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Primary cilia regulate polarized protein trafficking in photo-
receptors, which are dynamic and highly compartmentalized
sensoryneuronsof retina.The ciliary proteinCep290modulates
cilia formation and is frequently mutated in syndromic and
non-syndromic photoreceptor degeneration. However, the
underlying mechanism of associated retinopathy is unclear.
Using the Cep290 mutant mouse rd16 (retinal degeneration
16), we show that Cep290-mediated photoreceptor degener-
ation is associated with aberrant accumulation of its novel
interacting partner Rkip (Raf-1 kinase inhibitory protein).
This effect is phenocopied by morpholino-mediated deple-
tion of cep290 in zebrafish. We further demonstrate that
ectopic accumulation of Rkip leads to defective cilia formation
in zebrafish and cultured cells, an effect mediated by its interac-
tion with the ciliary GTPase Rab8A. Our data suggest that Rkip
prevents cilia formation and is associated with Cep290-medi-
ated photoreceptor degeneration. Furthermore, our results
indicate that preventing accumulation of Rkip could potentially
ameliorate such degeneration.

Primary cilia are microtubule-based organelles that are gen-
erated from mother centrioles (also called basal body) by an
evolutionarily conserved process called intraflagellar transport
(IFT)2 (1, 2). IFT andother ciliary proteins, such as Bardet-Biedl
syndrome proteins, retinitis pigmentosa GTPase regulator, and
nephronophthisis-associated proteins facilitate cilia formation
and maintenance by cooperating with small GTPases such as
Rab8A (3–8).

Cilia regulate diverse processes, including visual perception
and signal transduction (9–11). Defects in ciliary function are
associated with a wide range of disorders, collectively called
ciliopathies (12), such as Bardet-Biedl syndrome, Joubert syn-
drome, and Meckel-Gruber syndrome. These disorders are
characterized by multiple clinical features including mental
retardation, renal malfunction, and polydactyly. Photoreceptor
degeneration, leading to retinitis pigmentosa (RP) and child-
hood onset Leber congenital amaurosis, is commonly observed
in ciliopathies (13). However, the mechanism by which ciliary
dysfunction results in photoreceptor degeneration is not clear.
Vertebrate photoreceptors are highly polarized sensory neu-

rons whose apical component is compartmentalized into inner
segment (IS) and outer segment (OS). A connecting cilium
extends from the basal body in the distal IS, extends to form
axoneme in theOS, and elaborates into stacks of lamellarmem-
branous discs which comprise the OS (14–16). The connecting
cilium is the structural equivalent of the transition zone (TZ) of
primary cilia and is involved in the docking and sorting of cargo
proteins destined for the axoneme. OS discs, the primary sen-
sory apparatus of the retina, undergo periodic shedding and
renewal in response to light (17–20). It is estimated that during
disc renewal,�2000molecules of opsin are transported to each
OS in human retina (19–21). Additionally, light-dependent
translocation of arrestin, transducin, and recoverin occurs via
the TZ (22–24). This transport may be governed by IFT or
diffusion (25–28). Macromolecular protein complexes at the
TZ of cilia govern the stringently regulated transport of pro-
teins (29, 30). Consistently, the TZ-associated proteins are also
involved in cilia-dependent retinal degenerative diseases (31).
The ciliary protein Cep290 localizes primarily to the TZ of

photoreceptors and regulates ciliogenesis and photoreceptor
viability (32–35). Cep290 mutations are associated with severe
and syndromic disorders such as Joubert and Meckel-Gruber
syndromes (35, 36), as well as tissue restricted disease, such as
Leber congenital amaurosis (37). Previously, we showed that
in-frame deletion of 299 amino acids in Cep290 is associated
primarily with retinal degeneration in the rd16 (retinal degen-
eration 16) mouse (32). We have termed this domain, “deleted
in rd16 domain” (DRD; or DSD, deleted in sensory dystrophy).
The rd16 mice exhibit rod and cone dysfunction by postnatal
day (P) 12. The truncated Cep290 protein (�Cep290) with a
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deletion of the DRD is still expressed in the rd16 mouse (32).
Here, we show that Cep290, specifically the DRD interacts with
Raf-1 kinase inhibitory protein (Rkip), a novel ciliary protein in
photoreceptors. We also provide evidence of the involvement
of aberrant accumulation of Rkip in the manifestation of
Cep290-associated photoreceptor degeneration.

