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Abstract

Bardet–Biedl syndrome (BBS) is a pleiotropic autosomal recessive ciliopathy affecting multiple organs. The development of
potential disease-modifying therapy for BBS will require concurrent targeting of multi-systemic manifestations. Here, we
show for the first time that monosialodihexosylganglioside accumulates in Bbs2−/− cilia, indicating impairment of
glycosphingolipid (GSL) metabolism in BBS. Consequently, we tested whether BBS pathology in Bbs2−/− mice can be
reversed by targeting the underlying ciliary defect via reduction of GSL metabolism. Inhibition of GSL synthesis with the
glucosylceramide synthase inhibitor Genz-667161 decreases the obesity, liver disease, retinal degeneration and olfaction
defect in Bbs2−/− mice. These effects are secondary to preservation of ciliary structure and signaling, and stimulation of
cellular differentiation. In conclusion, reduction of GSL metabolism resolves the multi-organ pathology of Bbs2−/− mice by
directly preserving ciliary structure and function towards a normal phenotype. Since this approach does not rely on the
correction of the underlying genetic mutation, it might translate successfully as a treatment for
other ciliopathies.
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Introduction
Ciliopathies are a class of disorders caused by genetic mutations
that result in the abnormal formation or function of cilia. Cilia
are highly conserved microtubule-based organelles surrounded
by membrane that project from the surface of most vertebrate
cell type (1). Cilia functions as antennae to sense environmental
cues and link them to key signaling pathways (2,3). Ciliopathies
may present clinically as organ-specific disorders or pleiotropic
conditions and can manifest with obesity, retinal degeneration,
renal cystic disease and cerebral anomalies. Ciliopathies are
complex genetic diseases with 187 genes linked to 35 established
ciliopathies defined by various phenotypes. In addition, differ-
ent mutations in the same gene can result in multiple, clini-
cally distinct phenotypes. (2). The pathobiological mechanisms
underlying the heterogeneity of these diseases remain largely
unknown (4).

Bardet–Biedl syndrome (BBS) is a rare autosomal recessive cil-
iopathy characterized by obesity, anosmia, retinal degeneration
with rod-cone dystrophy, postaxial polydactyly, hypogonadism
and renal cystic disease. The genetic variability associated with
BBS translates into high phenotypic variations. To date, muta-
tions in 21 BBS genes are considered causative (5–7). The encoded
proteins are involved in ciliary function, intracellular transport
and in multiple protein–protein interactions (5,8–10). Eight BBS
proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9 and BBS18)
assemble a stable complex known as the BBSome, which reg-
ulates protein trafficking to the ciliary membrane (11,12). BBS6,
BBS10 and BBS12 constitute a chaperonin complex that is impor-
tant for the proper assembly of the BBSome (13). BBS3 is essential
for BBSome recruitment to the membrane and entrance into
cilia (14). The partially overlapping functions of BBS proteins
are consistent with the phenotypic similarities observed with
mutations in distinct BBS genes (15,16).

Sphingolipids and glycosphingolipids (GSL) are important
regulators of key cellular processes including proliferation, dif-
ferentiation, signal transduction and modulation of immune
responses. GSLs were shown to play crucial roles in cancer pro-
gression and in the development of inflammatory, neurological,
immune and metabolic disorders (17–20). Recent data demon-
strate that GSLs are also central constituents of cilia structure
and contribute to ciliary signaling. The GSL monosialodihexosyl-
ganglioside (GM3) is a ganglioside enriched in the ciliary mem-
brane of epithelial cells, while ceramide (the precursor to GSL
synthesis) appears highly enriched in the centrosomal/pericen-
triolar cellular compartment (21,22). Interestingly, ciliary length
and lipid flux to the cilium may be regulated by the amount of
ceramide at the cilia base, such that an increase in ceramide
levels favors ciliogenesis (23).

We hypothesized that modulating ciliary signaling defects by
modulating GSLs using a small molecule inhibitor of GCS could
be beneficial in multi-organ ciliopathies such as BBS. Here, we
show for the first time a GSL pathway imbalance in Bbs2−/−
mice, characterized by accumulation of GM3 in morphologically
stunted cilia. Modulation of GSL metabolism in Bbs2−/− mice
with the administration of the brain-penetrant GCS inhibitor
(GCSi) Genz-667161 improves multiple disease manifestations,
including obesity, anosmia and retinal degeneration. Mechanis-
tic studies show that the therapeutic effects of Genz-667161 are
mediated by preservation of ciliary length and signaling that
lead to a restoration of cellular differentiation in the adipose
tissue and the olfactory and retinal epithelium towards a normal
phenotype. The effects of Genz-667161 in adipose tissue appear
driven by a generalized normalization of gene expression in
adipocytes.

Results
GCS inhibition normalizes ciliary GM3 expression in
Bbs2−/− kidney epithelial cells

GSLs are important components of ciliary structure and
signaling (21,22). To characterize the impact of the Bbs2 deletion
on ciliary GSL metabolism, we generated a mouse model of BBS
harboring the homozygous deletion of exons 5–13 in the Bbs2
(Bbs2−/−) locus (Supplementary Material, Fig. S1A), as previously
described (16). Quantitative reverse-transcription-polymerase
chain reaction (qRT PCR) showed absence of Bbs2 mRNA when
probed with a primer pair and probe set spanning exon 12–13.
It is of interest that the Bbs2 mRNA was increased when probed
with a primer pair and probe set spanning exon 16–17, and
this effect most likely results from a compensatory mechanism
in response to Bbs2 loss of function (Supplementary Material,
Fig. S1B).

Subsequently, we measured ciliary GM3 expression and
assessed GM3 ciliary localization in kidney epithelial cell
lines generated from Bbs2−/− mutants and wild-type (WT)
mice. Immunofluorescence (IF) analysis of acetylated tubulin
and GM3 co-localization revealed that cilia of Bbs2−/− cells
exhibited higher GM3 content and were shorter than cilia
in WT cells (Fig. 1B and C). In agreement with these results,
LC-MS/MS analysis of whole cell lysates demonstrated that
GM3 accumulates in Bbs2−/− cells and that Genz-667161
prevented this effect also increasing cilia length (Fig. 1B–D and
Supplementary Material, Table S1).

