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Ciliopathies are a group of heterogeneous disorders associated with ciliary dysfunction. Diseases in this group
display considerable phenotypic variation within individual syndromes and overlapping phenotypes among
clinically distinct disorders. Particularly, mutations in CEP290 cause phenotypically diverse ciliopathies ran-
ging from isolated retinal degeneration, nephronophthisis and Joubert syndrome, to the neonatal lethal
Meckel–Gruber syndrome. However, the underlying mechanisms of the variable expressivity in ciliopathies
are not well understood. Here, we show that components of the BBSome, a protein complex composed of
seven Bardet–Biedl syndrome (BBS) proteins, physically and genetically interact with CEP290 and modulate
the expression of disease phenotypes caused by CEP290 mutations. The BBSome binds to the N-terminal
region of CEP290 through BBS4 and co-localizes with CEP290 to the transition zone (TZ) of primary cilia and cen-
triolar satellites in ciliated cells, as well as to the connecting cilium in photoreceptor cells. Although CEP290 still
localizes to the TZ and connecting cilium in BBSome-depleted cells, its localization to centriolar satellites is dis-
rupted and CEP290 appears to disperse throughout the cytoplasm in BBSome-depleted cells. Genetic interac-
tions were tested using Cep290rd16- and Bbs4-null mutant mouse lines. Additional loss of Bbs4 alleles in
Cep290rd16/rd16 mice results in increased body weight and accelerated photoreceptor degeneration compared
with mice without Bbs4 mutations. Furthermore, double-heterozygous mice (Cep2901/rd16;Bbs41/2) have
increased body weight compared with single-heterozygous animals. Our data indicate that genetic interactions
between BBSome components and CEP290 could underlie the variable expression and overlapping phenotypes
of ciliopathies caused by CEP290 mutations.

INTRODUCTION

The primary cilium is a subcellular organelle projecting from
the plasma membrane of almost every vertebrate cell. Studies
during the last decade show that primary cilia are involved in
various fundamental signaling pathways, such as sonic hedge-
hog, receptor tyrosine kinases and Wnt (1–4). Consistent with
their ubiquitous occurrence and diversity of function, ciliary
defects result in a range of human genetic disorders, including
Joubert syndrome (JBTS), Meckel–Gruber syndrome (MKS),
Senior–Loken syndrome (SLSN), Bardet–Biedl syndrome

(BBS) and nephronophthisis (NPHP), which are collectively
called ‘ciliopathies’ (1,5,6).

Ciliopathies exhibit considerable variations in phenotype
even between siblings with the same mutations. In addition,
there is phenotypic overlap among clinically and genetically dis-
tinct ciliopathies. CEP290 (also known as BBS14, JBTS5,
LCA10, MKS4, NPHP6 and SLSN6) is associated with multiple
ciliopathies and displays extensive variable expressivity (7). For
example, mutations in CEP290 are associated with Leber con-
genital amaurosis (LCA), NPHP, SLSN, JBTS, BBS and
MKS. LCA is an inherited retinal dystrophy causing severe
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vision loss within the first year of life. SLSN involves cystic
kidney as well as retinal degeneration. Patients with JBTS or
JBTS-related disease such as cerebello–oculo–renal syndrome
display cerebellar vermis aplasia/hypoplasia in addition to renal
and ocular anomalies. Finally, MKS is a neonatal lethal disease
characterized by central nervous system malformations, cystic
kidney and polydactyly. Patients harboring the same CEP290
mutations often develop different degrees of neurological,
ocular and renal involvement, and are clinically diagnosed
with different diseases. Although more than 100 unique
CEP290 mutations have been discovered thus far, no clear geno-
type–phenotype correlation has been established (7).

BBS is a pleiotropic disorder characterized by retinal degen-
eration, obesity, learning difficulties, polydactyly and renal ab-
normalities. Genetically, BBS is heterogeneous and 17 BBS
genes (BBS1-BBS12, MKS1, CEP290, WDPCP, SDCCAG8
and LZTFL1) have been identified to date (6,8–12). Recent mo-
lecular and cellular studies have begun to determine molecular
functions of BBS proteins. Seven core BBS proteins (BBS1,
BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9) form a stable
complex, called the BBSome, and this complex functions to
sort membrane proteins to primary cilia (13,14). BBS6,
BBS10 and BBS12 form another complex, the BBS/CCT chap-
eronin complex, that facilitates BBSome assembly (15).
LZTFL1 (also known as BBS17) is shown to regulate the
BBSome ciliary trafficking and hedgehog signaling (10,16).
Four BBS genes (MKS1, CEP290, WDPCP and SDCCAG8)
are primarily associated with other ciliopathies, including
NPHP, JBTS and MKS, whose phenotypic components partly
overlap with those of BBS (7,11,12,17).

