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Abstract 

The BBSome, a complex of several Bardet-Biedl syndrome (BBS) proteins including BBS1, has emerged as a critical regulator 
of energy homeostasis. Although the BBSome is best known for its inv olv ement in cilia tr affic king, through a process that 
inv olv e BBS3, it also regulates the localization of cell membrane r ece ptors underl ying meta bolic r egulation. Her e , w e show 

that inducible Bbs1 gene deletion selectively in proopiomelanocortin (POMC) neurons cause a gradual increase in body 
w eight, whic h was associated with higher fat mass. In contr ast, inducib le deletion of Bbs3 gene in POMC neur ons failed to 

affect body weight and adiposity. Inter estingl y, loss of BBS1 in POMC neurons led to glucose intolerance and insulin 

insensiti vity, wher eas BBS3 deficiency in these neur ons is associated with slight impairment in glucose handling, but 
normal insulin sensitivity. BBS1 deficiency altered the plasma membrane localization of serotonin 5-HT2C receptor 
(5-HT 2C R) and ciliary tr affic king of neuropeptide Y2 receptor (NPY 2 R).In contrast, BBS3 deficiency, which disrupted the 
ciliary localization of the BBSome, did not interfere with plasma membrane expression of 5-HT 2C R, but reduced the 
tr affic king of NPY 2 R to cilia. We also show that deficiency in BBS1, but not BBS3, alters mitochondria dynamics and 

decreased total and phosphorylated levels of dynamin-like protein 1 (DRP1) protein. Importantly, rescuing DRP1 activity 
r estor ed mitochondria dynamics and localization of 5-HT 2C R and NPY 2 R in BBS1-deficient cells. The contrasting effects on 

energy and glucose homeostasis evoked by POMC neuron deletion of BBS1 versus BBS3 indicate that BBSome regulation of 
metabolism is not related to its ciliary function in these neurons. 
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he high pr ev alence of obesity is a serious health hazard and
 e pr esents a growing public health concern. 1–3 Strong evidence
oints to the central nervous system in obesity susceptibil-

ty, 4 , 5 which is consistent with the critical role of the brain,
articularl y the hypothalam us, in the r e gulation of body w eight
y inte gr ating the external and internal signals and enact-
ng appropriate and consequential metabolic and behavioral
esponses to maintain energy balance. 6 , 7 Proopiomelanocortin 

POMC) neur ons ar e essential for energy homeostasis due to
heir importance in mediating the effects of various signals. 8 

r oopiomelanocortin pr oducts such as α-melanocyte stim u-
ating hormone , whic h acti v ates the melanocortin 4 r ece ptor
MC4R), have potent and long-lasting anorectic and weight-
educing effects. While several molecules in POMC neurons
ave been identified as playing a key role in the control of
nergy homeostasis, our understanding of the molecular basis
f metabolic regulation by POMC neurons remain incomplete. 

Bardet-Biedl syndrome (BBS) proteins have emerged as
ey components in metabolic control. 9 The requirement of
BS pr oteins for meta bolic homeostasis is supported by the
igh pr ev alence of obesity and other metabolic disturbances

ncluding type 2 diabetes in individuals that lack functional BBS
roteins. 10 , 11 A total of 8 conserved BBS proteins (BBS1, BBS2,
BS4, BBS5, BBS7, BBS8, BBS9, and BBS18) interact together to
orm a complex, termed BBSome. 12 BBSome assemb l y r elies
n another protein complex, referred to as BBS chaperonin
omplex, which contains 3 BBS proteins (BBS6, BBS10, and
BS12). 13 The BBSome is best known for its critical role in the
egulation of cilia function by transporting cargos in and out of
he cilium, an organelle that is present in neurons throughout
he central nervous system including POMC neurons. 14–16 

or instance, the BBSome was found to mediate the ciliary
ocalization of r ece ptors implicated in metabolic regulation
uch as the neur ope ptide Y2 r ece ptor (NPY 2 R). 17 Such findings
ave led to the notion that BBS-associated obesity is caused by

oss of ciliary localization of these receptors. 18 , 19 However, the
BSome has been implicated in many cellular processes not
elated to cilia including the delivery to the plasma membrane
f r ece ptors inv olv ed in the r egulation of energy homeostasis
uch as the serotonin 5-HT2C receptor (5-HT 2C R). 16 , 20 , 21 More
 ecentl y, w e demonstr ated the importance of the BBSome for
he regulation of mitochondria function by modulating the
ctivity of dynamin-like protein 1 (DRP1). 22 

BBS3 (also known as ARL6), a member of the Arf sub-
amily of the Ras superfamily of small GTPases, controls
BSome recruitment to the membrane and its ciliar y entr y
n a GTP-dependent manner. 23–25 Thus, loss of BBS3 interrupt
he ciliary localization of the BBSome. Interestingly, Bbs3 gene
ull mice do not phenocopy many of the features displayed by
BSome-deficient mice. 26 In particular, Bbs3 null mice exhibited
 modest increase in body weight and fat mass whereas mice
acking elements of the BBSome display overt obesity and
ssociated diseases including type 2 diabetes. 11 , 21 , 27 , 28 These
esults suggest that BBSome regulation of body weight and
nergy homeostasis is not related to its function in cilia. In the
urrent study, we used in vivo and in vitro systems to assess the
ffects of disrupting ciliary localization of the BBSome through
eletion of BBS3 compared to disruption of the complex itself
hrough BBS1 deletion. For the in vivo studies, we elected to
arget POMC neurons since the obesity phenotype was largely
ecapitulated by disruption of the BBSome, though constituti v e
bs1 gene a b lation, in these neurons. 16 The use of inducible
OMC 

Cre mouse model allowed us to determine whether the
besity phenotype evoked by congenital BBSome deficiency is
ecapitulated by the disruption of this complex in adult stage. 

aterials and Methods 

ell Culture and Constructs 

e used a CRISPR-Cas9 system to produce cell lines lack-
ng BBS1 or BBS3 gene. Specifically, pSpCas9-BBS1g2 and
SpCas9-BBS3g2 were used to generate the retinal pigment
pithelial RPE1- BBS1 −/ − and RPE1- BBS3 −/ − cells, respec-
i v el y. The guide sequence used for BBS1 is CCTTTGA GCA C-
TTCAGGCG and for BBS3 is GTGTTTGAC ATGTC AGGTC A. Sta b le
lones were selected with blasticidine and indels were identified
y Sanger sequencing. It should be noted that wild-type RPE1
ells deri v ed fr om the same clones as the n ull cells wer e used
s contr ols. Sta b le clones wer e also v erified by Western b lot.
uman NPY 2 R and 5HT 2C R were tagged with a green fluorescent
rotein (GFP) at C-terminus as descripted previously. 16 

ntibodies 

ntibodies used in this study consist of those targeting BBS3
Santa Cruz Biotechnology, Cat# sc-390021), BBS2 (Santa Cruz
iotechnology, Cat# sc-365355 and Proteintech, Cat# 11188-2-
P), acetylated α-tubulin (Santa Cruz Biotechnology, Cat# sc-
3950), ADP ribosylation factor like GTPase 13B (ARL13B, Protein-
ech, Cat# 17711-1-AP), β-actin (Proteintech, Cat# 66009-1-Ig),
PY 2 R (Neuromics, Cat# RA14112), POMC (Phoenix Pharmaceu-

icals, INC, Cat# H-029-30), DRP1 (BD Transduction Laboratories,
at# 611113), and phospho-DRP1 (Ser616, Cell Signaling, Cat#

art/zqad070_gra.eps
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455). For Western blotting, primary antibodies were diluted 

:1000 in 5% bovine serum albumin (BSA). For imm unofluor es- 
ent staining, primary antibodies were diluted 1:250. 

nimals 

ll animal testing was performed based on guidelines set forth 

y the National Institutes of Health and appr ov ed by the Uni v er-
ity of Iowa Animal Care and Use Committee. Mice were housed 

n groups of 3-5 per cage and maintained on 12-h light-dark cycle 
ith lights on at 6 am . Room temperatur e w as maintained at 

2 ◦C. Food and water were available ad libitum except when the 
ice were fasted as indicated below. 