GCS inhibition reduces metabolic abnormalities in the
Bbs2−/− mouse model

To determine the impact of GCS inhibition on the metabolic
abnormalities of BBS, Bbs2−/− mice were fed a diet containing
Genz-667161 (0.033% weight/weight) from 1 to 6 months of age.
Bbs2−/− mice fed a normal diet served as controls for disease
progression. In agreement with previous reports, Bbs2−/− mice
were smaller than WT littermates at birth (16). Although this
difference was no longer noted at 2 months of age, body fat
content was higher in 2-month-old Bbs2−/− mutants than in
WT littermates as shown in the 1 to 6 months longitudinal
study (Supplementary Material, Fig. S2 and corresponding Sup-
plementary Material, Table S3). Three-month-old Bbs2−/− mice
were heavier and displayed higher body fat content than WT
littermates, and GCSi administration attenuated these differ-
ences up to 6 months of age (Fig. 2A and corresponding Supple-
mentary Material, Table S2; Supplementary Material, Fig. S2 and
corresponding Supplementary Material, Table S3). Our findings
confirm previous work demonstrating that Bbs2−/− mice, like
BBS patients, develop obesity and indicate that GCS inhibition
may normalize body weight and body fat content in the context
of BBS (5,16).

Obesity in BBS is thought to originate both from abnor-
malities in the central nervous system (CNS) and peripheral
adipose tissue (24). Ciliary defects in the hypothalamus of BBS
patients inhibit the response to leptin, leading to hyperphagia
and increased serum leptin levels. These manifestations of BBS
were reproduced in Bbs2−/− mice (Fig. 2A and corresponding
Supplementary Material, Table S2; Supplementary Material,
Fig. S2 and corresponding Supplementary Material, Table S3)
and confirmed previous observations in similar models (25–
27). Genz-667161 reduced food consumption and serum leptin
levels in Bbs2−/− mice, suggesting that the CNS defects were
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Figure 1. Genz-667161 normalizes GSL distribution in immortalized Bbs2−/− kidney epithelial cells. (A) Schematic representation of GSL metabolism. The de novo

synthesis is a multistep process resulting in synthesis of ceramide. Ceramide can be deacylated by ceramidase to sphingosine, or converted to a membrane lipid

sphingomyelin, or, alternatively, glycosylated by glucosylceramide (GlcCer) synthase (GCS) to GlcCer. GlcCer can be converted to lactosylceramide (LacCer) by addition

of galactose. GlcCer can be further modified to GM3 by GM3 synthase. Genz-667161 is a GCSi. Ceramide can also be converted to sphingosine-1 phosphate, a signaling

SL, by the action of ceramidase and by sphingosine kinase 1 or 2 on sphingosine. Gene names are indicated in parentheses. (B) Immunofluorescence analysis of

GM3 localization in WT immortalized kidney epithelial cells, and Bbs2−/− immortalized kidney epithelial cells either treated with 5 μm of GCSi or ethanol (vehicle).

Cell cultures were stained for GM3 (green), Ac. Tubulin (red) and nuclei stained with DAPI (blue). Scale bar: 10 μm. (C). Quantitation of mean cilia length in WT and

Bbs2−/−, and Bbs2−/− cell lines treated with GCSi. WT N = 357 cilia, Bbs2−/− N = 350 cilia, Bbs2−/− + GCSi N = 377 cilia. (D) GM3 levels measured by LC–MS analysis in

immortalized kidney epithelial cells from WT and Bbs2−/− kidneys. GM3 levels shown are normalized to phosphatidylcholine (PC) level. ∗ indicates P < 0.05 WT versus

Bbs2−/−, # indicates P < 0.05 Bbs2−/− versus Bbs2−/− + GCSi; error bars indicate SEM.



Human Molecular Genetics, 2020, Vol. 29, No. 15 2511

Figure 2. Genz-667161 attenuates the metabolic abnormalities in Bbs2−/− mice. (A) Changes in metabolic parameters including body weight, body fat percentage, serum

leptin and food consumption were measured in 6-month-old WT and Bbs2−/− mice, and Bbs2−/− littermates treated with GCSi (Bbs2−/− + GCSi). (B) Representative

H&E-stained white adipose tissue (left) and quantification of adipocyte size (right). (C) Changes in parameters of liver function including liver weight, serum ALT and

serum triglycerides were measured in male WT and Bbs2−/− mice, and Bbs2−/− littermates treated with GCSi. ∗ indicates P < 0.05 WT versus Bbs2−/− , # indicates

P < 0.05 Bbs2−/− versus Bbs2−/− + GCSi; error bars indicate SEM.

reversed by GCS inhibition (Fig. 2A and corresponding Supple-
mentary Material, Table S2; Supplementary Material, Fig. S2 and
corresponding Supplementary Material, Table S3). Accordingly,
examination of primary cilia structure in the hypothalamus
revealed a loss of hypothalamic cilia in Bbs2−/− mice that was
reduced by GCSi treatment (Supplementary Material, Fig. S3A).

Histological analysis of adipose tissue revealed that
adipocytes had greater heterogeneity and were larger in Bbs2−/−
mice than in WT littermates, an effect that is suggestive
of adipocyte hypertrophy in Bbs2−/− mutants (Fig. 2B). Cell-
size-distribution analysis indicated that adipocyte size was
normalized by GCSi treatment (Fig. 2B). As reported in BBS
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patients (28), Bbs2−/− mice exhibited several liver abnormalities
including elevated liver weight, which was reduced to WT
levels with GCSi treatment. Serum alanine transaminase (ALT)
and triglycerides were significantly increased albeit within
normal range in Bbs2−/− mice and were reduced to WT levels
by GCS inhibition (Fig. 2C and corresponding Supplementary
Material, Table S4). As reported previously in a similar Bbs2 null
mouse model, Bbs mice described here do not develop kidney
pathology (16).

