 12567324

Badano JL, Kim JC, Hoskins BE, Lewis RA, Ansley SJ, Cutler DJ, Castellan C, Beales PL, Leroux MR, Katsanis N. 
2003b. Heterozygous mutations in BBS1, BBS2 and BBS6 have a potential epistatic effect on Bardet- Biedl 
patients with two mutations at a second BBS locus Human Molecular Genetics 12:1651–1659. DOI: https://doi. 
org/10.1093/hmg/ddg188, PMID: 12837689

Badano JL, Leitch CC, Ansley SJ, May- Simera H, Lawson S, Lewis RA, Beales PL, Dietz HC, Fisher S, Katsanis N. 
2006. Dissection of epistasis in oligogenic Bardet–Biedl syndrome Nature 439:326–330. DOI: https://doi.org/ 
10.1038/nature04370

Barbelanne M, Song J, Ahmadzai M, Tsang WY. 2013. Pathogenic NPHP5 mutations impair protein interaction 
with Cep290, a prerequisite for ciliogenesis Human Molecular Genetics 22:2482–2494. DOI: https://doi.org/10. 
1093/hmg/ddt100, PMID: 23446637

Barbelanne M, Hossain D, Chan DP, Peränen J, Tsang WY. 2015. Nephrocystin proteins NPHP5 and Cep290 
regulate BBSome integrity, ciliary trafficking and cargo delivery Human Molecular Genetics 24:2185–2200. 
DOI: https://doi.org/10.1093/hmg/ddu738, PMID: 25552655

Beales PL, Badano JL, Ross AJ, Ansley SJ, Hoskins BE, Kirsten B, Mein CA, Froguel P, Scambler PJ, Lewis RA, 
Lupski JR, Katsanis N. 2003. Genetic interaction of BBS1 mutations with alleles at other BBS loci can result in 
non- mendelian Bardet- Biedl syndrome The American Journal of Human Genetics 72:1187–1199. DOI: https:// 
doi.org/10.1086/375178

Bentley- Ford MR, LaBonty M, Thomas HR, Haycraft CJ, Scott M, LaFayette C, Croyle MJ, Andersen RS, 
Parant JM, Yoder BK. 2022. Evolutionarily conserved genetic interactions between nphp- 4 and bbs- 5 mutations 

https://doi.org/10.7554/eLife.87623
http://orcid.org/0000-0003-1384-8687
http://orcid.org/0000-0002-8595-8159
http://orcid.org/0000-0003-3131-7804
https://doi.org/10.1016/j.visres.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/18022666
https://doi.org/10.7554/eLife.50580
http://www.ncbi.nlm.nih.gov/pubmed/32101165
https://doi.org/10.1007/s00018-014-1571-x
http://www.ncbi.nlm.nih.gov/pubmed/24500759
https://doi.org/10.1093/hmg/ddu044
http://www.ncbi.nlm.nih.gov/pubmed/24488770
https://doi.org/10.3389/fmolb.2017.00055
http://www.ncbi.nlm.nih.gov/pubmed/28824921
https://doi.org/10.1016/j.ymgme.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30902542
https://doi.org/10.1038/nature02030
https://doi.org/10.1038/nature02030
http://www.ncbi.nlm.nih.gov/pubmed/14520415
https://doi.org/10.1038/s41581-019-0116-9
https://doi.org/10.1038/s41581-019-0116-9
http://www.ncbi.nlm.nih.gov/pubmed/30733609
https://doi.org/10.1086/368204
http://www.ncbi.nlm.nih.gov/pubmed/12567324
https://doi.org/10.1093/hmg/ddg188
https://doi.org/10.1093/hmg/ddg188
http://www.ncbi.nlm.nih.gov/pubmed/12837689
https://doi.org/10.1038/nature04370
https://doi.org/10.1038/nature04370
https://doi.org/10.1093/hmg/ddt100
https://doi.org/10.1093/hmg/ddt100
http://www.ncbi.nlm.nih.gov/pubmed/23446637
https://doi.org/10.1093/hmg/ddu738
http://www.ncbi.nlm.nih.gov/pubmed/25552655
https://doi.org/10.1086/375178
https://doi.org/10.1086/375178


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  21 of 29

exacerbate ciliopathy phenotypes Genetics 220:iyab209. DOI: https://doi.org/10.1093/genetics/iyab209, 
PMID: 34850872

Berbari NF, Johnson AD, Lewis JS, Askwith CC, Mykytyn K. 2008a. Identification of ciliary localization sequences 
within the third intracellular loop of G protein- coupled receptors Molecular Biology of the Cell 19:1540–1547. 
DOI: https://doi.org/10.1091/mbc.e07-09-0942, PMID: 18256283

Berbari NF, Lewis JS, Bishop GA, Askwith CC, Mykytyn K. 2008b. Bardet- Biedl syndrome proteins are required 
for the localization of G protein- coupled receptors to primary cilia PNAS 105:4242–4246. DOI: https://doi.org/ 
10.1073/pnas.0711027105, PMID: 18334641

Bhogaraju S, Taschner M, Morawetz M, Basquin C, Lorentzen E. 2011. Crystal structure of the intraflagellar 
transport complex 25/27 The EMBO Journal 30:1907–1918. DOI: https://doi.org/10.1038/emboj.2011.110, 
PMID: 21505417

Bujakowska KM, Zhang Q, Siemiatkowska AM, Liu Q, Place E, Falk MJ, Consugar M, Lancelot M- E, Antonio A, 
Lonjou C, Carpentier W, Mohand- Saïd S, den Hollander AI, Cremers FPM, Leroy BP, Gai X, Sahel J- A, 
van den Born LI, Collin RWJ, Zeitz C, et al. 2015. Mutations in IFT172 cause isolated retinal degeneration and 
Bardet- Biedl syndrome Human Molecular Genetics 24:230–242. DOI: https://doi.org/10.1093/hmg/ddu441, 
PMID: 25168386

Caba L, Florea L, Braha EE, Lupu VV, Gorduza EV. 2022. Monitoring and management of Bardet- Biedl syndrome: 
what the multi- disciplinary team can do Journal of Multidisciplinary Healthcare 15:2153–2167. DOI: https://doi. 
org/10.2147/JMDH.S274739, PMID: 36193191

Chamling X, Seo S, Searby CC, Kim G, Slusarski DC, Sheffield VC. 2014. The centriolar satellite protein AZI1 
interacts with BBS4 and regulates ciliary trafficking of the BBSome PLOS Genetics 10:e1004083. DOI: https:// 
doi.org/10.1371/journal.pgen.1004083, PMID: 24550735

Chandra B, Tung ML, Hsu Y, Scheetz T, Sheffield VC. 2022. Retinal ciliopathies through the lens of Bardet- Biedl 
syndrome: past, present and future Progress in Retinal and Eye Research 89:101035. DOI: https://doi.org/10. 
1016/j.preteyeres.2021.101035, PMID: 34929400

Chiang AP, Nishimura D, Searby C, Elbedour K, Carmi R, Ferguson AL, Secrist J, Braun T, Casavant T, Stone EM, 
Sheffield VC. 2004. Comparative genomic analysis identifies an ADP- ribosylation factor–like gene as the cause 
of Bardet- Biedl syndrome (BBS3) The American Journal of Human Genetics 75:475–484. DOI: https://doi.org/ 
10.1086/423903

Chiang AP, Beck JS, Yen H- J, Tayeh MK, Scheetz TE, Swiderski RE, Nishimura DY, Braun TA, Kim K- YA, Huang J, 
Elbedour K, Carmi R, Slusarski DC, Casavant TL, Stone EM, Sheffield VC. 2006. Homozygosity mapping with 
SNP arrays identifies TRIM32, an E3 ubiquitin ligase, as a Bardet- Biedl syndrome gene (BBS11) PNAS 
103:6287–6292. DOI: https://doi.org/10.1073/pnas.0600158103, PMID: 16606853

Chou H- T, Apelt L, Farrell DP, White SR, Woodsmith J, Svetlov V, Goldstein JS, Nager AR, Li Z, Muller J, 
Dollfus H, Nudler E, Stelzl U, DiMaio F, Nachury MV, Walz T. 2019. The molecular architecture of native BBSome 
obtained by an integrated structural approach Structure 27:1384–1394. DOI: https://doi.org/10.1016/j.str. 
2019.06.006, PMID: 31303482

Conkar D, Culfa E, Odabasi E, Rauniyar N, Yates JR, Firat- Karalar EN. 2017. The centriolar satellite protein 
CCDC66 interacts with CEP290 and functions in cilium formation and trafficking Journal of Cell Science 
130:1450–1462. DOI: https://doi.org/10.1242/jcs.196832, PMID: 28235840

Coppieters F, Lefever S, Leroy BP, De Baere E. 2010. CEP290, a gene with many faces: mutation overview and 
presentation of CEP290base Human Mutation 31:1097–1108. DOI: https://doi.org/10.1002/humu.21337, 
PMID: 20690115

Corbit KC, Aanstad P, Singla V, Norman AR, Stainier DYR, Reiter JF. 2005. Vertebrate smoothened functions at 
the primary cilium Nature 437:1018–1021. DOI: https://doi.org/10.1038/nature04117

Craige B, Tsao C- C, Diener DR, Hou Y, Lechtreck K- F, Rosenbaum JL, Witman GB. 2010. CEP290 tethers flagellar 
transition zone microtubules to the membrane and regulates flagellar protein content The Journal of Cell 
Biology 190:927–940. DOI: https://doi.org/10.1083/jcb.201006105, PMID: 20819941

Dai J, Zhang G, Alkhofash RA, Mekonnen B, Saravanan S, Xue B, Fan Z- C, Betleja E, Cole DG, Liu P, Lechtreck K. 
2022. Loss of ARL13 impedes BBSome- dependent cargo export from Chlamydomonas cilia The Journal of Cell 
Biology 221:e202201050. DOI: https://doi.org/10.1083/jcb.202201050, PMID: 36040375

Datta P, Allamargot C, Hudson JS, Andersen EK, Bhattarai S, Drack AV, Sheffield VC, Seo S. 2015. 
Accumulation of non- outer segment proteins in the outer segment underlies photoreceptor degeneration in 
Bardet- Biedl syndrome PNAS 112:E4400–E4409. DOI: https://doi.org/10.1073/pnas.1510111112, PMID: 
26216965

Davis RE, Swiderski RE, Rahmouni K, Nishimura DY, Mullins RF, Agassandian K, Philp AR, Searby CC, 
Andrews MP, Thompson S, Berry CJ, Thedens DR, Yang B, Weiss RM, Cassell MD, Stone EM, Sheffield VC. 
2007. A knockin mouse model of the Bardet- Biedl syndrome 1 M390R mutation has cilia defects, 
ventriculomegaly, retinopathy, and obesity PNAS 104:19422–19427. DOI: https://doi.org/10.1073/pnas. 
0708571104, PMID: 18032602

Dean S, Moreira- Leite F, Varga V, Gull K. 2016. Cilium transition zone proteome reveals compartmentalization 
and differential dynamics of ciliopathy complexes PNAS 113:E5135–E5143. DOI: https://doi.org/10.1073/pnas. 
1604258113, PMID: 27519801

Deretic D, Schmerl S, Hargrave PA, Arendt A, McDowell JH. 1998. Regulation of sorting and post- Golgi 
trafficking of rhodopsin by its C- terminal sequence QVS(A)PA PNAS 95:10620–10625. DOI: https://doi.org/10. 
1073/pnas.95.18.10620, PMID: 9724753

