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A primary cilium, a hair-like protrusion of the plasma
membrane, is a pivotal organelle for sensing external
environmental signals and transducing intracellular signaling.
An interesting linkage between cilia and obesity has been
revealed by studies of the human genetic ciliopathies Bardet-
Biedl syndrome and Alstrém syndrome, in which obesity is a
principal manifestation. Mouse models of cell type-specific
cilia dysgenesis have subsequently demonstrated that ciliary
defects restricted to specific hypothalamic neurons are
sufficient to induce obesity and hyperphagia. A potential
mechanism underlying hypothalamic neuron cilia-related
obesity is impaired ciliary localization of G protein-coupled
receptors involved in the regulation of appetite and energy
metabolism. A well-studied example of this is melanocortin 4
receptor (MC4R), mutations in which are the most common
cause of human monogenic obesity. In the paraventricular
hypothalamus neurons, a blockade of ciliary trafficking of
MCA4R as well as its downstream ciliary signaling leads to
hyperphagia and weight gain. Another potential mechanism
is reduced leptin signaling in hypothalamic neurons with
defective cilia. Leptin receptors traffic to the periciliary area
upon leptin stimulation. Moreover, defects in cilia formation
hamper leptin signaling and actions in both developing and
differentiated hypothalamic neurons. The list of obesity-
linked ciliary proteins is expending and this supports a tight
association between cilia and obesity. This article provides
a brief review on the mechanism of how ciliary defects in
hypothalamic neurons facilitate obesity.
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INTRODUCTION

Primary cilia are non-motile hair-like structures extruding
from the cell surfaces that comprise a 9+0 tubulin-based
cytoskeleton core called axoneme and a specialized plasma
membrane covering the axoneme (Singla and Reiter, 2006).
Primary cilia are assembled from a basal body derived from
the mother centriole during the GO or G1 phase of the cell
cycle (Sanchez and Dynlacht, 2016). For cilia growth, ciliary
membranes and axonemal proteins are synthesized in the
cytoplasmic endoplasmic reticulum-Golgi and transported to
the basal body area and then to the ciliary tip. The transport
of ciliary proteins is mediated by the intraflagellar transport
(IFT) machinery, which is composed of motor proteins (kine-
sin or dynein) and cargo IFT proteins (Ishikawa and Marshall,
2011; Rosenbaum and Witman, 2002).

Ciliary membranes express a number of signaling recep-
tors, especially G protein-coupled receptors (GPCRs), and
signaling molecules as well as ion channels, which is compat-
ible with their functioning as a sensory organelle (Anvarian
et al., 2019; Schou et al., 2015). Moreover, the primary cilia
in epithelial cells and sensory neurons play an indispensable
role in sensing external environments, including light, sound,
olfactory signals, chemicals, temperature, mechanical force,
flow of body fluids, and among others (Berbari et al., 2009;
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Singla and Reiter, 2006). Furthermore, primary cilia serve as
a platform for cellular signal transduction. Multiple signal-
ing pathways (such as sonic hedgehog, Wnt, PDGF, LKB1-
AMPK, autophagy, etc.) are transduced via the primary cilia
or are modulated by them (Anvarian et al., 2019; Aznar and
Billaud, 2010; Pampliega et al., 2013; Song et al., 2018). A
substantial body of evidence now indicates that ciliary de-
fects are closely linked to the development of various causes
of obesity. Here, we briefly illustrate how defects in cilia or
cilia-related molecules promote obesity, with an emphasis on
the central mechanisms involved.