GCS inhibition corrects anosmia by preserving cilia
structure and signaling

The loss of BBS proteins results in anosmia in both humans and
mice due to defects in the structure and function of olfactory
cilia (16,29). To determine whether anosmia in Bbs2−/− mice
was improved by GCS inhibition, olfaction was assessed with
a functional test based on length of time required to find a
buried treat (latency time). In accordance with the anosmia of
BBS patients and previous findings in mice, Bbs2−/− mutants
displayed up to a 5-fold increase in latency time compared
to WT controls (Fig. 3A and Supplementary Material, Table 6)
(16,29).

We sought out to assess the effect of GCSi on main olfactory
epithelium (MOE) cilia and cellular differentiation of underlying
cells. We observed a significant reduction of cilia-specific IF
staining in the MOE of Bbs2−/− mice (Fig. 3B). Moreover, the
MOE of Bbs2−/− mice displayed significantly decreased amount
of adenylate cyclase III (ACIII), the enzyme that initiates the
odorant signaling cascade, an effect that was consistent with
reduced sensory function (Fig. 3C).

To investigate the effects of GCS inhibition on cellular dif-
ferentiation in the MOE, we conducted IF analysis of cytoker-
atin 14 (CK14), SRY-Box 2 (Sox2), doublecortin (Dcx) and olfac-
tory marker protein (OMP), which are protein markers of hori-
zontal basal cells, globose/supporting cells, immature neurons
and mature neurons, respectively. Bbs2−/− mice displayed an
accumulation of Dcx-positive immature neurons at the expense
of OMP-positive mature neurons, whereas no differences were
noted in basal or supporting cells. Genz-667161 preserved the
cellular composition of the MOE, suggesting that GCS inhibition
prevented the detrimental effects of Bbs2 inactivation on the
MOE by maintaining neuronal differentiation (Fig. 3D).

GCS inhibition preserved retinal structure in Bbs2−/−

mice

To establish the effects of GCS inhibition on the vision defects
that characterize BBS, we conducted IF analysis of rhodopsin and
cone arrestin in retina sections. In agreement with the early-
onset blindness that afflicts BBS patients and Bbs2 null mouse
models, Bbs2−/− mice presented early-onset severe degeneration
of the outer nuclear layer (ONL) characterized by reduced num-
ber of rods and cones in the retina (Fig. 4A and B) (16,30). The
ONL was significantly thinner in 4-week-old Bbs2−/− mice (data
not shown) compared to WT controls, and the difference became
more pronounced at 6 months of age (Fig. 4A). Genz-667161
administration resulted in an approximate 2-fold increase in
the thickness of the ONL (Fig. 4A and Supplementary Material,
Table S7) and reinstituted partial expression of cone arrestin,
suggesting that GCS inhibition improved the architecture of the
retina (Fig. 4B).

GCS inhibition normalizes GlcCer expression in serum
and multiple tissues in Bbs2−/− mice

To document the efficacy of GCS inhibition, the pharmacody-
namics of GSL lowering was assessed by measuring GlcCer levels
in serum and multiple tissues. Compared to untreated Bbs2−/−
mice, up to 90% of GlcCer reduction was achieved in serum
and visceral tissues of mice administered with Genz-667161,
whereas ∼25% reduction in GlcCer levels was observed in brain
(Supplementary Material, Fig. S3B and Supplementary Material,
Table S5). These data indicated that the reported effects of GCSi
inhibition are secondary to reduction of GlcCer.

GCS inhibition normalizes gene expression signatures
of adipogenesis, ciliogenesis and GSL pathways in
white adipose tissue from Bbs2−/− mice

To determine the mechanisms whereby GCS inhibition corrects
the adipogenic defect of Bbs2−/− mice, we performed next-
generation RNA-sequencing (RNA-seq) in white adipose tissue
(WAT) from WT mice and Bbs2−/− littermates, either fed normal
chow or a diet supplemented with Genz-667161. Principal
component analysis (PCA) demonstrated that two principal
components accounted for ∼55% variability in gene expression
and were sufficient to segregate Bbs2−/− mutants from WT
littermates and Bbs2−/− mice administered Genz-667161
(Supplementary Material, Fig. S4A). Volcano plots identified a
cluster of genes upregulated (red dots) in Bbs2−/− compared
to WT whose expression was normalized by GCS inhibition
(Supplementary Material, Fig. S4B).

Ingenuity pathway analysis (IPA) confirmed that pathways
relevant to BBS pathobiology were dysregulated in Bbs2−/−
mice. More specifically, the glutathione-mediated detoxification
pathway was suppressed, whereas FCγ receptor-mediated
phagocytosis, natural killer cell signaling, Th1 and Th2 activation
and B Cell activation pathways were induced in Bbs2−/− mice
compared to WT littermates (Fig. 5A). In agreement with our in
vivo observations, IPA revealed that Genz-667161 attenuated
these defects, providing a mechanistic explanation for the
reduction of the adipogenic defect by GCS inhibition in Bbs2−/−
mice (Fig. 5B). Next, we analyzed the expression of key genes
involved in the adipogenesis (Fig. 5C and Supplementary
Material, Table S8), ciliogenesis (Fig. 5D and Supplementary
Material, Table S9) and GSL (Fig. 5E and Supplementary Material,
Table S10) pathways. The analysis revealed increased Lep and
decreased Cdk5 in the adipogenesis pathway; increased Bbs2,
Ift80 and Arl13B and decreased Arl6, Ahi1, Wdpcp and Ift43 in
the ciliogenesis pathway; and increased Ugcg and B4galt6, and
decreased St3gal5 in the GSL pathway. These data show that
GCSi normalizes key pathways dysregulated in adipose tissue
of Bbs2−/− mice.