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1093/genetics/iyab209
http://www.ncbi.nlm.nih.gov/pubmed/34850872
https://doi.org/10.1091/mbc.e07-09-0942
http://www.ncbi.nlm.nih.gov/pubmed/18256283
https://doi.org/10.1073/pnas.0711027105
https://doi.org/10.1073/pnas.0711027105
http://www.ncbi.nlm.nih.gov/pubmed/18334641
https://doi.org/10.1038/emboj.2011.110
http://www.ncbi.nlm.nih.gov/pubmed/21505417
https://doi.org/10.1093/hmg/ddu441
http://www.ncbi.nlm.nih.gov/pubmed/25168386
https://doi.org/10.2147/JMDH.S274739
https://doi.org/10.2147/JMDH.S274739
http://www.ncbi.nlm.nih.gov/pubmed/36193191
https://doi.org/10.1371/journal.pgen.1004083
https://doi.org/10.1371/journal.pgen.1004083
http://www.ncbi.nlm.nih.gov/pubmed/24550735
https://doi.org/10.1016/j.preteyeres.2021.101035
https://doi.org/10.1016/j.preteyeres.2021.101035
http://www.ncbi.nlm.nih.gov/pubmed/34929400
https://doi.org/10.1086/423903
https://doi.org/10.1086/423903
https://doi.org/10.1073/pnas.0600158103
http://www.ncbi.nlm.nih.gov/pubmed/16606853
https://doi.org/10.1016/j.str.2019.06.006
https://doi.org/10.1016/j.str.2019.06.006
http://www.ncbi.nlm.nih.gov/pubmed/31303482
https://doi.org/10.1242/jcs.196832
http://www.ncbi.nlm.nih.gov/pubmed/28235840
https://doi.org/10.1002/humu.21337
http://www.ncbi.nlm.nih.gov/pubmed/20690115
https://doi.org/10.1038/nature04117
https://doi.org/10.1083/jcb.201006105
http://www.ncbi.nlm.nih.gov/pubmed/20819941
https://doi.org/10.1083/jcb.202201050
http://www.ncbi.nlm.nih.gov/pubmed/36040375
https://doi.org/10.1073/pnas.1510111112
http://www.ncbi.nlm.nih.gov/pubmed/26216965
https://doi.org/10.1073/pnas.0708571104
https://doi.org/10.1073/pnas.0708571104
http://www.ncbi.nlm.nih.gov/pubmed/18032602
https://doi.org/10.1073/pnas.1604258113
https://doi.org/10.1073/pnas.1604258113
http://www.ncbi.nlm.nih.gov/pubmed/27519801
https://doi.org/10.1073/pnas.95.18.10620
https://doi.org/10.1073/pnas.95.18.10620
http://www.ncbi.nlm.nih.gov/pubmed/9724753


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  22 of 29

Desai PB, Stuck MW, Lv B, Pazour GJ. 2020. Ubiquitin links smoothened to intraflagellar transport to regulate 
Hedgehog signaling The Journal of Cell Biology 219:e201912104. DOI: https://doi.org/10.1083/jcb. 
201912104, PMID: 32435793

Dilan TL, Singh RK, Saravanan T, Moye A, Goldberg AFX, Stoilov P, Ramamurthy V. 2018. Bardet- Biedl 
syndrome- 8 (BBS8) protein is crucial for the development of outer segments in photoreceptor neurons Human 
Molecular Genetics 27:283–294. DOI: https://doi.org/10.1093/hmg/ddx399, PMID: 29126234

Domire JS, Green JA, Lee KG, Johnson AD, Askwith CC, Mykytyn K. 2011. Dopamine receptor 1 localizes to 
neuronal cilia in a dynamic process that requires the Bardet- Biedl syndrome proteins Cellular and Molecular 
Life Sciences 68:2951–2960. DOI: https://doi.org/10.1007/s00018-010-0603-4, PMID: 21152952

Dong B, Wu S, Wang J, Liu Y- X, Peng Z, Meng D- M, Huang K, Wu M, Fan Z- C. 2017. Chlamydomonas IFT25 is 
dispensable for flagellar assembly but required to export the BBSome from flagella Biology Open 6:1680–
1691. DOI: https://doi.org/10.1242/bio.026278

Duan S, Li H, Zhang Y, Yang S, Chen Y, Qiu B, Huang C, Wang J, Li J, Zhu X, Yan X. 2021. Rabl2 GTP hydrolysis 
licenses BBSome- mediated export to fine- tune ciliary signaling The EMBO Journal 40:e105499. DOI: https:// 
doi.org/10.15252/embj.2020105499, PMID: 33241915

Eguether T, San Agustin JT, Keady BT, Jonassen JA, Liang Y, Francis R, Tobita K, Johnson CA, Abdelhamed ZA, 
Lo CW, Pazour GJ. 2014. IFT27 links the BBSome to IFT for maintenance of the ciliary signaling compartment 
Developmental Cell 31:279–290. DOI: https://doi.org/10.1016/j.devcel.2014.09.011, PMID: 25446516

Eintracht J, Forsythe E, May- Simera H, Moosajee M. 2021. Translational readthrough of ciliopathy genes BBS2 
and ALMS1 restores protein, ciliogenesis and function in patient fibroblasts EBioMedicine 70:103515. DOI: 
https://doi.org/10.1016/j.ebiom.2021.103515, PMID: 34365092

Ewerling A, Maissl V, Wickstead B, May- Simera HL. 2023. Neofunctionalization of ciliary BBS proteins to nuclear 
roles is likely a frequent innovation across eukaryotes IScience 26:106410. DOI: https://doi.org/10.1016/j.isci. 
2023.106410, PMID: 37034981

Fan Y, Esmail MA, Ansley SJ, Blacque OE, Boroevich K, Ross AJ, Moore SJ, Badano JL, May- Simera H, 
Compton DS, Green JS, Lewis RA, van Haelst MM, Parfrey PS, Baillie DL, Beales PL, Katsanis N, Davidson WS, 
Leroux MR. 2004. Mutations in a member of the Ras superfamily of small GTP- binding proteins causes 
Bardet- Biedl syndrome Nature Genetics 36:989–993. DOI: https://doi.org/10.1038/ng1414

Gascue C, Tan PL, Cardenas- Rodriguez M, Libisch G, Fernandez- Calero T, Liu YP, Astrada S, Robello C, Naya H, 
Katsanis N, Badano JL. 2012. Direct role of Bardet- Biedl syndrome proteins in transcriptional regulation Journal 
of Cell Science 125:362–375. DOI: https://doi.org/10.1242/jcs.089375, PMID: 22302990

Geng L, Okuhara D, Yu Z, Tian X, Cai Y, Shibazaki S, Somlo S. 2006. Polycystin- 2 traffics to cilia independently of 
polycystin- 1 by using an N- terminal RVxP motif Journal of Cell Science 119:1383–1395. DOI: https://doi.org/ 
10.1242/jcs.02818

Gerdes JM, Liu Y, Zaghloul NA, Leitch CC, Lawson SS, Kato M, Beachy PA, Beales PL, DeMartino GN, Fisher S, 
Badano JL, Katsanis N. 2007. Disruption of the basal body compromises proteasomal function and perturbs 
intracellular Wnt response Nature Genetics 39:1350–1360. DOI: https://doi.org/10.1038/ng.2007.12, PMID: 
17906624

Ghozlan H, Cox A, Nierenberg D, King S, Khaled AR. 2022. The TRiCky business of protein folding in health and 
disease Frontiers in Cell and Developmental Biology 10:906530. DOI: https://doi.org/10.3389/fcell.2022. 
906530, PMID: 35602608

Goetz SC, Bangs F, Barrington CL, Katsanis N, Anderson KV. 2017. The Meckel syndrome- associated protein 
MKS1 functionally interacts with components of the BBSome and IFT complexes to mediate ciliary trafficking 
and hedgehog signaling PLOS ONE 12:e0173399. DOI: https://doi.org/10.1371/journal.pone.0173399, PMID: 
28291807

Gonçalves J, Pelletier L. 2017. The ciliary transition zone: finding the pieces and assembling the gate Molecules 
and Cells 40:243–253. DOI: https://doi.org/10.14348/molcells.2017.0054, PMID: 28401750

Guo D- F, Cui H, Zhang Q, Morgan DA, Thedens DR, Nishimura D, Grobe JL, Sheffield VC, Rahmouni K. 2016. 
The BBSome controls energy homeostasis by mediating the transport of the leptin receptor to the plasma 
membrane PLOS Genetics 12:e1005890. DOI: https://doi.org/10.1371/journal.pgen.1005890, PMID: 26926121

Guo D- F, Lin Z, Wu Y, Searby C, Thedens DR, Richerson GB, Usachev YM, Grobe JL, Sheffield VC, Rahmouni K. 
2019. The BBSome in POMC and AgRP neurons is necessary for body weight regulation and sorting of 
metabolic receptors Diabetes 68:1591–1603. DOI: https://doi.org/10.2337/db18-1088, PMID: 31127052

Guo DF, Rahmouni K. 2019. The Bardet- Biedl syndrome protein complex regulates cell migration and tissue 
repair through a Cullin- 3/RhoA pathway American Journal of Physiology. Cell Physiology 317:C457–C465. DOI: 
https://doi.org/10.1152/ajpcell.00498.2018, PMID: 31216194

Guo D- F, Merrill RA, Qian L, Hsu Y, Zhang Q, Lin Z, Thedens DR, Usachev YM, Grumbach I, Sheffield VC, 
Strack S, Rahmouni K. 2023. The BBSome regulates mitochondria dynamics and function Molecular Metabolism 
67:101654. DOI: https://doi.org/10.1016/j.molmet.2022.101654, PMID: 36513220

Gupta N, D’Acierno M, Zona E, Capasso G, Zacchia M. 2022. Bardet- Biedl syndrome: The pleiotropic role of the 
chaperonin- like BBS6, 10, and 12 proteins American Journal of Medical Genetics. Part C, Seminars in Medical 
Genetics 190:9–19. DOI: https://doi.org/10.1002/ajmg.c.31970, PMID: 35373910

Hall EA, Kumar D, Prosser SL, Yeyati PL, Herranz- Pérez V, García- Verdugo JM, Rose L, McKie L, Dodd DO, 
Tennant PA, Megaw R, Murphy LC, Ferreira MF, Grimes G, Williams L, Quidwai T, Pelletier L, Reiter JF, Mill P. 
2023. Centriolar satellites expedite mother centriole remodeling to promote ciliogenesis eLife 12:e79299. DOI: 
https://doi.org/10.7554/eLife.79299, PMID: 36790165

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1083/jcb.201912104
https://doi.org/10.1083/jcb.201912104
http://www.ncbi.nlm.nih.gov/pubmed/32435793
https://doi.org/10.1093/hmg/ddx399
http://www.ncbi.nlm.nih.gov/pubmed/29126234
https://doi.org/10.1007/s00018-010-0603-4
http://www.ncbi.nlm.nih.gov/pubmed/21152952
https://doi.org/10.1242/bio.026278
https://doi.org/10.15252/embj.2020105499
https://doi.org/10.15252/embj.2020105499
http://www.ncbi.nlm.nih.gov/pubmed/33241915
https://doi.org/10.1016/j.devcel.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25446516
https://doi.org/10.1016/j.ebiom.2021.103515
http://www.ncbi.nlm.nih.gov/pubmed/34365092
https://doi.org/10.1016/j.isci.2023.106410
https://doi.org/10.1016/j.isci.2023.106410
http://www.ncbi.nlm.nih.gov/pubmed/37034981
https://doi.org/10.1038/ng1414
https://doi.org/10.1242/jcs.089375
http://www.ncbi.nlm.nih.gov/pubmed/22302990
https://doi.org/10.1242/jcs.02818
https://doi.org/10.1242/jcs.02818
https://doi.org/10.1038/ng.2007.12
http://www.ncbi.nlm.nih.gov/pubmed/17906624
https://doi.org/10.3389/fcell.2022.906530
https://doi.org/10.3389/fcell.2022.906530
http://www.ncbi.nlm.nih.gov/pubmed/35602608
https://doi.org/10.1371/journal.pone.0173399
http://www.ncbi.nlm.nih.gov/pubmed/28291807
https://doi.org/10.14348/molcells.2017.0054
http://www.ncbi.nlm.nih.gov/pubmed/28401750
https://doi.org/10.1371/journal.pgen.1005890
http://www.ncbi.nlm.nih.gov/pubmed/26926121
https://doi.org/10.2337/db18-1088
http://www.ncbi.nlm.nih.gov/pubmed/31127052
https://doi.org/10.1152/ajpcell.00498.2018
http://www.ncbi.nlm.nih.gov/pubmed/31216194
https://doi.org/10.1016/j.molmet.2022.101654
http://www.ncbi.nlm.nih.gov/pubmed/36513220
https://doi.org/10.1002/ajmg.c.31970
http://www.ncbi.nlm.nih.gov/pubmed/35373910
https://doi.org/10.7554/eLife.79299
http://www.ncbi.nlm.nih.gov/pubmed/36790165