OBESITY IN HUMAN GENETIC CILIOPATHY

The association between primary cilia and obesity stems from
observations in human genetic ciliopathies such as the Bar-
det-Bied| syndrome (BBS) and Alstrém syndrome (ALMS). BBS
patients commonly manifest obesity along with intellectual
impairment, renal abnormalities, polydactyly, retinal degener-
ation, and hypogenitalism (Forsythe and Beales, 2013). These
patients are typically born with a normal weight but 90% of
cases rapidly gain weight in the first year of life. In addition,
type 2 diabetes affects about 45% of BBS patients. To date,
mutations in more than 20 genes (BBS1BBS22) have been
linked to BBS (Pomeroy et al., 2021). Consistently, Bbs2”,
Bbs4”, and Bbs6” mice develop obesity (Rahmouni et al.,
2008).

The molecular basis for the onset of obesity in BBS has
been the subject of considerable study. A protein complex
comprising BBS proteins, the BBSome, has been shown to
work as an adaptor of the IFT complex (Liu and Lechtreck,
2018), and it has been suggested that BBS proteins may
also mediate the ciliary transport/localization of molecules
that are critical for body weight control. In this event, any
defects in BBS proteins would likely impair the cilia-mediated
functions of those molecules. A promising candidate as a
cilia-related body weight regulator is neuropeptide Y recep-
tor type 2 (Y2R), a known receptor of the gut-released an-
orexigenic peptide PYY3-36 and that localized on the cilia of
hypothalamic neurons (Loktev and Jackson, 2013). Bbip10”
mice, which have a defective BBSome structure, display a
decreased ciliary localization of Y2R, blunted anorexigenic
effects of PYY3-36, and weight gain (Loktev and Jackson,
2013). Another candidate is the melanin concentrating
hormone receptor 1 (MCHR1), which binds the orexigenic
neuropeptide MCH (Qu et al., 1996). MCHR1 is also localized
on hypothalamic neuron cilia (Berbari et al., 2008). In Bbs2-
and Bbs4-depleted cells, MCHR1 fails to localize to the cilia
and instead accumulates in cytoplasmic puncta (Berbari et
al., 2008). Hence, BBS mutations may hamper the functions
of MCHR1 that take place on the cilia. However, the contri-
bution of abnormal MCHR1 signaling to ciliopathy-related
obesity is uncertain as Mchr1” mice exhibit a lean phenotype
(Shimada et al., 1998). The association between BBS proteins
and leptin signaling has drawn interest from many research-
ers (Berbari et al., 2013; Guo et al., 2016; Rahmouni et al.,
2008; Seo et al., 2009) and will be discussed below in the
section entitled “Cilia and BBS proteins in hypothalamic leptin
signaling”.
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ALMS is a rare autosomal recessive disorder caused by
ALMS gene mutations and is characterized by vision and
hearing abnormalities, childhood obesity and type 2 diabe-
tes mellitus, hypogonadism, and slowly progressive kidney
dysfunction (Alvarez-Satta et al., 2015). AlmsT mutant mice
recapitulated the metabolic phenotype of ALMS (obesity,
adipocyte hypertrophy, insulin resistance and hyperglycemia)
(Collin et al., 2005), which was found to be rescued by reac-
tivation of the Alms gene in adipocytes (Kang, 2021). ALMS1
localizes to the centriole and ciliary/basal body protein and is
thought to regulate adipocyte differentiation and metabo-
lism (Hearn et al., 2005). Interestingly, localization of ALMS1
at the base of cilia is also found in hypothalamic neurons.
Moreover, Alms1 mutant mouse exhibits a significant loss
of primary cilia in the hypothalamus (Heydet et al., 2013).
Therefore, ALMS1 may regulate body weight through its ac-
tion on hypothalamic neuron cilia.

Other obesity-linked monogenic ciliopathies include a
syndrome of mental retardation, truncal obesity, retinal dys-
trophy and micropenis (MORM) induced by ciliary lipid phos-
phatase inositol polyphosphate-5-phosphatase E (INPP5E)
mutations (Jacoby et al., 2009), and a syndrome of morbid
obesity and spermatogenic failure (MOSPGF) caused by a ho-
mozygous mutation in CEP19 (Shalata et al., 2013). CEP19
localizes to the basal body to facilitate ciliogenesis and medi-
ate the ciliary trafficking of GPCRs. Cep19” mice recapitulat-
ed these human phenotypes, including hyperphagia and an
increased fat mass (Shalata et al., 2013).