GCS inhibition decreases adipogenesis triggered by
BBS1, BBS2 and BBS10 knockdown in human
preadipocytes cultures

More than 21 BBS mutations have been characterized to date,
and mutations in BBS1, BBS2 and BBS10 account for ∼50% of all
BBS cases (31,32). Therefore, we sought to determine whether
GCS inhibition also affects the metabolic abnormalities in other
BBS variants, including those caused by BBS1 or BBS10 loss of
function. To this end, we tested the effects of Genz-667161 in
primary human preadipocytes (HprAD) transfected with small
interfering siRNA targeting BBS1, BBS2 or BBS10, or a scrambled
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Figure 3. Genz-667161 treatment preserves cilia and preserves olfaction in Bbs2−/− mice. (A) Defects in olfaction were monitored in vivo using the buried treat test

to measure the latency time to uncover a treat hidden beneath a layer of cage bedding (∗ indicates P < 0.05 WT versus Bbs2−/−, # indicates P < 0.05 Bbs2−/− versus

Bbs2−/− + GCSi). (B) Markers of cilia (acetylated tubulin, Ac. tubulin) and (C) odorant signaling (ACIII) was analyzed in nasal cavity sections of 6-month-old WT and

Bbs2−/− mice, and Bbs2−/− littermates treated with GCSi along IF quantitation (∗ indicates P < 0.05). (D) Markers of cellular layers of the main olfactory epithelium were

analyzed in the nasal cavity sections of WT and Bbs2−/− mice, and Bbs2−/− littermates treated with GCSi. Panels (from left to right) represent analysis of the horizontal

basal cells stained with cytokeratin 14 (CK14), globose basal cells and supporting cells stained with SRY-Box 2 (Sox2), immature neurons stained with doublecortin (Dcx)

and mature neurons stained olfactory marker protein (OMP) along IF quantitation below (∗ indicates P < 0.05). Error bars indicate SEM. Scale bar: 25 μm.

control with no known homology to human mRNAs. Analysis
of gene expression by RT-qPCR demonstrated siRNA-specific
suppression of BBS1, BBS2 or BBS10 transcripts (Fig. 6A). Enzyme-
linked immunosorbent assay (ELISA) and Oil Red O staining

revealed that BBS1, BBS2 and BBS10 knockdown increased lep-
tin secretion and intracellular lipid accumulation, respectively,
(Fig. 6B and C). In agreement with the observations in Bbs2−/−
mice, Genz-667161 reduced leptin levels and lipid accumulation
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Figure 4. Genz-667161 delays retinal degeneration in Bbs2−/− mice. (A) Effect of GCSi on retinal thickness in 6-month-old Bbs2−/− mice, shown as the ratio of the

number of nuclei per one vertical row in the outer nuclear layer (ONL) over inner nuclear layer (INL). (B) Analysis of the expression of rhodopsin (top) and cone arrestin

(bottom) specific for rods and cones, respectively. Markers of retinal architecture were analyzed in eye sections of WT and Bbs2−/− mice, and Bbs2−/− littermates

treated with GCSi. ∗ indicates P < 0.05 WT versus Bbs2−/− , # indicates P < 0.05 Bbs2−/− versus Bbs2−/− + GCSi; error bars indicate SEM. Scale bar: 25 μm.

in a dose-dependent fashion, adding credence to the notion that
GCS inhibition can prevent the defect in adipocyte function that
contributes to BBS (Fig. 6B and C).

Discussion
The findings described here provide compelling evidence that
preservation of cilia structure and function through pharma-
cologic modulation of GSL metabolism is a viable approach for
the treatment of multiple organ pathologies of BBS. Specifically,
orally available brain-penetrant GlcCer Synthase inhibitor Genz-
667161 administered to Bbs2−/− mice was effective in reducing
obesity and liver weight as well as attenuated anosmia and
retinal degeneration. Mechanistic studies confirmed that GM3
localization to the ciliary membrane must be tightly regulated to
preserve ciliary structure and function, and suggest that Genz-
667161 acts at least in part, by normalizing GM3 localization in
the primary cilium (21).

We report for the first time that Bbs2−/− mice multi-organ
pathology is associated with accumulation of GSLs. GlcCer is
the first GSL in the GSL synthetic pathway synthesized by
GCS, which catalyzes the transfer of glucose from UDP glucose
to ceramide. We detected elevated levels of GlcCer in the
serum, brain and peripheral tissues such as liver and kidney of
Bbs2−/− mice. These findings are consistent with the increased
GlcCer levels reported in murine models of obesity and suggest
that abnormal GSL metabolism plays a key role in patholog-
ical weight gain irrespective of genetic lesion or endocrine
defect (33).

We show that Genz-667161 administration to Bbs2−/− mice
reduces circulating leptin levels, thereby decreased the hyper-
phagia and obesity that characterize this model. The role of

BBS proteins in energy balance and satiety, which are regu-
lated by leptin signaling in the hypothalamus, is well estab-
lished (24,25,34–37). Our results indicate that GCS inhibition in
Bbs2−/− mice leads to reduced food consumption by targeting the
hypothalamic ciliary defect. These findings are consistent with
the key role of hypothalamic ciliary signaling in the regulation
of satiety. More specifically, BBS mice have decreased hypotha-
lamic expression of proopiomelanocortin, whereas BBS1 regu-
lates trafficking of the leptin receptor to the ciliary membrane
(27,35). Moreover, cilia shortening in the hypothalamus of adult
obese leptin-deficient mice leads to increased food intake and
decreased energy expenditure (38).