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  23 of 29

Haq N, Schmidt- Hieber C, Sialana FJ, Ciani L, Heller JP, Stewart M, Bentley L, Wells S, Rodenburg RJ, Nolan PM, 
Forsythe E, Wu MC, Lubec G, Salinas P, Häusser M, Beales PL, Christou- Savina S, Berbari NF. 2019. Loss of 
Bardet- Biedl syndrome proteins causes synaptic aberrations in principal neurons PLOS Biology 17:e3000414. 
DOI: https://doi.org/10.1371/journal.pbio.3000414, PMID: 6743795

Heon E, Kim G, Qin S, Garrison JE, Tavares E, Vincent A, Nuangchamnong N, Scott CA, Slusarski DC, 
Sheffield VC. 2016. Mutations in C8ORF37 cause Bardet Biedl syndrome (BBS21) Human Molecular Genetics 
25:2283–2294. DOI: https://doi.org/10.1093/hmg/ddw096, PMID: 27008867

Hernandez- Hernandez V, Pravincumar P, Diaz- Font A, May- Simera H, Jenkins D, Knight M, Beales PL. 2013. 
Bardet- Biedl syndrome proteins control the cilia length through regulation of actin polymerization Human 
Molecular Genetics 22:3858–3868. DOI: https://doi.org/10.1093/hmg/ddt241, PMID: 23716571

Hey CAB, Larsen LJ, Tümer Z, Brøndum- Nielsen K, Grønskov K, Hjortshøj TD, Møller LB. 2019. Generation and 
characterization of three isogenic induced pluripotent stem cell lines from a patient with Bardet- Biedl 
syndrome and homozygous for the BBS5 variant Stem Cell Research 41:101594. DOI: https://doi.org/10.1016/ 
j.scr.2019.101594, PMID: 31760295

Hey CAB, Larsen LJ, Tümer Z, Brøndum- Nielsen K, Grønskov K, Hjortshøj TD, Møller LB. 2021. BBS proteins 
affect ciliogenesis and are essential for hedgehog signaling, but not for formation of iPSC- Derived RPE- 65 
expressing RPE- like cells International Journal of Molecular Sciences 22:1345. DOI: https://doi.org/10.3390/ 
ijms22031345, PMID: 33572860

Hirano T, Katoh Y, Nakayama K. 2017. Intraflagellar transport- A complex mediates ciliary entry and retrograde 
trafficking of ciliary G protein- coupled receptors Molecular Biology of the Cell 28:429–439. DOI: https://doi. 
org/10.1091/mbc.E16-11-0813, PMID: 27932497

Horwitz A, Birk R. 2021. BBS4 is essential for nuclear transport of transcription factors mediating neuronal ER 
stress response Molecular Neurobiology 58:78–91. DOI: https://doi.org/10.1007/s12035-020-02104-z, PMID: 
32894499

Hsu Y, Garrison JE, Kim G, Schmitz AR, Searby CC, Zhang Q, Datta P, Nishimura DY, Seo S, Sheffield VC. 2017. 
BBSome function is required for both the morphogenesis and maintenance of the photoreceptor outer 
segment PLOS Genetics 13:e1007057. DOI: https://doi.org/10.1371/journal.pgen.1007057, PMID: 29049287

Hsu Y, Garrison JE, Seo S, Sheffield VC. 2020. The absence of BBSome function decreases synaptogenesis and 
causes ectopic synapse formation in the retina Scientific Reports 10:8321. DOI: https://doi.org/10.1038/ 
s41598-020-65233-4, PMID: 32433491

Hsu Y, Seo S, Sheffield VC. 2021. Photoreceptor cilia, in contrast to primary cilia, grant entry to a partially 
assembled BBSome Human Molecular Genetics 30:87–102. DOI: https://doi.org/10.1093/hmg/ddaa284, PMID: 
33517424

Hu J, Wittekind SG, Barr MM, Gruenberg J. 2007. STAM and Hrs down- regulate ciliary TRP receptors Molecular 
Biology of the Cell 18:3277–3289. DOI: https://doi.org/10.1091/mbc.e07-03-0239

Jenkins D, Hernandez- Hernandez V. 2015. Advances in the understanding of the BBSome complex structure and 
function Research and Reports in Biology 191:191. DOI: https://doi.org/10.2147/RRB.S65700

Jensen VL, Carter S, Sanders A, Li C, Kennedy J, Timbers TA, Cai J, Scheidel N, Kennedy BN, Morin RD, 
Leroux MR, Blacque OE. 2016. Whole- organism developmental expression profiling identifies RAB- 28 as a 
novel ciliary GTPase associated with the BBSome and intraflagellar transport PLOS Genetics 12:e1006469. 
DOI: https://doi.org/10.1371/journal.pgen.1006469, PMID: 27930654

Jiang J, Promchan K, Jiang H, Awasthi P, Marshall H, Harned A, Natarajan V. 2016. Depletion of BBS protein 
LZTFL1 affects growth and causes retinal degeneration in mice Journal of Genetics and Genomics = Yi Chuan 
Xue Bao 43:381–391. DOI: https://doi.org/10.1016/j.jgg.2015.11.006, PMID: 27312011

Jiang J, Reho JJ, Bhattarai S, Cherascu I, Hedberg- Buenz A, Meyer KJ, Tayyari F, Rauckhorst AJ, Guo DF, 
Morgan DA, Taylor EB, Anderson MG, Drack AV, Rahmouni K. 2021. Endothelial BBSome is essential for 
vascular, metabolic, and retinal functions Molecular Metabolism 53:101308. DOI: https://doi.org/10.1016/j. 
molmet.2021.101308, PMID: 34303879

Jin H, White SR, Shida T, Schulz S, Aguiar M, Gygi SP, Bazan JF, Nachury MV. 2010. The conserved Bardet- Biedl 
syndrome proteins assemble a coat that traffics membrane proteins to cilia Cell 141:1208–1219. DOI: https:// 
doi.org/10.1016/j.cell.2010.05.015, PMID: 20603001

Kanie T, Abbott KL, Mooney NA, Plowey ED, Demeter J, Jackson PK. 2017. The CEP19- RABL2 GTPase complex 
binds IFT- B to initiate intraflagellar transport at the ciliary base Developmental Cell 42:22–36. DOI: https://doi. 
org/10.1016/j.devcel.2017.05.016, PMID: 28625565

Karmous- Benailly H, Martinovic J, Gubler M- C, Sirot Y, Clech L, Ozilou C, Auge J, Brahimi N, Etchevers H, 
Detrait E, Esculpavit C, Audollent S, Goudefroye G, Gonzales M, Tantau J, Loget P, Joubert M, Gaillard D, 
Jeanne- Pasquier C, Delezoide A- L, et al. 2005. Antenatal presentation of Bardet- Biedl syndrome may mimic 
Meckel syndrome American Journal of Human Genetics 76:493–504. DOI: https://doi.org/10.1086/428679, 
PMID: 15666242

Katoh Y, Nozaki S, Hartanto D, Miyano R, Nakayama K. 2015. Architectures of multisubunit complexes revealed 
by a visible immunoprecipitation assay using fluorescent fusion proteins Journal of Cell Science 128:2351–
2362. DOI: https://doi.org/10.1242/jcs.168740, PMID: 25964651

Katsanis N, Beales PL, Woods MO, Lewis RA, Green JS, Parfrey PS, Ansley SJ, Davidson WS, Lupski JR. 2000. 
Mutations in MKKS cause obesity, retinal dystrophy and renal malformations associated with Bardet- Biedl 
syndrome Nature Genetics 26:67–70. DOI: https://doi.org/10.1038/79201, PMID: 10973251

Keady BT, Samtani R, Tobita K, Tsuchya M, San Agustin JT, Follit JA, Jonassen JA, Subramanian R, Lo CW, 
Pazour GJ. 2012. IFT25 links the signal- dependent movement of Hedgehog components to intraflagellar 

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1371/journal.pbio.3000414
http://www.ncbi.nlm.nih.gov/pubmed/6743795
https://doi.org/10.1093/hmg/ddw096
http://www.ncbi.nlm.nih.gov/pubmed/27008867
https://doi.org/10.1093/hmg/ddt241
http://www.ncbi.nlm.nih.gov/pubmed/23716571
https://doi.org/10.1016/j.scr.2019.101594
https://doi.org/10.1016/j.scr.2019.101594
http://www.ncbi.nlm.nih.gov/pubmed/31760295
https://doi.org/10.3390/ijms22031345
https://doi.org/10.3390/ijms22031345
http://www.ncbi.nlm.nih.gov/pubmed/33572860
https://doi.org/10.1091/mbc.E16-11-0813
https://doi.org/10.1091/mbc.E16-11-0813
http://www.ncbi.nlm.nih.gov/pubmed/27932497
https://doi.org/10.1007/s12035-020-02104-z
http://www.ncbi.nlm.nih.gov/pubmed/32894499
https://doi.org/10.1371/journal.pgen.1007057
http://www.ncbi.nlm.nih.gov/pubmed/29049287
https://doi.org/10.1038/s41598-020-65233-4
https://doi.org/10.1038/s41598-020-65233-4
http://www.ncbi.nlm.nih.gov/pubmed/32433491
https://doi.org/10.1093/hmg/ddaa284
http://www.ncbi.nlm.nih.gov/pubmed/33517424
https://doi.org/10.1091/mbc.e07-03-0239
https://doi.org/10.2147/RRB.S65700
https://doi.org/10.1371/journal.pgen.1006469
http://www.ncbi.nlm.nih.gov/pubmed/27930654
https://doi.org/10.1016/j.jgg.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27312011
https://doi.org/10.1016/j.molmet.2021.101308
https://doi.org/10.1016/j.molmet.2021.101308
http://www.ncbi.nlm.nih.gov/pubmed/34303879
https://doi.org/10.1016/j.cell.2010.05.015
https://doi.org/10.1016/j.cell.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20603001
https://doi.org/10.1016/j.devcel.2017.05.016
https://doi.org/10.1016/j.devcel.2017.05.016
http://www.ncbi.nlm.nih.gov/pubmed/28625565
https://doi.org/10.1086/428679
http://www.ncbi.nlm.nih.gov/pubmed/15666242
https://doi.org/10.1242/jcs.168740
http://www.ncbi.nlm.nih.gov/pubmed/25964651
https://doi.org/10.1038/79201
http://www.ncbi.nlm.nih.gov/pubmed/10973251


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  24 of 29

transport Developmental Cell 22:940–951. DOI: https://doi.org/10.1016/j.devcel.2012.04.009, PMID: 
22595669

Keller LC, Romijn EP, Zamora I, Yates JR III, Marshall WF. 2005. Proteomic analysis of isolated chlamydomonas 
centrioles reveals orthologs of ciliary- disease genes Current Biology 15:1090–1098. DOI: https://doi.org/10. 
1016/j.cub.2005.05.024

Khan AO, Decker E, Bachmann N, Bolz HJ, Bergmann C. 2016. C8orf37 is mutated in Bardet- Biedl syndrome 
and constitutes a locus allelic to non- syndromic retinal dystrophies Ophthalmic Genetics 37:290–293. DOI: 
https://doi.org/10.3109/13816810.2015.1066830