HYPOTHALAMIC NEURONAL CILIA AND OBESITY

Almost every cell type contains primary cilia that manifest
either transiently or permanently. An important question
that arose from this was the nature of the cell types that
played a major role in defective cilia-induced obesity. The
answer subsequently came from mouse models of defective
ciliogenesis that were generated by knocking out genes en-
coding IFT components (/ft88 and Kif3a) (Lechtreck, 2015;
Lee et al., 2020). In these experimental mice, the adult-onset
global ablation of Ift88/Tg737 or Kif3a led to increase in food
intake, body weight, fat mass, hepatic lipid accumulation,
and also elevated blood glucose and insulin levels (Davenport
et al., 2007). In these animal models, increased food intake
appeared to be a major driver of obesity as inhibition of hy-
perphagia by pair-feeding to wild type mice blunted their
obesity phenotype (Davenport et al., 2007). As food intake is
known to be regulated by the neurons in the central nervous
system (CNS), the neuron-specific cilia dysgenesis model was
generated to reproduce the hyperphagic obesity phenotype
(Davenport et al., 2007). Based on these data, it has been
proposed that abnormal cilia formation in CNS neurons may
lead to obesity development.

The hypothalamus, particularly the hypothalamic arcuate
nucleus (ARH), is a critical area with regard to the regula-
tion of food intake and energy balance (Roh et al., 2016).
Proopiomelanocortin (POMC) neurons in this area represent
the neurons with anti-obesity actions (Morton et al., 2006;
Schwartz et al., 2000). POMC neurons release o-melanocyte
stimulating hormone («MSH) which suppresses food intake



through agonistic activity at the melanocortin 4 receptor
(MC4R) (Ollmann et al., 1997). A POMC neuron-specific
inhibition of ciliogenesis was reported to cause obesity when
it was introduced during the mid-embryonic and early post-
natal periods whereas it did not alter body weight when
introduced in adulthood (Lee et al., 2020). In terms of the
mechanism, the absence of functioning cilia in developing
POMC neurons impairs embryonic neurogenesis and post-
natal circuit organization, suggesting a critical role of primary
cilia in the normal development of these neurons. The ven-
tromedial hypothalamus (VMH) is another important area for
body weight control. Mice with cilia dysgenesis in VMH ste-
roidogenic factor-1 (SF1)-expressing neurons also acquire the
obesity phenotype owing to an increase in food intake and
a decrease in energy expenditure and brown adipose tissue
thermogenesis (Sun et al., 2021). The hypothalamic para-
ventricular nucleus (PVH) also has a critical involvement in
the regulation of both body weight and food intake (Roh et
al., 2016). Loss of cilia in the MC4R-expressing PVH neurons
causes obesity, hyperphagia, and increased body lengths (Sil-
jee etal., 2018). Hence, studies using mouse models of ciliary
dysgenesis have demonstrated that defective ciliogenesis in
specific hypothalamic neuronal populations causes obesity
and hyperphagia.

Conversely, obesity by itself appears to influence cilia for-
mation in hypothalamic neurons. In adulthood, most of these
neurons are terminally differentiated and have a single pri-
mary cilium on the soma surface. Hypothalamic cilia lengths
vary from less than 2 um to more than 10 um, with average
lengths of 5-6 um (Han et al.,, 2014). Notably, the hypotha-
lamic cilia lengths are shorter in obese conditions, with the
lengths in the ARH and VMH found to be 30% shorter in
obese mice than in age-matched lean controls (Han et al.,
2014). More interestingly, maternal HFD feeding during the
lactation period dampens ciliogenesis in the offspring’s hypo-
thalamus (Lee et al., 2020). The obesity-associated short cilia
phenotype appears to be related to reduced leptin signaling.
In terms of the molecular mechanism, leptin promotes cilia
growth in hypothalamic neurons via the PTEN/GSK3p signal-
ing-dependent stimulation of IFT protein transcription and
actin depolymerization, both of which are critical steps in
ciliogenesis (Han et al., 2014; Kang et al., 2015). An obesi-
ty-associated short cilia phenotype has not been observed in
other brain areas (Han et al., 2014, Lee et al., 2020). Taken
together, a bidirectional regulatory process exists between
ciliogenesis and obesity in hypothalamic neurons.