Primary cilia and BBS proteins are necessary for adipocyte
differentiation, suggesting that abnormal adipogenesis may con-
tribute to the obesity phenotype of BBS. Indeed, pharmacological
inhibition of GCS improved adipocyte function, insulin sensitiv-
ity, glucose homeostasis, and reduced inflammation in mouse
models of diabetes or obesity (33,39–42). In vitro suppression of
BBS4, BBS10 and BBS12 in differentiating preadipocytes promotes
adipogenesis and fat accumulation (43,44). Obesity in BBS is
believed to be secondary to adipocyte hyperplasia and hyper-
trophy (24). Inhibition of GCS prevents adipocyte hypertrophy
thereby normalizing the adipocyte phenotype. Adipose tissue
dysfunction is observed in non-alcoholic hepatic steatosis (45).
Similarly, the liver phenotype in BBS patients is associated with
obesity and overlaps with the manifestations of non-alcoholic
fatty liver disease (28). Bbs2−/− mice showed elevated levels of
serum triglycerides, ALT and increased liver weight, which were
reduced by GCS inhibition.

RNA Seq analyses demonstrated that the loss of Bbs2 caused
changes in gene expression and that GCSi normalizes their
expression closer to WT levels as shown by PCA. Canonical
pathways involved in immune responses and genes involved
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Figure 5. Transcriptomic changes in adipose tissue from WT, Bbs2−/− and Bbs2−/− + GCSi mice. (A and B) Twenty most altered canonical pathways between Bbs2−/−
and WT mice (A) or Bbs2−/− mice and Bbs2−/− littermates treated with GCSi (B) adipose tissues from 6-month-old mice (N = 4 per group) along with P-values. (C–E) Heat

map analyses of mRNA expressed in adipogenesis (C), ciliogenesis (D) and SL (E) pathways between WT (S1–4) and Bbs2−/− (S5–8) mice and Bbs2−/− littermates treated

with GCSi (S9–12). Blue indicates low expression, and red indicates high expression. Raw values are presented in Supplementary Material, Tables 8–10, respectively.

in the biosynthesis of structural GSLs and signaling SLs, adi-
pogenesis and ciliogenesis are dysregulated in adipose tissue
of Bbs2−/− mice. GCS inhibition normalized their expression.
Indeed, an increase in Ugcg mRNA coding for GCS is observed
in Bbs2−/− mice and its expression is downregulated by GCSi,
suggesting that the reduction of GlcCer observed could be the

result of both the inhibition of GCS and of the reduction of GCS
enzyme. These data are correlated with the demonstrated role
of GlcCer in the differentiation of mesenchymal stem cells into
adipocytes in white adipose tissue in mice and in the control of
energy metabolism in Drosophila (46,47). Similarly, an increase in
the mRNA B4galt6 coding for the enzyme galactosyltransferase

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa138#supplementary-data
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Figure 6. Genz-667161 reduces BBS1-, 2- or 10-dependent adipogenesis and leptin secretion in HprAD in vitro. (A) RT-qPCR quantitation of BBS1, 2 or 10 upon knockdown

with specific siRNA as expressed as fold change over scrambled siRNA controls in HprAD normalized to GAPDH. (B) Effect of GCSi on leptin secretion upon BBS1, 2

or 10 knockdown in HprAD cells. Cell culture media were harvested at days 0, 5, 7 and 10, and leptin was quantified by ELISA. Data are represented as mean leptin

concentrations ± SEM for scrambled controls siRNA (gray •) and BBS siRNAs as noted in figure, in vehicle (black �), GCSi 5 μm (blue �) or GCSi 10 μm (red �). ∗P < 0.05

compared to vehicle. (C) Effect of GCSi on BBS1, 2 or 10 knockdown in HprAD cells on lipid accumulation. Photon micrograph of representative field of HprAD cells

stained with Oil Red O. Data are representative of three independent experiments.

responsible for the formation of lactosylceramide (LacCer) is
observed in Bbs2−/− mice. Immune responses may require Lac-
Cer, a constituent of certain cell membrane microdomains that
is involved in immune response by playing a role in the secre-
tion of cytokines such as tumor necrosis factor-alpha (TNFα),
which has also been found to be upregulated in Bbs2−/− mice
adipose tissue and downregulated by GCSi (48). It is plausible
that TNFα is directly secreted by adipocytes, although other
cells types present in adipose tissue, including preadipocytes,
endothelial cells, smooth muscle cells, fibroblasts, leukocytes

and macrophages, may produce more TNFα than adipocytes
(49). Increases in mRNA encoding for enzymes involved in GSL
signaling are also observed in adipose tissue of Bbs2−/− mice and
normalized by Genz-667161. These include sphingosine kinases
1/2 mRNA (Sphk1/2). Sphingosine-1 phosphate (S1P), the product
of Sphk1/2 seems to promote macrophages survival in adipose
tissue that may contribute to increase inflammation (50).

Ciliogenesis initiates in the G1 phase of the cell cycle and
progresses as cells move through the G1 and enter the G0 phase.
Assembly requires the coordinated delivery of proteins to the
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ciliary base by multiple trafficking pathways, and presence of
the BBSome, a multimolecular complex of highly specialized
proteins (11). Many genes critical for cilia assembly, maintenance
or function of full-length cilia (including vesicle trafficking, tran-
sition zone and intraflagellar transport complex components)
are decreased in Bbs2−/− mice. This is consistent with defective
ciliogenesis and cell cycle progression, as cilium formation and
resorption is tightly controlled during the cell cycle. Treatment
of Bbs2−/− mice with a GCSi not only reduces the expression
level of ciliary genes to near WT levels, but also increases ciliary
length and reduces GM3 accumulation. It is plausible that GCSi
treatment normalizes cell cycle progression towards a WT phe-
notype by reducing GM3 levels. This would allow ciliary assembly
to resume, maintaining cilia length and function and lessening
the impact of the BBS2 mutation.

