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Bardet-Biedl syndrome (BBS) is a heterogeneous disorder charac-
terized by obesity, retinopathy, polydactyly, and congenital anom-
alies. The incidence of hypertension and diabetes are also increased
in BBS patients. Mutation of 16 genes independently causes BBS,
and seven BBS proteins form the BBSome that promotes ciliary
membrane elongation. BBS3 (ARL6), an ADP ribosylation factor-like
smallGTPase, isnotpartof theBBSomecomplex. The invivo function
of BBS3 is largely unknown. Here we developed a Bbs3 knockout
model and demonstrate that Bbs3−/− mice develop BBS-associated
phenotypes, including retinal degeneration, male infertility, and in-
creased body fat. Interestingly, Bbs3−/− mice develop some unique
phenotypes not seen in other BBS knockout models: no overt obe-
sity, severe hydrocephalus, and elevated blood pressure (shared by
some but not all BBS gene knockout mice). We found that endoge-
nous BBS3 and the BBSome physically interact and depend on each
other for their ciliary localization. This finding explains the pheno-
typic similarity between Bbs3−/− mice and BBSome subunit knock-
out mice. Loss of Bbs3 does not affect BBSome formation but
disrupts normal localization of melanin concentrating hormone re-
ceptor 1 to ciliary membranes and affects retrograde transport of
Smoothened inside cilia. We also show that the endogenous
BBSome and BBS3 associate with membranes and the membrane
association of the BBSomeand BBS3 are not interdependent. Differ-
ences between BBS mouse models suggest nonoverlapping func-
tions to individual BBS protein.

The cilium is a microtubule-based organelle present on the cell
surface that plays multiple roles during development and in

adult tissue homeostasis. Loss of cilia or ciliary malfunction is
involved in a wide range of human diseases, named ciliopathies,
including primary ciliary dyskinesia, polycystic kidney disease,
nephronophthisis, Joubert syndome, Senior-Loken syndrome,
Meckel-Gruber syndrome, oro-facial-digital syndrome, Alstrom
syndrome, and Bardet Biedl syndrome (BBS).
BBS (OMIM 209900) is an autosomal recessive, pleiotropic

disorder characterized by obesity, retinal degeneration, poly-
dactyly, renal abnormalities, hypogenitalism, and cognitive im-
pairment (1). In addition, BBS is associated with an increased
susceptibility to hypertension, diabetes mellitus, and heart
defects (2). To date, 16 BBS genes have been identified (3–15).
Seven BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8,
and BBS9) form a complex (the BBSome) necessary for ciliary
membrane biogenesis (16). This complex localizes to non-
membranous centriolar satellites in the cytoplasm as well as the
ciliary membrane. BBS6, BBS10, and BBS12 have homology
with the type II chaperonin superfamily and are required for
BBSome assembly (17).
Analysis of several BBS mutant mice, including Bbs1M390R

knockin, Bbs2−/−, Bbs4−/−, and Bbs6−/− reveals similarities to the
human phenotypes, including blindness, obesity, renal abnor-
malities, and neurological deficits (18–22). In addition, the ab-
sence of normal Bbs1, Bbs2, Bbs4, and Bbs6 protein results in
failure to form flagella during spermatogenesis. However, these

mutant mice are able to form other motile cilia, such as tracheal
cilia (23) and primary cilia, including the connecting cilia of
photoreceptors. The mutant mice initially form photoreceptors,
but subsequently undergo a progressive retinal degeneration as
mice age (24). Mislocalization of rhodopsin to the inner segment
has been shown to occur in BBS mutant photoreceptors, sug-
gesting that BBS proteins are involved in ciliary transport (21).
BBS mutant mice develop obesity because of hyperphagia and
decreased calorie expenditure, have elevated leptin levels, and
develop leptin resistance (25, 26). The ADP ribosylation factor
(ARF) and ARF-like (ARL) GTPases are well characterized to
function in membrane-trafficking pathways. However, few mouse
models have been generated for these small GTPases to evaluate
their in vivo functions. BBS3/ARL6 is a member of the Ras su-
perfamily of small GTP-binding proteins. Studies from Caeno-
rhabditis elegans showed that BBS3 undergoes intraflagellar
transport (IFT) (6, 27). Jin et al. showed that the BBSome di-
rectly interacts with the ciliary localization signal of SST3R and
serve as coat proteins for ciliary membrane proteins (28). BBS3
is required for the ciliary localization of the BBSome. The in vivo
function of BBS3 is not fully characterized. To gain insight into
the function of BBS3, a BBS protein that is not part of the
BBSome and does not have chaperone homology, we generated
Bbs3 knockout mice. Evaluation of Bbs3−/− mice revealed com-
mon BBS associated phenotypes and Bbs3 unique phenotypes.