EXPERIMENTAL PROCEDURES

Antibodies—Cep290 and Rab8A antibodies (rabbit) have
been characterized (32, 38).Mouse anti-RAB8Awas purchased
fromBDBiosciences. Rabbit polyclonal andmousemonoclonal
antibodies against Rkip and anti-myc antibodies were pur-
chased from Invitrogen. Anti-�-tubulin and mouse anti-FLAG
antibodies were procured from Sigma. Antibody against GFP
was purchased from Torrey Pines Biolabs and anti-Pcm-1 was
purchased from Novus Biologicals.
Plasmids and shRNA—RKIP andRAB8A cDNAswere ampli-

fied from human lymphocytes and cloned into pGEX4T1 (GE
Healthcare), eGFP-C1, mCherry-C1, mECFP-C1 (from Clon-
tech), and pQCXIP-mCherry (kindly provided by Dr. BenMar-
golis, University of Michigan). Human CEP290 was amplified
from human retinal RNA (a kind gift of Dr. Anand Swaroop,
National Eye Institute) by RT-PCR followed by cloning into
pEGFP-C1 vector. The construct was sequence verified and
used in zebrafish rescue experiments. The FLAG-CEP290 plas-
mid DNAwas a generous gift of Dr. JosephGleeson (University
of California, San Diego, CA). Site-directed mutagenesis was
performed using the Stratagene QuikChange kit. The CEP290
shRNA construct (pLKO.1-CEP290) was purchased from
Sigma (5�-AAATTAAGATGCTCACCGAACTCGA-3�).
Cell Culture and Transfections—COS7, HEK293T, and

hTERT-RPE1 cells were cultured as indicated in ATCC guide-
lines. DNA was transfected using Arrest-in reagent (Open Bio-
systems) or FuGENE 6 (RocheApplied Science). For generating
stable cell clones, we employed retrovirus-mediated infection
using standardmethods. For cilia induction, cells were cultured
for 24 h with 10% serum and then serum-deprived (2% serum)
for 48 h before fixation. Cilia growth was assessed by positive
acetylated �-tubulin staining.
GST Pulldown, Immunoprecipitations (IP), and Tandem

Mass Spectrometry Analysis—GST pulldown analysis was car-
ried out as described (39). Briefly, in vitro translation was per-
formed using the [35S]methionine in vitro translated reaction
mix (PROMEGA TNT Quick kit). 35S signal was analyzed with
STORM 840 (GE Healthcare) and GST pulldown input was
analyzed byCoomassie Brilliant Blue staining. Immunoprecipi-
tations were performed, as described (39). The precipitated
proteins were resolved by two-dimensional gel electrophoresis
and stained with SYPRO Ruby (Invitrogen). The protein spots
that were detected specifically in the immunoprecipitates from
WTmouse retina andnot in rd16 retinal extractswere analyzed
by tandem mass spectrometry (Michigan Proteome Consor-
tium, University ofMichigan). For GTP/GDP loading of retinal
extracts, �300 �g of bovine or mouse proteins lysates were
prepared in buffer containing 0.1mMnon-hydrolyzableGDPor
GTP analogs and 30 mM MgCl2.
Rkip Quantification in Immunoblots—For measurement of

integrated densities of Rkip immunoreactive bands, blot films

were scanned and the area of each band was calculated manu-
ally in pixels. The mean gray value of each selected band � the
area represent the integrated density. The measurements were
done using Image J software (NIH, Bethesda).
Immunofluorescence and Immunogold EM—Immunofluo-

rescence of fixed frozen retinal sections and of cultured cells
was performed using Leica SP5, Olympus FV500, or Olympus
FV1000 confocal microscopes, as previously described (40).
The excitationwavelength for pericentrin staining inmCherry-
overexpressing cells was 650 nm so that it does not coincide
with the mCherry staining. However, in some figures, it is rep-
resented as red color. DAPI or Hoechst were used as nuclear
counterstains. Immunogold staining using anti-Rkip antibody
was performed using 20-nm gold particles, as described (35).
Zebrafish Manipulations—The translation blocking cep290-

morpholino (MO; 5�-GCCGCAGGCATTCTTCAGGTCA-
GCT-3�), and standard negative control (SNC) morpholino were
purchased fromGeneTools Inc. For rescue and overexpression
experiments, human mRNA was transcribed with appropriate
primers using mMESSAGE mMACHINE kit (Ambion). Injec-
tions, phenotypic analysis, and staining of Kupffer vesicles (KV)
cilia in zebrafish embryos were performed as described (6).

RESULTS

Cep290 Interacts with Rkip—To delineate the pathogenic
mechanism of Cep290-mediated photoreceptor degeneration,
we first sought to identify Cep290-interacting proteins inmam-
malian retina. To this end, we performed immunoprecipitation
(IP) of Cep290 from P10 wild type (WT) and rd16 retinal
extracts followed by two-dimensional gel electrophoresis and
tandem mass spectrometry (MS/MS) of the precipitated pro-
teins. To identify the interactions mediated by the Cep290-
DRD, we specifically focused on the proteins that were precip-
itated inWT but not in the rd16 retina and had cut off of three
unique peptides (supplemental Fig. S1). Our analysis revealed
four different peptides of Rkip (Table 1), which belongs to a
family of phosphatidylethanolamine-binding proteins (41).
Interestingly, Rkip localizes to centrosomes in dividing cells
andwas identified as one of the abundant proteins in themouse
photoreceptor ciliary proteome (42, 43). We therefore vali-
dated CEP290-Rkip association by performing immunoblot
analysis of the precipitated proteins usingWTand rd16 retinas.
We first validated the specificity of the anti-Rkip antibody. We
generated hTERT-RPE1 cells that stably express RKIP-shRNA
or control shRNA (scrambled). Immunoblot analysis of cell
extracts revealed that although the control cells expressed Rkip
protein, no immunoreactive band was detected in RKIP-
shRNA-treated cells (Fig. 1A). Equal loading of protein extracts
was conformed by immunoblotting of the same extracts using
anti-�-tubulin antibody (Fig. 1A, lower panel). The anti-