At the molecular level, CEP290 is believed to be involved in
controlling protein trafficking at the ciliary base. In Chlamydo-
monas reinhardtii, CEP290 localizes to the transition zone
(TZ) of flagella and is proposed to function as a gatekeeper regu-
lating flagellar protein content (18). Recent protein–protein
interaction studies established the CEP290 interaction network
at the ciliary TZ (19,20) and most proteins in this network are
associated with ciliopathies.

In addition to the ciliary TZ, centriolar satellite localization of
CEP290 has been described particularly in mammalian cells
(21,22). Similar localization of the BBSome components to
the centriolar satellite has been noticed (13,16,22), suggesting
potential interactions between CEP290 and the BBSome. Fur-
thermore, the wide clinical spectrum of CEP290-related ciliopa-
thies cannot be explained by the CEP290 genotype alone,
implying the presence of second-site modifier alleles. Here, we
report physical and genetic interactions between the BBSome
components and CEP290 and describe the contribution of
BBS mutations to the phenotypic variation of CEP290-related
ciliopathies.

RESULTS

Physical interaction between the BBSome and CEP290

Previous studies have shown the localization of CEP290 to the
ciliary TZ and centriolar satellites (18,19,21,22). BBS proteins
are also found in these structures (16), suggesting possible
interactions between CEP290 and the BBSome. To test this,
we utilized stable cell lines expressing FLAG-BBS4 and

FLAG-BBS5 and examined their association with endogenous
CEP290. As shown in Figure 1A, endogenous CEP290 and
other BBSome subunits were co-immunoprecipitated with both
BBS4 and BBS5, indicating that CEP290 associates with the
BBSome. Immunoprecipitation (IP) of endogenous CEP290
using HEK293T cell lysates and mouse retinal extracts confirmed
the interaction of the BBSome and CEP290 in more physiological
conditions (Fig. 1B and C). Interaction domain-mapping ex-
periments showed that the BBSome (as represented by BBS4,
BBS7 and BBS9) binds to the N-terminal part of CEP290
(Fig. 1D and E). Among the BBSome components, BBS4 is the
CEP290-interacting subunit of the BBSome (Fig. 1F).

It has been shown that pericentriolar material 1 (PCM1) also
localizes to the centriolar satellite and physically interacts with
BBS4 and CEP290 (21,22). To test whether PCM1 mediates
the interaction between CEP290 and the BBSome, we blocked
the expression of PCM1 by transfecting small interfering
RNAs (siRNAs) and evaluated the BBSome–CEP290 inter-
action. In this experiment, depletion of PCM1 resulted in only
a modest decrease in the association between CEP290 and the
BBSome (Fig. 1G), indicating that the BBSome–CEP290 inter-
action is at least partly independent of PCM1.

Proper localization of CEP290 to the centriolar satellite and
photoreceptor connecting cilium is BBSome-dependent

We next examined localization of the BBSome and CEP290. As
previously reported (21,22), CEP290 localizes to the ciliary base
(the TZ) and centriolar satellites in hTERT-RPE1 cells (Fig. 2A).
BBS4 shows extensive overlap with CEP290 in the centriolar
satellite and the TZ but also localizes to the cilium, where
CEP290 is not detected. BBS9, another component of the
BBSome, also shows localization patterns similar to BBS4
(Supplementary Material, Fig. S1A). We next investigated the
localization of Cep290 and Bbs4 in mouse retinas by immuno-
fluorescence microscopy. Consistent with previous reports
(23), Cep290 was primarily detected in the connecting cilium
of photoreceptor cells (Fig. 2B). Bbs4 was also found in the con-
necting cilium of photoreceptor cells. Bbs4 staining in the outer
nuclear layer (ONL) is considered non-specific because staining
is also observed in Bbs4-null retinas (Fig. 2B, right panel).
Co-localization of the BBSome and Cep290 in the photoreceptor
outer segment (OS) was further supported by subcellular frac-
tionation experiments (Fig. 2C). For example, Cep290 and
the BBSome components, Bbs4 and Bbs7, were highly enriched
in the OS fraction together with OS markers such as rhodopsin
(Rho) and Abca4 (24). In contrast, markers of the endoplasmic
reticulum (Hspa5/Grp78 and P4hb/PDI) (25,26), Golgi
(Tgoln2/Tgn38) (27) and synaptic vesicles (Syp) (28) were not
detected in the OS fractions, demonstrating that contamination
from the remaining part of the retina is minimal in our OS
preparations.