Results
Generation of Bbs3 Knockout Mice. To investigate the in vivo
function of the Bbs3 gene, we targeted the Bbs3 gene in mice by
replacing exon 6 and 7 with a neomycin cassette. This targeting
construct was aimed at creating a frame-shift that would
knockout both known Bbs3mRNA isoforms (29) (Fig. S1A). The
absence of Bbs3 mRNA was verified by RT-PCR analysis using
RNA isolated from Bbs3−/− mouse testes and a primer specific
for the knockout (Fig. S1B). Western blotting (Fig. S1C) con-
firmed the absence of Bbs3 protein.

Bbs3−/− Mice Exhibit Retinal Degeneration, Loss of Sperm Flagella,
and Severe Hydrocephalus. Histological analysis of Bbs3−/− eyes
demonstrates degeneration of the photoreceptor cells associated
with a lack of the outer nuclear layer and the absence of
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photoreceptor inner and outer segments (Fig. 1 A and B). The
inner retina of these animals appears to be intact, with normal
inner nuclear and ganglion cell layers. Bbs3−/− males failed to
produce offspring. To investigate the male infertility, we exam-
ined the seminiferous tubules from Bbs3−/− mice. H&E staining
of 4-mo-old Bbs3−/− testes revealed a lack of sperm flagella (Fig.
1 C and D), a finding consistent with other BBS mutant mice
(18–21).
Bbs3−/− mice have early craniofacial abnormalities, with the

appearance of a domed cranium and splaying of the cranial
sutures compared with their WT littermates (Fig. 1 E and F).
This domed cranium is not seen in other BBS gene knockout
mice. Brain MRI of Bbs3−/− mice showed severe hydrocephalus
(Fig. 1 G and H) and was confirmed by H&E staining of coronal
sections of Bbs3−/− mouse brains (Fig. 1 I and J). We also ob-
served thinning of the cerebral cortex and a reduction in the size
of the hippocampus and corpus striatum.
Motile cilia of the ependymal cell layer lining the cerebral

ventricles were examined by immunofluorescent staining with an
antiacetylated tubulin antibody as a cilia marker protein and
γ-tubulin as basal body marker. Compared with WT, Bbs3−/−

mice showed a reduced number and misshaping of ependymal
cell cilia (Fig. 1 K and L). Cultured ependymal cells from Bbs3−/−

mice have paddle-shaped cilia with dilatations along the terminal
portion of the cilia (Fig. 1 M and N). The Bbs3−/− mice also
possess altered cilia beat mechanics, with chaotic directional
beating of the cilia compared with the laminar beating pattern of

the WT cells. This finding suggests that altered ciliary beating in
ependymal cilia may contribute to the development of hydro-
cephalus in Bbs3−/− mice. (See Movies S1 and S2)
To examine primary cilia in vivo, we stained tissue sections

from the kidney, eye, and pancreas with acetylated tubulin and
did not find differences in cilia numbers or length between WT
and Bbs3−/− mice (Fig. S2). Primary cilia also form in cultured
kidney epithelial cells and fibroblasts derived from Bbs3−/− mice.