CILIA AND BBS PROTEINS IN HYPOTHALAMIC LEPTIN
SIGNALING

Leptin is the most important hormone for preventing obesity
and is released by the white adipose tissue in proportion to
the fat mass (Frederich et al., 1995). Leptin controls food
intake and energy expenditure by acting on the hypothal-
amus (Halaas et al., 1995). In hypothalamic leptin-target
neurons, leptin exerts its signaling effects through the leptin
receptor (LepRb) and via downstream signaling pathways
including JAK2-STAT3 (Kwon et al., 2016). Several lines of
evidence have confirmed that functional cilia are necessary
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for leptin signaling in the hypothalamus. The acute inhibition
of ciliogenesis in the mediobasal hypothalamus in adult mice
through the microinjection of small inhibitory RNAs specific
to Kif3a and Ift88 was shown to mitigate the effects of leptin
administration on food intake and energy expenditure, as
well as on STAT3 activation (Han et al., 2014). Mice lacking
cilia in SF1 neurons were reported to display increased blood
leptin levels (hyperleptinemia), indicative of leptin resistance,
and a blunted anorectic response and reduced STAT3 signal-
ing upon leptin injection (Sun et al., 2021). We have also re-
cently reported that the leptin-promoted circuit organization
of POMC neurons is dependent on primary cilia (Lee et al.,
2020).

Determining the mechanism by which the primary cilia
transduce leptin signaling in hypothalamic neurons was the
core aim of many studies. The ciliary localization of LepRb
has not been demonstrated yet and this receptor has only so
far been detected around the basal body at the base of the
cilium (Han et al., 2014, Stratigopoulos et al., 2014). Hence,
leptin signal transduction has been speculated to take place
in the periciliary area rather than on the cilium itself. Intrigu-
ingly, leptin treatments have been found to trigger the peri-
ciliary trafficking of LepRb and the inhibition of this process
may disrupt leptin signaling (Stratigopoulos et al., 2014). For
example, retinitis pigmentosa GTPase regulator-interacting
protein-1 like (RPGLIP1L), a ciliary transition zone protein,
was reported to mediate the periciliary trafficking of LepRb
(Fig. 1A). Rpgrip 11" mice showed impaired localization of
LepRb near the basal area of the cilium in the hypothalamic
neurons, reduced leptin responses, increased fat mass and
hyperphagia. In humans, single nucleotide polymorphisms
(SNPs) in the first intron of the fat mass and obesity-asso-
ciated (FTO) gene are closely associated with an increased
risk of common obesity (Loos and Yeo, 2014). Interestingly
in this regard, RPGLIP1L is a vicinal gene of FTO, and the
expression of both genes is coregulated by an overlapping
promoter region in the first intron of FTO (Stratigopoulos et
al., 2016). Human subjects carrying obesity-related FTO SNPs
(rs8050136, rs1421085) show reduced RPGRIP1LI and FTO
expression (Stratigopoulos et al., 2016). It is thus plausible
that the development of obesity in FTO SNP carriers may be
attributable to a reduced RPGRIP1L expression and the resul-
tant impaired periciliary trafficking of LepRb in the hypotha-
lamic neurons.