Bbs1 fl/fl mice that carry floxed alleles around exon 3 of 
he Bbs1 gene were generated pr eviousl y. 29 Bbs3 fl/fl mice were 
enerated by inserting LoxP sites around exon 5 of the Bbs3 
ene using an EuMMCR targeting vector (PG00267 Y 7 A07). 
r e-r ecombinase leads to the excision of exon 5. Female 
bs1 fl/fl and Bbs3 fl/fl mice wer e cr ossed with POMC 

CreERT2 mice 30 

provided by Dr. Joel Elmquist, UT Southwestern) to gener- 
te POMC 

CreERT2 /Bbs1 fl/fl and POMC 

CreERT2 /Bbs3 fl/fl mice, respec- 
i v el y. Littermate Bbs1 fl/fl and Bbs3 fl/fl mice were used as 
ontr ols. To la bel POMC neur ons, POMC 

CreERT2 /Bbs1 fl/fl and 

OMC 

CreERT2 /Bbs3 fl/fl mice were further crossed with the ROSA 

Stop 

fl/fl-tdTomato) r e porter transgenic mice (J ackson La bora- 
or y, strain n umbers 007914). Cr e r ecombination r emov es the 
top site, leading to the expression of the fluorescent tdTomato 
rotein in POMC neurons. 

The genotype of the mice was determined by polymerase 
hain r eaction (PCR) anal ysis of tail DNA using the following 
onditions: 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s for
 total of 34 cycles. Primers used for genotyping are provided 

n the Ta b le S1 . To induce Cr e r ecombinase expr ession, 6-wk-
ld POMC 

CreERT2 /Bbs1 fl/fl and POMC 

CreERT2 /Bbs3 fl/fl mice and their 
ittermate controls (Bbs1 fl/fl and Bbs3 fl/fl mice) were adminis- 
rated with 75 mg/kg of tamoxifen for 5 d via intraperitoneal 
IP) injection. In the body weight study, a small subset of male 
OMC 

CreERT2 /Bbs1 fl/fl mice ( n = 4) treated with vehicle (corn oil) 
as used as an additional control. 

alidation of Deletion of Bbs1 and Bbs3 Gene in POMC 

eurons 

ingle cell RNA PCR was used to verify selective Bbs1 and 

bs3 gene deletion in POMC neurons of the hypothalamic arcu- 
te nucleus. A 3-mo-old male POMC 

CreERT2 /Bbs1 fl/fl/ROSA and 

OMC 

CreERT2 /Bbs3 fl/fl/R OSA mice wer e intraperitoneall y injected 

ith tamoxifen (75 mg/kg) for 5 consecuti v e da ys. Ten da ys after
he first tamoxifen injection, mice were sacrificed and perfused 

ith a cold cutting solution containing (in m m ) 92 NMDG, 2.5 
Cl, 1.2 NaH 2 PO 4 , 30 NaHCO 3 , 20 HEPES, 25 glucose, 5 sodium 

scorbate, 2 thiourea, 3 sodium pyruvate, 10 MgSO 4 , and 0.5 
aCl 2 . Retrieved brains were submerged in a chilled and aerated 

95% O 2 , 5% CO 2 ) cutting solution before sections (280 μm) con- 
aining the hypothalamic arcuate nucleus were obtained using 
 vibr atome . Br ain slices w ere tr ansferred to an aerated and
eated (33 ◦C) bath containing the same solution for 15 min. 
ections were then incubated at room temperature for 45 min 

n a holding solution containing (in m m ) 92 NaCl, 2.5 KCl, 1.2 
aH 2 PO 4 , 30 NaHCO 3 , 20 HEPES, 25 glucose, 5 sodium ascor- 
ate, 2 thiourea, 3 sodium pyruvate, 2 MgSO 4 , and 2 CaCl 2 . Slices 
ere next placed in a recording chamber perfused with aerated 

rtificial cerebral spinal fluid containing (in m m ) 124 NaCl, 2.5 
Cl, 1.2 NaH 2 PO 4 , 24 NaHCO 3 , 5 HEPES, 12.5 glucose, 2 MgSO 4 ,
nd 2 CaCl 2 . G � seals on arcuate tdT omato + or tdT omato − cells
ere made with an electrophysiological recording pipette and 

 emov ed fr om the brain slice. Pipette tips containing a single
eur on wer e br oken off into RN A extr action buffer and fur-

her processed for single cell PCR for Bbs1 , Bbs3 , Pomc , and
18 genes according to the man ufactur e’s pr otocol (PicoPur e 
NA Isolation Kit, Thermo Fisher). Ribonucleic acid was col- 

ected with 16 μL elution buffer, then r ev erse transcription 

ere performed in total of 20 μL with Maxima H Minus cDNA 

ynthesis Master Mix Kit from Thermo Scientific according to 
heir instruction. Polymerase chain reaction was performed as 
 steps with 1.5 μL primers, 5 μL cDNA, and 20 μL of Platinum
ot Start PCR 2X Mater Mix fr om Invitr ogen as 94 ◦C for 5 min,
4 cycles for 94 ◦C, 30 s, 58 ◦C for 30 s, and 72 ◦C for 30 s, then
2 ◦C for 3 min. The second ste p w as r e peated same as first
te p exce pt 5 μL of first ste p PCR pr oduct instead of cDNA. The
nal PCR products were separated in 2% agarose gel and image 
as taken under UV light. Primer sequences are provided in the 

a b le S1 . 

nalysis of Body Weight, Adiposity, and Food Intake 

ody weight analysis was performed by weighing mice once 
 week for 20 wk, from weaning. Nuclear magnetic resonance 
NMR, LF50, Bruker minispec) was used to measure body com- 
osition (fat mass and lean mass) in mice. At the end of experi-
ents, mice were sacrificed and various fat pads (interscapular 

r own, perir enal, gonadal, and inguinal fat pads), li v er, and kid-
eys were dissected and weighed. To measure food intake, mice 
ere housed in individual cages. After 3 d of acclimation to indi- 

idual housing, daily and cum ulati v e food intake wer e measur ed
ver a 4-d period at 20 wk of age. 

lucose and Insulin Tolerance Tests 

lucose tolerance test was performed in overnight fasted mice. 
lood samples were taken from the tail to measur e b lood glucose
t baseline before mice were injected with glucose (2 mg/kg body 
 eight, IP, Sigma-Aldric h). To test for the glucose-reducing effect 
f insulin, mice were fasted for 5 h. After determining baseline 
lucose levels, mice were injected with insulin (0.5 unit/kg body 
eight, IP, No vo Nor disk). Blood glucose was measured at 15, 30,

0, and 120 min after injection of glucose or insulin. Blood glu- 
ose levels were determined using a glucometer (OneTouch Ultra 
, LifeScan Inc.). 

ell Transfection, Infection, and Immunofluorescence 

PE1, RPE1- BBS1 −/ −, and RPE1- BBS3 −/ − cells were gown in 

MEM/F12 medium. The cells were seeded in 24 wells with 

lass cover slide the day before transfection. Density of the 
ells was 95% confluent in order to promote cilia formation at 
ransfection. Lipofectamine 3000 transfection r ea gent w as used 

ccording to man ufactur e’s instructions. Forty hours post trans- 
ection, the cells were serum starv ed ov ernight. RPE1- BBS1 −/ −

ells infected with an adeno-associated virus 2/5 expressing the 
ouse Bbs1 gene (AA V - Bbs1 , ∼100 particles/cell) for 48 h were

lso subject to overnight serum starvation. The cells were then 

xed with 4% paraformaldehyde (PFA) for 20 min in room tem- 
er ature , bloc ked with bloc king solution containing 5% normal 
oat serum and 0.1% Triton X-100 in phosphate-buffered saline 
PBS) before incubation with the primary antibody (1:250), at 
 

◦C overnight. The cells were washed with PBS for 10 min, 3
imes followed by incubation with secondary antibody, diluted at 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqad070#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqad070#supplementary-data


4 FUNCTION , 2023, Vol. 5, No. 1 

1  

w  

V  

p
 

l  

t  

f  

t  

c  

e  

s  

a
 

L  

o  

r

B

M  

w  

P  

4  

w  

4  

i  

4  

w  

s
b  

-  

u  

a  

m  

a

M

M
t  

g  

d  

4  

i
p  

8  

w  

(  

f  

m

M
M

C  

g  

i  

b  

r  

w  

i  

s  

i  

p  

S  

3  

f  

w  

m  

a  

U  

c
 

a  

c  

n  

m  

d  

a  

p  

w  

e

W

P  

i  

1  

t  

i  

P  

b  

B  

r  

p  

e  

a  

B

D

T  

u  

m  

p  

P  

c

R

I
C

T  

r  

s  

r  

P  

r  

w  

(  

m  

t  

w  

i  
:2000, in room temperature for 1 h. The cells were washed again
ith PBS for 10 min, 3 times befor e ther e wer e mounted with
ECTASHIELD mounting solution with DAPI (4 ′ ,6-diamidino-2-
henylindole) that stain cell nuclei. 

To test whether rescue of mitochondria dynamic r estor e
ocalization of 5HT 2C R to the plasma membrane and NPY 2 R to
he cilia, RPE1 and RPE1- BBS1 −/ − cells were transiently trans-
ected with 5HT 2C R-YFP or NPY 2 R-GFP. After 6 h transfection,
he cells were infected with FIV-DRP1S637A virus ( ∼100 parti-
les/cell) for 48 h. It is worth noting that the FIV-DRP1S637A
xpresses an shRNA that suppresses endogenous DRP1 expres-
ion. Cells were then processed for cilia staining with the ARL13B
ntibody as a bov e. 