Bbs3−/− Mice Have Increased Fat Mass Without Overt Obesity and
Develop Increased Arterial Pressure. Obesity is one of the cardi-
nal features of BBS patients. To determine whether Bbs3−/−

mice develop obesity as found in BBS human patients and other
BBS mutant mice, we weighed Bbs3−/− and their WT littermate
controls. Surprisingly, Bbs3−/− mice have minimally elevated
body weight (Fig. 2A); however, fat mass analysis by MRI and by
weighing individual fat depots revealed that Bbs3−/− mice have
increased fat mass (Fig. 2 B and C). There is a trend for higher
leptin levels in Bbs3−/− mice relative to WT controls, but the
differences are not statistically significant (P = 0.09). Food in-
take measurements show that Bbs3−/− mice are not hyperphagic,
unlike other BBS knockout mice.
Some BBS mutant mice, such as Bbs4−/− and Bbs6−/− mice,

have increased arterial pressure, but others, including Bbs2−/−

mice, do not. To determine if Bbs3−/− mice develop hyperten-
sion, we used radio-telemetry to measure arterial pressures. The
Bbs3−/− mice have higher 24-h arterial pressure and heart rates
compared with WT controls (Fig. 2E). Consistent with the he-
modynamic changes, Bbs3−/− mice have higher renal sympathetic
nerve activity (SNA) when multiple fiber recordings were per-
formed on the kidneys of anesthetized mice (Fig. 2F).

BBS3 and the BBSome Are Interdependent for Ciliary Localization
but Pericentriolar Satellite Localization of the BBSome Is BBS3-
Independent. Given that BBS3 is not an integral part of the
BBSome, yet loss of Bbs3 leads to overlapping phenotypes
with mice with loss of BBSome subunits, we investigated the
effect of Bbs3 loss on BBSome protein levels and on BBSome
formation. Loss of Bbs3 does not affect BBSome subunit pro-
tein levels or BBSome formation (Fig. S3). However, loss of
Bbs3 affects the ciliary localization of the BBSome and vice
versa, as shown by using RNAi against BBS8, BBS9, and BBS3
(Fig S4). Unlike pericentriolar material 1 and CEP290, which
stably localize to the pericentriolar satellites (Fig. S5C), the
endogenous BBSome shows dynamic changes, moving from
the cytosol to the pericentriolar satellites to cilia when serum
was withdrawn to induce cilia formation (Fig. S5A). This ob-
servation is dependent on normal microtubule structure (Fig.
S5B), but is independent of BBS3 (Fig. S4). BBS3 is shown to
localize to cilia but not to pericentriolar satellites. Basal body
staining of BBS3 appears to be nonspecific, because this signal
is not decreased by depleting BBS3 using RNAi (Fig. S4).

N-Terminal Hydrophobic Amino Acids Regulate BBS3–BBSome, but
Human Homozygous Point Mutations Disrupt This Interaction. To
determine how BBS3 and the BBSome depend on each other for
cilia localization, we examined the biochemical interactions be-
tween BBS3 and the BBSome. Using purified protein, Jin et al.
showed that BBS3 physically interacts with theBBSomewhen they
used BBS3 with the N-terminal 16 amino acids deleted (28).
However, pair-wise interactions of BBS3 with individual BBSome
subunits by cotransfection into human 293T cells fail to detect any
direct interaction betweenBBS3 and individual BBSome subunits.
Examination of the amino acid sequence and secondary structure
analysis of BBS3 protein reveals that the N terminus contains
several hydrophobic amino acids and forms an α-helix. This
structure is shared by other ARF proteins, such as ARF1, but not
by Rab proteins, including Rab8a, and is predicted to help ARF
proteins to be recruited to vesicle membranes (30). We reasoned
that the BBS3 N-terminal sequences might regulate the in-
teraction between BBS3 and the BBSome. To test this hypothesis,
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Fig. 1. Photoreceptor cell loss, absent sperm flagella, and severe hydro-
cephalus in Bbs3−/− mice. H&E-stained WT (A) and mutant (B) eyes show loss
of photoreceptor inner and outer segments, as well as degeneration of the
outer nuclear layer. Scale bar, 100 μm. H&E-stained 4-mo-old WT (C) and
Bbs3−/− (D) seminiferous tubules show a lack of spermatozoa flagella. Scale
bar, 100 μm. (E and F) Pictures of 3-wk-old WT and Bbs3−/− brains. Arrow
points to the domed cranium in a Bbs3−/− mouse. (G and H) MRI images of
WT and Bbs3−/− brains. The long arrow indicates a hydrocephalic region and
the short arrow points to thinning of the cerebral cortex. (I and J) Neutral-
red–stained 60- to 100-μm thick coronal brain sections from WT (I) and
mutant mice (J) show enlarged lateral ventricles (*), an enlarged dorsal third
ventricle (arrowhead), reduced hippocampus (Hip), and thinning of the ce-
rebral cortex (CC). Scale bar, 1 mm. Immunofluorescent staining of brain
ventricle ependymal cells using antiacetylated tubulin (green) and anti–γ-
tubulin antibody (red) reveals the lack of cilia and shortened cilia (arrow) in
the ependymal cells of Bbs3−/− mice (L) compared to WT (K). Scale bar, 20
μm. (M and N) Scanning electron microscopy showed cilia morphological
abnormalities in cultured ependymal cells from Bbs3−/− mice. Shortened and
paddle-shaped cilia (arrow) are seen in Bbs3−/− ependymal cell cultures.
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we deleted the N-terminal 11 amino acids, added an N-terminal
Flag tag, and transfected this modified BBS3 construct into 293T
cells. We pulled down the N-terminal–deleted BBS3 with Flag
beads and detected the existence of endogenous BBSome pro-
teins. All BBSome subunits were present in this pull down, but
were not detected in full-length BBS3 or negative control (Flag-
pVHL) pull down (Fig. 3A). Mutation of the six hydrophobic
amino acids in the first 11 amino acids to alanine give similar
results to those observed with the BBS3 N-terminal deletion
mutant (Fig. 3B). Mutation of the predicted myristoylation site
G2 to alanine did not have any effect, indicating that BBS3 func-
tion is not dependant on myristoylation.
Because BBS3 is a small GTPase, it is cycled between a GTP-