The relationship between BBS proteins and leptin signal-
ing has also been studied by several research groups but the
results seem to be somewhat contradictory. Bbs2”, Bbs4 ™",
and Bbs6” mice and neuronal Bbs1-deficient mice show
hyperleptinemia and blunted leptin responses (Rahmouni et
al., 2008). It was thus suggested that impaired hypothalamic
leptin signaling contributes to the development of obesity in
BBS mouse models. In sharp contrast, other groups have re-
ported that Bbs4” and Bbs6” mice show a normal leptin re-
sponse under pre-obese and food-restricted conditions (Ber-
bari et al., 2013). They contended that the leptin resistance
observed in obese Bbs4” and Bbs6” mice is secondary, rather
than a cause of, obesity. Another recent study has demon-
strated that a knockdown of Bbs1 and Bbs2 reduces LepRb
trafficking to the plasma membrane (Guo et al., 2016). This
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Fig. 1. Several models of cilia and cilia-related molecules in the hypothalamic neurons. (A) Leptin signaling and cilia. In the
hypothalamic neurons, functioning leptin receptors (LepRb) traffic to the periciliary area upon leptin stimulation and this process is
mediated by the ciliary transition zone protein RPGRIP1L. The leptin-LepRb complex then undergoes endocytosis to stimulate STAT3-
medited transcriptional regulation. Leptin also promotes to lysosomal proteolysis and axonal projection via cilia-dependent mechanisms. (B)
MC4R signaling and cilia. The human monogenic obesity gene MC4R localizes at the cilia of hypothalamic PVH neurons. Ciliary adenylyl
cyclase 3 (ADCY3)-cAMP signaling is critical for MC4R signaling as its blockade induces hyperphagia and weight gain. (C) BBSome/
TUB and cilia. The obesity-related genes BBSome and TUB engage in the ciliary trafficking of GPCRs implicated in the control of feeding
behavior and energy metabolism. (D) ANKRD26 and ciliary gating. The cilia transition fiber protein ANKRD26 allows the ciliary gating of
GPCRs. ANKRD26 comprises this gate with TALPID3 and FBF1 and this gating complex facilitates ciliary GPCR import. A lack of Ankrd26
induces severe obesity and hyperphagia due to the reduced ciliary expression of MC4R and other GPCRs.

effect seemed to be cilia-independent as an /ft88 knockdown
did not affect this trafficking. The crucial and cilia-indepen-
dent role of BBS1 in leptin signaling was further reinforced
by findings that a depletion of Bbs1 in LepRb-expressing
neurons caused severe obesity, hyperphagia and leptin resis-
tance, whereas cilia dysgenesis in the same neural population
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induced mild obesity without hyperphagia or leptin resistance
(Guoetal., 2016).

In addition to LepRb, BBS1 also mediates the transport
of the serotonin receptor 5-HT,. to the plasma membrane,
especially in POMC neurons (Guo et al., 2019). Hence,
Bbs1-depleted cells showed attenuated 5-HT,¢ expression on



the cell surface and reduced 5-HT,c signaling in response to
the appetite-suppressing drug lorcaserin, a 5-HT,¢ agonist.
Moreover, Bbs1 deletion in both hypothalamic POMC and
AgRP neurons leads to obesity, indicating the importance of
the BBSome in these neurons in weight control (Guo et al.,
2019). Further studies are needed to clarify the relative con-
tribution of the cilia-related and -unrelated roles of BBSome
in body weight maintenance.