TABLE 1
Mouse (M. musculus; accession number AAG25635) Rkip peptides
identified by MS/MS analysis of Cep290-immunoprecipitated proteins

Sequences

1. 48NRPSSISWDGLDPG62

2. 63LYTLVLTDPDAPSR76

3. 94GNDISSGTVLSDYVGSGPPS113
4. 120YVWLVYEQEQPLS132
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Cep290 and anti-Rkip antibodies could, respectively, co-immu-
noprecipitate Rkip and Cep290 fromWTmouse retina (Fig. 1,
B and C). IP using rd16 retina did not reveal Rkip-immunore-
active bands (Fig. 1D); however, we could detect anti-Rkip
immunoreactive bands at high exposures (data not shown).
These results indicate that, although other domainsmay also be
involved, theCep290-DRDmediates amajority ofCep290 asso-
ciation with Rkip.
We then performed transient transfection of COS7 cells

using constructs expressing FLAG-Cep290, FLAG-�Cep290,
or FLAG epitope (empty vector). Protein extracts were sub-
jected to IP using anti-FLAG antibody followed by immuno-
blotting using anti-Rkip antibody. Our analysis revealed Rkip-
immunoreactive bands in protein extracts of cells expressing
full-length FLAG-Cep290 but not FLAG-�Cep290 or FLAG
epitope alone (Fig. 1E). These results indicate that deletion of
theDRD results in tremendously reduced or undetectable asso-
ciation of the mutant Cep290 protein with Rkip. To further
validate whether theDRDofCep290 directlymediates its inter-
action with Rkip, we performed co-transfection and co-IP
experiments using COS7 cells and constructs encoding GFP-
Rkip and FLAG-Cep290 or Myc-DRD (Fig. 1F). We found that
IP using anti-Myc or anti-FLAG antibody pulls down GFP-
Rkip, as determined by immunoblotting using the anti-GFP
antibody. In a control experiment, Myc tag or FLAG tag alone
did not interactwithRkip. To assesswhetherCEP290-DRDand
Rkip can also interact in vitro, we used purified recombinant
GST-Rkip in a GST pulldown assay with in vitro translated
35S-DRD. We found that GST-Rkip could pull down radiola-
beled DRD, although GST moiety alone could not associate
with the DRD (data not shown).

Rkip Co-localizes with Cep290 at the Connecting Cilium
(Transition Zone) of Photoreceptors—We next investigated the
localization of Rkip in mouse retina. In adult mouse retina, we
found that Rkip co-localizes with Cep290 in the TZ, which is
the region between the basal body and the axoneme (Fig. 2A). In
photoreceptors, Rkip staining also co-localizes with acetylated
�-tubulin, a ciliary marker (supplemental Fig. S2A). To further
investigate the subcellular localization of Rkip in mouse retina,
we performed immunogold labeling of Rkip. Our analysis
revealed predominant staining of Rkip in the apical inner seg-
ment, TZ, and to a lesser extent at the basal body and centriole
of photoreceptors (Fig. 2B). Quantitative analysis further
revealed that a majority of Rkip staining is present in the apical
inner segment and transition zone (Fig. 2C). In cultured
hTERT-RPE1 cells, Rkip shows expression in the cytosol and
also near the basal body, as determined by co-localization with
�-tubulin (supplemental Fig. S2B). Such localization at the base
of the cilium in hTERT-RPE1 cells as opposed to a low level
basal body staining in photoreceptors may represent cell type-
specific differences in the recruitment of Rkip.
Rkip Levels AreUp-regulated in rd16Mouse Retina—AsRkip

cannot associate with �Cep290 in rd16 retina, we tested
whether Rkip expression and/or localization are altered in the
rd16 photoreceptors. To this end, we utilized retinal sections
from postnatal day 6 mice. This stage were selected so that
effect on Rkip expression or localization could be analyzed
prior to onset of photoreceptor degeneration in the rd16mice
(32) (see Fig. 3A for comparison at P6).We detected diffuse but
predominant staining of Rkip in the IS of P6 WT retina. Sur-
prisingly, in P6 rd16 retina, there was �2.5-fold increase in the
levels of endogenous Rkip, as compared with WT (Fig. 3B).