bound form and a GDP-bound form. We tested whether GTP or
GDP binding affects BBS3–BBSome interaction. We generated
a T31N mutation, which locks BBS3 in a GDP-bound form, and
a Q73L mutation, which locks BBS3 in a GTP-bound form. The
T31N mutant protein is not stable when transfected into cells.
The protein level is very low and it fails to interact with the
endogenous BBSome. The Q73L mutation increases the in-
teraction between the N-terminal deletion or N-terminal alanine
mutant forms of BBS3 and the endogenous BBSome (Fig. 3C).
These results demonstrate that both the N-terminal hydrophobic
amino acids and the GTP-bound form of BBS3 facilitate the
interaction between BBS3 and the BBSome. We also show that
mutations found in human BBS patients disrupt BBS3–BBSome
interaction. A BBS3 mutation (A89V) found in nonsyndromic
retinal pigmentosa patients decreases but do not totally elimi-
nate the interaction between BBS3 and the BBSome (Fig. 3D).
These results highlight the importance of BBS3–BBSome inter-
actions. To determine which BBSome subunit mediates this in-
teraction, we cotransfected the Flag-tagged N-terminal–deleted
BBS3 with myc-tagged BBSome subunits into 293T cells. BBS1
showed the strongest interaction with BBS3; other BBSome
subunits have weak or absent interaction with BBS3 (Fig. 3E).
This result demonstrates that BBS1 is the BBSome subunit that
likely directly interacts with BBS3, consistent with results using
in vitro purified proteins (28).

Both Endogenous BBS3 and the BBSome Associate with Membranes.
The requirement of BBS3 for the ciliary localization of the
BBSome could explain why loss of Bbs3 leads to phenotypes
similar to those caused by the loss ofBBSome subunits.Ofnote, we
observed that Bbs3−/− mice have some unique phenotypes com-
pared with mice mutant in BBSome subunits, including severe
hydrocephalus, increased fat without frank obesity, and hyper-
tension. This finding prompted us to examine the differences be-
tween BBS3 and the BBSome. As demonstrated in Fig. S4, the
localization of BBS3 and the BBSome overlap inside the cilium,
but the pericentriolar satellite localization of the BBSome is not
shared by BBS3 and this localization is BBS3-independent. Be-
cause BBS3 is a small GTPase, and small GTPases can bind to
vesicle membranes, we asked whether endogenous BBS3 also
binds to membranes. We fractionated WT testes total lysates by