OTHER OBESITY-LINKED CILIARY PROTEINS

AC3/ADCY3, encoded by the Adcy3 gene, is a cilia-abundant
subtype of adenylyl cyclase that serves as a critical down-
stream effector of Gs-coupled GPCRs by producing cAMP
(Qiu et al., 2016). AC3 immunostaining is commonly used for
probing hypothalamic neuron cilia (Han et al., 2014, Wang
et al, 2009; 2011). Human genetic studies have revealed a
strong association between ADCY3 genetic variations and
obesity in both adults and children (Grarup et al., 2018; Ster-
giakouli et al., 2014). Moreover, a recent study has reported
homozygous loss-of-function mutations in the ADCY3 gene
in 4 consanguineous Pakistani families with severe mono-
genic obesity and compound-heterozygous mutations of
this gene in a severely obese child of European-American de-
scent (Saeed et al., 2018). Consistently, Adcy3” mice exhibit
adult-onset severe obesity, with the adult males found to be
about 40% heavier than their wild type counterparts, and
the females 70% heavier. Obesity in this animal model was
shown to be related to increased food intake and decreased
locomotor activity (Wang et al., 2009). Another study
demonstrated that mice with an Adcy3 haploinsufficiency are
prone to diet-induced obesity with no change in food intake
and reduced thermogenesis (Tong et al., 2016).

In line with the aforementioned evidence, a gain-of-func-
tion mutation in Adcy3 was shown to induce resistance to
diet-induced obesity in mice (Pitman et al., 2014). AC3 is
highly expressed in the hypothalamic regions involved in body
weight control, whereas brown and white adipose tissues
have little AC3 expression (Wang et al., 2009). Adcy3” mice
show reduced adenylyl cyclase activity in the hypothalamus
but this activity is normal in the adipose tissue (Wang et al.,
2009). These findings suggest that the adequate expression
of AC3 in the hypothalamus is crucial for preventing obesi-
ty. In support of this notion, the viral-mediated depletion of
Adcy3 in the mouse VMH was reported to cause increased
fat mass and hyperphagia (Cao et al., 2016). Another study
found that the lack of Adcy3 did not induce structural chang-
es in the primary cilia (Wang et al., 2009) and it may there-
fore specifically disrupt GPCR-cAMP signaling in the cilia.

MC4R is a G,-coupled GPCR that is critically linked to body
weight homeostasis in mammals (Krashes et al., 2016).
MC4R mutations are the most common cause (3%-5%) of
monogenic obesity in humans (Bromberg et al., 2009; Lubra-
no-Berthelier et al., 2006; Siljee et al., 2018). A recent report
has identified MC4R as an AC3-interacting receptor at the
primary cilium (Siljee et al., 2018; Wang et al., 2021). In the
PVH neurons, MC4R colocalizes with AC3 at the cilium and
this ability is markedly reduced in human obesity-associated
MC4R mutants (p.P230L and p.R236C) (Siljee et al., 2018)
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(Fig. 1B). Moreover, food intake and body weight gain are
increased when ciliary AC3 signaling is inhibited by the over-
expression of ciliary G-coupled GPCR GPR88 in either Sim1-
or MC4R-expressing PVH neurons (Siljee et al., 2018). MC4R
agonist (MTIl)-induced anorexia is largely dependent on cilia
and ciliary AC3 signaling in PVH neurons (Wang et al., 2021).
These findings have provided important molecular insights
into the intimate association among MC4R, cilia-mediated
signaling, and obesity.

TUB, a tubby homolog in human, is a member of the tub-
by-like protein (TULP) family that is predominantly expressed
in neurons (He et al., 2000). Tubby mice with naturally-oc-
curring Tub mutations display maturity-onset obesity, insulin
resistance and sensory deficits which resemble the BBS and
ALMS phenotypes in human (Noben-Trauth et al., 1996).
A loss of Tub disrupts the ciliary transport of specific GPCRs
such as rhodopsin, Mchr1 and Sstr3 (Fig. 1C). However, it
was found not to induce generalized defects in ciliogenesis
or protein trafficking (Sun et al., 2012). Polymorphisms in
TUB were shown previously to be associated with the body
mass index and carbohydrate intake in middle-aged women
(van Vliet-Ostaptchouk et al., 2008). Moreover, homozygous
mutations in TUB were found to be associated with retinal
dystrophy and obesity syndrome in humans (Borman et al.,
2014). TUB is also expressed in adipose tissue and its reduced
expression in the adipose tissue of severely-obese human
subjects has been described (Nies et al., 2018).