We next evaluated functional interactions between the
BBSome and CEP290. We first tested whether the BBSome
is required for proper localization of CEP290. To this end, we
examined CEP290 localization in BBS1-, BBS4- and BBS9-
depleted hTERT-RPE1 cells. Efficient depletion of BBS1,
BBS4 and BBS9 by siRNA transfection was confirmed at the
protein or mRNA level (Supplementary Material, Fig. S2). In
control siRNA-transfected cells, CEP290 localized to the TZ
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and the centriolar satellite, particularly near the centriole
(Fig. 3A and B). BBS1, BBS4 or BBS9 knockdown resulted
in a significant decrease in the centriolar satellite pool of

CEP290. A similar but more substantial reduction was observed
in PCM1 knockdown cells. These results indicate that association
of CEP290 with the centriolar satellite is both BBSome- and

Figure 1. Physical interaction between CEP290 and the BBSome. (A) Co-immunoprecipitation of CEP290 in HEK293T cells stably expressing FLAG-BBS4 and
FLAG-BBS5. Lysates from stable cell lines and control (parental) cells were subjected to immunoprecipitation (IP) with the anti-FLAG antibody and precipitated
proteins were analyzed by immunoblotting with indicated antibodies. Normal mouse IgG pull-down was used as a negative control. (B and C) Interaction of endogen-
ous CEP290 and the BBSome in HEK293T cells (B) and mouse retina (C). Lysates from HEK293T cells and mouse retina were subjected to IP using antibodies against
CEP290, and precipitated proteins were analyzed by immunoblotting with indicated antibodies. (D) Schematic representation of the CEP290 deletion mutants.
Numbers indicate expressed portions of CEP290 in amino acid positions. Known IQCB1-, CC2D2A- and RAB8A-binding domains and the BBSome-interacting
region are also summarized. SMC, structural maintenance of chromosomes; MYO-Tail, myosin-tail homology domain. (E) The BBSome binds to the N-terminal
part of CEP290. CEP290 deletion mutants (FLAG-tagged) were transfected into HEK293T cells and lysates were analyzed by IP using anti-FLAG antibodies.
Untransfected cells were used as a negative control. (F) BBS4 interacts with CEP290. HA-tagged, individual BBSome components were transiently transfected
with FLAG-Cep_1 constructs. Lysates were subjected to IP with anti-HA antibodies. (G) PCM1-independent interaction between the BBSome and CEP290.
HEK293T cells were co-transfected with Cep_1 fragment and siRNA against PCM1.
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PCM1-dependent. Of note, the CEP290 pool in the TZ and cen-
trosomes was not affected by depletion of BBS or PCM1 pro-
teins. Interestingly, CEP290 localization to the centrosome
and TZ was also not affected by microtubule depolymerization,
whereas centriolar satellite localization of CEP290, PCM1 and
BBS4 was disturbed upon depolymerization of microtubules
(21). These findings suggest that localization of CEP290 to the
TZ and centrosomes may be independent of centriolar satellites.
Alternatively, centrosome-associated CEP290 may be stable
with a slow rate of turn over. A previous study by Craige et al.
(18) reported that BBS proteins were moderately increased in
Chlamydomonas cep290 mutant flagella. In contrast, a more
recent study using RPE1 cells showed that CEP290 is required
for the BBSome ciliary localization (29). In our experiments,
ciliary localization of the BBSome was not affected by
CEP290 depletion. Furthermore, BBSome localization to the
centriolar satellite was also not affected by CEP290 depletion
(Supplementary Material, Fig. S1).

We also examined whether the BBSome is required for
Cep290 localization in mouse retina. To minimize potential sec-
ondary effects of retinal degeneration in BBS mice, we examined
Cep290 localization in young animals (P21–P30) before retinal
degeneration is apparent. At this age, the ONL thickness in
Bbs1M390R/M390R and Bbs42/2 retina is comparable with that
of wild-type animals (Fig. 3C). In addition, OS proteins periph-
erin 2 (Prph2; also known as Rds) and the vast majority of rhod-
opsin localize properly to the OS, demonstrating that protein
trafficking to the OS is not completely disrupted. However, in
Bbs1M390R/M390R retina, Cep290 was found dispersed throughout
the photoreceptor cell, including the entire OS, inner segment

(IS) and nuclear layer (Fig. 3C). A similar phenotype was also
observed in Bbs42/2 mice. Consistent with the results obtained
from RPE1 cells, a subset of Cep290 persisted at the connecting
cilium in BBS mutant retinas. These results suggest that the
BBSome limits Cep290 to the connecting cilium and prevents
improper localization of Cep290 in other locations in photo-
receptor cells.

Increased obesity in mice with combined loss of
Cep290 and Bbs4 genes

Given the physical interaction between CEP290 and the BBSome
and the requirement of the BBSome for proper localization of
CEP290, we investigated the genetic interaction between
Cep290 and BBS genes. To this end, we used Cep290rd16 (23)
and Bbs4 knock-out (30) mouse lines. Cep290rd16 is a hypo-
morphic allele with an internal in-frame deletion of 299 residues
(amino acids 1599–1897; NP_666121) from the Cep290 protein
(23). In humans, the phenotypes associated with CEP290 muta-
tions range from LCA, which manifests only photoreceptor de-
generation, to the neonatal lethal MKS, which involves severe
cystic kidney and neural tube patterning defects as well as photo-
receptor degeneration. Cep290rd16 homozygous mutant mice
display only the photoreceptor degeneration phenotype but not
other components of the CEP290-associated ciliopathy pheno-
types such as obesity, cystic kidney and neural tube patterning
defects. We examined whether the phenotype of Cep290rd16

mice is affected by the presence of Bbs4 mutations.
First, we measured the body weight of progeny from

