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Primary cilia dysfunction  
in BBS
Primary cilia are short membrane protru-
sions, emanating from the surface of most 
vertebrate cells. They function as cellular 
antennae, receiving information from the 
environment and locally transducing the 
information into a cellular response. Var-
ious signaling pathways can exert their 
function via the primary cilium, including 
SHH, Wnt, and G protein–coupled cAMP 
signaling. Notably, the function of prima-
ry cilia depends on an array of proteins 
that maintain the structure and signaling 
dynamics in the cilium (1).

Mutations that encode defective cil-
iary proteins often lead to ciliopathies, 
which are multisystemic diseases affect-
ing many organs. Bardet-Biedl syndrome 
(BBS) is a syndromic ciliopathy that is 
characterized by retinal degradation, obe-
sity, cystic kidneys, and polydactyly (2). 

So far, mutations in 21 genes have been 
associated with BBS. Eight of these genes 
encode the core BBS proteins (BBS1, 
BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, 
and BBIP10), which form a protein com-
plex termed the BBSome (1). The BBSome 
does not directly contribute to ciliary for-
mation, but rather controls the dynamic 
localization of different proteins in the 
cilium, in particular G protein–coupled 
receptors (GPCRs) like the melanin con-
centrating hormone receptor (MCHR1), 
the neuropeptide Y receptor (NPYR2), 
or the somatostatin receptor 3 (SSTR3) 
(3). These GPCRs signal either through 
Gαi/o to inhibit cAMP synthesis or Gαs to 
activate cAMP synthesis via adenylate 
cyclases (ACs). In fact, ACIII is used as 
marker for neuronal primary cilia (4), 
indicating that cAMP signaling plays a 
prominent role in controlling primary cilia 
function in neurons (Figure 1B).

Hypothalamic neuronal 
dysfunction linking BBS  
to obesity
Energy metabolism is the process of gen-
erating energy from nutrients. A chronic 
imbalance between energy intake and 
energy expenditure leads to obesity. In 
mouse models, missense or loss-of-func-
tion mutations in several BBS genes reca-
pitulate obesity as a hallmark of BBS (5–8). 
Specific deletion of Bbs1 in proopiomela-
nocortin (POMC) or Agouti-related pro-
tein (AgRP) neurons, which reside in the 
arcuate nucleus of the hypothalamus, the 
energy control center in the brain, leads to 
an increase in food intake and, thereby, to 
obesity (refs. 9, 10 and Figure 1A). These 
data suggest that obesity in BBS patients 
is caused by BBSome-dependent dysfunc-
tion of POMC or AgRP neurons. Still, the 
molecular and pathophysiological changes 
in hypothalamic neurons caused by muta-
tions in BBS genes are not well understood, 
and have not yet been studied in a human 
model system.

Recent data suggest that altered 
GPCR/cAMP signaling contributes to 
disease development. Loss of Bbs1 dys-
regulates the localization of NPY2R and 
serotonin 5-HT2C receptor to cilia and 
the plasma membrane, respectively 
(10). Downstream of NPY2R and sero-
tonin 5-HT2C, ACIII drives cAMP signal-
ing. Because mutations or genetic loss 
of ADCY3, which encodes ACIII, causes 
monogenic severe obesity and increases 
the risk for type 2 diabetes, cAMP likely 
plays a key role in developing disease. (11, 
12). Indeed, obesity and type 2 diabetes 
have been attributed to ACIII function in 
neurons, in particular to its ciliary localiza-
tion and function (13).

Modeling BBS mutations in 
patient-derived neurons
To investigate the impact of BBS mutations 
in a human model system, Wang et al. (14) 
generated neurons from induced pluripo-
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parison of the gene expression profile of 
hypothalamic neurons, generated from 
a patient-derived iPSC line with a BBS1 
mutation and from isogenic control cells, 
using single-cell RNA sequencing revealed 
a number of signaling pathways that were 
downregulated in specific subclusters, i.e., 
pathways controlling axon guidance as 
well as insulin, leptin, and cAMP signaling 
pathways. The authors then used fibro-
blasts, neuronal progenitors, and generic 
and hypothalamic neurons to demonstrate 

ly corresponds to neurons in the prenatal 
brain (15), these results suggest that BBS 
proteins play an important role in neuro-
nal development processes that are likely 
to influence the anatomical organiza-
tion and function of neurons in later life. 
Importantly, Wang et al. (14) succeeded 
in generating hypothalamic arcuate-like 
neurons from patient-derived iPSCs, thus 
establishing an in vitro model to study the 
effects of BBS mutations specifically in 
human POMC and AgRP neurons. Com-

tent stem cells (iPSCs) derived from fibro-
blasts of patients with mutations in BBS1 
or BBS10 (Figure 1C). In generic iPSC- 
derived human neurons, BBS mutations 
led to morphological defects, such as 
reduced neurite length and number as 
well as increased length of primary cilia. 
In addition, ciliary signaling pathways, 
such as SHH and Wnt signaling, were 
impaired in patient-derived neurons (14). 
Because the developmental maturity 
stage of iPSC-derived neurons general-