Kim JC, Badano JL, Sibold S, Esmail MA, Hill J, Hoskins BE, Leitch CC, Venner K, Ansley SJ, Ross AJ, Leroux MR, 
Katsanis N, Beales PL. 2004. The Bardet- Biedl protein BBS4 targets cargo to the pericentriolar region and is 
required for microtubule anchoring and cell cycle progression Nature Genetics 36:462–470. DOI: https://doi. 
org/10.1038/ng1352

Kim SK, Shindo A, Park TJ, Oh EC, Ghosh S, Gray RS, Lewis RA, Johnson CA, Attie- Bittach T, Katsanis N, 
Wallingford JB. 2010. Planar cell polarity acts through septins to control collective cell movement and 
ciliogenesis Science 329:1337–1340. DOI: https://doi.org/10.1126/science.1191184, PMID: 20671153

Klinger M, Wang W, Kuhns S, Bärenz F, Dräger- Meurer S, Pereira G, Gruss OJ. 2014. The novel centriolar 
satellite protein SSX2IP targets Cep290 to the ciliary transition zone Molecular Biology of the Cell 25:495–507. 
DOI: https://doi.org/10.1091/mbc.E13-09-0526, PMID: 24356449

Klink BU, Zent E, Juneja P, Kuhlee A, Raunser S, Wittinghofer A. 2017. A recombinant BBSome core complex 
and how it interacts with ciliary cargo eLife 6:e27434. DOI: https://doi.org/10.7554/eLife.27434, PMID: 
29168691

Klink BU, Gatsogiannis C, Hofnagel O, Wittinghofer A, Raunser S. 2020. Structure of the human BBSome core 
complex eLife 9:e53910. DOI: https://doi.org/10.7554/eLife.53910, PMID: 31951201

Knockenhauer KE, Schwartz TU. 2015. Structural characterization of Bardet- Biedl syndrome 9 protein (BBS9) 
The Journal of Biological Chemistry 290:19569–19583. DOI: https://doi.org/10.1074/jbc.M115.649202, PMID: 
26085087

Kretschmer V, Patnaik SR, Kretschmer F, Chawda MM, Hernandez- Hernandez V, May- Simera HL. 2019. 
Progressive characterization of visual phenotype in Bardet- Biedl syndrome mutant mice Investigative 
Ophthalmology & Visual Science 60:1132–1143. DOI: https://doi.org/10.1167/iovs.18-25210, PMID: 30901771

Langousis G, Shimogawa MM, Saada EA, Vashisht AA, Spreafico R, Nager AR, Barshop WD, Nachury MV, 
Wohlschlegel JA, Hill KL. 2016. Loss of the BBSome perturbs endocytic trafficking and disrupts virulence of 
Trypanosoma brucei PNAS 113:632–637. DOI: https://doi.org/10.1073/pnas.1518079113, PMID: 26721397

Laurence JZ, Moon RC. 1995. Four cases of “retinitis pigmentosa” occurring in the same family, and 
accompanied by general imperfections of development. 1866 Obesity Research 3:400–403. DOI: https://doi. 
org/10.1002/j.1550-8528.1995.tb00166.x, PMID: 8521157

Lechtreck K- F, Johnson EC, Sakai T, Cochran D, Ballif BA, Rush J, Pazour GJ, Ikebe M, Witman GB. 2009. The 
Chlamydomonas reinhardtii BBSome is an IFT cargo required for export of specific signaling proteins from 
flagella The Journal of Cell Biology 187:1117–1132. DOI: https://doi.org/10.1083/jcb.200909183, PMID: 
20038682

Lechtreck KF, Brown JM, Sampaio JL, Craft JM, Shevchenko A, Evans JE, Witman GB. 2013. Cycling of the 
signaling protein phospholipase D through cilia requires the BBSome only for the export phase The Journal of 
Cell Biology 201:249–261. DOI: https://doi.org/10.1083/jcb.201207139, PMID: 23589493

Lechtreck K. 2022. Cargo adapters expand the transport range of intraflagellar transport Journal of Cell Science 
135:jcs260408. DOI: https://doi.org/10.1242/jcs.260408, PMID: 36533425

Leitch CC, Zaghloul NA, Davis EE, Stoetzel C, Diaz- Font A, Rix S, Alfadhel M, Lewis RA, Eyaid W, Banin E, 
Dollfus H, Beales PL, Badano JL, Katsanis N. 2008. Hypomorphic mutations in syndromic encephalocele genes 
are associated with Bardet- Biedl syndrome Nature Genetics 40:443–448. DOI: https://doi.org/10.1038/ng.97, 
PMID: 18327255

Leitch CC, Lodh S, Prieto- Echagüe V, Badano JL, Zaghloul NA. 2014. Basal body proteins regulate Notch 
signaling through endosomal trafficking Journal of Cell Science 127:2407–2419. DOI: https://doi.org/10.1242/ 
jcs.130344, PMID: 24681783

Liew GM, Ye F, Nager AR, Murphy JP, Lee JS, Aguiar M, Breslow DK, Gygi SP, Nachury MV. 2014. The 
intraflagellar transport protein IFT27 promotes BBSome exit from cilia through the GTPase ARL6/BBS3 
Developmental Cell 31:265–278. DOI: https://doi.org/10.1016/j.devcel.2014.09.004

Lindstrand A, Davis EE, Carvalho CMB, Pehlivan D, Willer JR, Tsai I- C, Ramanathan S, Zuppan C, Sabo A, 
Muzny D, Gibbs R, Liu P, Lewis RA, Banin E, Lupski JR, Clark R, Katsanis N. 2014. Recurrent CNVs and SNVs at 
the NPHP1 locus contribute pathogenic alleles to Bardet- Biedl syndrome American Journal of Human Genetics 
94:745–754. DOI: https://doi.org/10.1016/j.ajhg.2014.03.017, PMID: 24746959

Lindstrand A, Frangakis S, Carvalho CMB, Richardson EB, McFadden KA, Willer JR, Pehlivan D, Liu P, 
Pediaditakis IL, Sabo A, Lewis RA, Banin E, Lupski JR, Davis EE, Katsanis N. 2016. Copy- number variation 
contributes to the mutational load of Bardet- Biedl syndrome The American Journal of Human Genetics 
99:318–336. DOI: https://doi.org/10.1016/j.ajhg.2015.04.023

Liu YP, Tsai I- C, Morleo M, Oh EC, Leitch CC, Massa F, Lee B- H, Parker DS, Finley D, Zaghloul NA, Franco B, 
Katsanis N. 2014. Ciliopathy proteins regulate paracrine signaling by modulating proteasomal degradation of 
mediators The Journal of Clinical Investigation 124:2059–2070. DOI: https://doi.org/10.1172/JCI71898, PMID: 
24691443

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1016/j.devcel.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22595669
https://doi.org/10.1016/j.cub.2005.05.024
https://doi.org/10.1016/j.cub.2005.05.024
https://doi.org/10.3109/13816810.2015.1066830
https://doi.org/10.1038/ng1352
https://doi.org/10.1038/ng1352
https://doi.org/10.1126/science.1191184
http://www.ncbi.nlm.nih.gov/pubmed/20671153
https://doi.org/10.1091/mbc.E13-09-0526
http://www.ncbi.nlm.nih.gov/pubmed/24356449
https://doi.org/10.7554/eLife.27434
http://www.ncbi.nlm.nih.gov/pubmed/29168691
https://doi.org/10.7554/eLife.53910
http://www.ncbi.nlm.nih.gov/pubmed/31951201
https://doi.org/10.1074/jbc.M115.649202
http://www.ncbi.nlm.nih.gov/pubmed/26085087
https://doi.org/10.1167/iovs.18-25210
http://www.ncbi.nlm.nih.gov/pubmed/30901771
https://doi.org/10.1073/pnas.1518079113
http://www.ncbi.nlm.nih.gov/pubmed/26721397
https://doi.org/10.1002/j.1550-8528.1995.tb00166.x
https://doi.org/10.1002/j.1550-8528.1995.tb00166.x
http://www.ncbi.nlm.nih.gov/pubmed/8521157
https://doi.org/10.1083/jcb.200909183
http://www.ncbi.nlm.nih.gov/pubmed/20038682
https://doi.org/10.1083/jcb.201207139
http://www.ncbi.nlm.nih.gov/pubmed/23589493
https://doi.org/10.1242/jcs.260408
http://www.ncbi.nlm.nih.gov/pubmed/36533425
https://doi.org/10.1038/ng.97
http://www.ncbi.nlm.nih.gov/pubmed/18327255
https://doi.org/10.1242/jcs.130344
https://doi.org/10.1242/jcs.130344
http://www.ncbi.nlm.nih.gov/pubmed/24681783
https://doi.org/10.1016/j.devcel.2014.09.004
https://doi.org/10.1016/j.ajhg.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24746959
https://doi.org/10.1016/j.ajhg.2015.04.023
https://doi.org/10.1172/JCI71898
http://www.ncbi.nlm.nih.gov/pubmed/24691443


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  25 of 29

Liu P, Lechtreck KF. 2018. The Bardet- Biedl syndrome protein complex is an adapter expanding the cargo range 
of intraflagellar transport trains for ciliary export PNAS 115:E934–E943. DOI: https://doi.org/10.1073/pnas. 
1713226115, PMID: 29339469

Liu Y- X, Xue B, Sun W- Y, Wingfield JL, Sun J, Wu M, Lechtreck KF, Wu Z, Fan Z- C. 2021. Bardet- Biedl syndrome 3 
protein promotes ciliary exit of the signaling protein phospholipase D via the BBSome eLife 10:e59119. DOI: 
https://doi.org/10.7554/eLife.59119, PMID: 33587040

Liu YX, Sun WY, Xue B, Zhang RK, Li WJ, Xie X, Fan ZC. 2022. ARL3 mediates BBSome ciliary turnover by 
promoting its outward movement across the transition zone The Journal of Cell Biology 221:e202111076. DOI: 
https://doi.org/10.1083/jcb.202111076, PMID: 36129685

Liu YX, Li WJ, Zhang RK, Sun SN, Fan ZC. 2023a. Unraveling the intricate cargo- BBSome coupling mechanism at 
the ciliary tip PNAS 120:e2218819120. DOI: https://doi.org/10.1073/pnas.2218819120, PMID: 36943875

Liu YX, Zhang RK, Fan ZC. 2023b. RABL4/IFT27 in a nucleotide- independent manner promotes phospholipase D 
ciliary retrieval via facilitating BBSome reassembly at the ciliary tip Journal of Cellular Physiology 238:549–565. 
DOI: https://doi.org/10.1002/jcp.30945, PMID: 36852649

Loktev AV, Zhang Q, Beck JS, Searby CC, Scheetz TE, Bazan JF, Slusarski DC, Sheffield VC, Jackson PK, 
Nachury MV. 2008. A BBSome subunit links ciliogenesis, microtubule stability, and acetylation Developmental 
Cell 15:854–865. DOI: https://doi.org/10.1016/j.devcel.2008.11.001, PMID: 19081074

Loktev AV, Jackson PK. 2013. Neuropeptide Y family receptors traffic via the Bardet- Biedl syndrome pathway to 
signal in neuronal primary cilia Cell Reports 5:1316–1329. DOI: https://doi.org/10.1016/j.celrep.2013.11.011, 
PMID: 24316073

Ludlam WG, Aoba T, Cuéllar J, Bueno- Carrasco MT, Makaju A, Moody JD, Franklin S, Valpuesta JM, 
Willardson BM. 2019. Molecular architecture of the Bardet- Biedl syndrome protein 2- 7- 9 subcomplex The 
Journal of Biological Chemistry 294:16385–16399. DOI: https://doi.org/10.1074/jbc.RA119.010150, PMID: 
31530639