Cep290rd16- and Bbs4-null mouse crosses (Fig. 4 and

Figure 2. Co-localization of CEP290 and the BBSome. (A) Co-localization of GFP-tagged BBS4 and CEP290 in RPE1 cells (yellow arrowheads). Localization of
CEP290 (red) was probed with the anti-CEP290 antibody in hTERT-RPE1 after 24 h of serum withdrawal, whereas BBS4-GFP was probed with the anti-GFP anti-
body. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, blue). Note the variable localization of BBS4, although these cells were cultured in the same
condition (from a single well). Scale bar, 5 mm. (B) Co-localization of Bbs4 and Cep290 in the mouse retina. Antibodies against Cep290 (red) and rhodopsin (green; a
marker of the OS) were used in WT photoreceptors in the left panel, whereas in the middle and right panels Bbs4 (red) and rhodopsin (green) localizations were probed
in WT and Bbs42/2 (4KO) photoreceptors. Both Cep290 and Bbs4 localize to the connecting cilium. CC, connecting cilium; ONL, outer nuclear layer. Scale bar,
10 mm. (C) Co-fractionation of the BBSome and Cep290 in the photoreceptor OS fraction. The photoreceptor OS was isolated from the mouse retina and probed
with antibodies against multiple subcellular marker proteins, Bbs4, Bbs7 and Cep290.
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Supplementary Material, Fig. S3). In general, body weight
correlated with the number of mutant alleles in Cep290
and Bbs4 genes. For example, Cep290rd16/rd16 single-
homozygous mutant mice did not develop obesity on this

genetic background (Supplementary Material, Fig. S3).
However, loss of one copy of Bbs4 (i.e. Cep290rd16/rd16;
Bbs4+/2) resulted in a significant increase in body weight.
Cep290rd16/rd16; Bbs42/2 double-homozygous mutant mice

Figure 3. The CEP290 localization in the centriolar satellite and the connecting cilium is BBSome-dependent. (A) The BBSome is required for centriolar satellite
localization of CEP290 (red). RPE1 cells were transfected with siRNAs against CEP290, BBS1, BBS4, BBS9 and PCM1. Antibodies againstg-tubulin and acetylated
tubulin (green) were used to mark the basal body and cilia, respectively. (B) Quantification of CEP290 mis-localization in BBSome-depleted RPE1 cells. Cells with
concentrated CEP290 staining around the centrosome (within 2 mm from the centrosome) were counted as positive, whereas cells with CEP290 only in the TZ and
centrosome were considered negative. At least 120 cells per experiment were counted and graphs represent averages of three independent experiments. Error bars
represent SEM. One-way ANOVA followed by Tukey’s post-test was used for statistical analysis. ∗∗P , 0.01 compared with Ctrl KD cells. (C) Localization of
Cep290 (green; left) in WT (top), Bbs1M390R/M390R (middle) and Bbs42/2 (bottom) mouse retinas. OS localization of Prph2 (red) with respect to acetylated
tubulin (green) is not affected in BBS mutant retinas (right panels). Scale bars, 10 mm.
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were the most obese among all genotypes examined (Supple-
mentary Material, Fig. S3). Interestingly, double-heterozygous
mice (Cep290+/rd16; Bbs4+/2) showed significantly increased
body weight compared with their sex-matched wild-type or
single-heterozygous littermates (Fig. 4A and Supplementary
Material, Fig. S3). Previously, higher blood leptin levels and
leptin resistance were observed in obese BBS mice (31–33).
Consistent with this, Cep290+/rd16; Bbs4+/2 double-heterozy-
gous animals had higher blood leptin levels than wild-type
or single-heterozygous littermates (Fig. 4B). We further com-
pared the responsiveness of the hypothalamic anorexic circuitry
to exogenous leptin by measuring phosphorylated STAT3 upon
leptin injection (33). In control single-heterozygous mice, intra-
peritoneal (i.p.) injection of leptin results in a robust increase in
STAT3 phosphorylation (Fig. 4C and D). However, the phos-
phorylation level of STAT3 was significantly reduced in
double-heterozygous mice injected with leptin. Combined,
these data suggest that the obesity component of the CEP290-
associated ciliopathy can be modified by the presence of muta-
tions in BBS genes.