The ankyrin repeat domain 26 (ANKRD26) protein is lo-
calized in the ciliary transition fibers (Yan et al., 2020) and
its gene is located on chromosome 10p12, a locus that has
been associated with the genetic form of obesity in humans
(Dong et al., 2005). In line with this, Ankrd26” mice present
with hyperphagia, severe obesity, gigantism and elevated
serum leptin levels (Bera et al., 2008). Ankrd26 was widely
expressed in the brain areas with robust expression in the
ARH and PVH and brainstem solitary tract nucleus (NTS) (Acs
etal, 2015), all of which is critically related of feeding regula-
tion. Hyperphagia and obesity in Ankrd26” mice were related
to a reduction in MC4R expression and other ciliary GPCRs
such as MCHR1 and SSTR3 especially in the PVH whereas
they showed normal leptin signaling in the ARH neurons. In-
terestingly, a recent paper has shown that in Caenorhabditis
elegans and mammalian cells, an interaction of ANKRD26
and Joubert syndrome protein TALPID3 is critical for the re-
cruitment of FBF1 to the transition fiber which functions like
a gate of dilia (Yan et al., 2020) (Fig. 1D). Therefore, obesity
in Ankrd26-deficient mice might be caused by abnormal cilia
gating function and aberrant ciliary import of GPCRs impli-
cated in body weight control. In contrast to ANKRD26, neu-
ron-specific Talpid3 depletion does not cause obesity (Bash-
ford and Subramanian, 2019). Therefore, there might be a
differential role of ANKRD26 and TALPID3 in the cilia-related
functions in different types of neurons.

CLOSING REMARKS

Accumulated evidence supports that cilia—mediated signaling
in specific hypothalamic neuronal populations is critical for
the maintenance of energy balance and normal body weight.
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To date, the proposed role of the primary cilia is to provide a
signaling platform for neuropeptides that control the energy
balance and feeding behaviors. The current cilia-localized
candidate receptors are MC4R, NPY2R, NPY5R, MCHRT1,
SSTR3, 5HT6, dopamine receptor 1 (D1), and others. The
relationship between MC4R and the primary cilia is well-stud-
ied in relation to human obesity whereas the physiological
and biological roles of other ciliary receptors remain to be
elucidated. Moreover, the downstream pathways from cilia
signaling that modulate neuronal functions and activity are
largely unknown. As adult-induced ablation of cilia in PVH
neurons causes slow-onset changes in food intake and body
weight (Wang et al., 2021), these effects may require slow-
ly-progressive structural changes in neurons and neuronal
circuits. Indeed, in adult-born hippocampal neurons, the cilia
modulate glutamatergic synapse formation via the control of
dendrite refinement and thereby affect memory formation
(Kumamoto et al., 2012). In addition, primary cilia in stria-
tal interneurons regulate synaptic connectivity (Guo et al.,
2017). Hence, hypothalamic neuronal cilia may regulate the
synaptic integration and neuronal connectivity implicated in
weight control. In line with this, the cilia promote axonal pro-
jection and dendrite formation in developing POMC neurons
by mediating the leptin stimulation of lysosomal proteolysis
(Lee et al., 2020).

Although this review article has principally addressed the
phenomenon of hypothalamic cilia and obesity, adipocytes
transiently express cilia during the early stages of adipogene-
sis, suggesting that the cilia may have some roles in adipocyte
development (Kopinke et al., 2017; Marion et al., 2009; Zhu
et al., 2009). Hence, ciliary defects possibly induce obesity
through adipocyte mechanisms. In conclusion, the primary
cilia in hypothalamic neurons are a tiny but critical organelle
for controlling body fatness and defects in these entities can
predispose both humans and rodents to obesity.
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