FIGURE 1. Cep290 interacts with Rkip. A, immunoblot (IB) analysis of protein extracts from control and RKIP-shRNA expressing hTERT-RPE1 cells was per-
formed using anti-Rkip (upper panel) or anti-�-tubulin (lower panel) antibodies. Apparent molecular mass is denoted in kDa. B and C, IP was performed with
antibodies to Cep290 (B) or Rkip (C) using mouse retinal extracts. IP with preimmune (PI) serum or normal rabbit IgG was used as negative control. Input
represents 10% of the amount of protein used for IP. D, IP using anti-Cep290 antibody (upper panel) from rd16 mouse retina revealed no Rkip-immunoreactive
band. Lower panel shows the efficacy of IP using the Cep290 antibody, as �Cep290 can be immunoprecipitated from rd16 mouse retina. E, COS7 cells were
transiently transfected with constructs encoding FLAG epitope, Flag-Cep290, or Flag-�Cep290. Protein extracts were subjected to IP using anti-FLAG antibody
and immunoblotting using anti-Rkip or anti-FLAG antibodies. Arrow indicates the Rkip-immunoreactive band in the FLAG-Cep290 expressing cell extracts.
Lower panel shows that FLAG-CEP290 and FLAG-�CEP290 proteins were expressed in the cells. F, lysates from COS7 cells transiently transfected with GFP-Rkip,
Myc-DRD, and Flag-CEP290 were subjected to IP using the indicated antibodies followed by immunoblotting with anti-GFP antibody. Asterisks represent
specific immunoreactive bands. Lower panel shows input samples of the different extracts used for IP.
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Similar results were obtained with retinal sections from P5 or
P10 rd16mice (data not shown). Immunoblot analysis of retinal
extracts of WT and rd16 mice using the anti-Rkip antibody
revealed similar findings. The rd16 retinal protein extract
exhibited an almost 1.8-fold increase in the optical density of
the Rkip-immunoreactive band compared with wild type
age-matched controls (Fig. 3C).We also detected an increase
in Rkip intensity in liver and kidney homogenates of rd16
mice compared with WT mice (Fig. 3D). Such a phenome-
non could result from up-regulation of gene expression, pro-

tein translation, or protein stability. We detected less than a
2-fold change in the expression of Rkip mRNA in a quanti-
tative real time reverse transcriptase-PCR (RT-PCR) assay in
the rd16 retina (data not shown). Moreover, an increase in
Rkip levels did not require new protein synthesis because
knockdown of Cep290 in hTERT-RPE1 cells resulted in
higher Rkip levels even in the presence of cycloheximide, a
protein synthesis inhibitor (data not shown). These studies
indicate that the accumulation of Rkip is likely due to
increased stability.

FIGURE 2. Rkip primarily localizes to cilia. A, retinal sections from WT mice were stained with anti-Cep290 (green) and anti-Rkip (red) antibodies. Merge image
shows co-localization of Rkip and Cep290 at the TZ (arrows). Right panel in the merged image shows a magnified image of the co-localization of Rkip and
Cep290 at the junction between the inner and outer segments (ONL, outer nuclear layer). B, immunogold labeling of Rkip in mouse photoreceptors reveals
broad expression of Rkip in photoreceptors with predominant staining in the apical inner segment (AIS) and TZ. CEN, centriole; BB, basal body. C, histogram
shows quantitative analysis of the labeling in the different regions of the photoreceptors. Electron micrographs were analyzed for immunogold particles in a
defined square area of the different regions (AIS, BB, and TZ). The number of gold particles counted across various sections was plotted as average number of
particles in the region counted. At least 10 cells in each section across 10 different sections were used for analyzing the gold particle density.

FIGURE 3. Cep290 regulates intracellular levels of Rkip. A, histological analysis of retinal sections of P6 WT and rd16 mice. RPE, retinal pigment epithelium; ONL,
outer nuclear layer; INL, inner nuclear layer. B, increased endogenous levels of Rkip were detected in P6 rd16 retinas by immunofluorescence using anti-Rkip antibody
(red). Nuclei are stained with Hoechst (blue). Right panel shows graphical representation of the Rkip signal in arbitrary fluorescent units. Data from three different
animals in each group are represented mean � S.D. (*, p � 0.03; paired t test). C, immunoblot analysis revealed increased Rkip levels in P6 rd16 retinal lysates. The
histogram shows quantitative analysis of the optical density of the Rkip-immunoreactive band relative to actin (control). Data represent average�S.D. of at least three
independent experiments (*, p � 0.002; paired t test). D, immunoblot analysis and quantification of Rkip levels in P6 rd16 kidney and liver lysates. Actin was used as
loading control. Lower panel shows statistically significant differences in Rkip levels in kidney (p � 0.00003) and liver (p � 0.001).
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Expression of Cep290-DRD Partially Rescues cep290 Knock-
down Phenotype—We next tested whether expressing the
Cep290-DRD may partly rescue the photoreceptor degenera-
tion phenotype observed in cep290-knockdown embryos. We
and others have shown that morpholino-mediated knockdown
of ciliary proteins, including cep290, results in measurable phe-
notypes in zebrafish embryos (6, 35, 40, 44, 45). Consistent with
previous reports (35), injection of a translation-blocking mor-

pholino against cep290 resulted in tail extension anomalies,
pericardial effusion, hydrocephaly, and microphthalmia at 4
days post-fertilization (dpf) in �60% of zebrafish embryos. In
contrast, when embryos were treated with a SNC morpholino,
only 5%were defective (Fig. 4,A andB).Moreover, the observed
phenotypes can be rescued by co-injection of mRNA encoding
human CEP290, indicating that these are specific phenotypes
and not related to MO toxicity (data not shown). Down-regu-