All images were captured using confocal microscopy (Zeiss
SM880). We counted the number of cilia that are NPY 2 R-positive
r -negati v e in each ima ge befor e av era ging the data for each
 e plicate. 

rain Slice Immunostaining 

ice dee pl y anesthetized with ketamine and xylazine
ere perfused with PBS (3 mL/min; 15 mL) followed by 4%

FA/HistoChoice Tissue Fixati v e (Amr esco) in PBS (3 mL/min;
5 mL) using Harvard PHD 22/2000 Syringe Pump. Entire brain
as extracted and incubated in the same fixative overnight at
 

◦C. F ixed br ains w er e w ashed 3 times with PBS and incubated
n 30% sucr ose/PBS ov ernight with 1 change of solution after
-6 h of initial incubation. Br ains w ere vibr atome-sectioned
ith 30 μm thickness. Immunostaining was performed on brain

ections to detect POMC or NPY 2 R as described pr eviousl y 20 

y using a 1:250 dilution of a rabbit polyclonal anti-POMC or
NPY 2 R antibodies. Processed brain sections were mounted
sing VECTASHIELD mounting medium with DAPI. For each
nimal, NPY 2 R co-colocalization with cilia was quantified in
 ultiple confocal ima ges (Zeiss LSM880) befor e calculating the

v era ge for each mouse. 

itochondrial-targeted GFP 

itochondrial morphology was analyzed using mitochondrial- 
argeted GFP (mito-GFP) as described before. 22 Briefly, cells
rown on coverslips precoated with 0.1% gelatin were trans-
uced with adenovirus expressing mito-GFP (MOI 50) for
8 h, fixed in 4% paraformaldehyde and then mounted
n VECTASHIELD mounting medium with 4,6-diamidino-2- 
henylindole (DAPI). Images were acquired using a Zeiss LAM
80 confocal microscope. National Institutes of Health ImageJ
as used for morphometry analysis of length and form factor

length/width) as pr eviousl y r e ported. 22 The parameters for form
actor are set with minimum value of 1 for perfectly circular

itochondria. 

itochondrial Morphometry by Transmission Electron 

icroscopy 

ells were fixed with 2.5% glutaraldehyde (electron microscopy
rade) and 2% paraformaldehyde in PBS and then washed with
ce-cold 0.1 m sodium cacodylate 3 × 10 min on ice followed
y postfixation in 1% osmium tetroxide, 0.8% potassium fer-
ocyanide in 0.1 m sodium cacodylate for 3 h on ice. After 3
ashes in ice-cold ddH 2 O for 10 min each, cells were stained

n 2% uranyl acetate for 2 h before dehydration in an ethanol
eries of ice-cold 20%, 50%, 70%, and 90%, followed by 3 washes
n 100% ethanol at room temperature for 10 min each. Sam-
les w ere infiltr ated in 67% ethanol/33% Dur cupan ACM (Fluka;
igma-Aldrich) for 3 h at room temperature with agitation, then
3% ethanol/67% Durcupan ACM for 3 h at room temperature
ollowed by 3 changes of 100% Durcupan for 8 h each at 22 ◦C
ith agitation. The Dur cupan-infiltr ated cells were then flat-
ounted between 2 mold-release glass slides and polymerized

t 60 ◦C for 2 d. Semithick sections were cut using a Leica EM
C7 ultramicrotome and placed on 50-mesh uncoated copper
lamshell grids. 

The specimens were irradiated for ∼30 min before initiating
 tilt series to limit anisotropic specimen thinning during image
ollection. During data collection, the illumination was held to
ear parallel beam conditions. In each sample, several electron
icr oscopy ima ges wer e captur ed using Hitac hi HT7800 r an-

omly, all at the same magnification. The mitochondrial length
nd form factor wer e measur ed using the ImageJ Fiji area and
erimeter tools. To avoid bias, all the mitochondria in an image
er e measur ed. A total of at least 3 experiments were performed

ac h time . 

estern Blot Assays 

r oteins wer e extracted by homogenizing the cells or tissue
n tissue lysate buffer (50 m m HEPES, pH 7.5, 150 m m NaCl,
 m m MgCl2, 1 m m CaCl2, 10 m m NaF, 5 m m EDTA, 1% Tri-
on, 2 m m sodium orthovanadate, and Roche cocktail protease
nhibitor ta b let). Pr otein samples (20 μg) wer e subjected to SDS
AGE, electr o-transferr ed on a pol yvinylidene fluoride mem-
r ane , then probed with primary antibodies (1:1000) targeting
BS3, DRP1, or phospho-DRP1 followed by a secondary anti-
abbit antibody (1:10 000). The protein membrane was striped to
robe for β-actin, which was used to normalize loading. Protein
xpr ession w as visualized with ECL detection kit (GE healthcar e)
nd imaged with Sapphire Biomolecular Imager from Azure
iosystems. 

a ta Anal ysis 

he data are expressed as means ± SEM. Data were analyzed
sing t- test or 2-way analysis of variance (ANOVA) with repeated
easures. When ANOVA reached significance, a post-hoc com-

arison was made using Fisher’s test or Tukey’s test. GraphPad
RISM 9.1.0 was used for statistical analysis. A P < .05 v alue w as
onsider ed statisticall y significant. 

esults 

nducible Loss of the Bbs1 Gene in POMC Neurons 
auses Obesity 

o investigate the metabolic consequences of adult-onset dis-
uption of POMC neuron BBSome , w e gener ated mice that ena b le
electi v e inducib le deletion of the Bbs1 gene in POMC neu-
 ons by br eeding mice expr essing tamoxifen-inducib le Cr e in
OMC neurons (POMC 

CreERT2 ) with Bbs1 fl/fl mice. To validate Cre
 ecombinase in POMC neur ons, POMC 

CreERT2 mice wer e cr ossed
ith a r e porter mouse model expr essing fluor escent tdTomato

ROSA), in a Cre-dependent manner. First, we confirmed the Cre-
ediated recombination by assessing tdTomato fluor escent pr o-

ein expression 2 wk after POMC 

CreERT2 /ROSA mice were treated
ith tamoxifen ( Figure S1A and B ). It should be noted that

n the forebrain, tdTomato fluorescent protein was expressed

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqad070#supplementary-data
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqad070#supplementary-data
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lmost exclusi v el y in the arcuate n ucleus of the hypothala- 
us, which is consistent with the well-known fact that the 

ast majority of POMC neurons are located in this nucleus. 31 

ext, we verified that tdTomato fluorescent protein mostly co- 
ocalized with POMC ( Figure S1C ) confirming the specificity 
f POMC 

CreERT2 mice. We also used single cell RNA PCR to 
onfirm POMC neuron-specific loss of Bbs1 gene expression 

n POMC 

CreERT2 /Bbs1 fl/fl/R OSA mice ( Figur e S1D ) v alidating our 
tr ate gy and mouse model. 

To determine the consequence of adult-onset Bbs1 gene dele- 
ion in POMC neurons, we assessed the effect of tamoxifen 

reatment on body weight. There was no difference in body 
 eight betw een POMC 

CreERT2 /Bbs1 fl/fl mice and littermate con- 
r ols befor e and during administration of tamoxifen, at 6 wk 
f age ( Figure 1 A and B). However, 4 wk after tamoxifen (10 
k of age), body weight of male mice began to di v erge with 

OMC 

CreERT2 /Bbs1 fl/fl mice gaining more weight than the con- 
rols, with POMC 

CreERT2 /Bbs1 fl/fl mice weighing about 4.4 g more 
han the controls at 20 wk of age ( Figure 1 A and C). Body weight
f female POMC 

CreERT2 /Bbs1 fl/fl mice began to di v erge 6 wk after 
amoxifen treatment (12 wk of age), but ther e w as no statistical 
iffer ence compar ed to contr ols ( Figur e 1 B). Nonetheless, female 
OMC 

CreERT2 /Bbs1 fl/fl mice gained significantly more weight than 

he controls at 20 wk of age ( Figure 1 D). 
It should be noted that no significant difference in body 

eight was observed in male POMC 

CreERT2 /Bbs1 fl/fl mice treated 

ith corn oil r elati v e to contr ol animals tr eated with tamoxifen
 Figure S2A ) indicating that the excess weight gain in tamoxifen 

reated POMC 

CreERT2 /Bbs1 fl/fl mice is not due to the presence of 
he POMC 

CreERT2 tr ansgene . 
The increase in body weight in POMC 

CreERT2 /Bbs1 fl/fl mice was 
ue to an increase in adiposity as indicated by the higher fat 
ass ( Figure 1 E and F) and weight of individual fat pads includ- 

ng brown adipose tissue and inguinal, gonadal, peri-renal white 
dipose tissues ( Figure S2B and C ). Liver mass was also signif- 
cantl y elev ated ( P < .05) in POMC 