We show that the olfactory response of Bbs2−/− mice was
improved by GCSi treatment, and this effect correlated with a
preservation of the cilia morphology and signaling in the olfac-
tory epithelium. In the MOE, olfactory sensory neurons (OSN)
express ciliary receptors that initiate the olfactory response.
Upon odorant contact and receptor activation, olfaction signal-
ing is initiated through activation of ACIII (51,52). Similar to
findings in Bbs1, Bbs4 and Bbs8 null mice, Bbs2 deletion decreases
ACIII at the MOE, and this effect is improved by GCSi treatment
(29,53). Bbs2−/− mice show a decreased number of mature neu-
rons in the MOE that was reversed upon GCS inhibition. This
observation suggests that the beneficial effects of GCS inhibi-
tion on the MOE are mediated by the preservation of cilia and
maintenance of ciliary-related odorant signaling and neuronal
differentiation.

Retinal degeneration in BBS patients is particularly devas-
tating, progressing rapidly and causing legal blindness by the
age of 20 (54). In the photoreceptor cells, the connecting cilium
is the only structure integrating the inner and outer segments.
Mutations in BBS genes likely compromise trafficking of proteins
from the inner segment through the connecting cilium to the
outer segment (51). Mouse models of BBS recapitulate the retinal
degeneration that is evident in the human disease and suggest
that mislocalization of rhodopsin may contribute to vision loss
(16,55–59). The onset of retinal degeneration in Bbs2−/− mice is
very rapid, with a significant degree of retinal ONL degeneration
of the ONL leading to a major decline in photoreceptor function
by 10 weeks of age. Photoreceptor cell death was preceded by
mislocalization of rhodopsin, confirming the defect in protein
transport (16). Remarkably, administration of Genz-667161 to
Bbs2−/− mice had a positive effect on retinal degeneration by
increasing the thickness of the ONL. Also, treatment partially
corrected the localization of rhodopsin and cone arrestin, cor-
roborating the ability of GCSi to modulate protein transport.

Therapies addressing specific facets of BBS pathology are
beginning to emerge. For example, melanocortin receptor ago-
nists are being tested in preclinical and clinical trials as potential
treatment for the obesity; however, they are not expected to
address other disease manifestations (54,60). The development
of new therapeutic approaches to address multi-tissue patho-
genesis of BBS ciliopathies is urgently needed. Our data show
that genetic reduction of BBS1, BBS2 or BBS10 in human pre-
adipocytes increases lipid accumulation and leptin secretion
reminiscent of previous studies (43,44). GCS inhibition in this
study reduced lipid accumulation and leptin secretion, suggest-
ing that GCSi treatment could be beneficial to BBS2 patients
as well as to BBS patients harboring BBS1 or BBS10 mutations.
Treatment of these three groups would encompass ∼50% of all
BBS patients (31).

Gene therapy efforts to target olfaction or retinal defects in
BBS mice have been described. Studies conducted in Bbs1 mutant
mice showed that adeno-associated virus (AAV)-mediated deliv-
ery of WT Bbs1 restored OSN cilia, corrected BBSome cilium
trafficking defects and restored olfactory response (61). However,
the 60–90-day turnover of OSN, combined with the fact that the
host immune response prevents multiple AAV administrations,
limits this approach. Moreover, intranasal delivery only reaches
cells exposed to the apical surface of the olfactory epithelium
and not the underlying immature neurons (62).

Several studies demonstrated that gene therapy prevents
photoreceptor death and preserves retinal function (54,63,64).
AAV-mediated Bbs4 delivery into the rods of Bbs4 mutant mice
rescued the rhodopsin mislocalization and restored rod mor-
phology. Treatment also prevented photoreceptor death and
improved electrophysiological function (63). AAV delivery of Bbs1
into Bbs1-null mice rescued BBSome formation, rhodopsin local-
ization and lead to a trend toward a functional improvement
(54). This study highlighted some challenges associated with
a gene therapy approach, as the treatment damaged the ONL
in the retina at the site of the injection bleb. Toxicity could
be due to overexpression of the BBS1 protein or a disruption
of the BBSome stoichiometry (54). The fact that there was no
associated toxicity with overexpression of BBS1 in the OSN may
reflect a different tolerance of distinct tissues to overexpres-
sion. The main challenge of a gene therapy approach is the
heterogeneity of BBS mutations. This would require correction
of each individual genetic defect so that dosage and toxicity
would have to be established for each gene-specific therapeutic.
Also, a gene therapy approach is unlikely to address the multi-
organ pathophysiology in BBS. Therefore, we propose that the
pharmacological restoration of cilia structure and function is a
unique opportunity to address the multiple manifestations of
BBS regardless of genetic lesion.

In conclusion, our data demonstrate for the first time that
GSL metabolism is dysregulated in BBS. This metabolic defect
can be targeted by GCS inhibition to maintain cilia structure
and signaling, resulting in improvement of pathology in multiple
organs. Taken together, our data suggest that this therapeutic
approach will be beneficial to multiple ciliopathies irrespective
of the underlying mutation.

Materials and Methods
Generation of a mouse model of BBS2

To generate a mouse model of BBS2, we sought to delete
exons 5–13 of the Bbs2 locus. To this end, a targeting vector
containing a LacZ-loxP-Ub1-em7-Neo-loxP (Neo) cassette (2648 bp)
flanked by 5′ and 3′ homology arms complementary to intron
4 and intron 13 of the Bbs2 gene, respectively, was designed
commercially (Regeneron, Tarrytown, NY). The construct was
engineered to delete 13 020 base pairs (bp) of the targeted
region (chr8:96599337-96612356) and replace with the Neo
cassette. Subsequently, C57BL/6F1 embryonic stem cells were
electroporated with the linearized targeting vector, and resulting
positive clones were microinjected into 8-cell stage mouse
C57BL/6 embryos using Regeneron’s VelociMouse® platform
(65). The embryos were then transferred to uteri of pseudo-
pregnant recipient females. Weaned pups were scored, and
high-percentage chimera males were selected for mating with
C57BL/6 female mice expressing Cre-recombinase under the
control of a ubiquitously expressed promoter to remove the neo
cassette. PCR-screening and sequence validation confirmed two
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positive clones for the desired mutation. A mutant founder was
selected for expansion and production of study cohorts.