FIGURE 4. Depletion of cep290 in zebrafish is associated with morphological anomalies and retinal defects. A and B, injection of cep290-MO and not a
SNC-MO results in ciliary defects in zebrafish embryos, including curly tail, pericardial effusion, hydrocephaly, and microphthalmia (quantified in B). C, left panel,
retinal cryosections from zebrafish embryos injected with cep290-mo or SNC were stained with anti-Cep290 antibody (green). Nuclei are stained with Hoechst
(blue). ONL, outer nuclear layer; INL, inner nuclear layer. Right panel shows immunoblot (IB) analysis of lysates of zebrafish injected with SNC or cep290-MO using
anti-Cep290 or actin antibody (loading control). D, transmission EM of retinal sections from 4 dpf zebrafish embryos injected with SNC or cep290-MO or
co-injected with cep290-MO and mRNA encoding the DRD (cep290-mo�DRD) was performed to detect the effect on photoreceptor development. Arrows
indicate loss of photoreceptor OS due to knockdown of cep290. E, effect of loss of cep290 on the expression of photoreceptor-specific proteins ZPR1 and ZPR3
(red) was examined by immunofluorescence analysis of zebrafish embryos treated with SNC or cep290-MO. Nuclei were stained with Hoechst (blue). F, SNC or
cep29-MO-treated zebrafish retinas were analyzed for Rkip expression by immunofluorescence using anti-Rkip antibody. Histogram in panel G depicts the
up-regulation of Rkip levels following depletion of cep290 as compared with controls. The data are representative of three independent experiments with at
least 20 embryos analyzed in each experiment. AFU, arbitrary fluorescent units.
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lation of the Cep290 protein levels was confirmed by immuno-
fluorescence and immunoblot analysis of 4 dpf control and
cep290-knockdown embryos using anti-Cep290 antibody (Fig.
4C). We then analyzed retinal morphology of control and
cep290-knockdown zebrafish embryos at 4 dpf using transmis-
sion electron microscopy. Depletion of cep290 resulted in
severe photoreceptor defects with failure to form OS in defec-
tive embryos (Fig. 4D, middle panel). Commensurate with this,
we detected significant loss of expression of rod and cone pho-
toreceptor-specific marker proteins Zpr3 and Zpr1, respec-
tively (Fig. 4E). Moreover, we detected an �1.8-fold increase in
Rkip levels in the cep290-knockdown zebrafish embryo retina
(Fig. 4, F and G).

We then assessed whether expression of the DRD of Cep290
can partially rescue the cep290-MO-associated phenotype in
zebrafish. Our analysis revealed that co-injection of mRNA
encoding theDRDand cep290-morpholino results in partial yet
significant rescue of the photoreceptor phenotype, as deter-
mined by development of photoreceptor OS (Fig. 4D, and sup-
plemental Fig. S3) and expression of photoreceptor marker
proteins (data not shown). We also sometimes observed swell-
ing of photoreceptor nuclei and in the inner nuclear layer in
some sections from retinas expressing cep290-MO and the
DRD. Although this was not a consistent occurrence, we con-
sider that such phenomenamay represent inner retinal remod-
eling in response to the expression of theDRD and formation of
photoreceptor OS.
Overexpression of Rkip Results in Ciliary Defects in Zebrafish—

If Cep290-dependent developmental phenotypes in zebrafish
are mediated by Rkip, then overexpression of Rkip should

recapitulate the cep290-knockdown phenotype. To test this
hypothesis, we overexpressed human Rkip in zebrafish
embryos and assessed developmental phenotypes. Injection
of different doses of mRNA encoding Rkip resulted in a dose-
dependent effect on the development of zebrafish embryos
as compared with control embryos injected with mRNA
encoding GFP. Approximately 40% of embryos injected with
Rkip-encoding mRNA (500 pg) displayed curly tail and
hydrocephaly and 20% of the embryos exhibited pericardial
effusion (Fig. 5, A–C). Histological analysis of retinas of
Rkip-overexpressing embryos (500 pg of RKIP mRNA)
revealed perturbed photoreceptor outer segment develop-
ment at 4 dpf (Fig. 5D).
Rkip Levels Are Critical for Cilia Formation—As disruption

of CEP290 results in aberrant ciliogenesis (34), we examined
whether overexpression of RKIP affects cilia assembly in
zebrafish embryos. Injection of mRNA encoding RKIP (500 pg)
into wild type zebrafish embryos resulted in defective ciliogen-
esis, as determined by acetylated �-tubulin staining of the KV
(Fig. 5E). Numbers of cilia in the KV were decreased by 60%;
and cilia length was reduced by 45–50% compared with control
cells overexpressing GFP (Fig. 5F).