CreERT2 /Bbs1 fl/fl mice r elati v e
o controls (females: 1.16 ± 0.04 versus 1.09 ± 0.03 g, males: 
.98 ± 0.12 versus 1.62 ± 0.07 g). However, there was no differ- 
nce in lean mass between POMC 

CreERT2 /Bbs1 fl/fl mice and con- 
r ols ( Figur e 1 G and H), which was further confirmed by the lack
f difference in the weight of the kidneys ( Figure S2B and C ). 
onsistent with the obesity phenotype, both male and female 
OMC 

CreERT2 /Bbs1 fl/fl mice exhibited elevated food intake com- 
ared to their controls ( Figure 1 I and J). 

nducible Loss of the Bbs3 Gene in POMC Neurons Does 
ot Affect Body Weight 

o determine whether inducib le POMC neur on Bbs3 gene dele- 
ion recapitulate the body weight phenotype induced by Bbs1 
ene deficiency, w e gener ated a new mouse model that ena b les 
re-mediated specific deletion of the Bbs3 gene (Bbs3 fl/fl) by 

nserting 2 lox P sequences to flank exon 5 of the Bbs3 gene ( Figure
1E ). Next, we crossed the Bbs3 fl/fl mice with the POMC 

CreERT2 

ice to generate POMC 

CreERT2 /Bbs3 fl/fl mice to allow inducible 
bs3 gene specifically in POMC neurons ( Figure S1D ). 

We assessed how inducible deletion of the Bbs3 gene in 

OMC neurons affect body weight and adiposity. However, 
amoxifen treatment as above (for 5 d at 6 wk of age) caused 

o significant change in body weight in male and female 
OMC 

CreERT2 /Bbs3 fl/fl mice r elati v e to littermate contr ols ( Figur e 
 A-D). Consistent with the unaltered body weight, fat mass and 

ean mass were compara b le between POMC 

CreERT2 /Bbs3 fl/fl mice 
nd controls ( Figure 2 E-H). The weight of various fat pads and
idneys were also not different between the 2 groups of mice 
 Figure S3A and B ). 

ffects of POMC Neuron Bbs1 Versus Bbs3 Gene 
eletion on Glucose Handling and Insulin Sensitivity 

i v en the importance of POMC neurons for the control of 
lucose metabolism and peripheral insulin sensitivity, 32 , 33 we 
sked whether inducible Bbs gene deletion affects glucose 
andling and insulin action. However, no significant change in 

asting blood glucose was noted in POMC 

CreERT2 /Bbs1 fl/fl mice 
male: 89.1 ± 3.8 mg/dL, female: 76.1 ± 2.7 mg/dL) r elati v e to
ontrols (male: 82.9 ± 4.5 mg/dL, female: 66.7 ± 3.1 mg/dL). Next, 
e performed a glucose tolerance test, which r ev ealed that 
oth male and female POMC 

CreERT2 /Bbs1 fl/fl mice have glucose 
ntoler ance . In control mice, following acute glucose challenge, 
lood glucose levels started to decline after peaking at 15- 
0 min and returned to near normal values after 2 h. However, 
n POMC 

CreERT2 /Bbs1 fl/fl mice, after glucose administration, blood 

lucose levels peaked at 30 min and r emained elev ated at 60 min
ndicating reduced glucose excursion from blood ( Figure 3 A and 

). Calculating the area under the curve confirmed the glucose 
ntolerance in POMC 

CreERT2 /Bbs1 fl/fl mice ( Figure 3 C and D). 
To assess insulin’s ability to stimulate glucose mobilization, 

e performed an insulin tolerance test. In control mice, insulin 

reatment caused a robust decrease in blood glucose ( Figure 3 E- 
). The blood glucose lowering effect of insulin was significantly 
ttenuated in POMC 

CreERT2 /Bbs1 fl/fl mice demonstrating the con- 
ribution of Bbs1 gene in POMC neurons to insulin sensitivity. 

Fasting blood glucose was not different in 

OMC 

CreERT2 /Bbs3 fl/fl mice r elati v e to controls (male: P = .3,
emale: P = .1). Inter estingl y and despite the lack of body
 eight phenotype , glucose toler ance test sho ws a trend to war d

mpairment in both male and female POMC 

CreERT2 /Bbs3 fl/fl mice 
hen compared to littermate controls ( Figure 4 A and B). The 

lucose intolerance in POMC 

CreERT2 /Bbs3 fl/fl mice was more 
vident when calculating the area under the curve ( Figure 4 C 

nd D). However, insulin tolerance test r ev ealed no differ ence 
n insulin sensitivity between POMC 

CreERT2 /Bbs3 fl/fl mice and 

ontr ols ( Figur e 4 E-H). Thus, glucose handling and insulin
ensiti vity ar e differ entiall y affected by POMC neur on deletion
f the Bbs1 gene versus Bbs3 gene. 

alidation of BBS1 

−/ − and BBS3 

−/ − RPE1 Cells 

o understand the molecular mechanisms underlying differen- 
ial metabolic effects induced by loss of BBS1 gene versus BBS3 
ene in POMC neurons, we used CRISPR-Cas9 technology to gen- 
rate RPE1 cells that lack these genes indi viduall y. We confirmed 

he absence of BBS3 expression in BBS3 −/ − cells by Western blot 
 F igure S4 ). How ever, the lac k of specific BBS1 antibodies pre-
luded us from confirming the loss of this protein in BBS1 −/ −

ells. Nonetheless, we found that the endogenous BBS2 protein 

ost its ciliary localization in both BBS1 −/ − and BBS3 −/ − cells 
 Figures S5A and S6A-B ) indicating that the tr affic king of the
BSome to cilia is disrupted. Importantl y, ciliar y localization of 
he endogenous BBS2 w as r estor ed in BBS1 −/ − cells infected with
A V - BBS1 ( Figure S6C ) confirming that loss of the endogenous
BS2 protein in cilia of BBS1 −/ − cells is due to BBS1 gene defi-
iency. We further observed that BBS3 protein, which is absent 
n BBS3 −/ − cells locate throughout cilia in control cells, whereas 
t appears as punctate in BBS1 −/ − cells, localizing at the base 
f the cilium ( Figure S5B-C ). Co-staining with γ -tubulin, a basal 
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Figure 1. Pr oopiomelanocortin neur on-specific inducib le Bbs1 gene deletion increases body weight. ( A-B ) Effect of tamoxifen treatment (at 6 wk of age) on body weight 
of male ( A ) and female ( B ) POMC CreERT2 /Bbs1 fl/fl mice and littermate controls (CTL). ( C-D ) Change in body weight (at 20 wk r elati v e to 6 wk of age) in males ( C ) and 

females ( D ). ( E-F ) Fat mass in males ( E ) and females ( F ) at 20 wk of age. ( G - H ) Lean mass in males ( G ) and females ( H ) at 20 wk of age. ( I-J ) Cumulative 5 d food intake 
of males ( I , n = 10-12 animals/group) and females ( J , n = 12-15 animals/group) at 21 wk of age. ∗P < .05 and ∗∗P < .01 versus CTL. 
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ody marker, r ev ealed that in BBS1 −/ − cells, BBS3 did not colo-
alize with γ -tubulin, but was adjacent to it, inside the cilium
 Figure S5D ), likely in the transition zone. Thus, BBS1 deficiency
isrupts ciliary localization of BBS3. 

oss of BBS1, But Not BBS3, Alters Trafficking of 
eceptors T ha t Regula te Metabolic Function 

vidence implicating BBS proteins in the tr affic king of recep-
ors inv olv ed in contr ol of energy homeostasis, such as 5-HT 2C R
nd NPY 2 R, led us to assess how deletion of BBS1 and BBS3
enes affect localization of these r ece ptors. Consistent with
ur previous report, 16 the 5-HT 2C R locates pr edominantl y in the
lasma membrane of control cells with no localization in cilia
 Figure 5 A). Notably, the plasma membrane localization of
HT 2C R w as alter ed in BBS1 −/ −, but not BBS3 −/ − cells. In BBS1 −/ −

ells, the 5HT 2C R appears stuck in the cytoplasm, likely in the
ate endosome. 16 Next, we analyzed the effect of BBS1 versus
BS3 gene deletion on NPY 2 R tr affic king, whic h pr edominantl y

ocalizes to the ciliary membr ane . 16 , 17 In control cells, signifi-
ant amount of NPY 2 R (62% ± 4%) localized in cilia ( Figure 5 B
nd C). Nota b l y, this co-localization was substantially reduced
n BBS3 −/ − cells and absent in BBS1 −/ − cells. 