mechanically disrupting the tissues without adding detergent to
avoid disruption of the membranes. We then used differential
ultracentrifugation to separate the nucleus and the cytosol from
the membrane fraction. The membrane fraction was then loaded
on to a sucrose gradient. Both endogenous Bbs3 and the BBSome
are associated with membranes, demonstrated by Western blot
analysis of different sucrose gradient fractions (Fig. 4A). Most
Bbs3 is in the cytosol, whereas only a fraction of Bbs3 is associated
with membranes. In contrast, a large portion of the endogenous
BBSome is associated with membranes. Membrane fractionation
using testes from Bbs4−/−mice demonstrated that loss of Bbs4 did
not alter the overall membrane association of Bbs3 (Fig. 4B).
Similarly, membrane fractionation using testes from Bbs3−/−mice
demonstrate that loss of Bbs3 did not alter the overall membrane

Fig. 2. Bbs3−/− mice have increased body weight
and arterial pressure. (A–C) Comparison of (A) body
weight and fat mass as assessed by MRI (B) and
weight of individual fat depots (C) between Bbs3−/−

mice and WT littermate controls. Although Bbs3−/−

mice have increased white adipose tissues like go-
nadal fat and retroperitoneal fat, they do not have
increased brown adipose tissue (BAT). (D–F) Com-
parison of (D) mean arterial pressure (AP), (E) heart
rate, and (F) renal SNA between Bbs3−/− mice and
WT littermate controls. *P < 0.05 vs. WT controls.
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Fig. 3. BBS3 N-terminal hydrophobic amino acids regulate BBS3–BBSome
interaction, but human homozygous point mutations disrupt this in-
teraction. (A) The N-terminal hydrophobic amino acids regulated the in-
teraction between BBS3 and the endogenous BBSome. Shown are Western
blots of Flag pull-down of 293T cells transfected with Flag-tagged full-length
BBS3, BBS3 without the first 11 amino acids, and VHL as a negative control.
(B) Mutation of the hydrophobic amino acids to Alanine in the first 11 amino
acids of the N terminus of BBS3 increased the interaction between BBS3 and
endogenous BBSome. (C) The GTP-bound form of BBS3 regulates the in-
teraction between BBS3 and the BBSome. (D) Mutated BBS3 with mutations
found in BBS patients lose the ability to interact with the BBSome but
a mutation found in nonsyndromic retinal pigmentosa patients (A89V) only
partially decreases the interaction between BBS3 and the BBSome. (E) BBS3
interacts with the BBSome through the BBS1 subunit. Shown are coimmu-
noprecipitation assays of 293T cells transfected with Flag-tagged BBS3Δ1–11
and myc-tagged BBSome subunits.
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association of BBSome proteins (Fig. 4C). Together with data
from Figs. S4 and S6, these results indicate that there are several
pools of Bbs3 and the BBSome inside the cells: the cytosolic pool,
the general membrane pool, and the cilia pool.

Bbs3 Is Required for Proper Ciliary Localization of Melanin Concentrating
Hormone Receptor 1. Functions of the BBSome include ciliary
membrane biogenesis and ciliary membrane protein targeting. The
membrane receptor melanin concentrating hormone receptor 1
(MCHR1) has been shown to localize to the ciliary membrane in
brain neurons and in culturedmouse innermedullary collecting duct
cells (31). MCHR1 ciliary membrane localization is lost in Bbs2−/−

and Bbs4−/− brain neurons. To determine if Bbs3 is required for
MCHR1 ciliary localization, we cultured neurons from P0 mouse
brain fromWT and Bbs3−/−mice.We stained cultured neurons with
anti-ACIII antibody and anti-MCHR1 antibody. Consistent with
published results,MCHR1 localizes to neuronal cilia inWTneurons
(Fig. 5 A–C). Loss of Bbs3 does not affect ciliary localization of
MCHR1 in Bbs3−/− neurons (Fig. 5 D–F). When cultured Bbs3−/−