Luo M, Lin Z, Zhu T, Jin M, Meng D, He R, Cao Z, Shen Y, Lu C, Cai R, Zhao Y, Wang X, Li H, Wu S, Zou X, Luo G, 
Cao L, Huang M, Jiao H, Gao H, et al. 2021. Disrupted intraflagellar transport due to IFT74 variants causes 
Joubert syndrome. Genetics in Medicine 23:1041–1049. DOI: https://doi.org/10.1038/s41436-021-01106-z, 
PMID: 33531668

Marchese E, Ruoppolo M, Perna A, Capasso G, Zacchia M. 2020. Exploring key challenges of understanding the 
pathogenesis of kidney disease in Bardet- Biedl syndrome Kidney International Reports 5:1403–1415. DOI: 
https://doi.org/10.1016/j.ekir.2020.06.017, PMID: 32954066

Marion V, Stoetzel C, Schlicht D, Messaddeq N, Koch M, Flori E, Danse JM, Mandel JL, Dollfus H. 2009. 
Transient ciliogenesis involving Bardet- Biedl syndrome proteins is a fundamental characteristic of adipogenic 
differentiation PNAS 106:1820–1825. DOI: https://doi.org/10.1073/pnas.0812518106, PMID: 19190184

Marion V, Mockel A, De Melo C, Obringer C, Claussmann A, Simon A, Messaddeq N, Durand M, Dupuis L, 
Loeffler J- P, King P, Mutter- Schmidt C, Petrovsky N, Stoetzel C, Dollfus H. 2012a. BBS- induced ciliary defect 
enhances adipogenesis, causing paradoxical higher- insulin sensitivity, glucose usage, and decreased 
inflammatory response Cell Metabolism 16:363–377. DOI: https://doi.org/10.1016/j.cmet.2012.08.005, PMID: 
22958920

Marion V, Stutzmann F, Gérard M, De Melo C, Schaefer E, Claussmann A, Hellé S, Delague V, Souied E, Barrey C, 
Verloes A, Stoetzel C, Dollfus H. 2012b. Exome sequencing identifies mutations in LZTFL1, a BBSome and 
smoothened trafficking regulator, in a family with Bardet--Biedl syndrome with situs inversus and insertional 
polydactyly Journal of Medical Genetics 49:317–321. DOI: https://doi.org/10.1136/jmedgenet-2012-100737, 
PMID: 22510444

Masek M, Etard C, Hofmann C, Hülsmeier AJ, Zang J, Takamiya M, Gesemann M, Neuhauss SCF, Hornemann T, 
Strähle U, Bachmann- Gagescu R. 2022. Loss of the Bardet- Biedl protein Bbs1 alters photoreceptor outer 
segment protein and lipid composition Nature Communications 13:1282. DOI: https://doi.org/10.1038/ 
s41467-022-28982-6, PMID: 35277505

Mayer SK, Thomas J, Helms M, Kothapalli A, Cherascu I, Salesevic A, Stalter E, Wang K, Datta P, Searby C, 
Seo S, Hsu Y, Bhattarai S, Sheffield VC, Drack AV. 2022. Progressive retinal degeneration of rods and cones in a 
Bardet- Biedl syndrome type 10 mouse model Disease Models & Mechanisms 15:dmm049473. DOI: https://doi. 
org/10.1242/dmm.049473, PMID: 36125046

May Simera HL, Petralia RS, Montcouquiol M, Wang YX, Szarama KB, Liu Y, Lin W, Deans MR, Pazour GJ, 
Kelley MW. 2015. Ciliary proteins Bbs8 and Ift20 promote planar cell polarity in the cochlea Development 
142:555–566. DOI: https://doi.org/10.1242/dev.113696, PMID: 25605782

Mill P, Christensen ST, Pedersen LB. 2023. Primary cilia as dynamic and diverse signalling hubs in development 
and disease Nature Reviews. Genetics 24:421–441. DOI: https://doi.org/10.1038/s41576-023-00587-9, PMID: 
37072495

Morisada N, Hamada R, Miura K, Ye MJ, Nozu K, Hattori M, Iijima K. 2020. Bardet–Biedl syndrome in two 
unrelated patients with identical compound heterozygous SCLT1 mutations CEN Case Reports 9:260–265. DOI: 
https://doi.org/10.1007/s13730-020-00472-y

Mourão A, Nager AR, Nachury MV, Lorentzen E. 2014. Structural basis for membrane targeting of the BBSome 
by ARL6 Nature Structural & Molecular Biology 21:1035–1041. DOI: https://doi.org/10.1038/nsmb.2920, PMID: 
25402481

Muller J, Stoetzel C, Vincent MC, Leitch CC, Laurier V, Danse JM, Hellé S, Marion V, Bennouna- Greene V, 
Vicaire S, Megarbane A, Kaplan J, Drouin- Garraud V, Hamdani M, Sigaudy S, Francannet C, Roume J, Bitoun P, 
Goldenberg A, Philip N, et al. 2010. Identification of 28 novel mutations in the Bardet–Biedl syndrome genes: 

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1073/pnas.1713226115
https://doi.org/10.1073/pnas.1713226115
http://www.ncbi.nlm.nih.gov/pubmed/29339469
https://doi.org/10.7554/eLife.59119
http://www.ncbi.nlm.nih.gov/pubmed/33587040
https://doi.org/10.1083/jcb.202111076
http://www.ncbi.nlm.nih.gov/pubmed/36129685
https://doi.org/10.1073/pnas.2218819120
http://www.ncbi.nlm.nih.gov/pubmed/36943875
https://doi.org/10.1002/jcp.30945
http://www.ncbi.nlm.nih.gov/pubmed/36852649
https://doi.org/10.1016/j.devcel.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19081074
https://doi.org/10.1016/j.celrep.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24316073
https://doi.org/10.1074/jbc.RA119.010150
http://www.ncbi.nlm.nih.gov/pubmed/31530639
https://doi.org/10.1038/s41436-021-01106-z
http://www.ncbi.nlm.nih.gov/pubmed/33531668
https://doi.org/10.1016/j.ekir.2020.06.017
http://www.ncbi.nlm.nih.gov/pubmed/32954066
https://doi.org/10.1073/pnas.0812518106
http://www.ncbi.nlm.nih.gov/pubmed/19190184
https://doi.org/10.1016/j.cmet.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/22958920
https://doi.org/10.1136/jmedgenet-2012-100737
http://www.ncbi.nlm.nih.gov/pubmed/22510444
https://doi.org/10.1038/s41467-022-28982-6
https://doi.org/10.1038/s41467-022-28982-6
http://www.ncbi.nlm.nih.gov/pubmed/35277505
https://doi.org/10.1242/dmm.049473
https://doi.org/10.1242/dmm.049473
http://www.ncbi.nlm.nih.gov/pubmed/36125046
https://doi.org/10.1242/dev.113696
http://www.ncbi.nlm.nih.gov/pubmed/25605782
https://doi.org/10.1038/s41576-023-00587-9
http://www.ncbi.nlm.nih.gov/pubmed/37072495
https://doi.org/10.1007/s13730-020-00472-y
https://doi.org/10.1038/nsmb.2920
http://www.ncbi.nlm.nih.gov/pubmed/25402481


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  26 of 29

the burden of private mutations in an extensively heterogeneous disease Human Genetics 127:583–593. DOI: 
https://doi.org/10.1007/s00439-010-0804-9

Mykytyn K, Braun T, Carmi R, Haider NB, Searby CC, Shastri M, Beck G, Wright AF, Iannaccone A, Elbedour K, 
Riise R, Baldi A, Raas- Rothschild A, Gorman SW, Duhl DM, Jacobson SG, Casavant T, Stone EM, Sheffield VC. 
2001. Identification of the gene that, when mutated, causes the human obesity syndrome BBS4 Nature 
Genetics 28:188–191. DOI: https://doi.org/10.1038/88925, PMID: 11381270

Mykytyn Kirk, Nishimura DY, Searby CC, Shastri M, Yen H, Beck JS, Braun T, Streb LM, Cornier AS, Cox GF, 
Fulton AB, Carmi R, Lüleci G, Chandrasekharappa SC, Collins FS, Jacobson SG, Heckenlively JR, Weleber RG, 
Stone EM, Sheffield VC. 2002. Identification of the gene (BBS1) most commonly involved in Bardet- Biedl 
syndrome, a complex human obesity syndrome Nature Genetics 31:435–438. DOI: https://doi.org/10.1038/ 
ng935, PMID: 12118255

Mykytyn K, Mullins RF, Andrews M, Chiang AP, Swiderski RE, Yang B, Braun T, Casavant T, Stone EM, 
Sheffield VC. 2004. Bardet- Biedl syndrome type 4 (BBS4)- null mice implicate BBS4 in flagella formation but not 
global cilia assembly PNAS 101:8664–8669. DOI: https://doi.org/10.1073/pnas.0402354101, PMID: 15173597

Nachury MV, Loktev AV, Zhang Q, Westlake CJ, Peränen J, Merdes A, Slusarski DC, Scheller RH, Bazan JF, 
Sheffield VC, Jackson PK. 2007. A core complex of BBS proteins cooperates with the GTPase Rab8 to promote 
ciliary membrane biogenesis Cell 129:1201–1213. DOI: https://doi.org/10.1016/j.cell.2007.03.053, PMID: 
17574030

Nachury MV, Mick DU. 2019. Establishing and regulating the composition of cilia for signal transduction Nature 
Reviews. Molecular Cell Biology 20:389–405. DOI: https://doi.org/10.1038/s41580-019-0116-4, PMID: 
30948801

Nager AR, Goldstein JS, Herranz- Pérez V, Portran D, Ye F, Garcia- Verdugo JM, Nachury MV. 2017. An actin 
network dispatches ciliary GPCRs into extracellular vesicles to modulate signaling Cell 168:252–263. DOI: 
https://doi.org/10.1016/j.cell.2016.11.036, PMID: 28017328

Niederlova V, Modrak M, Tsyklauri O, Huranova M, Stepanek O. 2019. Meta- analysis of genotype- phenotype 
associations in Bardet- Biedl syndrome uncovers differences among causative genes Human Mutation 40:2068–
2087. DOI: https://doi.org/10.1002/humu.23862, PMID: 31283077

Nishimura DY, Searby CC, Carmi R, Elbedour K, Van Maldergem L, Fulton AB, Lam BL, Powell BR, Swiderski RE, 
Bugge KE, Haider NB, Kwitek- Black AE, Ying L, Duhl DM, Gorman SW, Heon E, Iannaccone A, Bonneau D, 
Biesecker LG, Jacobson SG, et al. 2001. Positional cloning of a novel gene on chromosome 16q causing 
Bardet- Biedl syndrome (BBS2) Human Molecular Genetics 10:865–874. DOI: https://doi.org/10.1093/hmg/10. 
8.865, PMID: 11285252

Nishimura DY, Fath M, Mullins RF, Searby C, Andrews M, Davis R, Andorf JL, Mykytyn K, Swiderski RE, Yang B, 
Carmi R, Stone EM, Sheffield VC. 2004. Bbs2- null mice have neurosensory deficits, a defect in social 
dominance, and retinopathy associated with mislocalization of rhodopsin PNAS 101:16588–16593. DOI: 
https://doi.org/10.1073/pnas.0405496101, PMID: 15539463

Nishimura DY, Swiderski RE, Searby CC, Berg EM, Ferguson AL, Hennekam R, Merin S, Weleber RG, 
Biesecker LG, Stone EM, Sheffield VC. 2005. Comparative genomics and gene expression analysis identifies 
BBS9, a new Bardet- Biedl syndrome gene American Journal of Human Genetics 77:1021–1033. DOI: https:// 
doi.org/10.1086/498323, PMID: 16380913

Nishimura Y, Kasahara K, Shiromizu T, Watanabe M, Inagaki M. 2019. Primary cilia as signaling hubs in health 
and disease Advanced Science 6:1801138. DOI: https://doi.org/10.1002/advs.201801138, PMID: 30643718