We also investigated the NPY 2 R localization in POMC neu-
ons of the arcuate nucleus of the hypothalamus in control,
OMC 

CreERT2 /Bbs1 fl/fl mice and POMC 

CreERT2 /Bbs3 fl/fl mice. In con-
rol mice, 33% ± 4% of cilia of POMC neur ons ar e equipped
ith NPY 2 R ( Figure 6 A and B). Inter estingl y, this NPY 2 R/cilia

o-localization was significantly reduced in POMC neurons
f POMC 

CreERT2 /Bbs3 fl/fl mice and absent in POMC neurons of
OMC 

CreERT2 /Bbs1 fl/fl mice. It should be noted that ciliary local-
zation of NPY 2 R in non-POMC cells was not different between
ontrol, POMC 

CreERT2 /Bbs1 fl/fl, and POMC 

CreERT2 /Bbs3 fl/fl mice. In
ontrast, ciliary localization of NPY 2 R was disrupted in POMC
eurons of POMC 

CreERT2 /Bbs1 fl/fl mice. Together, these data indi-
ate that BBS1, but not BBS3, is r equir ed for the tr affic king of key
eta bolic r ece ptors to plasma membrane and cilia. 

bsence of BBS1, But Not BBS3, Affects Mitochondria 

ynamics 

ext, we assessed whether the control of mitochondria by the
BSome depends on its ciliary function. Mitochondrial-targeted
FP-mediated analysis of mitochondrial morphology showed

hat BBS1 gene deficiency caused mitochondria hyperfusion
s indicated by the increased mitochondrial form factor and
ength in BBS1 −/ − cells ( Figure 7 A-C), which is consistent with
ur previous findings. 22 Strikingly, these changes in mitochon-
ria were not recapitulated in BBS3 −/ − cells. The role of DRP1

n mediating mitochondrial alterations in BBS led us to mea-
ur e DRP1 phosphor ylation at Ser616 [pDRP1(Ser616)]. A sig-
ificant decrease in pDRP1(Ser616) was detected in Bbs1 −/ −,
ut not Bbs3 −/ − cells ( Figure 7 D-F). Analysis of mitochondrial
orphology with transmission electron microscopy (TEM) con-

rmed that BBS1 −/ −, but not BBS3 −/ − cells display elongated
itoc hondria ( F igur e 7 G). Mor eov er, infecting BBS1 −/ − cells
ith a DRP1S637A mutant, a mimetic of the dephosphorylated

tate 34 , 35 that rescues the decrease in pDRP1(Ser616) phospho-
 ylation 

22 r ev ersed the c hanges in mitoc hondrial morphology in
BS1 −/ − cells without affecting mitochondria in BBS3 −/ − cells.
hese findings demonstrate that BBSome regulation of mito-
hondria is independent of its ciliary function. 

F inally, w e asked whether the mitoc hondria defects may
xplain the r ece ptor mistr affic king e voked b y BBS1 deficiency.

art/zqad070_f1.eps
https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqad070#supplementary-data
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Figure 2. Proopiomelanocortin (POMC) neuron-specific inducible Bbs3 gene deletion does not alter body weight. ( A-B ) Effect of tamoxifen treatment (at 6 wk of age) on 
body weight of male ( A ) and female ( B ) POMC CreERT2 /Bbs3 fl/fl mice and littermate controls (CTL). ( C-D ) Change in body weight (at 20 wk r elati v e to 6 wk of age) in males 
( C ) and females ( D ). ( E-F ) Fat mass in males ( E ) and females ( F ) at 20 wk of age. ( G - H ) Lean mass in males ( G ) and females ( H ) at 20 wk of age. 
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o test this, we examined the effect of restoring mitochon- 
rial dynamic with DRP1S637A on 5-HT 2C R and NPY 2 R localiza- 
ion in BBS1 −/ − cells. Inter estingl y, 5-HT 2C R localization in the 
lasma membrane was restored in BBS1 −/ − cells infected with 

RP1S637A ( Figur e 8 A). Similarl y, ciliar y localization of NPY 2 R 

 as substantiall y r escued by DRP1S637A in BBS1 −/ − cells ( Figur e 
 B and C). These results point to mitochondrial defects as the 
nderlying cause of receptor mislocalization associated with 

BSome deficiency. 

iscussion 

r oopiomelanocortin neur ons ar e key r egulators of energy 
omeostasis by controlling downstream neurocircuits that pro- 
ote satiety, increase energy expenditure, and contribute to 
eight loss. 8 Here, we demonstrate contrasting metabolic 

ffects e voked b y POMC neuron deletion of a ke y component of 
he BBSome, BBS1, versus BBS3, which mediate the BBSome traf- 
cking to cilia. Loss of the Bbs1 gene in POMC neurons triggered 

 significant increase in body weight and adiposity. In contrast, 
OMC neuron Bbs3 gene deletion failed to affect body weight and 

at mass. Mor eov er, POMC neur on Bbs1 gene deletion caused glu- 
ose intolerance and insulin resistance, whereas loss of the Bbs3 
ene in these same neurons is associated with normal insulin 

ensitivity and mild glucose intoler ance . Interestingly, disrup- 
ion of the BBSome hindered the tr affic king and localization of 
-HT 2C R and NPY 2 R, 2 important r ece ptors for energy balance. 
n the other hand, BBS3 deficiency did not interfere with plasma 
embrane localization of 5-HT 2C R, but reduced the tr affic king 
f NPY 2 R to cilia. Mor eov er, deficiency in the BBSome, but not
BS3, impaired mitochondria dynamics through reduction in 

RP1 activity. Rescuing the diminished DRP1 activity restored 

he proper localization of 5-HT 2C R and NPY 2 R in plasma mem- 
rane and cilia, r especti v el y, in BBSome-deficient cells. These 
ata highlight the importance of the BBSome in POMC neurons 
or control of energy and glucose balance while BBS3 appears 

inimall y inv olv ed in glucose handling. Together, our findings 
ndicate that POMC neuron BBSome regulation of energy home- 
stasis is not linked to its ciliary function. 

The increase in body weight and adiposity by inducible Bbs1 
ene a b lation in POMC neur ons is in line with the effects of con-
tituti v e deletion of this gene in these neurons. 16 This argues 
gainst the idea that BBS-associated obesity is caused by neu- 
 odev elopmental defects that arises fr om pr enatal loss of BBS
enes. 36 It should be noted, however, that the weight gain and 

diposity evoked by inducible Bbs1 gene ablation in POMC neu- 
 ons w as less pr onounced r elati v e to those ev oked by its con-
tituti v e deletion. This difference in weight gain and adiposity 
ay reflect the more severe impact of BBSome disruption dur- 

ng embryonic stage versus adult-onset phase. Alternatively, this 
ay be due to a broader loss of the Bbs1 gene in mice bear-

ng the constituti v e POMC 

Cre . Indeed, constituti v e POMC 

Cre mice
isplayed Cr e expr ession not onl y in POMC neur ons, but also

n other neuronal populations, 37 which may have contributed 

o the pronounced obesity phenotype in POMC 

Cre mice r elati v e 
o POMC 

CreET2 mice. Irr especti v e of this issue, our data demon-
trate that the BBSome in POMC neurons is r equir ed for energy
alance. 

art/zqad070_f2.eps
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Figure 3. Proopiomelanocortin (POMC) neuron-specific inducible Bbs1 gene deletion causes glucose intolerance and insulin resistance. ( A-B ) Glucose tolerance test in 
male ( A , n = 10 animals/group) and female ( B , n = 6/group) POMC CreERT2 /Bbs1 fl/fl mice and littermate controls (CTL) at 21-22 wk of age. ( C-D ) Area under curve of glucose 
tolerance test (GTT) males ( C ) and females ( D ). ( E-F ) Insulin tolerance test in males ( E , n = 9-10 animals/group) and females ( F , n = 6-7 animals/group) at 21-22 wk of 

age. ( G-H ) Area under curve of GTT males ( G ) and females ( H ). ∗P < .05, ∗∗P < .01, ∗∗∗P < .001, and ∗∗∗∗P < .0001 versus CTL. 