kidney cells were infected with adenovirus-expressing GFP-
MCHR1, MCHR1 localized to the ciliary membrane (Fig. 5 G–L),
confirming that Bbs3 is not required for ciliary localization of
MCHR1. However, of those cilia that express GFP-MCHR1, about
27% of them show MCHR1-containing bulges along the ciliary
membrane inBbs3−/− cells, but only∼8%of the cilia inWTcells have
MCHR1-containingbulges.Among those ciliary bulges in theBbs3−/−

cells,∼56%of them localize to the proximal end of the cilia, as dem-
onstrated by their colocalization close to γ-tubulin staining (Fig. 5
M–O), ∼29% of them localize to the tip of the cilia, and ∼15%
localize along the length of the cilia (Fig. 5P). This finding is con-
sistent with previous findings that Bbs gene knockdown in zebrafish
leads to retrograde melanosome transport delay in addition to
Kupffer vesicle defects (32).

Bbs3 Is Required for Proper Smoothened Ciliary Localization. The
relevance ofMCHR1 toBBS phenotypes is not known. Therefore,
we attempted to identify the physiologically relevant endogenous
ciliary membrane proteins that are regulated by BBS3. One of the
cardinal features of BBS patients is polydacyly. Most polydactyly
phenotypes typically have sonic hedgehog (Shh) pathway defects.

Recent studies from our laboratory have identified that Smooth-
ened (Smo), one of the ciliary membrane proteins that is required
for Shh pathway activation, is a cargo of the BBSome and loss of
the BBSome results in Smo accumulation inside cilia and de-
creased Shh response. We asked if Smo ciliary localization is also
regulated by BBS3. We stained mouse embryonic fibroblast
(MEF) cells from WT and Bbs3−/− mice with antiacetylated tu-
bulin and anti-Smo. Smo was accumulated inside cilia in 30–40%
of Bbs3−/− MEF cells, even in the absence of Shh pathway stimu-
lation with SAG (a Smo-binding Shh pathway agonist) treatment
(Fig. 6), compared with less than 5% in WT MEF cells. SAG
treatment further increased the percentage of cilia positive for
Smo in Bbs3−/−MEF cells (Fig. 6C), suggesting that Bbs3−/−MEF
cells can still respond to ligand treatment. To determine if loss of
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Bbs3 affects Shh pathway activation, we determined gli1 (an
indicators of Shh pathway activation) mRNA levels by quantita-
tive PCR. Loss of Bbs3 leads to a 22.3% decrease of Shh pathway
activation (Fig. 6D). This modest decrease in Shh pathway acti-
vation explains the lack of polydactyly inBbs3−/−mice. Our results
are consistent that with that of loss of BBSome subunits and fur-
ther demonstrated thatBBS3and theBBSomeare interdependent
in transporting ciliary membrane proteins.

Discussion
Phenotypic Similarities and Differences Between Bbs3−/− Mice and
Other BBS Mutant Mice. BBS patients share similar features, re-
gardless of the gene mutated, although differences between in-
dividual patients arewell documented. Studies inmodel organisms
like zebrafish also show that knockdown of different BBS genes
result in commonphenotypes, including abnormalKuppfer vesicle
formation, cilia abnormalities, and retrograde melanosome
transport defects (32). Therefore, we anticipated that Bbs3−/−

mice would be like other BBS mutant mice, developing retinal
degeneration, obesity, ventriculomegaly, and male infertility. In-
deed, phenotypic characterization of Bbs3−/− mice revealed that
they developed retinal degeneration and are male-infertile be-
cause of the absence of sperm flagella. Consistent with these
phenotypic similarities, our biochemical analysis demonstrates
that BBS3 interacts with the BBSome and is required for the
ciliary localization of the BBSome, confirming in vitro data pub-
lished recently (28). Furthermore, we showed that mutations
found in BBS3 patients disrupt BBS3–BBSome interaction, but
mutations found in nonsyndromic retinitis pigmentosa only par-
tially decrease the interaction, highlighting the importance of
BBS–BBSome interactions. Interestingly, the Bbs3−/− mice de-
velop more severe and earlier hydrocephalus than do other BBS
mutants. Unlike other BBS mutants, which develop ven-
triculomegaly around 2–3 wk of age, the hydrocephalus can be
detected as early as postnatal day 5 inBbs3−/−mice. Thesemice go
on to develop cranial abnormalities, with splayed cranial sutures
and domed cranial vaults. This finding suggests the accumulation
of cerebrospinal fluid early in the neonatal period.
The alteration of motility of ependymal cell cilia is most likely