Accelerated retinal degeneration in mice with combined
loss of Cep290 and Bbs4 alleles

The Cep290rd16/rd16 and Bbs42/2 mice display retinal abnormal-
ities (23,30,34). Like the obesity phenotype, mice carrying a

combination of three or four mutations in Cep290 and Bbs4
genes displayed more severe phenotypes in retinal photoreceptor
cells (Fig. 5). For example, although all layers of the retina were
present and appeared grossly normal with IS lengths comparable
with the WT and Cep290rd16/rd16 single homozygotes at P14, OS
elongation was clearly stalled and beginning to regress in
Cep290rd16/rd16; Bbs4+/2 and Cep290rd16/rd16; Bbs42/2 mouse
retinas (Fig. 5). Almost complete loss of the OS was observed
in these retinas at P21, with thinner ONL in Cep290rd16/rd16;
Bbs42/2 mouse retinas. Cep290rd16/rd16 single homozygotes
also showed severe photoreceptor degeneration at P28.

Next, we sought to determine the effect of combined loss
of Cep290 and Bbs4 alleles on the trafficking of phototransduc-
tion proteins in the retina. Whereas no mis-localization of rhod-
opsin was detected in wild-type photoreceptor cells, rhodopsin
mis-localization to the ONL was apparent in Cep290rd16/rd16

single-homozygous retinas at P21 (Fig. 6A). Losing one or two
copies of Bbs4 in this background further impaired rhodopsin
trafficking and more rhodopsin was found in the ONL and IS.
Consistent with these findings, dark-adapted standard combined
response (DA-SCR) electroretinography (ERG) b-wave of
Cep290rd16/rd16; Bbs4+/2 and Cep290rd16/rd16; Bbs42/2 mice
at 1 month of age showed considerable decline compared with
that of Cep290rd16/rd16 single homozygotes (Fig. 6B). In addition
to the reduction of the ERG b-wave in Cep290rd16/rd16 mice, the
oscillatory potentials were also markedly reduced (Supplemen-
tary Material, Fig. S4). This reduction was more pronounced

Figure 4. Increased body weight and higher leptin levels in Bbs4+/2; Cep290+/rd16 mice. (A) Weight gains in male animals versus age (minimum of six animals per
group). Values are expressed as mean + SEM. By month 3, double-heterozygous mice are significantly heavier than single-heterozygous littermates. ∗P , 0.05
versus single-heterozygous animals; ∗∗P , 0.01 versus single-heterozygous animals. (B) Serum leptin levels of single- and double-heterozygous mice. One-way
ANOVA and t-test were used for statistical analysis. ∗P , 0.05 versus single-heterozygous animals. (C) STAT3 phosphorylation upon leptin administration was
reduced in double-heterozygous mice. Hypothalamic protein extracts were analyzed by western blotting. (D) Quantification of STAT3 phosphorylation. Band inten-
sities of phospho-STAT3 (P-STAT3) were normalized with those of total STAT3 and induction ratios were calculated by comparison with vehicle-injected samples.
Data represent mean + SEM. n ¼ 5 for vehicle and n ¼ 10 for leptin. ∗P , 0.05.
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when one or two Bbs4-null alleles were present, suggesting more
severe photoreceptor dysfunction by loss of Bbs4 alleles in
Cep290rd16/rd16 retinas. Alternatively, this reduction in ERG
b-wave may be due to more inner retina dysfunction in these
animals. Together, these data suggest that although homozygous
Cep290rd16 alleles cause severe photoreceptor degeneration in
mice, loss of one or two copies of Bbs4 on this background
further disrupts retinal morphology and protein trafficking

in the retina, and thus results in accelerated photoreceptor
degeneration.

DISCUSSION

Ciliopathies are characterized by significant inter- and intra-
familial phenotypic variability, as well as phenotypic overlap

Figure 5. Accelerated photoreceptor degeneration with additional loss of Bbs4 alleles in Cep290rd16/rd16 mice. H&E-stained sections of the superior central retina at
the level of the optic nerve head from P14, P21 and P28 mice are shown. Scale bars, 10 mm.
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among clinically and genetically distinct syndromes. This vari-
ability suggests the presence of modifiers and genetic interac-
tions among ciliopathy genes. Indeed, modifiers and genetic
interactions among ciliopathy genes have been reported in
several studies. For example, a JBTS gene Ahi1 genetically inter-
acts with Nphp1 to modulate the retinal degeneration phenotype
and functions as a modifier for the ocular component of NPHP
(35). Synergetic interactions between NPHP and MKS genes
were also observed in Caenorhabditis elegans (36). Finally,
variable expression of neurological phenotypes that span MKS
and JBTS has been reported in Tmem67 mutant mice (37),
which suggests a contribution of modifier alleles in different
genetic backgrounds to the variable cilia-related phenotypes.
In this study, we demonstrate physical and genetic interactions
between BBS genes and CEP290. Our findings indicate that
the BBSome is required for proper localization of CEP290 in cul-
tured ciliated cells and photoreceptor cells. We also demonstrate
that the presence of BBS mutations in Cep290 hypomorphs
exacerbates the phenotype of Cep290 mutants. Interestingly,
our mouse model exhibits phenotypic features with tissue-specific
penetrance. For example, compared with single-heterozygous