Figure 4. Proopiomelanocortin (POMC) neuron-specific inducible Bbs3 gene deletion affect glucose toler ance . ( A-B ) Glucose toler ance test (GTT) in male ( A , n = 8-12 
animals/group) and female ( B , n = 7-9 animals/group) POMC CreERT2 /Bbs3 fl/fl mice and littermate controls (CTL) at 21-22 wk of age. ( C-D ) Area under curve of GTT males 

( C ) and females ( D ). ( E-F ) Insulin tolerance test in males ( E , n = 7-11 animals/group) and females ( F , n = 6 animals/group) at 21-22 wk of age. ( G-H ) Area under curve of 
GTT males ( G ) and females ( H ). ∗P < .05 and ∗∗P < .01 versus CTL. 

art/zqad070_f3.eps
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Figure 5. Effect of BBS1 and BBS3 gene a b lation on the tr affic king of key metabolic receptors. ( A ) Representative images of 5HT 2C R and cilia (ARL13B) in control RPE1 (CTL), 

RPE1- BBS1 − / −, and RPE1- BBS3 −/ − cells (results are representative of 3 separate experiments). ( B ) Representative images of NPY 2 R and cilia of CTL, RPE1- BBS1 −/ − , and 
RPE1- BBS3 −/ − cells. ( C ) Quantification of NPY 2 R located in cilia of CTL, RPE1- BBS1 − / − , and RPE1- BBS3 −/ − cells (3 separate experiments with 255-346 cells/experiment). 
∗∗∗∗P < .0001. Scale bar: 10 μm. 

v
r
d
p
e
p
m
u
a
d
d
p
n
T
n
i
T
t
w
s
n
t
l
s

U
t  

g
f
a
o
d
m
p

i
i
u
o
r
v
p
m
i
a
u
t

r  

n  

h
i  

o
t
s
t
5
d
d  

d
p  

n
i
∼  

b  

t
o
B
B
B

The pr ev alence and sev erity of obesity in BBS3 patients is 
 aria b le within and among families. For instance, Young et al. 
 e ported that most BBS3 patients of northern European descent 
isplayed no or mild obesity phenotype, 38 whereas most BBS3 
atients of Arab-Bedouin and Iranian families were found to 
xhibit marked obesity. 39 , 40 We pr eviousl y r e ported that the 
henotype de veloped b y global Bbs3 null mice do not entir el y 
imic those observed in other BBS knockout mice. 26 In partic- 

lar, Bbs3 null mice displayed minimal increase in body weight, 
diposity, and plasma leptin. Here , w e extend these findings by 
emonstrating that in contrast to Bbs1 gene a b lation, Bbs3 gene 
eletion in POMC neurons failed to affect body weight and adi- 
osity. These results indicate that increased body weight in Bbs3 
ull mice is not due to loss of BBS3 function in POMC neurons. 
hese findings also show that the contribution of the POMC 

euron BBSome to energy homeostasis is independent of its 
nteraction with BBS3 and by extension from its ciliary function. 
he notion that BBSome control of energy balance is not linked 

o cilia is further supported by the minimal or no effect on body 
eight and adiposity of loss of cilia ( Ift88 gene) in the leptin 

ensiti v e neur ons, wher eas Bbs1 gene deletion in these same 
eurons causes frank obesity. 20 , 41 Rather, the BBSome appears 

o influence body weight through the regulation of the plasma 
ocalization of key r ece ptors inv olv ed in energy homeostasis 
uch as the 5-HT 2C R. 

Type 2 diabetes is a common observation in BBS patients. 42 , 43 

sing BBS mice , w e demonstr ated that this phenotype is due 
o mis-tr affic king of the insulin r ece ptor. 28 Our curr ent inv esti-
ation r ev ealed the importance of Bbs1 gene in POMC neur ons 
or the regulation of glucose metabolism and insulin sensitivity 
s indicated by the glucose intolerance and insulin resistance 
bserved in POMC 

CreERT2 /Bbs1 fl/fl mice. Remarkably, inducible 
eletion of the Bbs3 gene in POMC neurons caused slight impair- 
ent in glucose tolerance despite normal body weight and adi- 

osity. This indicates that the glucose phenotype in BBS mice 
s independent of obesity. This is in line with our previous find- 
ngs of insulin resistant in global BBS mice even when kept lean 

sing caloric restriction. 28 Our results add to the growing body 
f evidence pointing to the importance of POMC neurons in the 
egulation of glucose metabolism and insulin sensitivity. Pre- 
ious studies have implicated various proteins and signaling 
athw ays in POMC neur ons in the control of peripheral glucose 
etabolism and insulin action. 32 , 33 We extend these findings by 

mplicating BBS proteins in POMC neurons in glucose tolerance 
nd insulin sensitivity. However, additional work is needed to 
nderstand how loss of BBS proteins in POMC neurons alters 
hese parameters. 

The differential body weight and metabolic phenotypes 
 esulting fr om loss of BBS1 v ersus BBS3 seem to hav e its expla-
ation in the distinct inv olv ement of these 2 proteins in the
andling of metabolic receptors. Consistent with previous find- 

ngs, 16 , 17 we showed that BBS1 is r equir ed for pr oper localization
f 5-HT 2C R and NPY 2 R to plasma membrane and cilia, respec- 
i v el y, in cultured cells and POMC neurons. Importantly, we 
how that BBSome regulation of the trafficking of these r ece p- 
ors relate to mitochondria function as indicated by the restored 

-HT 2C R and NPY 2 R localization following rescue of mitochon- 
rial defects in BBS1 −/ − cells. On the other hand, loss of BBS3 
id not affect the tr affic king of 5-HT 2C R nor the mitochondria
ynamic, but reduced the ciliary localization of NPY 2 R. The dis- 
ensability of BBS3 for 5-HT 2C R tr affic king is consistent with the
otion that BBSome transport of r ece ptors to plasma membrane 

s independent of its ciliary function. 20 However, the fact that 
34% of NPY 2 R still traffic to cilia in absence of BBS3 is puzzling
ecause BBS3 is inv olv ed in the recruitment and tr affic king of
he BBSome to cilia, 26 which we confirmed by showing that loss 
f BBS3 alter the ciliary localization of the BBSome component 
BS2. Of note, cr ystal structur e anal ysis has demonstrated that 
BS3 promote the BBSome entry into cilia through its binding to 
BS1. 24 This interaction is abolished by single point mutations in 
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Figure 6. Effect of Bbs1 and Bbs3 gene deletion on ciliary localization of NPY 2 R in proopiomelanocortin (POMC) neurons. ( A ) Representative images of NPY 2 R 
in POMC neurons (tdTomato positive) and non-POMC cells (tdTomato negative) of the hypothalamic arcuate nucleus of control (CTL), POMC CreERT2 /Bbs1 fl/fl, and 
POMC CreERT2 /Bbs3 fl/fl mice. Yello w arro ws point to cilia of POMC neurons and white arrows point to cilia of non-POMC cells. ( B ) Quantification of NPY 2 R located in 

POMC neuron cilia of CTL, POMC CreERT2 /Bbs1 fl/fl, and POMC CreERT2 /Bbs3 fl/fl mice (4 mice/gr oup wer e used with 23-46 cells/cilia analyzed in each section of at least 4 
sections per mouse). ∗∗P < .01 and ∗∗∗∗P < .0001. Scale bar: 25 μm. 
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he BBS3-BBS1 interface pr ev enting the import of BBSome into
ilia. Mutations in BBS1 (e.g. M390R) also disrupted the inter-
ction of the BBSome with BBS3. 24 Thus, it is not clear how
he BBSome mediates tr affic king of NPY 2 R to cilia in absence of
BS3. One potential explanation is that in absence of BBS3, other
roteins may mediate tr affic king of the BBSome cargos such as
he NPY 2 R to the ciliary membr ane . For instance , tubby family
rotein TULP3 has been implicated in the ciliary localization of
 arious G pr otein-coupled r ece ptors. 44 , 45 Howev er, futur e stud-
es are warranted to test whether compensatory mechanisms
vercome the loss of BBS3 and mediate the tr affic king of NPY 2 R
o cilia. Additional studies are also needed to determine whether
oss of ciliary localization of NPY 2 R contribute to the metabolic
efects evoked by BBSome deficiency in POMC neurons. 