Nozaki S, Katoh Y, Kobayashi T, Nakayama K, Khanna H. 2018. BBS1 is involved in retrograde trafficking of ciliary 
GPCRs in the context of the BBSome complex PLOS ONE 13:e0195005. DOI: https://doi.org/10.1371/journal. 
pone.0195005

Nozaki S, Castro Araya RF, Katoh Y, Nakayama K. 2019. Requirement of IFT- B- BBSome complex interaction in 
export of GPR161 from cilia Biology Open 8:bio043786. DOI: https://doi.org/10.1242/bio.043786, PMID: 
31471295

Odabasi E, Batman U, Firat- Karalar EN. 2020. Unraveling the mysteries of centriolar satellites: time to rewrite the 
textbooks about the centrosome/cilium complex Molecular Biology of the Cell 31:866–872. DOI: https://doi. 
org/10.1091/mbc.E19-07-0402, PMID: 32286929

Otto EA, Hurd TW, Airik R, Chaki M, Zhou W, Stoetzel C, Patil SB, Levy S, Ghosh AK, Murga- Zamalloa CA, 
van Reeuwijk J, Letteboer SJF, Sang L, Giles RH, Liu Q, Coene KLM, Estrada- Cuzcano A, Collin RWJ, 
McLaughlin HM, Held S, et al. 2010. Candidate exome capture identifies mutation of SDCCAG8 as the cause 
of a retinal- renal ciliopathy Nature Genetics 42:840–850. DOI: https://doi.org/10.1038/ng.662, PMID: 
20835237

Ou G, Blacque OE, Snow JJ, Leroux MR, Scholey JM. 2005. Functional coordination of intraflagellar transport 
motors Nature 436:583–587. DOI: https://doi.org/10.1038/nature03818, PMID: 16049494

Pak TK, Carter CS, Zhang Q, Huang SC, Searby C, Hsu Y, Taugher RJ, Vogel T, Cychosz CC, Genova R, 
Moreira NN, Stevens H, Wemmie JA, Pieper AA, Wang K, Sheffield VC. 2021. A mouse model of Bardet- Biedl 
Syndrome has impaired fear memory, which is rescued by lithium treatment PLOS Genetics 17:e1009484. DOI: 
https://doi.org/10.1371/journal.pgen.1009484, PMID: 33886537

Pal K, Hwang S, Somatilaka B, Badgandi H, Jackson PK, DeFea K, Mukhopadhyay S. 2016. Smoothened 
determines β-arrestin–mediated removal of the G protein–coupled receptor Gpr161 from the primary cilium 
Journal of Cell Biology 212:861–875. DOI: https://doi.org/10.1083/jcb.201506132

Park K, Leroux MR. 2022. Composition, organization and mechanisms of the transition zone, a gate for the 
cilium EMBO Reports 23:e55420. DOI: https://doi.org/10.15252/embr.202255420, PMID: 36408840

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1007/s00439-010-0804-9
https://doi.org/10.1038/88925
http://www.ncbi.nlm.nih.gov/pubmed/11381270
https://doi.org/10.1038/ng935
https://doi.org/10.1038/ng935
http://www.ncbi.nlm.nih.gov/pubmed/12118255
https://doi.org/10.1073/pnas.0402354101
http://www.ncbi.nlm.nih.gov/pubmed/15173597
https://doi.org/10.1016/j.cell.2007.03.053
http://www.ncbi.nlm.nih.gov/pubmed/17574030
https://doi.org/10.1038/s41580-019-0116-4
http://www.ncbi.nlm.nih.gov/pubmed/30948801
https://doi.org/10.1016/j.cell.2016.11.036
http://www.ncbi.nlm.nih.gov/pubmed/28017328
https://doi.org/10.1002/humu.23862
http://www.ncbi.nlm.nih.gov/pubmed/31283077
https://doi.org/10.1093/hmg/10.8.865
https://doi.org/10.1093/hmg/10.8.865
http://www.ncbi.nlm.nih.gov/pubmed/11285252
https://doi.org/10.1073/pnas.0405496101
http://www.ncbi.nlm.nih.gov/pubmed/15539463
https://doi.org/10.1086/498323
https://doi.org/10.1086/498323
http://www.ncbi.nlm.nih.gov/pubmed/16380913
https://doi.org/10.1002/advs.201801138
http://www.ncbi.nlm.nih.gov/pubmed/30643718
https://doi.org/10.1371/journal.pone.0195005
https://doi.org/10.1371/journal.pone.0195005
https://doi.org/10.1242/bio.043786
http://www.ncbi.nlm.nih.gov/pubmed/31471295
https://doi.org/10.1091/mbc.E19-07-0402
https://doi.org/10.1091/mbc.E19-07-0402
http://www.ncbi.nlm.nih.gov/pubmed/32286929
https://doi.org/10.1038/ng.662
http://www.ncbi.nlm.nih.gov/pubmed/20835237
https://doi.org/10.1038/nature03818
http://www.ncbi.nlm.nih.gov/pubmed/16049494
https://doi.org/10.1371/journal.pgen.1009484
http://www.ncbi.nlm.nih.gov/pubmed/33886537
https://doi.org/10.1083/jcb.201506132
https://doi.org/10.15252/embr.202255420
http://www.ncbi.nlm.nih.gov/pubmed/36408840


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  27 of 29

Prasai A, Schmidt Cernohorska M, Ruppova K, Niederlova V, Andelova M, Draber P, Stepanek O, Huranova M. 
2020. The BBSome assembly is spatially controlled by BBS1 and BBS4 in human cells The Journal of Biological 
Chemistry 295:14279–14290. DOI: https://doi.org/10.1074/jbc.RA120.013905, PMID: 32759308

Reho JJ, Guo DF, Morgan DA, Rahmouni K. 2019. Smooth muscle cell- specific disruption of the BBSome causes 
vascular dysfunction Hypertension 74:817–825. DOI: https://doi.org/10.1161/HYPERTENSIONAHA.119.13382, 
PMID: 31422694

Sang L, Miller JJ, Corbit KC, Giles RH, Brauer MJ, Otto EA, Baye LM, Wen X, Scales SJ, Kwong M, 
Huntzicker EG, Sfakianos MK, Sandoval W, Bazan JF, Kulkarni P, Garcia- Gonzalo FR, Seol AD, O’Toole JF, 
Held S, Reutter HM, et al. 2011. Mapping the NPHP- JBTS- MKS protein network reveals ciliopathy disease 
genes and pathways Cell 145:513–528. DOI: https://doi.org/10.1016/j.cell.2011.04.019, PMID: 21565611

Schäfer T, Pütz M, Lienkamp S, Ganner A, Bergbreiter A, Ramachandran H, Gieloff V, Gerner M, Mattonet C, 
Czarnecki PG, Sayer JA, Otto EA, Hildebrandt F, Kramer- Zucker A, Walz G. 2008. Genetic and physical 
interaction between the NPHP5 and NPHP6 gene products Human Molecular Genetics 17:3655–3662. DOI: 
https://doi.org/10.1093/hmg/ddn260, PMID: 18723859

Schmid F, Glaus E, Barthelmes D, Fliegauf M, Gaspar H, Nürnberg G, Nürnberg P, Omran H, Berger W, 
Neidhardt J. 2011. U1 snRNA- mediated gene therapeutic correction of splice defects caused by an 
exceptionally mild BBS mutation Human Mutation 32:815–824. DOI: https://doi.org/10.1002/humu.21509, 
PMID: 21520335

Seo S, Guo D- F, Bugge K, Morgan DA, Rahmouni K, Sheffield VC. 2009. Requirement of Bardet- Biedl syndrome 
proteins for leptin receptor signaling Human Molecular Genetics 18:1323–1331. DOI: https://doi.org/10.1093/ 
hmg/ddp031, PMID: 19150989

Seo S, Baye LM, Schulz NP, Beck JS, Zhang Q, Slusarski DC, Sheffield VC. 2010. BBS6, BBS10, and BBS12 form a 
complex with CCT/TRiC family chaperonins and mediate BBSome assembly PNAS 107:1488–1493. DOI: 
https://doi.org/10.1073/pnas.0910268107, PMID: 20080638

Seo S, Zhang Q, Bugge K, Breslow DK, Searby CC, Nachury MV, Sheffield VC. 2011. A novel protein LZTFL1 
regulates ciliary trafficking of the BBSome and Smoothened PLOS Genetics 7:e1002358. DOI: https://doi.org/ 
10.1371/journal.pgen.1002358, PMID: 22072986

Seo S, Mullins RF, Dumitrescu AV, Bhattarai S, Gratie D, Wang K, Stone EM, Sheffield V, Drack AV. 2013. 
Subretinal gene therapy of mice with Bardet- Biedl syndrome type 1 Investigative Ophthalmology & Visual 
Science 54:6118–6132. DOI: https://doi.org/10.1167/iovs.13-11673, PMID: 23900607

Shinde SR, Nager AR, Nachury MV. 2020. Ubiquitin chains earmark GPCRs for BBSome- mediated removal from 
cilia. Journal of Cell Biology 219:3020. DOI: https://doi.org/10.1083/jcb.202003020

Shinde SR, Mick DU, Aoki E, Rodrigues RB, Gygi SP, Nachury MV. 2023. The ancestral ESCRT protein TOM1L2 
selects ubiquitinated cargoes for retrieval from cilia Developmental Cell 58:677–693.. DOI: https://doi.org/10. 
1016/j.devcel.2023.03.003, PMID: 37019113

Simons DL, Boye SL, Hauswirth WW, Wu SM. 2011. Gene therapy prevents photoreceptor death and preserves 
retinal function in a Bardet- Biedl syndrome mouse model PNAS 108:6276–6281. DOI: https://doi.org/10.1073/ 
pnas.1019222108, PMID: 21444805

Singh M, Garrison JE, Wang K, Sheffield VC. 2019. Absence of BBSome function leads to astrocyte reactivity in 
the brain Molecular Brain 12:48. DOI: https://doi.org/10.1186/s13041-019-0466-z, PMID: 31072410

Singh SK, Gui M, Koh F, Yip MC, Brown A. 2020. Structure and activation mechanism of the BBSome membrane 
protein trafficking complex eLife 9:e53322. DOI: https://doi.org/10.7554/eLife.53322, PMID: 31939736

Slavotinek AM, Stone EM, Mykytyn K, Heckenlively JR, Green JS, Heon E, Musarella MA, Parfrey PS, 
Sheffield VC, Biesecker LG. 2000. Mutations in MKKS cause Bardet- Biedl syndrome Nature Genetics 26:15–16. 
DOI: https://doi.org/10.1038/79116, PMID: 10973238

Song P, Fogerty J, Cianciolo LT, Stupay R, Perkins BD. 2020. Cone photoreceptor degeneration and 
neuroinflammation in the zebrafish Bardet- Biedl Syndrome 2 (bbs2) mutant does not lead to retinal 
regeneration Frontiers in Cell and Developmental Biology 8:578528. DOI: https://doi.org/10.3389/fcell.2020. 
578528, PMID: 33324636

Starks RD, Beyer AM, Guo DF, Boland L, Zhang Q, Sheffield VC, Rahmouni K. 2015. Regulation of insulin 
receptor trafficking by bardet biedl syndrome proteins PLOS Genetics 11:e1005311. DOI: https://doi.org/10. 
1371/journal.pgen.1005311, PMID: 26103456

Stoetzel C, Laurier V, Davis EE, Muller J, Rix S, Badano JL, Leitch CC, Salem N, Chouery E, Corbani S, Jalk N, 
Vicaire S, Sarda P, Hamel C, Lacombe D, Holder M, Odent S, Holder S, Brooks AS, Elcioglu NH, et al. 2006. 
BBS10 encodes a vertebrate- specific chaperonin- like protein and is a major BBS locus Nature Genetics 
38:521–524. DOI: https://doi.org/10.1038/ng1771, PMID: 16582908