Figure 1. Bardet-Biedl syndrome proteins control primary cilia function in hypothalamic neurons. (A) In the brain, the arcuate nucleus of the hypothal-
amus is central for controlling energy homeostasis in the body. Here, the interplay of proopiomelanocortin (POMC) and Agouti-related protein (AgRP) 
neurons, which require primary cilia for their normal function, regulates food intake. (B) Primary cilia originate from the basal body, a modified mother cen-
triole, which is part of the centrosome. The basal body serves as a nucleation site for microtubules, which form the core structure of all cilia, the axoneme. 
Along the axoneme, the intraflagellar transport (IFT) machinery transports proteins anterogradely to the ciliary tip or retrogradely to the ciliary base via 
the molecular motors kinesin-2 and dynein-2, respectively. The transition zone at the ciliary base prevents free diffusion of proteins from the cell body into 
the cilium. The BBSome is a central component, which, together with the IFT, regulates the protein content in the cilium. (C) Wang et al. (14) differentiated 
generic neurons as well as POMC and AgRP neurons from BBS and non-BBS patient–derived iPSCs (via fibroblasts). Using this human in vitro system, the 
authors uncovered the effect of mutations in BBSome-encoding genes on neuronal differentiation and on the central signaling pathways regulating the 
function of POMC and AgRP neurons in energy homeostasis. Arrows indicate decrease or increase. Note that some aspects were only investigated in cells 
with BBS1 (blue arrows) or BBS10 (red arrows) mutations.
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of developing POMC neurons (19, 20). In 
BBS patients, MRI scans show anatomi-
cal abnormalities in several brain regions, 
including hypoplasia of the hypothala-
mus, further suggesting that mutations 
in BBS genes alter processes crucial for 
normal brain development (21). However, 
the effect of loss of function in BBSome- 
encoding genes on hypothalamic develop-
ment has not yet been fully addressed.

Studying ciliopathies in human 
cell and organoid models
In the last decade, there has been an enor-
mous advance in establishing 3D models 
of various human brain regions. These 
so-called organoids partially recapitulate 
early developmental processes. Recent 
studies have established hypothalamic 
organoids, containing a range of hypo-
thalamic neurons, including POMC and/
or AgRP neurons (22, 23). One of these 
studies even generated 3D structures of 
the hypothalamus in association with the 
anterior pituitary (22). While these 3D in 
vitro models do not show a clear organiza-
tion into the various hypothalamic nuclei, 
they still open the possibility to study the 
effect of mutations in BBSome-encoding 
genes on the assembly and generation of 
the hypothalamic-pituitary axis, and on 
the differentiation mechanisms of arcuate 
nucleus neurons.

Another syndromic ciliopathy that 
resembles BBS and displays obesity is 
Alström syndrome (AS). AS is due to muta-
tions in ALMS1 (24). The ALMS1 protein is 
part of the centrosome, which is important 
for primary cilia, as cilia originate from 
the basal body, a modified mother centri-
ole that is part of the centrosome (Figure 
1). ALMS1-mutant mice are hyperphagic, 
indicating that defects in hypothalamic 
neurons are involved in the development 
of obesity in AS. Recently, iPSCs carrying 
ALMS1 mutations have been generated 
(25). To reveal mechanistic insights about 
the common denominators underlying 
neuronal dysfunction in the hypothalamus 
in BBS and AS, iPSC-derived human neu-
rons, combined with 2D and 3D cultures, 
will likely be the future.
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that both insulin and leptin signaling path-
ways were indeed impaired in cells carrying 
a BBS mutation (Figure 1C). These deficits 
could be restored by expressing wild-type 
BBS protein or by correcting the mutation 
using CRISPR/Cas. Taken together, these 
results point toward the BBSome playing 
a role in neuronal development and in the 
regulation of neuronal signaling pathways 
crucial for energy homeostasis (14).

Is obesity in BBS caused by 
ciliary dysfunction?
The importance of primary cilia in regu-
lating energy homeostasis in the brain by 
controlling food intake has been demon-
strated in a number of studies (reviewed 
in ref. 16), suggesting that ciliary dysfunc-
tion is the primary cause of obesity in BBS. 
However, although the BBSome is well 
recognized for its ciliary function, it also 
regulates protein trafficking to the plasma 
membrane. Among those proteins are the 
leptin receptor, the insulin receptor, and 
the serotonin 5-HT2C receptor (9, 10, 17). 
Thus, when analyzing the pathophysiology 
of BBS, ciliary versus nonciliary pheno-
types have to be carefully dissected. Strik-
ingly, leptin, insulin, and 5 HT2C receptors, 
whose localization is controlled by BBS 
proteins outside the cilium, are also key 
players in the regulation of energy homeo-
stasis. Whether BBSome dysfunction also 
contributes to impaired receptor traffick-
ing to the plasma membrane associated 
with common obesity has to be investi-
gated in future studies. Another point that 
should be explored further is whether cili-
ary dysfunction affects energy homeosta-
sis and function of hypothalamic neurons 
directly and/or during neuronal devel-
opment. Induction and patterning of the 
hypothalamus are controlled by SHH and 
Wnt signaling, which are dependent on 
primary cilia (18). Evidence that points to 
developmental defects as a primary cause 
stems from mouse models, in which ciliary 
function was abolished in POMC neurons 
either in the developing or in the adult 
brain. Strikingly, mice stayed lean when 
ciliary function was abolished in adult 
POMC neurons, but became obese when 
ciliary function was inhibited during devel-
opment. This was accompanied by altered 
neurogenesis and differentiation, which 
reduced the complexity of neuronal mor-
phology and changed axonal projections 
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