To further validate the role of Rkip in regulating ciliogenesis,
we generated hTERT-RPE1 cells stably expressing recombi-
nant mCherry-Rkip or mCherry alone. Analysis of these cells
revealed a dose-dependent effect of Rkip levels on ciliogenesis
(Fig. 6, A–C). Although a 1.9-fold increase in the levels of
mCherry-Rkip over endogenous Rkip resulted in �76%
decrease in the number of ciliated cells comparedwith controls,
a 0.7-fold increase in mCherry-Rkip levels was associated with

FIGURE 5. Increase in Rkip levels results in cilia-related defects in zebrafish embryos. A, indicated doses of RKIP mRNA and maximum dose (500 pg)
of GFP mRNA were injected into zebrafish embryos. Total number of defective embryos (morphants) was assessed at 4 dpf and quantified. B, repre-
sentative pictures of embryos with overexpression of Rkip or GFP (control). C, ectopic expression of Rkip results in ciliary defects in zebrafish embryos.
Injection of 500 pg of Rkip mRNA results in tail extension abnormalities, hydrocephaly, and pericardial effusion. As a control, we injected 500 pg of GFP
mRNA. D, ectopic expression of Rkip affects photoreceptor morphology as evidenced by analysis of toluidine blue-stained plastic-embedded retinas at
4 dpf. E, overexpression of Rkip affects KV cilia formation and extension. KV cilia were analyzed by immunostaining with the ciliary marker acetylated
�-tubulin (Ac �-tubulin; red). F represents quantification of length (left) and number (right) of KV cilia. Data represent mean � S.D. of three independent
experiments (p � 0.001).
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only a 10% decrease in the number of ciliated cells. Similar
resultswere obtained usingGFP-Rkip (data not shown).Wedid
not detect a significant difference in the number of Rkip-
overexpressing cells undergoing cell division compared with
controls, as revealed by staining with Ki-67, a cell cycle pro-
gression marker (data not shown). Rkip has been shown to
regulate spindle checkpoint in a Raf-1 kinase and MAP
kinase pathway-dependent manner. Previous studies showed
that phosphorylation of Rkip at residue Ser-153, is critical
for its association with centrosomes and its function as a
regulator of MAPK signaling cascade (46). We therefore,
asked whether Rkip-mediated regulation of ciliogenesis also
depends upon its phosphorylation. Transient overexpres-
sion of mCherry-Rkip S153E (that mimics the phosphory-
lated state of Rkip) or phosphorylation-deficient (Rkip
S153V) mutant revealed a similar effect on cilia biogenesis as
observed with WT mCherry-Rkip (Fig. 6D). These results
indicate that phosphorylation of Rkip at Ser-153 does not
affect its ability to reduce cilia formation.
Rkip Modulates Ciliary Localization of Rab8A—To investi-

gate the mechanism by which accumulation of Rkip mediates
cilia assembly, we assessed whether components of cilia forma-
tion are recruited to the basal bodies. Because depletion of

CEP290 in human RPE cells results in defective targeting of
Rab8A to the primary cilium (34), we analyzed whether over-
expression of Rkip also affects Rab8A localization. Immunoflu-
orescence analysis of hTERT-RPE1 cells revealed mislocaliza-
tion of Rab8A in about 40% of the cells that stably express
mCherry-Rkip compared with those expressingmCherry alone
(Fig. 7A). It was also shown that depletion of CEP290 affects
Pcm-1 distribution in cultured cells (33); however, our analysis
did not reveal a significant alteration in the distribution of
Pcm-1 in vitro (Fig. 7B) or of other ciliary proteins, including
Ift88/Polaris and retinitis pigmentosa GTPase regulator (data
not shown). These results suggest that Rkip modulates the
localization of a distinct set of proteins required for cilia assem-
bly and maintenance, at least in cultured cell lines.
To delineate how Rkip modulates Rab8A localization, we

tested the potential interaction of Rkip with Rab8A. Using GST
pulldown assay, we found that Rkip interacts preferentiallywith
theGDP-lockedmutant of Rab8A (T22N) (Fig. 7C). Little inter-
action was detected with the GTP-locked mutant of Rab8A
(Q67L).We further validatedRkip-Rab8Aassociation in bovine
retinal lysates. We found that Rkip preferentially associates
with Rab8A in the presence of GDP substrate as comparedwith
GTP�S (Fig. 7D).