Stoetzel C, Muller J, Laurier V, Davis EE, Zaghloul NA, Vicaire S, Jacquelin C, Plewniak F, Leitch CC, Sarda P, 
Hamel C, de Ravel TJL, Lewis RA, Friederich E, Thibault C, Danse J- M, Verloes A, Bonneau D, Katsanis N, 
Poch O, et al. 2007. Identification of a novel BBS gene (BBS12) highlights the major role of a vertebrate- 
specific branch of chaperonin- related proteins in Bardet- Biedl syndrome American Journal of Human Genetics 
80:1–11. DOI: https://doi.org/10.1086/510256, PMID: 17160889

Stowe TR, Wilkinson CJ, Iqbal A, Stearns T. 2012. The centriolar satellite proteins Cep72 and Cep290 interact 
and are required for recruitment of BBS proteins to the cilium Molecular Biology of the Cell 23:3322–3335. 
DOI: https://doi.org/10.1091/mbc.E12-02-0134, PMID: 22767577

Su X, Driscoll K, Yao G, Raed A, Wu M, Beales PL, Zhou J. 2014. Bardet- Biedl syndrome proteins 1 and 3 
regulate the ciliary trafficking of polycystic kidney disease 1 protein Human Molecular Genetics 23:5441–5451. 
DOI: https://doi.org/10.1093/hmg/ddu267, PMID: 24939912

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1074/jbc.RA120.013905
http://www.ncbi.nlm.nih.gov/pubmed/32759308
https://doi.org/10.1161/HYPERTENSIONAHA.119.13382
http://www.ncbi.nlm.nih.gov/pubmed/31422694
https://doi.org/10.1016/j.cell.2011.04.019
http://www.ncbi.nlm.nih.gov/pubmed/21565611
https://doi.org/10.1093/hmg/ddn260
http://www.ncbi.nlm.nih.gov/pubmed/18723859
https://doi.org/10.1002/humu.21509
http://www.ncbi.nlm.nih.gov/pubmed/21520335
https://doi.org/10.1093/hmg/ddp031
https://doi.org/10.1093/hmg/ddp031
http://www.ncbi.nlm.nih.gov/pubmed/19150989
https://doi.org/10.1073/pnas.0910268107
http://www.ncbi.nlm.nih.gov/pubmed/20080638
https://doi.org/10.1371/journal.pgen.1002358
https://doi.org/10.1371/journal.pgen.1002358
http://www.ncbi.nlm.nih.gov/pubmed/22072986
https://doi.org/10.1167/iovs.13-11673
http://www.ncbi.nlm.nih.gov/pubmed/23900607
https://doi.org/10.1083/jcb.202003020
https://doi.org/10.1016/j.devcel.2023.03.003
https://doi.org/10.1016/j.devcel.2023.03.003
http://www.ncbi.nlm.nih.gov/pubmed/37019113
https://doi.org/10.1073/pnas.1019222108
https://doi.org/10.1073/pnas.1019222108
http://www.ncbi.nlm.nih.gov/pubmed/21444805
https://doi.org/10.1186/s13041-019-0466-z
http://www.ncbi.nlm.nih.gov/pubmed/31072410
https://doi.org/10.7554/eLife.53322
http://www.ncbi.nlm.nih.gov/pubmed/31939736
https://doi.org/10.1038/79116
http://www.ncbi.nlm.nih.gov/pubmed/10973238
https://doi.org/10.3389/fcell.2020.578528
https://doi.org/10.3389/fcell.2020.578528
http://www.ncbi.nlm.nih.gov/pubmed/33324636
https://doi.org/10.1371/journal.pgen.1005311
https://doi.org/10.1371/journal.pgen.1005311
http://www.ncbi.nlm.nih.gov/pubmed/26103456
https://doi.org/10.1038/ng1771
http://www.ncbi.nlm.nih.gov/pubmed/16582908
https://doi.org/10.1086/510256
http://www.ncbi.nlm.nih.gov/pubmed/17160889
https://doi.org/10.1091/mbc.E12-02-0134
http://www.ncbi.nlm.nih.gov/pubmed/22767577
https://doi.org/10.1093/hmg/ddu267
http://www.ncbi.nlm.nih.gov/pubmed/24939912


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  28 of 29

Su X, Wu M, Yao G, El- Jouni W, Luo C, Tabari A, Zhou J. 2015. Regulation of polycystin- 1 ciliary trafficking by 
motifs at its C- terminus and polycystin- 2 but not cleavage at GPS site Journal of Cell Science 128:4063–4073. 
DOI: https://doi.org/10.1242/jcs.160556

Sun WY, Xue B, Liu YX, Zhang RK, Li RC, Xin W, Wu M, Fan ZC. 2021. Chlamydomonas LZTFL1 mediates 
phototaxis via controlling BBSome recruitment to the basal body and its reassembly at the ciliary tip PNAS 
118:e2101590118. DOI: https://doi.org/10.1073/pnas.2101590118, PMID: 34446551

Tadenev ALD, Kulaga HM, May- Simera HL, Kelley MW, Katsanis N, Reed RR. 2011. Loss of Bardet- Biedl 
syndrome protein- 8 (BBS8) perturbs olfactory function, protein localization, and axon targeting PNAS 
108:10320–10325. DOI: https://doi.org/10.1073/pnas.1016531108, PMID: 21646512

Takahara M, Kunii M, Nakamura K, Harada A, Hirano T, Katoh Y, Nakayama K. 2019. C11ORF74 interacts with 
the IFT- A complex and participates in ciliary BBSome localization Journal of Biochemistry 165:257–267. DOI: 
https://doi.org/10.1093/jb/mvy100, PMID: 30476139

Tischer J, Carden S, Gergely F. 2021. Accessorizing the centrosome: new insights into centriolar appendages and 
satellites Current Opinion in Structural Biology 66:148–155. DOI: https://doi.org/10.1016/j.sbi.2020.10.021, 
PMID: 33279729

Tsang SH, Aycinena ARP, Sharma T. 2018. Ciliopathy: Bardet- biedl syndrome Advances in Experimental Medicine 
and Biology 1085:171–174. DOI: https://doi.org/10.1007/978-3-319-95046-4

Tsyklauri O, Niederlova V, Forsythe E, Prasai A, Drobek A, Kasparek P, Sparks K, Trachtulec Z, Prochazka J, 
Sedlacek R, Beales P, Huranova M, Stepanek O. 2021. Bardet- Biedl Syndrome ciliopathy is linked to altered 
hematopoiesis and dysregulated self- tolerance EMBO Reports 22:e50785. DOI: https://doi.org/10.15252/ 
embr.202050785, PMID: 33426789

Uytingco CR, Williams CL, Xie C, Shively DT, Green WW, Ukhanov K, Zhang L, Nishimura DY, Sheffield VC, 
Martens JR. 2019. BBS4 is required for intraflagellar transport coordination and basal body number in 
mammalian olfactory cilia Journal of Cell Science 132:jcs222331. DOI: https://doi.org/10.1242/jcs.222331, 
PMID: 30665891

van Dam TJP, Townsend MJ, Turk M, Schlessinger A, Sali A, Field MC, Huynen MA. 2013. Evolution of modular 
intraflagellar transport from a coatomer- like progenitor PNAS 110:6943–6948. DOI: https://doi.org/10.1073/ 
pnas.1221011110, PMID: 23569277

Wachten D, Mick DU. 2021. Signal transduction in primary cilia - analyzing and manipulating GPCR and second 
messenger signaling Pharmacology & Therapeutics 224:107836. DOI: https://doi.org/10.1016/j.pharmthera. 
2021.107836, PMID: 33744260

Wang L, Liu Y, Stratigopoulos G, Panigrahi S, Sui L, Zhang Y, Leduc CA, Glover HJ, De Rosa MC, Burnett LC, 
Williams DJ, Shang L, Goland R, Tsang SH, Wardlaw S, Egli D, Zheng D, Doege CA, Leibel RL. 2021. Bardet- 
Biedl syndrome proteins regulate intracellular signaling and neuronal function in patient- specific iPSC- derived 
neurons The Journal of Clinical Investigation 131:e146287. DOI: https://doi.org/10.1172/JCI146287, PMID: 
33630762

Wang J, Zhu X, Wang Z, Li X, Tao H, Pan J. 2022. Assembly and stability of IFT- B complex and its function in 
BBSome trafficking IScience 25:105493. DOI: https://doi.org/10.1016/j.isci.2022.105493, PMID: 36411782

Wei Q, Zhang Y, Li Y, Zhang Q, Ling K, Hu J. 2012. The BBSome controls IFT assembly and turnaround in cilia 
Nature Cell Biology 14:950–957. DOI: https://doi.org/10.1038/ncb2560, PMID: 22922713

Williams CL, McIntyre JC, Norris SR, Jenkins PM, Zhang L, Pei Q, Verhey K, Martens JR. 2014. Direct evidence 
for BBSome- associated intraflagellar transport reveals distinct properties of native mammalian cilia Nature 
Communications 5:5813. DOI: https://doi.org/10.1038/ncomms6813, PMID: 25504142

Williams CL, Uytingco CR, Green WW, McIntyre JC, Ukhanov K, Zimmerman AD, Shively DT, Zhang L, 
Nishimura DY, Sheffield VC, Martens JR. 2017. Gene therapeutic reversal of peripheral olfactory impairment in 
Bardet- Biedl Syndrome Molecular Therapy 25:904–916. DOI: https://doi.org/10.1016/j.ymthe.2017.02.006

Wingfield JL, Mengoni I, Bomberger H, Jiang YY, Walsh JD, Brown JM, Picariello T, Cochran DA, Zhu B, Pan J, 
Eggenschwiler J, Gaertig J, Witman GB, Kner P, Lechtreck K. 2017. IFT trains in different stages of assembly 
queue at the ciliary base for consecutive release into the cilium eLife 6:e26609. DOI: https://doi.org/10.7554/ 
eLife.26609, PMID: 28562242

Wingfield JL, Mekonnen B, Mengoni I, Liu P, Jordan M, Diener D, Pigino G, Lechtreck K. 2021. In vivo imaging 
shows continued association of several IFT- A, IFT- B and dynein complexes while IFT trains U- turn at the tip 
Journal of Cell Science 134:jcs259010. DOI: https://doi.org/10.1242/jcs.259010, PMID: 34415027

Woods MO, Young TL, Parfrey PS, Hefferton D, Green JS, Davidson WS. 1999. Genetic heterogeneity of 
Bardet- Biedl syndrome in a distinct Canadian population: evidence for a fifth locus Genomics 55:2–9. DOI: 
https://doi.org/10.1006/geno.1998.5626, PMID: 9888993

Woodsmith J, Apelt L, Casado- Medrano V, Özkan Z, Timmermann B, Stelzl U. 2017. Protein interaction 
perturbation profiling at amino- acid resolution Nature Methods 14:1213–1221. DOI: https://doi.org/10.1038/ 
nmeth.4464, PMID: 29039417

Wormser O, Gradstein L, Yogev Y, Perez Y, Kadir R, Goliand I, Sadka Y, El Riati S, Flusser H, Nachmias D, Birk R, 
Iraqi M, Kadar E, Gat R, Drabkin M, Halperin D, Horev A, Sivan S, Abdu U, Elia N, et al. 2019. SCAPER localizes 
to primary cilia and its mutation affects cilia length, causing Bardet- Biedl syndrome European Journal of Human 
Genetics 27:928–940. DOI: https://doi.org/10.1038/s41431-019-0347-z, PMID: 30723319

Xu Q, Zhang Y, Wei Q, Huang Y, Li Y, Ling K, Hu J. 2015. BBS4 and BBS5 show functional redundancy in the 
BBSome to regulate the degradative sorting of ciliary sensory receptors Scientific Reports 5:11855. DOI: 
https://doi.org/10.1038/srep11855, PMID: 26150102