because of the accumulation of materials inside the bulges, al-
though we cannot rule out the possibility of subtle defective

axonemal structures. The accumulation of materials that appear
vesicle-like has been shown in trachea motile cilia and motile cilia
of ependymal cells of other BBS mutants (18, 23). The movement
of motile cilia without bulges appears to be normal. Unlike the
severe defects observed in motile cilia of the ventricle ependymal
layer and spermatozoa flagella, trachea motile cilia appear grossly
normal, although a small fraction of them have abnormal cilia
morphology, as is seen in other BBSmutants (23). The ciliogenesis
of trachea motile cilia may differ from other motile cilia, as a sim-
ilar situation is observed in Tg737orpk mice. Understanding cilio-
genesis differences between these motile cilia is of interest, and
BBS mouse models will provide valuable tools for future studies.
Interestingly, unlike other BBS mutants that develop obesity,

Bbs3−/− mice do not have increased body weight, although they
do have increased body fat. One possible explanation is that the
severe hydrocephalus developed in Bbs3−/− mice affect their
food intake, or that the severe hydrocephalus compresses other
brain regions regulating body weight. However, when we knocked-
out the Bbs1 gene in GFAP-positive cells by crossing GFAP-cre
mice with Bbs1 conditional knockout mice, they develop severe
hydrocephalus with a domed cranium but still develop obesity,
indicating severe hydrocephalus does not affect obesity de-
velopment. Another possibility is that BBS3 has an additional
BBSome-independent function.
A BBSome-independent function for BBS3 is also suggested by

the fact that Bbs3−/− mice developed hypertension. The hyper-
tension phenotype is shared by Bbs4−/− and Bbs6−/− mice, but it is
not found in Bbs2−/− and Bbs1M390R knockin mice (18, 25). This
finding indicates that some BBS proteins have other functions in
addition to the BBSome function, or that the knockout of some
components of the BBSome results in a BBSome subcomplex that
retains partial function capable of regulating blood pressure.
A BBSome-independent function for BBS3 is also suggested

by studies showing that overexpression of WT BBS3 increases
response to canonical Wnt signals, but loss of BBSome function,
including knockdown of BBS1 and BBS4, leads to an increased
Wnt response. In contrast, overexpression of the BBSome
component BBS4 does not have any effect on canonical Wnt
pathway activity (33, 34).

N-Terminal BBS3 Amino Acids Regulate the Interaction Between BBS3
and the BBSome. The N-terminal sequence of BBS3 contains
several hydrophobic amino acids and forms an α-helix structure.
The α-helix domain appears to regulate the interaction between
BBS3 and the BBSome. Similar structures are shared by other
ARFs (30). Membrane binding, nucleotide affinity, and nucleo-
tide hydrolysis by ARFs are all sensitive to the presence and
sequence composition of N-terminal amino acids. The structure
and position of this region has only been determined for ARFs
bound to GDP and is presumed to change dramatically upon
binding GTP. We anticipate that the N terminus of BBS3 will
behave like ARF1. When the BBS3 crystal structure was solved,
the N-terminal 15 amino acids were removed, precluding the
determination of the effect of the N-terminal region on the 3D
structure (34). Nevertheless, it is likely that deletion of the N
terminus or binding to membranes through the N-terminal hy-
drophobic amino acids changes the structure of BBS3, therefore
regulating the interaction between BBS3 and the BBSome.
Binding to GTP may change the positioning of the N-terminal
α-helix and facilitate BBS3–BBSome interaction.