mice, increased body weight but not retinal degeneration was
found in double-heterozygous mice (Cep290+/rd16; Bbs4+/2).
However, Cep290rd16/rd16; Bbs4+/2 mice showed both increased
obesity and more severe retinal degeneration compared with the
Cep290rd16/rd16; Bbs4+/+ mice. Cep290rd16/rd16; Bbs42/2 double-
homozygous mice showed the most severe phenotypes in both
body weight and retinal degeneration among all genotypes.
In addition, neither kidney cysts nor polydactyly was observed
in any of the mice we examined, including Cep290rd16/rd16;
Bbs42/2 double-homozygous mutant mice (n ¼ 6; data not
shown). These findings suggest a modifying effect of BBS
alleles on the CEP290 phenotype and that this modifying
effect is tissue-specific. Importantly, our data also indicate that
specific combinations of heterozygous alleles could contribute
to individual common human phenotypes such as obesity.

Many ciliopathy proteins are components of the BBSome, IFT
complexes and the NPHP and MKS modules (13,19,20,36,38).
These proteins participate in specific steps or aspects of path-
ways that control protein trafficking to and from cilia. For
example, whereas the BBSome and the IFT complexes are
involved in transporting ciliary proteins, NPHP and MKS

Figure 6. Impaired rhodopsin trafficking and diminished ERG responses in mice with combined loss of Cep290 and Bbs4 alleles. (A) Immunohistochemical analysis
of WT, Bbs4+/+;Cep290rd/rd, Bbs4+/2;Cep290rd/rd and Bbs42/2; Cep290rd/rd retinas at P21 with antibodies against rhodopsin. Scale bar, 5 mm. (B) DA-SCR ERG
b-wave amplitudes in the indicated mouse genotypes (at the age of 1 month). Removing one or two Bbs4 alleles on a Cep290rd/rd background results in a lower ERG
response. ∗∗P , 0.01 versus Bbs4+/+;Cep290rd/rd mice. Error bars are SD.
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proteins form distinct modular complexes at the ciliary TZ and
function as a gatekeeper. Coordinated functions of these proteins
are essential for primary cilia formation, maintenance and
function. In a study using C. elegans as a model, synergetic
genetic interactions were observed between members of the
NPHP and the MKS modules but not within each module (36).
The BBSome and CEP290 also belong to different modules/
complexes and we observe a genetic interaction. It will be inter-
esting to test whether BBS genes genetically interact with other
members of TZ-localizing ciliopathy genes and whether these
genetic interactions contribute to the phenotypic variability
and overlap among ciliopathies.

In mouse models, combined loss of Bbs4 and hypomorphic
impairment of Cep290 functions result in exacerbated disease
phenotypes, including obesity and photoreceptor degeneration.
However, a recent study using Mkks (also known as Bbs6)-null
mice and Cep290rd16 mice showed that compared with single
homozygotes, Cep290rd16 and Mkks2/2 double-homozygous
and triple-allelic combinations had a less severe phenotype or
even rescued the defects observed in sensory cells (39). Consid-
ering the requirement of Mkks for BBSome assembly (15), these
contrasting results in these two studies are interesting. However,
it is noteworthy that, in Mkks2/2 mice, several BBSome compo-
nents (e.g. Bbs2, Bbs7 and Bbs9) are unstable and degraded,
leading to failure of BBSome assembly (15), whereas in
Bbs42/2 mice the BBSome is formed normally except for the
absence of Bbs4 (40). The presence of the BBSome (with or
without BBS4) in Cep290rd16/rd16 or Cep290rd16/rd16; Bbs42/2

mice may cause disease in these animals, whereas the lack
of the BBSome in Cep290rd16/rd16; Mkks2/2 mice may alleviate
the mutant phenotype.

Another possibility to explain the differences between the
Cep290-Mkks study and ours is the functional independence of
individual domains in Cep290 and specific loss of a protein–
protein interaction in rd16 mutant mice. In the Rachel et al.
study (39), Cep290 was shown to interact with Mkks via its
Myosin-tail homology domain, which is deleted in the rd16
mouse, whereas our data show that the N-terminal region
of CEP290 interacts with the BBSome. Therefore, the rd16
mutant form of Cep290 is not able to interact with Mkks
but still maintains its interaction with the BBSome. In
Cep290rd16/rd16 mice, the inability of Mkks to associate with
Cep290 may be deleterious to photoreceptor cells. Reduction
of Mkks activity in this background may result in alleviation
of the photoreceptor degeneration phenotype. In contrast, loss
of BBSome components in rd16 mutant mice will compromise
residual Cep290 function, resulting in the more severe pheno-
types observed in our mouse model. Notably, these findings
show that genetic interactions between BBS genes and
CEP290 can influence the phenotypic variations in CEP290-
related ciliopathies.