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1242/jcs.160556
https://doi.org/10.1073/pnas.2101590118
http://www.ncbi.nlm.nih.gov/pubmed/34446551
https://doi.org/10.1073/pnas.1016531108
http://www.ncbi.nlm.nih.gov/pubmed/21646512
https://doi.org/10.1093/jb/mvy100
http://www.ncbi.nlm.nih.gov/pubmed/30476139
https://doi.org/10.1016/j.sbi.2020.10.021
http://www.ncbi.nlm.nih.gov/pubmed/33279729
https://doi.org/10.1007/978-3-319-95046-4
https://doi.org/10.15252/embr.202050785
https://doi.org/10.15252/embr.202050785
http://www.ncbi.nlm.nih.gov/pubmed/33426789
https://doi.org/10.1242/jcs.222331
http://www.ncbi.nlm.nih.gov/pubmed/30665891
https://doi.org/10.1073/pnas.1221011110
https://doi.org/10.1073/pnas.1221011110
http://www.ncbi.nlm.nih.gov/pubmed/23569277
https://doi.org/10.1016/j.pharmthera.2021.107836
https://doi.org/10.1016/j.pharmthera.2021.107836
http://www.ncbi.nlm.nih.gov/pubmed/33744260
https://doi.org/10.1172/JCI146287
http://www.ncbi.nlm.nih.gov/pubmed/33630762
https://doi.org/10.1016/j.isci.2022.105493
http://www.ncbi.nlm.nih.gov/pubmed/36411782
https://doi.org/10.1038/ncb2560
http://www.ncbi.nlm.nih.gov/pubmed/22922713
https://doi.org/10.1038/ncomms6813
http://www.ncbi.nlm.nih.gov/pubmed/25504142
https://doi.org/10.1016/j.ymthe.2017.02.006
https://doi.org/10.7554/eLife.26609
https://doi.org/10.7554/eLife.26609
http://www.ncbi.nlm.nih.gov/pubmed/28562242
https://doi.org/10.1242/jcs.259010
http://www.ncbi.nlm.nih.gov/pubmed/34415027
https://doi.org/10.1006/geno.1998.5626
http://www.ncbi.nlm.nih.gov/pubmed/9888993
https://doi.org/10.1038/nmeth.4464
https://doi.org/10.1038/nmeth.4464
http://www.ncbi.nlm.nih.gov/pubmed/29039417
https://doi.org/10.1038/s41431-019-0347-z
http://www.ncbi.nlm.nih.gov/pubmed/30723319
https://doi.org/10.1038/srep11855
http://www.ncbi.nlm.nih.gov/pubmed/26150102


 Review article      Cell Biology

Tian, Zhao et al. eLife 2023;12:e87623. DOI: https://doi.org/10.7554/eLife.87623  29 of 29

Xue B, Liu YX, Dong B, Wingfield JL, Wu M, Sun J, Lechtreck KF, Fan ZC. 2020. Intraflagellar transport protein 
RABL5/IFT22 recruits the BBSome to the basal body through the GTPase ARL6/BBS3 PNAS 117:2496–2505. 
DOI: https://doi.org/10.1073/pnas.1901665117, PMID: 31953262

Yang S, Bahl K, Chou H- T, Woodsmith J, Stelzl U, Walz T, Nachury MV. 2020. Near- atomic structures of the 
BBSome reveal the basis for BBSome activation and binding to GPCR cargoes eLife 9:e55954. DOI: https://doi. 
org/10.7554/eLife.55954, PMID: 32510327

Ye F, Nager AR, Nachury MV. 2018. BBSome trains remove activated GPCRs from cilia by enabling passage 
through the transition zone The Journal of Cell Biology 217:1847–1868. DOI: https://doi.org/10.1083/jcb. 
201709041, PMID: 29483145

Yee LE, Garcia- Gonzalo FR, Bowie RV, Li C, Kennedy JK, Ashrafi K, Blacque OE, Leroux MR, Reiter JF. 2015. 
Conserved genetic interactions between ciliopathy complexes cooperatively support ciliogenesis and ciliary 
signaling PLOS Genetics 11:e1005627. DOI: https://doi.org/10.1371/journal.pgen.1005627, PMID: 26540106

Yen H- J, Tayeh MK, Mullins RF, Stone EM, Sheffield VC, Slusarski DC. 2006. Bardet- Biedl syndrome genes are 
important in retrograde intracellular trafficking and Kupffer’s vesicle cilia function Human Molecular Genetics 
15:667–677. DOI: https://doi.org/10.1093/hmg/ddi468, PMID: 16399798

Young TL, Penney L, Woods MO, Parfrey PS, Green JS, Hefferton D, Davidson WS. 1999. A fifth locus for 
Bardet- Biedl syndrome maps to chromosome 2q31 American Journal of Human Genetics 64:900–904. DOI: 
https://doi.org/10.1086/302301, PMID: 10053027

Yu K, Liu P, Venkatachalam D, Hopkinson BM, Lechtreck KF, Motaleb MA. 2020. The BBSome restricts entry of 
tagged carbonic anhydrase 6 into the cis- flagellum of Chlamydomonas reinhardtii PLOS ONE 15:e0240887. 
DOI: https://doi.org/10.1371/journal.pone.0240887

Zhang Q, Nishimura D, Seo S, Vogel T, Morgan DA, Searby C, Bugge K, Stone EM, Rahmouni K, Sheffield VC. 
2011. Bardet- Biedl syndrome 3 (Bbs3) knockout mouse model reveals common BBS- associated phenotypes 
and Bbs3 unique phenotypes PNAS 108:20678–20683. DOI: https://doi.org/10.1073/pnas.1113220108, PMID: 
22139371

Zhang Q, Seo S, Bugge K, Stone EM, Sheffield VC. 2012a. BBS proteins interact genetically with the IFT pathway 
to influence SHH- related phenotypes Human Molecular Genetics 21:1945–1953. DOI: https://doi.org/10.1093/ 
hmg/dds004, PMID: 22228099

Zhang Q, Yu D, Seo S, Stone EM, Sheffield VC. 2012b. Intrinsic protein- protein interaction- mediated and 
chaperonin- assisted sequential assembly of stable bardet- biedl syndrome protein complex, the BBSome The 
Journal of Biological Chemistry 287:20625–20635. DOI: https://doi.org/10.1074/jbc.M112.341487, PMID: 
22500027

Zhang Q, Nishimura D, Vogel T, Shao J, Swiderski R, Yin T, Searby C, Carter CS, Kim G, Bugge K, Stone EM, 
Sheffield VC. 2013. BBS7 is required for BBSome formation and its absence in mice results in Bardet- Biedl 
syndrome phenotypes and selective abnormalities in membrane protein trafficking Journal of Cell Science 
126:2372–2380. DOI: https://doi.org/10.1242/jcs.111740, PMID: 23572516

Zhang Y, Seo S, Bhattarai S, Bugge K, Searby CC, Zhang Q, Drack AV, Stone EM, Sheffield VC. 2014. BBS 
mutations modify phenotypic expression of CEP290- related ciliopathies Human Molecular Genetics 23:40–51. 
DOI: https://doi.org/10.1093/hmg/ddt394, PMID: 23943788

Zhang B, Wang G, Xu X, Yang S, Zhuang T, Wang G, Ren H, Cheng SY, Jiang Q, Zhang C. 2017. DAZ- interacting 
Protein 1 (Dzip1) Phosphorylation by Polo- like Kinase 1 (Plk1) regulates the centriolar satellite localization of 
the BBSome protein during the cell cycle The Journal of Biological Chemistry 292:1351–1360. DOI: https://doi. 
org/10.1074/jbc.M116.765438, PMID: 27979967

Zhang X, Liu J, Pan T, Ward A, Liu J, Xu XZS. 2022. A cilia- independent function of BBSome mediated by 
DLK- MAPK signaling in C. elegans photosensation Developmental Cell 57:1545–1557. DOI: https://doi.org/10. 
1016/j.devcel.2022.05.005, PMID: 35649417

Zhao Y, Rahmouni K. 2022. BBSome: a new player in hypertension and other cardiovascular risks Hypertension 
79:303–313. DOI: https://doi.org/10.1161/HYPERTENSIONAHA.121.17946

Zhou Z, Katoh Y, Nakayama K. 2022a. CEP19- RABL2- IFT- B axis controls BBSome- mediated ciliary GPCR export 
Molecular Biology of the Cell 33:ar126. DOI: https://doi.org/10.1091/mbc.E22-05-0161, PMID: 36074075

Zhou Z, Qiu H, Castro- Araya R- F, Takei R, Nakayama K, Katoh Y. 2022b. Impaired cooperation between IFT74/
BBS22- IFT81 and IFT25- IFT27/BBS19 causes Bardet- Biedl syndrome Human Molecular Genetics 31:1681–1693. 
DOI: https://doi.org/10.1093/hmg/ddab354, PMID: 34888642

https://doi.org/10.7554/eLife.87623
https://doi.org/10.1073/pnas.1901665117
http://www.ncbi.nlm.nih.gov/pubmed/31953262
https://doi.org/10.7554/eLife.55954
https://doi.org/10.7554/eLife.55954
http://www.ncbi.nlm.nih.gov/pubmed/32510327
https://doi.org/10.1083/jcb.201709041
https://doi.org/10.1083/jcb.201709041
http://www.ncbi.nlm.nih.gov/pubmed/29483145
https://doi.org/10.1371/journal.pgen.1005627
http://www.ncbi.nlm.nih.gov/pubmed/26540106
https://doi.org/10.1093/hmg/ddi468
http://www.ncbi.nlm.nih.gov/pubmed/16399798
https://doi.org/10.1086/302301
http://www.ncbi.nlm.nih.gov/pubmed/10053027
https://doi.org/10.1371/journal.pone.0240887
https://doi.org/10.1073/pnas.1113220108
http://www.ncbi.nlm.nih.gov/pubmed/22139371
https://doi.org/10.1093/hmg/dds004
https://doi.org/10.1093/hmg/dds004
http://www.ncbi.nlm.nih.gov/pubmed/22228099
https://doi.org/10.1074/jbc.M112.341487
http://www.ncbi.nlm.nih.gov/pubmed/22500027
https://doi.org/10.1242/jcs.111740
http://www.ncbi.nlm.nih.gov/pubmed/23572516
https://doi.org/10.1093/hmg/ddt394
http://www.ncbi.nlm.nih.gov/pubmed/23943788
https://doi.org/10.1074/jbc.M116.765438
https://doi.org/10.1074/jbc.M116.765438
http://www.ncbi.nlm.nih.gov/pubmed/27979967
https://doi.org/10.1016/j.devcel.2022.05.005
https://doi.org/10.1016/j.devcel.2022.05.005
http://www.ncbi.nlm.nih.gov/pubmed/35649417
https://doi.org/10.1161/HYPERTENSIONAHA.121.17946
https://doi.org/10.1091/mbc.E22-05-0161
http://www.ncbi.nlm.nih.gov/pubmed/36074075
https://doi.org/10.1093/hmg/ddab354
http://www.ncbi.nlm.nih.gov/pubmed/34888642

	Organization, functions, and mechanisms of the BBSome in development, ciliopathies, and beyond
	Introduction
	Physiological and pathological roles of the BBSome in diseases
	Bardet-Biedl syndrome
	Ciliopathies

	Structure and formation of the BBSome
	BBS proteins and the BBSome
	Molecular structure and assembly of the BBSome
	Assembly of the BBSome
	Molecular structure of the BBSome


	Cellular functions of the BBSome
	Ciliary regulation of the BBSome
	Recruitment to the basal body
	Ciliary entry and trafficking
	Turnaround at the ciliary tip
	Ciliary removal

	Ciliary mechanisms and functions of the BBSome
	Target recognition
	Cargo entry
	Cargo exit

	Conclusions and perspectives
	Acknowledgements
	Additional information
	Competing interests
	Funding
	Author contributions
	Author ORCIDs

	References