BBS3 and Cilia Membrane Protein Trafficking and BBSome Cargo
Selection. One of the functions of the BBSome is to transport cil-
iary membrane proteins to the cilium. One type of seven trans-
membrane G protein-coupled receptors (GPCRs), which contain
the conserved motif of AX[S/A]XQ in the intracellular loop
serving as the ciliary localization signal, are localized to cilia (35):
these include SST3R andMCHR1. BBS proteins are required for
the ciliary localization of these GPCRs. Jin et al. showed that the
BBSome directly interact with the ciliary localization signal of
SST3R and serve as coat proteins for ciliary membrane proteins
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Fig. 6. BBS3 is required for proper Smo ciliary localization and modulates
Shh pathway activation. Cultured MEF cells fromWT (A) and Bbs3−/− (B) mice
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(28).However, our studies showed thatBbs3 is not required for the
ciliary localization of MCHR1. One possible explanation for this
difference may relate to differences in the neuron type between
our study and others. We cultured the neurons from the whole
brain sans olfactory bulb and cerebellum, but other studies used
hippocampal neurons. Alternatively, the discrepancy may reflect
functional differences between BBS3 and other BBS proteins.
Consistent with this possibility, expression of MCHR1 in cultured
kidney epithelial cells from Bbs3−/− mice showed ciliary localiza-
tion of MCHR1. However, MCHR1 was often associated with
bulges along the cilium inBbs3−/− cells. These bulges are similar to
those found in the tracheal and ependymal cilia of BBS mutant
mice (18, 23), and reminiscent of bulges found in IFT complex A
mutants (36, 37). Similarly, endogenous Smo accumulates inside
cilia without ligand stimulation. Interestingly, we do not find ac-
cumulation of the IFT complex B protein IFT88, unlike that ob-
served in other IFT mutants, such as Tg737orpk or Dync2h1. This
finding is consistent with the hypothesis that the BBSome is spe-
cifically involved in membrane protein trafficking. These data in-
dicate that BBS proteins function in retrograde trafficking,
consistent with studies in zebrafish (32).

Other BBS3 and BBSome Functions. Biochemical analysis demon-
strates that both BBS3 and the BBSome are associated with
membranes. The membrane association is important, given that
both BBS3 and the BBSome localize to cilia, and the BBSome is
required for cilia membrane biogenesis. BBS3 and the BBSome
depend on each other for ciliary localization. However, loss of
Bbs3does not affect themembrane association of theBBSomeand
loss of the BBSome does not affect the membrane association of
Bbs3. This finding indicates that the membrane association of
BBS3 and the BBSome occur before they enter the cilia. Indeed,
BBSome staining is diffuse in the cytosol before serumwithdrawal,

concentrates over time at pericentriolar satellites, and eventually
BBSomes are transported to cilia (Fig. S5). Depletion of BBS3 in
cells affect BBSome ciliary localization but not the pericentriolar
satellite localization. In fact, sucrose gradient analysis of lysates of
hTERT-immortalized retinal pigment epithelial (RPE1) cells
cultured under conditions in which cilia do not form (10% serum
and nonconfluence) (Fig. S6) and lysates of 293T cells, which do
not form cilia under normal culture conditions, reveal that both
the BBSome andBBS3 still associate withmembranes. These data
indicate that both BBS3 and the BBSome may have general
membrane-associated functions in addition to the known func-
tions of ciliary membrane biogenesis and cilia membrane protein
sorting. Such functions likely include trafficking to other mem-
brane compartments, for example the trafficking of the leptin re-
ceptor to the plasma membrane (26).

Materials and Methods
Hemodynamic and Sympathetic Measurements. Arterial pressure and heart
rate were recorded in conscious mice, as described previously (25). Briefly,
mice were anesthetized with (91 mg/kg) and xylazine (9.1 mg/kg) and the
catheter was inserted in the carotid artery. Animals were allowed to recover
for several days before arterial pressure was recorded continuously in the
conscious unrestrained state for 7 d.

Tomeasure directmultifiber renal SNA, a nerve fascicle to the left kidney of
anesthetizedWT and Bbs3−/−mice was carefully isolated. A bipolar platinum-
iridium electrode (Cooner Wire) was suspended under the nerve and secured
with silicone gel (Kwik-Cast; World Precision Instruments). The nerve signal
was amplified and filtered as described previously (25). Reagents and proce-
dures are described in detail in SI Materials and Methods.
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