MATERIALS AND METHODS

Animal studies

Mice were bred and maintained in standardized conditions at the
University of Iowa. The use of mice was approved by the Univer-
sity Animal Care and Use Committee. Cep290rd16/rd16 mutant
mice (23) on a BXD24 background and Bbs42/2 mice (30) on

a 129/Sv background were used to generate double mutants on
a mixed BXD24 and 129 background. Weights of mice was mea-
sured monthly beginning at weaning, and those of double-
heterozygous mice were compared with single heterozygote
from 1 to 5 months of age, using an average of 10 animals per
group. Circulating leptin levels were analyzed in blood collected
from adult double-heterozygous mutant mice (n ¼ 5) and
control mice (n ¼ 3). Plasma was obtained by centrifuging
blood at 2040g for 8 min. Concentration of murine leptin was
measured by ELISA using the mouse leptin ELISA kit (Crystal
Chem).

Antibodies, plasmids and reagents

Expression vectors for BBS genes were published (15). The four
CEP290 fragments encoding about 600 amino acids (1–661
amino acids, 661–1276 amino acids, 1276–1714 amino acids
and 1714–2479 amino acids) of human wild-type CEP290
(NCBI Reference Sequence: NG_008417.1) were amplified
from human retina cDNA (Clontech), cloned into the pSS-FS2
vector (41) and sequences verified. The PCR primers used for
these clonings are

CEP290—primer (1–661 amino acids) F: 5′-ATGCCAC
CTAATATAAACTG-3′;

CEP290—primer (1–661 amino acids) R: 5′-CATTTCCT
TAATTGCTT-3′;

CEP290—primer (661–1276 amino acids) F: 5′-ATGCAGA
AAGATCCTG-3′;

CEP290—primer (661–1276 amino acids) R: 5′-TCCACTA
AACTGTC-3′;

CEP290—primer (1276–1714 amino acids) F: 5′-GGAGCT
TTACCCTTGGCAC-3′;

CEP290—primer (1276–1714 amino acids) R: 5′-TGCTTCT
TTTTGAGCCTGAAG-3′;

CEP290—primer (1714–2479 amino acids) F: 5′-GCAAATT
CAAGAGCTCC-3′;

CEP290—primer (1714–2479 amino acids) R: 5′-TTAGT
AAATGGGGAAATTAACAGG-3′.

siRNAs were purchased from Dharmacon (ON-TARGETplus
SMARTpool) and transfected at 50 nM concentration for all
experiments with RNAiMAX (Invitrogen) following the manu-
facturer’s protocol.

Antibodies against BBS1, BBS2, BBS4 and BBS7 were
described previously (13). Other antibodies used were purchased
from the following sources: mouse monoclonal antibodies
against ABCA4 (3F4; Abcam), acetylated tubulin (6–11B-1;
Sigma), g-tubulin (GTU-88; Sigma), FLAG (M2; Sigma),
HA (F-7; Santa Cruz Biotechnology), GFP (3E6; Invitrogen),
beta-actin (AC-15; Sigma), rhodopsin (RET-P1; Santa Cruz
Biotechnology), and synaptophysin (Santa Cruz Biotechnology;
sc-55507); mouse polyclonal antibodies against IQCB1 (NPHP5;
Abcam; ab69927); rabbit polyclonal antibodies against BBS8
(Sigma; HPA003310), BBS9 (Sigma; HPA021289), CEP290
(for immunoprecipitation, immunoblotting and RPE1 cell im-
munofluorescence microscopy; Bethyl Lab; IHC-00365),
HSPA5/GRP78/BiP (Cell Signaling; 3177), PCM1 (Sigma;
HPA023374), PDI (Sigma; P7372), PRPH2 (Proteintech
Group; 18109), STAT3 (Santa Cruz Biotechnology; SC-483),
phospho-STAT3 (Y705; Cell Signaling; 9131) and Tgoln2/
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Tgn46 (Abcam; ab16059). Rabbit monoclonal antibody
GAPDH (14C10) conjugated with HRP was purchased from
Cell Signaling. The anti-Cep290 antibody used for mouse photo-
receptor cell immunofluorescence microscopy was a gift from
Dr Robert Mullins (University of Iowa).

Cell culture, transfection and co-immunoprecipitation
assays

hTERT-RPE1 cells were maintained in DMEM/F12 media
(Invitrogen) supplemented with 10% FBS. Cells were trans-
fected with siRNAs using RNAiMAX for 48 h and further incu-
bated in serum-free medium for 24 h for ciliation. HEK293 T
cells were maintained in DMEM (Invitrogen), supplemented
with 10% fetal bovine serum and penicillin/streptomycin (Invi-
trogen) and grown at 378C in 5% CO2. Stable cell lines expres-
sing FLAG-tagged BBS4 and FLAG-tagged BBS5 were
generated by co-transfecting pSS-FS-BBS4 and pSS-FS-BBS5
with pCS2-puro into HEK293T cells followed by puromycin se-
lection (1.5 mg/ml; Invitrogen). Cells were grown in six-well
dishes, transfected with FLAG-tagged CEP290 or BBSome sub-
units using Lipofectamine 2000 (Invitrogen) and harvested after
24 h by scraping into 500 ml ice-cold lysis buffer (50 mM

HEPES, 200 mM KCl, 2 mM EGTA, 1 mM MgCl2, 10% glycerol,
1% Triton X-100) supplemented with protease inhibitors
(Roche). Co-IP was performed as previously described (15).