Our findings reinforce the notion that the BBSome is a
ey modulator of mitochondria dynamic and function by reg-
lating the activity of DRP1, a core component of the canon-

cal mitochondrial fission machinery in mammals. However, 
he exact mechanisms underlying BBSome regulation of DRP1
ev els and acti vity ar e not full y understood. We pr eviousl y
emonstrated that DRP1 pr otein w as significantl y decr eased

n mitochondria isolated from BBS1-deficient cells, 22 indicating
hat absence of the BBSome disrupts mitochondrial localiza-
ion of DRP1, which may lead to its de gr adation decreasing its
otal and phosphorylated levels. Alternatively, dysregulation in
RP1 phosphorylation when the BBSome is absent 22 may pro-
ote its de gr adation. Mor e studies ar e necessar y to test these

ossibilities. 
Our findings provide additional evidence that point to a neu-

onal origin of the obesity associated with BBS. Specifically, our
esults show that defects in the first-order neurons (e.g. POMC
eurons) as the underlying cause of obesity in BBS. Importantly,
uch defects can be b ypassed b y tar geting do wnstream neu-
ocircuits. Indeed, we showed that stimulation of MC4R cause
 significant decrease in food intake and body weight in BBS
ice. 21 This observation has led to several clinical trials that

emonstrated the efficacy of an MC4R agonist, Setmelanotide,
s a treatment option for obesity in individuals with BBS. 46 , 47 

etmelanotide is now appr ov ed for the management of obesity
n BBS patients, improving their health-related quality of life. 48 

his highlights the importance of understanding the molecular
rocesses that underlie the obesity associated with BBS, which
ay also help decipher the mechanisms of polygenic common

uman obesity since variants of several BBS genes were found to
ncr ease susce ptibility to obesity and type 2 diabetes in non-BBS
ndividuals. 49–51 
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Figure 7. Differential effect of BBS1 and BBS3 gene deficiency on mitochondria dynamic. ( A-C ) Re pr esentati v e ima ges of mitochondria of RPE1 (CTL), RPE1- BBS1 −/ − , 
and RPE1- BBS3 − /- cells ( A ) and related quantification of mitochondrial form factor ( B ) and length ( C ) ( n = 3, 28-37 ima ges/gr oup). ( D-F ) Re pr esentati v e Western b lots 
( D ) and related quantification of DRP1 ( E ) and pDRP1(Ser616) ( F ) in CTL, RPE1- BBS1 −/ − , and RPE1- BBS3 − /- cells ( n = 9 duplicates/group). ( G ) Representative TEM images 
of mitochondria of CTL, RPE1- BBS1 − / −, and RPE1- BBS3 − /- cells with or without FIV-DRP1S637A (r esults ar e r e pr esentati v e of at least 3 separate experiments). ∗P < .05 

and ∗∗P < .0001 versus CTL. Scale bar: 10 ( A ) and 2 μm ( G ). 

Figure 8. Rescuing the mitochondria defects r estor ed the trafficking of metabolic receptors in BBS1-deficient cells. ( A ) Plasma membrane localization of 5HT 2C R in 
RPE1- BBS1 − / − cells treated with FIV-DRP1S637A, but not in RPE1- BBS1 −/ − cells (results are representative of 4 separate experiments). ( B ) NPY 2 R located in cilia (ARL13B) 
of RPE1- BBS1 − / − cells treated with FIV-DRP1S637A. ( C ) Quantification of NPY 2 R localization in cilia of RPE1- BBS1 −/ − cells treated with FIV-DRP1S637A versus FIV-control 

(4 separate experiments with 42-86 cells/cilia analyzed per experiment). Scale bar: 10 μm. 

art/zqad070_f7.eps
art/zqad070_f8.eps


12 FUNCTION , 2023, Vol. 5, No. 1 

A

T  

v  

J  

R

A

D  

m  

V  

s  

c  

m

S

S

F

T  

B  

o  

I  

p  

t

C

T

D

D  

a

R

1  

 

2  

 

3
 

4  

 

5  

 

 

6  

 

7  

 

8  

 

9  

 

1  

 

 

1  

 

 

1  

 

1  

 

 

1  

1  

 

 

1  

 

1  

 

1  

 

 

1  

 

2  

 

 

2  

 

 

2  

 

2  

 

2  

 

2  

 

2  

 

 

c kno wledgments 

he authors thank Dr. Stefan Stack (Uni v ersity of Iowa) for pro-
iding the FIV-DRP1S637A virus. The authors would like to thank
ianQiang Shao at the Uni v ersity of Iowa Central Microscopy
esear c h Facility for assistance with EM data. 

uthor Contributions 

-F.G. designed and performed experiments and wrote the
anuscript; P .A.W ., C.S., C.L., and Q.Z. performed experiments;

.C.S and K.R. supervised experiments, helped with data analy-
is and interpretation, and revised the manuscript; and K.R. con-
e ptualized, anal yzed, and interpr eted studies, and wr ote the
anuscript. 

upplementary Material 

upplementary material is av aila b le at the APS Function online. 

unding 

his work was supported by the NIH HL084207, HL162773, VA
X004249, BX006040, and the Uni v ersity of Iowa F r aternal Order
f Ea gles Dia betes Resear c h Center to K.R. The Uni v ersity of
ow a Central Micr oscopy Resear c h Facility is a core resource sup-
orted by the Uni v ersity of Iowa Vice President for Resear c h, and
he Carver College of Medicine. 

onflict of Interest 

he authors have no conflict of interest relevant to this study. 

a ta Av ailability 

ata and materials may be requested by the corresponding
uthor. 

eferences 

. Olshansk y SJ, Passar o DJ, Hershow RC, et al. A potential
decline in life expectancy in the United States in the 21st
century. N Engl J Med . 2005; 352 (11):1138–1145. 

. Afshin A, Forouzanfar MH, Reitsma MB, et al. Health effects
of overweight and obesity in 195 countries over 25 years. N
Engl J Med . 2017; 377 (1):13–27. 

. Rahmouni K. Obesity-associated hypertension: recent 
pr ogr ess in deciphering the pathogenesis. Hypertension .
2014; 64 (2):215–221. 

. Locke AE, Kahali B, Berndt SI, et al. Genetic studies of body
mass index yield new insights for obesity biology. Nature .
2015; 518 (7538):197–206. 

. Ryan KK, Woods SC, Seeley RJ. Central nervous system
mechanisms linking the consumption of palata b le high-
fat diets to the defense of greater adiposity. Cell Metab .
2012; 15 (2):137–149. 

. Cui H, L ́opez M, Rahmouni K. The cellular and molecular
bases of leptin and ghrelin resistance in obesity. Nat Rev
Endocrinol . 2017; 13 (6):338–351. 

. Morton GJ, Cummings DE, Baskin DG, Barsh GS, Schwartz
MW. Central nervous system control of food intake and body
w eight. Natur e . 2006; 443 (7109):289–295. 
. Quarta C, Claret M, Zeltser LM, et al. POMC neuronal hetero-
geneity in energy balance and beyond: an integrated view.
Nat Metab . 2021; 3 (3):299–308. 

. Zhao Y, Rahmouni K. BBSome: a new player in hypertension
and other car dio vascular risks. Hypertension . 2022; 79 (2):303–
313. 

0. Beales PL, Elcioglu N, Woolf AS, Parker D, Flinter FA. New
criteria for impr ov ed dia gnosis of Bardet-Biedl syndr ome:
results of a population survey. J Med Genet . 1999; 36 (6):437–
446. 

1. Rahmouni K, Fath MA, Seo S, et al. Leptin resistance con-
tributes to obesity and hypertension in mouse models
of Bardet-Biedl syndrome. J Clin Invest . 2008; 118 (4):1458–
1467. 

2. Nachury MV, Loktev AV, Zhang Q, et al. A core complex of
BBS proteins cooperates with the GTPase Rab8 to promote
ciliary membrane biogenesis. Cell . 2007; 129 (6):1201–1213. 

3. Seo S, Baye LM, Schulz NP, et al. BBS6, BBS10, and
BBS12 form a complex with CCT/TRiC family chaperonins
and mediate BBSome assemb l y. Proc Natl Acad Sci USA .
2010; 107 (4):1488–1493. 

4. Gr een JA, Myk ytyn K Neur onal ciliar y signaling in homeosta-
sis and disease. Cell Mol Life Sci . 2010; 67 (19):3287–3297. 

5. Lee CH, Song DK, Park CB, et al. Primary cilia mediate early
life programming of adiposity through lysosomal regula-
tion in the developing mouse hypothalamus. Nat Commun .
2020; 11 (1):5772. 

6. Guo DF, Lin Z, Wu Y, et al. The BBSome in POMC and AgRP
neur ons is necessar y for body weight r egulation and sorting
of metabolic receptors. Diabetes . 2019; 68 (8):1591–1603. 

7. Loktev AV, Jackson PK. Neuropeptide Y family receptors traf-
fic via the Bardet-Biedl syndr ome pathw ay to signal in neu-
r onal primar y cilia. Cell Rep . 2013; 5 (5):1316–1329. 

8. Berbari NF, Lewis JS, Bishop GA, Askwith CC, Mykytyn K
Bardet-Biedl syndr ome pr oteins ar e r equir ed for the local-
ization of G protein-coupled receptors to primary cilia. Proc
Natl Acad Sci USA . 2008; 105 (11):4242–4246. 

9. Oh EC, Vasanth S, Katsanis N. Meta bolic r egulation and
energy homeostasis through the primary Cilium. Cell Metab .
2015; 21 (1):21–31. 

0. Guo DF, Cui H, Zhang Q, et al. The BBSome controls
energy homeostasis by mediating the transport of the
le ptin r ece ptor to the plasma membr ane . PLoS Genet .
2016; 12 (2):e1005890. 