WT and knockout (KO) animals were identified by genomic
tail DNA probed with PCR applying the following primer pairs:
KO-Forward: 5′ TGC CAA GGG GTT TTG TAG G 3′, KO-Reverse: 5′

GCC ATG CAT ATA ACT TCG TAT AGC 3′, KO-Probe: 5′ AGC AGT
TTT CAG GTG ACC CTG CTT TC 3′, WT-Forward: 5′ T TGT CCT
GAA GCT GCA TAG CC 3′, WT-Reverse: 5′ GAC TGA GAG CGC TGT
GTG G 3′, WT-Probe: 5′ CAG AAA GGC ATA ATC CCA 3′, yielding a
95 and 184 bp-product, respectively.

Breeding, general husbandry and Genz-667161
administration

To generate two different incipient congenic strains, heterozy-
gous Bbs2−/+ mice on a C57BL/6 genetic background were
backcrossed into a 129S6/SvEv inbred background by using speed
congenic program to accelerate generational breeding. Mice
were maintained in a mixed C57BL/6;129S6/SvEv background
at Jackson Laboratories (Bar Harbor) under specific pathogen-
free conditions. All mouse experiments were approved by the
Institutional Animal Care and Use Committees of the Jackson
Laboratories and Sanofi.

To verify Bbs2 mRNA KO, adipose tissue was extracted
as described in section RNA extraction, RNAseq library con-
struction and data analysis below and RT-qPCR was per-
formed with Taqman primer and probe set spanning exon
12–13 (Cat# Mm00518141_m1) or spanning exon 16–17 (Cat#
Mm01249575_m1) and normalized with 18 s primer set (Cat#
Mm01249575_m1) as recommended by the manufacturer
(LifeTechnologies).

Genz-667161 (quinuclidin-3-yl N-[1-[3-(4-fluorophenyl)phenyl]-
1-methyl-ethyl]carbamate), a brain-penetrant GCSi, was admin-
istered ad libitum to several cohorts of Bbs2−/− mice by mixing
in pelleted 5053 diet (LabDiet) at 0.033% (weight/weight) from
1 to 6 months of age in >2 studies with similar outcomes (66).
Tissues were harvested for histological analysis at 6 months
of age and fixed in 4% paraformaldehyde (Electron Microscopy
Science) or flash frozen and stored at −80◦C for gene expression
analyses. Triglyceride and ALT levels were measured using a
VetAceTM analyzer (Alfa Wassermann) in 6-month-old animals.

GSL analysis

Quantitative analysis of SLs was performed by liquid chro-
matography and high-resolution or tandem mass spectrometry
(LC/HR-MS or LC/MS/MS). Tissue homogenization, GlcCer and
PC extractions, and analyses were performed as previously
described with modifications for GM3 analysis as follows (67).
Briefly, 10 μL of tissue homogenate (liver, brain or kidney) or
10 μL of serum were extracted with a solvent consisting of
equal volume of acetonitrile and methanol. GM3 was separated
with isocratic elution using a mobile phase consisting of
acetonitrile:methanol:water (61.75:33.23:5 vol/vol) in 10 mM of
ammonium acetate, pH 6.8 for 2 min using a Waters Acquity
UPLC and Waters Atlantis HILIC Silica column (3 μm, 2.1 × 100
mm) at room temperature. The flow rate was 0.4 mL/min.
The eluent was analyzed by a Q Exactive mass spectrometer
(ThermoFisher Scientific) equipped with a Heated ElectroSpray
Ionization source. Data were collected in full MS negative mode
using the following parameters: resolution of 70 000, scan range
of 1100–1700 m/z, AGC target of 3e6, and max IT of 256 ms.
Quantitation of different isoforms with various acyl chain

lengths was achieved by MS1 extraction of ion chromatograms.
GM3 standard was purchased from Matreya, LLC.

Histological analysis

H&E-stained slides were scanned at a 20X magnification using
the Aperio ScanScope XT (Leica Biosystems). Images were eval-
uated for quality using the Aperio eSlide Manager Viewer (Leica
Biosystems). Automated digital image analysis was performed
on whole adipose tissues using the Visiopharm Image Analysis
software (DK-2970 Hoersholm, Denmark, version 6.9.1). Two
custom-written applications were created and run consecutively
for each digital image. The first application detected adipose
tissue using threshold classification and outlined the area as a
region of interest (ROI). The second application used threshold
to classify the tissue inside the ROI into three categories:
cytoplasm (cytoplasmic membrane), adipose (adipocyte) and
other (unwanted artifacts, large vessels, other tissues). Post-
processing steps included enclosing adipose with cytoplasm
and selecting adequate adipose cells for counting by removing
any adipose with a form factor less than 0.5. Selected adipose
were then classified according to size (small: 1000 ≤ 4000 μm2,
medium: 4000 ≤ 7000 μm2, large: 7000 ≤ 25 000 μm2). The results
are reported as % adipose by size.

Metabolic analysis

Whole body fat and lean mass were measured monthly from
3 months of age until 6 months of age by nuclear magnetic
resonance imaging (EchoMRITM mouse, Echo Medical Systems).
Percentage body fat was calculated using the following formula:
(fat mass/(fat mass + lean mass)) × 100. Average food consump-
tion per animal per day was estimated from 5.5 to 6 months of
age using the following formula: [(food weight at start of period-
(food weight at end of period in hopper + food weight at end
of period in bedding)]/number of animals in the cage/number
of days of observation. Body weight was recorded for individual
animals at time points indicated in results.

Olfaction analysis

Animal olfaction was tested at 6 months of age in accordance to
Yang et al. (68), with modifications. Before testing, animals were
acclimated for 3 days and then fasted for 18 h in a cage with
Alpha Dri bedding. A Supreme Mini-TreatsTM, Chocolate flavor
treat (BioServ) was buried 1 cm deep in a clean cage with 3-cm-
deep bedding. Animals were placed in the clean cage, and the
latency time to find treat was recorded. If the subject failed to
find the treat after 10 min had elapsed, the test was stopped and
a 10 min long latency score was recorded.