Immunoprecipitation

Human HEK293T cells were lysed in ice-cold lysis buffer sup-
plemented with protease inhibitors (Roche) and spun at 20
000g for 15 min at 48C. The supernatants were incubated with
antibodies against CEP290 overnight. Protein A beads
(Thermo Scientific) were then added and incubated for 2 h.
The beads were washed four times with lysis buffer and the inter-
actions were detected by western blotting. TrueBlot anti-rabbit
IgG secondary antibodies (Rockland) were used to avoid detect-
ing IgG heavy and light chains. For the immunoprecipitation in
the mouse retina, the mouse eyes were enucleated and homoge-
nized in ice-cold lysis buffer (50 mM HEPES, 200 mM KCl, 2 mM

EDTA, 1% NP-40, 0.5 mM DTT) supplemented with protease
inhibitors (Roche). The lysates were spun at 20 000g for
15 min at 48C, and the supernatants were pre-cleared by incuba-
tion with protein A and proteins G beads (Thermo Scientific) for
2 h. IP was performed on the cleared lysates through the proced-
ure described above.

Histology and ERG

After euthanasia by carbon dioxide asphyxiation, eyes were col-
lected and immersed in a solution of 4% paraformaldehyde in
PBS. After 2 to 4 h of fixation, eyes were washed three times
in PBS followed by infiltration and embedding in acrylamide
(42), and then were frozen in the optimal cutting temperature
(OCT) compound (Tissue-Tek). Cryostat sections were col-
lected at a thickness of 7 mm, and stored at 2208C until use. Sec-
tions were stained following the standard hematoxylin and eosin
(H&E) staining protocol. Mouse ERGs were measured using the
Diagnosis ColorDome system after dark adaptation (.6 h) and

anesthesia (ketamine, 65 mg/kg, xylazine, 5 mg/kg) as previous-
ly described (43,44).

Immunofluorescence microscopy

For immunofluorescence microscopy, cultured cells were
seeded on glass coverslips in 24-well plates and transfected
with siRNAs or with plasmid DNAs as described above. Cells
were cultured for 72 h before fixation with the last 24 h in serum-
free medium to induce ciliogenesis, and then fixed with 4% par-
aformaldehyde in PBS followed by cold methanol. Samples
were blocked with 5% BSA and 2% normal goat serum in
PBST (0.1% Triton X-100) and incubated with primary anti-
bodies in the blocking buffer. For immunofluorescence micros-
copy of retinal sections, eyes were fixed as above and embedded
and frozen in OCT. Sections (7 mm) were collected and blocked
with 5% BSA in PBST for 20 min at 258C before incubation with
primary antibody at 48C overnight. Primary antibodies were
visualized by Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen)
and Alexa Fluor 568 goat anti-mouse IgG (Invitrogen). Cover-
slips were mounted on VectaShield mounting medium with
DAPI (Vector Laboratories), and images were taken with
Olympus IX71 microscope.

Photoreceptor OS isolation

The mouse eyes were enucleated and placed in ice-cold hom-
ogenization buffer (50% w/v sucrose in PBS, complete protease
inhibitor). The retina was dissected from enucleated eyes and
then disrupted by repeated pipetting through a P1000 tip with
�1.5–2.0 mm orifice followed by 30 s vortexing. The hom-
ogenate was spun at 200g for 3 min and the supernatant was
further spun at 13 000g for 20 min at 48C. After centrifugation,
the supernatant was diluted 1 : 1 in PBS without sucrose. The
diluted OS fraction was applied on top of a 50% (w/w)
sucrose/PBS cushion and centrifuged at 13 000g for 30 min at
48C. The OS fraction was collected at the interface and diluted
with five volumes of PBS. ROS was collected as pellet after
the diluted fraction was spun at 6000g for 10 min at 48C. For
SDS–PAGE and western, the pellet was re-suspended in 50 ml
of 2× LDS buffer (Invitrogen).

Leptin resistance study

Sex-, age- and body weight-matched control (single-heterozy-
gous) and double-heterozygous mice were housed in individual
cages at 6–10 weeks of age. Food was removed 18 h before i.p.
leptin injection. Leptin (1 mg/g body weight; R&D Systems) or
vehicle (PBS) was injected i.p. and animals were sacrificed 2 h
later by CO2 asphyxiation. Hypothalami were quickly dissected
and homogenized in the lysis buffer containing protease and phos-
phatase inhibitors. Protein extracts were loaded onto 4–12%
NuPAGE Bis–Tris gels and analyzed by immunoblotting.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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