1. Seo S, Guo DF, Bugge K, Morgan DA, Rahmouni K, Sheffield
VC. Requirement of Bardet-Biedl syndrome proteins for
le ptin r ece ptor signaling. Hum Mol Genet . 2009; 18 (7):1323–
1331. 

2. Guo DF, Merrill RA, Qian L, et al. The BBSome regulates mito-
chondria dynamics and function. Mol Metab . 2023; 67 :101654.

3. Jin H, White SR, Shida T, et al. The conserved Bardet-Biedl
syndr ome pr oteins assemb le a coat that tr affics membr ane
proteins to cilia. Cell . 2010; 141 (7):1208–1219. 

4. Mour ̃ ao A, Nager AR, Nachury MV, Lorentzen E. Structural
basis for membrane targeting of the BBSome by ARL6. Nat
Struct Mol Biol . 2014; 21 (12):1035–1041. 

5. Liu YX, Sun WY, Xue B, et al. ARL3 mediates BBSome cil-
iar y turnov er by pr omoting its outw ar d mo v ement acr oss
the transition zone. J Cell Biol . 2022; 221 (10):e202111076. 

6. Zhang Q, Nishimura D, Seo S, et al. Bardet-Biedl syn-
drome 3 (Bbs3) knockout mouse model reveals common
BBS-associated phenotypes and Bbs3 unique phenotypes.
Proc Natl Acad Sci USA . 2011; 108 (51):20678–20683. 

https://academic.oup.com/function/article-lookup/doi/10.1093/function/zqad070#supplementary-data


Guo et al. 13 

27. Eichers ER, Abd-El-Barr MM, Paylor R, et al. Phenotypic char- 

2

2

3

3

3

3

3

3

3

3

3

 

3

40. Ghadami M, Tomita HA, Najafi MT, et al. Bardet-Biedl 

4  

4

4

4  

 

4
 

 

4

4

4  

4

5  

5

 

S

©

A

acterization of Bbs4 null mice reveals age-dependent pene- 
trance and v aria b le expr essi vity. Hum Genet . 2006; 120 (2):211– 
226. 

8. Starks RD, Beyer AM, Guo DF, et al. Regulation of insulin 

r ece ptor tr affic king by Bardet-Biedl syndr ome pr oteins. PLoS 
Genet . 2015; 11 (6):e1005311. 

9. Carter CS, Vogel TW, Zhang Q, et al. Abnormal development 
of NG2 + PDGFR- α+ neural progenitor cells leads to neona- 
tal hydr oce phalus in a ciliopathy mouse model. Nat Med . 
2012; 18 (12):1797–1804. 

0. Berglund ED, Liu C, Sohn JW, et al. Serotonin 2C receptors in 

pr o-opiomelanocortin neur ons r egulate energy and glucose 
homeostasis. J Clin Invest . 2013; 123 (12):5061–5070. 

1. Rahmouni K Car dio v ascular r e gulation by the ar cuate 
nucleus of the hypothalamus: neurocircuitry and signaling 
systems. Hypertension . 2016; 67 (6):1064–1071. 

2. Berglund ED, Vianna CR, Donato J, Jr.,, et al. Direct lep- 
tin action on POMC neurons regulates glucose homeosta- 
sis and hepatic insulin sensitivity in mice. J Clin Invest . 
2012; 122 (3):1000–1009. 

3. Dodd GT, Michael NJ, Lee-Young RS, et al. Insulin regulates 
POMC neuronal plasticity to control glucose metabolism. 
eLife . 2018; 7 :e38704. 

4. Flippo KH, Gnanasekaran A, Perkins GA, et al. AKAP1 
pr otects fr om cer ebr al isc hemic stroke by inhibit- 
ing DRP1-dependent mitochondrial fission. J Neurosci . 
2018; 38 (38):8233–8242. 

5. Cribbs JT, Str ac k S. Rev ersib le phosphor ylation of DRP1 
by cyclic AMP-dependent protein kinase and calcineurin 

re gulates mitoc hondrial fission and cell death. EMBO Rep . 
2007; 8 (10):939–944. 

6. Berbari NF, Pasek RC, Malarkey EB, et al. Leptin resistance 
is a secondary consequence of the obesity in ciliopathy 
mutant mice. Proc Natl Acad Sci USA . 2013; 110 (19):7796–7801. 

7. Padilla SL, Reef D, Zeltser LM. Defining POMC neurons using 
transgenic r ea gents: impact of transient Pomc expression 

in di v erse immatur e neur onal populations. Endocrinolog y . 
2012; 153 (3):1219–1231. 

8. Young TL, Woods MO, Parfrey PS, et al. Canadian Bardet- 
Biedl syndrome family reduces the critical region of BBS3 
(3p) and presents with a v aria b le phenotype. Am J Med Genet .
1998; 78 (5):461–467. 

9. Sheffield VC, Carmi R, Kwitek-Black A, et al. Identification of 
a Bardet-Biedl syndrome locus on chromosome 3 and eval- 
uation of an efficient approach to homozygosity mapping. 
Hum Mol Genet . 1994; 3 (8):1331–1335. 
ubmitted: 9 October 2023; Revised: 5 December 2023; Accepted: 18 December 2023 

The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of American Physiological Society

ttribution License ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, d
syndrome type 3 in an Iranian family: clinical study 
and confirmation of disease localization. Am J Med Genet . 
2000; 94 (5):433–437. 

1. Y ang DJ, T ran L T, Yoon SG, et al. Primary cilia regulate adap-
ti v e r esponses to fasting. Metabolism . 2022; 135 :155273. 

2. Gr een JS, Parfr ey PS, Harnett JD, et al. The cardinal 
manifestations of Bardet-Biedl syndrome, a form of 
Laur ence-Moon-Biedl syndr ome. N Engl J Med . 1989; 321 (15): 
1002–1009. 

3. Pomer oy J, Offenw anger KM, Timmler T. Diabetes mellitus 
in Bardet-Biedl syndrome. Curr Opin Endocrinol Diabetes Obes . 
2023; 30 (1):27–31. 

4. Mukhopadh ya y S, Wen X, Chih B, et al. TULP3 bridges the
IFT-A complex and membrane phosphoinositides to pro- 
mote tr affic king of G pr otein-coupled r ece ptors into primar y
cilia. Genes Dev . 2010; 24 (19):2180–2193. 

5. Badgandi HB, Hwang SH, Shimada IS, Loriot E, Mukhopad- 
h ya y S. Tubb y famil y pr oteins ar e adapters for ciliar y
tr affic king of inte gr al membr ane proteins. J Cell Biol .
2017; 216 (3):743–760. 

6. Haws R, Brady S, Davis E, et al. Effect of setmelan- 
otide, a melanocortin-4 r ece ptor a gonist, on obesity in 

Bardet-Biedl syndrome. Diabetes Obes Metab . 2020; 22 (11): 
2133–2140. 

7. Haqq AM, Chung WK, Dollfus H, et al. Efficacy and safety 
of setmelanotide, a melanocortin-4 r ece ptor a gonist, in 

patients with Bardet-Biedl syndrome and Alstr ̈om syn- 
drome: a multicentre , r andomised, double-blind, placebo- 
controlled, phase 3 trial with an open-label period. Lancet 
Diabetes Endocrinol . 2022; 10 (12):859–868. 

8. F orsythe E, Ha ws RM, Argente J, et al. Quality of life impr ov e-
ments following one year of setmelanotide in children and 

adult patients with Bardet-Biedl syndrome: phase 3 trial 
results. Orphanet J Rare Dis . 2023; 18 (1):12. 

9. Benzinou M, Walley A, Lobbens S, et al. Bardet-Biedl syn- 
dr ome gene v ariants ar e associated with both childhood 

and adult common obesity in F renc h Caucasians. Diabetes . 
2006; 55 (10):2876–2882. 

0. Lim ET, Liu YP, Chan Y, et al. A novel test for r ecessi v e con-
tributions to complex diseases implicates Bardet-Biedl syn- 
drome gene BBS10 in idiopathic type 2 diabetes and obesity. 
Am J Hum Genet . 2014; 95 (5):509–520. 

1. Hendricks AE, Bochukova EG, Marenne G, et al. Rare vari- 
ant analysis of human and rodent obesity genes in indi- 
viduals with sev er e childhood obesity. Sci Rep . 2017; 7 (1):
4394. 
. This is an Open Access article distributed under the terms of the Cr eati v e Commons 

istribution, and reproduction in any medium, provided the original work is properly cited. 

https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and Methods
	Results
	Discussion
	Acknowledgments
	Author Contributions
	Supplementary Material
	Funding
	Conflict of Interest
	Data Availability
	References