FIGURE 6. Increased levels of Rkip affect cilia formation in hTERT-RPE1 cells. A, hTERT-RPE1 cells stably expressing mCherry-Rkip or mCherry alone (control)
were assessed for cilia growth by immunofluorescence using acetylated (Ac) �-tubulin (green). Histogram shows quantitative analysis of the number of ciliated
cells. Data represent mean � S.D. (p � 0.05). B and C, the levels of mCherry-Rkip were analyzed from four different clones of hTERT-RPE1 cells with stable
expression of mCherry-Rkip and a ratio over the level of endogenous Rkip expression was calculated. The different clones were cultured in ciliogenesis
conditions (serum starvation) and the number of ciliated cells was assessed by the acetylated �-tubulin immunofluorescence signal. All clones displayed a
dose-dependent effect of overexpression of Rkip on ciliogenesis (C). Data represent mean � S.D. of more than 100 cells analyzed in three independent
experiments. D, number of ciliated hTERT-RPE1 cells was assessed after overexpression of mCherry-tagged constitutively phosphorylated (S153E) or non-
phosphorylated (S153V) mutants of Rkip. Cilia growth was assessed by acetylated �-tubulin staining. As control, we overexpressed mCherry tag alone. Data
represent mean � S.D. of more than 100 cells analyzed in each group on three independent experiments.
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We then sought to identify the minimal domain of Rkip
required for its association with Rab8A. We expressed and
purified recombinant GST-fused fragments of Rkip from Esch-
erichia coli (Fig. 7, E and F). These fragments include amino-
terminal (N) 60 amino acids and carboxyl-terminal (C) 50 and
38 (C38) amino acids. Although we could not detect a domain
of Rkip that does not interact with Rab8A in the GST pulldown
assay using in vitro synthesized 35S-RAB8A T22N, we found
that the Rkip-C38 and Rkip-C50 show, respectively, 1.7- and
2.2-fold greater interaction with Rab8A compared with full-

length (FL) Rkip or Rkip-N60 (Fig. 7G). Other domains, N139,
C127, and C93, also showed similar association as the FL-Rkip
(data not shown). As C50 exhibited maximal association with
Rkip, we tested whether overexpression of this domain should
result in amore severe effect on cilia formation than FL-Rkip or
Rkip-N60. Overexpression of GFP-Rkip-C50 in hTERT-RPE1
cells resulted in 60% fewer ciliated cells compared with those
expressing GFP alone (Fig. 7H). As predicted, expression of
FL-Rkip or Rkip-N60 resulted in a 35–40% decrease in the
number of ciliated cells. The different domains of Rkip were

FIGURE 7. Overexpression of Rkip affects Rab8A localization in cells. A, confocal immunofluorescence of mCherry-Rkip or mCherry alone hTERT-RPE1
stably overexpressing cells stained with anti-Rab8A antibody (represented in red). Rab8A positive staining at cilia (arrow) was assessed by co-localiza-
tion with acetylated (Ac) �-tubulin (represented in green). There is a considerable decrease in the number of cells with Rab8A at the cilia in Rkip-
overexpressing cells (right panel; histogram). Data represent mean � S.D. (p � 0.005). B, overexpression of Rkip does not seem to affect Pcm-1
distribution in hTERT-RPE1 cells. Localization of Pcm-1 around the basal bodies was assessed by co-localization with Pericentrin (represented as red) in
hTERT-RPE1 cells stably expressing mCherry-Rkip (Rkip) or mCherry alone (control). No major difference was observed between the two groups, as
shown in the right panel. Data represent mean � S.D. from more than 150 cells analyzed in each group in three independent experiments. C, GST
pulldown assay was performed using GST-Rkip and in vitro translated 35S-Rab8A WT, GDP-locked (T22N), and GTP-locked (Q67L) mutants. Interaction
was assessed by autoradiography (upper panel). Lower panel shows Coomassie staining of the proteins used in the assay. D, bovine retinal lysates (�300
mg), prepared in the presence of GDP or GTP non-hydrolyzable analogs were subjected to IP using Rab8A antibody or IgG (control). Precipitated
proteins were analyzed by SDS-PAGE and immunoblotting (IB) using anti-Rkip antibody. E, schematic representation of different deleted variants of Rkip
utilized in the GST pulldown assay. F, Coomassie Blue-stained gel of the Rkip variants after purification from E. coli. G, quantitative analysis of the
interaction between Rkip (full-length; FL and deleted variants) and 35S-Rab8A-T22N in GST pulldown assay. Data represent mean of three independent
experiments. H, quantitative analysis of the number of ciliated hTERT-RPE1 cells after transient overexpression of different GFP-Rkip variants or GFP
alone (control). Data represent mean of three independent experiments (n 	200). I, lysates from transientely transfected hTERT-RPE1 cells with
GFP-tagged variants of Rkip were analyzed by SDS-PAGE and immunoblotting with GFP antibody.
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expressed at similar levels in hTERT-RPE1 cells, as determined
by immunoblot analysis of cell lysates using anti-GFP antibody
(Fig. 7I).

DISCUSSION

Development of targeted therapy depends upon delineating
molecular mechanisms of underlying diseases and identifica-
tion of a majority of patient population. Cep290 is an ideal can-
didate for such analyses. Mutations in CEP290 are a frequent
cause of Leber congenital amaurosis and are also associated
with numerous syndromic ciliary disorders. We previously
reported that the rd16 mouse carries a hypomorphic allele of
Cep290 and predominantly exhibits retinal degeneration due to
ciliary dysfunction (32). We now show that pathogenesis of
Cep290-dependent retinopathy can be partly attributed to
aberrant endogenous levels of the Rkip protein. Although other
proteins or factors may also be involved, our findings suggest
that selective degradation of proteins may act as a key interme-
diate in the manifestation of retinal degeneration in Cep290
and other ciliopathies.
The GTPase Rab8A is a critical component of the protein