Cell culture

Immortalized WT and Bbs2−/− kidney epithelium cell lines were
established from WT and Bbs2−/− kidney and maintained as
described previously (69,70). For cilia analysis, cells were cul-
tured on collagen type-I-coated glass slides in complete culture
medium followed by an additional 24 h in serum-free medium.
To study the role of GCS inhibition, cells were cultured for 48 h on
collagen type-I-coated glass slides in complete medium and 24 h
in serum-free medium followed by 24 h in serum-free medium
containing 5 μm Genz-667161. Cilia length was measured in
cultured cells using Metamorph Imaging Series® Software after
staining with acetylated tubulin.
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In vitro adipocyte differentiation

HprAD (Lonza Cat# PT-5001) were plated PGM-2 Preadipocyte
Growth Medium-2 BulletKit, (Lonza) at 30 000 cells/cm2 density
and grown at 37◦C overnight. The next day, cells were trans-
fected with scrambled or BBS1-, BBS2-, BBS10-specific siRNA
in OptiMem (Invitrogen) using Lipofectamine 2000 (Invitrogen)
and RDM-2 medium (Lonza) is added to allow differentiation to
proceed for 10 days with ethanol (vehicle) or in the presence of
5 or 10 μm Genz-667161 as stated in the figure legend. Photon
microscopy (Axiovert 25, Zeiss) was used to appreciate lipid
accumulation, which is evident by the size and quantity of red
lipid vacuoles in the cells upon Oil Red O staining (Biovision).
In parallel, a set of knockdown experiments were performed
to measure the levels of BBS1, BBS2 and BBS10 mRNA upon
respective knockdowns by RT-qPCR and harvested at day 7 and
10 post knockdown. RNA was harvested using cell to Ct kit as
recommended by the manufacturer (Applied Biosystems) and
levels of BBS1, BBS2 or BBSbs10 mRNA were determined with
specific Taqman assays (Applied Biosystems).

Leptin analysis

Serum samples were obtained by heart puncture from 6-month-
old WT, Bbs2−/− and Bbs2−/− mice treated with GCSi or from cell
culture supernatants after 0, 5, 7 and 10 days of adipocytes differ-
entiation. Serum and cell culture supernatant leptin concentra-
tions were measured by ELISA according to the manufacturer’s
instructions (R&D Systems).

RNA extraction, RNAseq library construction and data
analysis

RNA was isolated by TRIzol and chloroform extraction from
homogenized adipose tissue dissected from four 6-month-old
WT, Bbs2−/− and Bbs2−/− GCSi-treated mice, followed by RNeasy
purification to remove genomic DNA (Qiagen). RNA purity was
assessed using a Nanodrop 800 system, and RNA integrity was
evaluated using the Agilent 2200 Tape Station (Agilent Tech-
nologies). The sequencing libraries were generated using the
TruSeq Stranded mRNA Library Prep Kit as per the manufacturer
recommendations (Illumina). Sequencing was performed using
High Output NextSeq 500/550 v2.5 kits on an Illumina NextSeq
500 platform (2 × 75-bp paired-end reads).

Data analysis was performed with Array Studio V10.1
(Omicsoft Corporation, a Qiagen company) and mapped to
Genome Reference Consortium Mouse Build 38. Differentially
expressed genes were chosen according to the criteria of
fold change >2.0 and adjusted P-value <0.05. All the differ-
entially expressed genes were used for ingenuity pathway
analysis (IPA- https://www.qiagenbioinformatics.com/produ
cts/ingenuity-pathway-analysis according to algorithms pre-
viously described (71)). Heatmaps were generated using a center
scale normalization algorithm on median normalized Log 2
expression values as per the software developer (Omicsoft).
Data are available from the Gene Expression Omnibus with
submission number GSE149866 (https://www.ncbi.nlm.nih.go
v/geo/query/acc.cgi?acc=GSE149866).

IF analysis

IF was performed on paraformaldehyde-fixed paraffin-embedded
sections as previously described (72). Briefly, sections were
deparaffinized, subjected to antigen retrieval and incubated
overnight with primary antibodies at 4◦C. Primary antibodies

to ACIII (Santa Cruz Biotechnology), acetylated tubulin, SRY-
Box 2 and Dcx (Cell Signaling Technology), rhodopsin (Thermo
Scientific), cone arrestin (EMD Millipore), CK14 (Protein Tech)
and OMP (Wako) were incubated overnight at 4◦C. Primary
antibodies were revealed with Alexa Fluor 488-conjugated
secondary antibodies (Thermo Scientific). IF quantitation was
performed using ImageJ software (National Institute of Health),
and statistical analyzes were performed as described below.

For IF analysis of cultured cells, samples were fixed with 4%
paraformaldehyde followed by staining with antibodies against
GM3 (Creative Biolabs) and acetylated tubulin followed by Alexa
Fluor 488- or Alexa Fluor 594-conjugated secondary antibodies,
as previously described (73). Images were acquired on a Leica
DM5500B microscope fitted with ×40 and ×60 objectives using
Leica Application Suite Advance Fluorescence software (Leica
Microsystems). Cilia length was quantified with the MetaMorph
Imaging Series® software (Molecular Devices LLC).

Statistical analysis

Results were expressed as means ± standard error of the mean
(SEM). All analyses were performed using Statistical Analysis
System (SAS 9.4) software in Everst@t version 6.1 software.
Normality test followed by Levene test for equal variances
was performed. While the distributions were normal, based on
the determination that the variances are significantly different
(P < 0.0001), the non-parametric Kruskal–Wallis test followed by
Wilcoxon pairwise comparisons was used to compare groups.
Significance was accepted at the 0.05 level of probability.
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