traffickingmachinery of photoreceptors (47). Remarkable stud-
ies have shown that overexpression of the GDP-locked variant
of Rab8A (Rab8A-T22N) results in mistrafficking of rhodopsin
and photoreceptor degeneration (47). Whereas the Rab8A
T22N mutant disrupts cilia formation, expression of the GTP-
locked variant Rab8A Q67L promotes ciliogenesis (3). As Rkip
interacts preferably with the GDP-bound form of Rab8A in the
retina and accumulation of Rkip due to Cep290 mutation is
associated with retinopathy, we propose that the Rkip-Rab8A
(GDP) complex may need to dissociate for the release of
Rab8A-GDP and subsequent conversion to Rab8A-GTP for
appropriate ciliary transport. Degradation of Rkip may facili-
tate the release of Rab8A-GDP. The molecular mechanisms
underlying Rkip degradation and release of Rab8A are still
under investigation. Cep290 seems to play a major role in this
process as even hypomorphic Cep290 mutation in the rd16
mouse can result in aberrant accumulation of Rkip and early
onset severe retinal degeneration.
Rkip is a multifunctional protein involved in diverse pro-

cesses, including tumor suppression, cell cycle regulation, and
Raf-1/MAPK signaling cascade (48). Inhibition of Rkip results
in increased cell proliferation by affecting spindle checkpoint,
resulting in chromosomal aberrations and cancer progression
(43). This effect seems to bemediated by its action on the Raf-1
and MAP kinase pathways (49). In contrast, ablation of Rkip in
mice does not seem to affect normal development and mainte-
nance althoughmild defects in olfaction and reproductionwere
observed (50). We postulate that there are cell type-specific
roles of Rkip that may or may not be interdependent on its
phosphorylation status or action onMAP kinase pathway. The
regulation ofmitotic progression by Rkip is also correlatedwith
its ability to inhibit prostate cancer progression. As tumor pro-
gression has recently been shown to be associated with ciliary
function (10, 51), further studies will be important to delineate
the molecular mechanisms that unify such diverse functions of
Rkip in distinct cell types.

Our immunolocalization studies reveal an interesting local-
ization of Rkip to the apical inner segment and the TZ of pho-
toreceptor cilia. Remarkable studies have shown that the apical
plasma membrane and the periciliary ridge complex can act as
docking sites for rhodopsin-containing vesicles during vecto-
rial transport to the OS (52). The concentrated signal of Rkip at
these sites and its ability to interact with Rab8A suggests its
involvement in the regulation of docking and transport of
membrane protein-containing vesicles in photoreceptors.Mul-
tiple other proteins, including the Usher syndrome proteins,
also localize to these structures and are predicted to provide
structural and functional support to the privileged membrane
domain of photoreceptors (53, 54). Rkip may also play a role in
regulating the function of these proteins. Further studies are
needed to test such functions of Rkip in photoreceptors and
other cilia.
The extent of dysfunction of a particular organ in the disease

may depend upon the relative load of ciliary function, including
protein trafficking and signal transduction. As Cep290 muta-
tions are associatedwithmultisystemdisorders, onewould pre-
dict that accumulation of Rkip and subsequent mislocalization
of Rab8A and/or other signaling moieties should result in the
dysfunction of the cilia and homeostasis in multiple organ sys-
tems. Although we detected an increase in Rkip levels in extra-
retinal tissues, such as kidney, defects in rd16mice appear to be
limited to sensory neurons (32, 55). We reckon that Cep290-
DRD in rd16 mouse still retains its ability to interact at low
levels with Rkip and that such an interaction may be sufficient
to retain the function of other organ systems. A hypothesis that
remains to be tested is that loss of function mutations in
Cep290, as seen in syndromic ciliopathies, may completely
abolish its interaction with Rkip and subsequently result in rel-
atively higher levels of Rkip and subsequent mislocalization of
key signaling proteins in other tissues as opposed to the pre-
dominantly retinal (or sensory) defects observed with hypo-
morphic CEP290mutations.
It should be noted that aberrant protein degradation has

been implicated in the pathogenesis of some rhodopsin muta-
tions (56) and in neurodegenerative disorders, such as
Alzheimer and Parkinson diseases (57). In these disorders, the
mutant protein undergoes misfolding and forms toxic aggre-
gates in the cytosol (58, 59). We provide evidence for the aber-
rant accumulation of a protein in photoreceptors that seems to
function downstream of the mutated disease protein Cep290.
Previous studies showed that Bardet-Biedl syndrome-associ-
ated diseasemanifestation could also be correlated to defects in
protein degradation pathways and developmental signaling
cascades (60). It will be interesting to identify and characterize
other such proteins whose levels are up-regulated in retina and
other cell types due to mutations in ciliary proteins.
Our findings that Rkip levels are up-regulated in Cep290-

associated photoreceptor degeneration can be clinically signif-
icant because of its potential role as a prognostic marker. Rkip
and other such proteins also provide possible therapeutic tar-
gets in themanagement of retinal and other neurodegenerative
disorders. Additional comprehensive analysis of ciliary func-
tion of Rkip should allow development of optimal therapeutic
modalities.
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