
RESEARCH ARTICLE

The centriolar satellite protein CCDC66 interacts with CEP290
and functions in cilium formation and trafficking
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ABSTRACT
Centriolar satellites are membrane-less structures that localize and
move around the centrosome and cilium complex in a microtubule-
dependent manner. They play important roles in centrosome- and
cilium-related processes, including protein trafficking to the
centrosome and cilium complex, and ciliogenesis, and they are
implicated in ciliopathies. Despite the important regulatory roles of
centriolar satellites in the assembly and function of the centrosome
and cilium complex, the molecular mechanisms of their functions
remain poorly understood. To dissect the mechanism for their
regulatory roles during ciliogenesis, we performed an analysis to
determine the proteins that localize in close proximity to the satellite
protein CEP72, among which was the retinal degeneration gene
product CCDC66. We identified CCDC66 as a microtubule-
associated protein that dynamically localizes to the centrosome,
centriolar satellites and the primary cilium throughout the cell
cycle. Like the BBSome component BBS4, CCDC66 distributes
between satellites and the primary cilium during ciliogenesis.
CCDC66 has extensive proximity interactions with centrosome and
centriolar satellite proteins, and co-immunoprecipitation experiments
revealed interactions between CCDC66, CEP290 and PCM1.
Ciliogenesis, ciliary recruitment of BBS4 and centriolar satellite
organization are impaired in cells depleted for CCDC66. Taken
together, our findings identify CCDC66 as a targeting factor for
centrosome and cilium proteins.
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INTRODUCTION
Centrosomes are main microtubule-organizing centers of animal
cells. They create various microtubule arrays, and thus influence cell
shape, polarity and motility, as well as spindle formation,
chromosome segregation and cell division (Luders and Stearns,
2007). Centrosomes are composed of two cylindrical microtubule-
based structures termed centrioles and associated pericentriolar
material (PCM) that nucleates and organizes microtubules.
Importantly, centrioles nucleate the formation of the primary
cilium, which functions as a hub for developmentally important
signaling pathways including Hedgehog, Wnt and platelet-derived
growth factor receptor-α pathways (Berbari et al., 2009; Kim and
Dynlacht, 2013). In addition to centrioles and PCM, vertebrate cells

have an array of 70–100 nm membrane-less structures that localize
and move around the centrosome and cilium complex in a
microtubule- and molecular motor-dependent manner, termed
“centriolar satellites’ (Barenz et al., 2011; Tollenaere et al., 2015).

Importantly, there are many links between the centrosome and
cilium complex and human disease (Bettencourt-Dias et al., 2011;
Nigg and Raff, 2009). Abnormalities of centrosome structure and
number have long been associated with cancer (Vitre and
Cleveland, 2012). Moreover, mutations affecting components of
the centrosome and cilium complex and satellites cause a set of
disease syndromes termed ciliopathies, which are characterized
by a diverse set of phenotypes, including renal disease, retinal
degeneration, polydactyly, neurocognitive deficits and obesity
(Adams et al., 2007; Hildebrandt et al., 2011). Although more
than 40 genes have been identified as causative genes for
ciliopathies, the underlying molecular mechanisms of these
disease syndromes remains poorly understood (Waters and
Beales, 2011). To determine these mechanisms, it is important to
dissect the underlying factors that regulate the assembly and
function of the centrosome and cilium complex.

Emerging evidence has revealed important regulatory functions
for the centriolar satellites in the assembly and function of the
centrosome and cilium complex. Centriolar satellite proteins
identified so far play important roles in various processes such as
cilium formation (Wang et al., 2016), centrosome duplication (Firat-
Karalar et al., 2014; Kodani et al., 2015), microtubule organization,
mitotic spindle formation (Kim and Rhee, 2011), chromosome
segregation (Kim et al., 2012; Staples et al., 2012), the stress
response (Villumsen et al., 2013), autophagy (Pampliega et al.,
2013; Tang et al., 2013) and neurogenesis (Tollenaere et al., 2015).
Interestingly, a significant percentage of satellite components also
localize to the centrosome and cilium complex (Tollenaere et al.,
2015). Moreover, all satellite-linked diseases including ciliopathies,
primary microcephaly and various neurological disorders are also
associated with abnormalities of the centrosome and cilium
complex (Kodani et al., 2015; Tollenaere et al., 2015). These
lines of evidence together suggest that satellites are ubiquitous and
essential structures for the centrosome and cilium complex in
vertebrates. However, the molecular mechanism of how the
centrosome and cilium complex is regulated by centriolar
satellites remains poorly understood.

Centriolar satellites play important roles during cilium assembly
and function, most likely by trafficking proteins to or away from the
centrosome and cilium complex or sequestering them (Tollenaere
et al., 2015). Among the proteins that localize to centriolar satellites
are the ciliopathy proteins CEP290 and BBS4, which function in the
highly regulated trafficking of ciliary proteins into and out of the
cilium. CEP290 is a component of the transition zone that forms a
selective barrier at the base of the cilium (Betleja and Cole, 2010).
BBS4 is one of the seven highly conserved Bardet–Biedl syndrome
(BBS) proteins that together form a coat complex and trafficReceived 22 August 2016; Accepted 16 February 2017
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membrane proteins to cilia (Nachury, 2008; Nachury et al., 2007). In
addition to the transition zone and the BBSome complex,
intraflagellar transport proteins are also critical for ciliary
trafficking, as they function in the bidirectional movement of
multiprotein complexes along the axoneme (Scholey, 2008). Ciliary
protein trafficking is key to the formation and function of the
primary cilium, and impaired ciliary trafficking is a significant
defect associated with ciliopathies.
To elucidate the molecular mechanism of how centriolar satellites

regulate cilium assembly and function, it is important to identify the
full repertoire of satellite proteins. To this end, we have started
building a proximity interaction map for satellite proteins implicated
in cilium assembly and function. The interactors identified by this
map include both known satellite proteins and previously
uncharacterized proteins (Firat-Karalar et al., 2014). Among these
proteins, we chose CCDC66, for further study, because it has been
previously implicated in microtubule-mediated functions, including
spindle pole and centriolar satellite organization (Gupta et al., 2015;
Sharp et al., 2011), and its link to retinal degeneration (Dekomien
et al., 2010; Gerding et al., 2011). A homozygous mutation in the
CCDC66 gene was shown to cause autosomal recessively inherited,
generalized progressive retinal atrophy, the canine counterpart of
Retinitis pigmentosa (Dekomien et al., 2010). Moreover, CCDC66
knockout in mouse leads to early photoreceptor degeneration, with a
slow, progressive retinal phenotype and physiological impairment
of the retina (Gerding et al., 2011). These studies together suggest
an important role for CCDC66 in retinal development and function.
In this study, we functionally and biochemically characterized

CCDC66 in ciliated RPE1 cells. We showed that CCDC66 localizes
to the centrosome and the centriolar satellites. Strikingly, CCDC66
redistributes between centriolar satellites and the primary cilium in
ciliated cells, which identifies CCDC66 as the only protein other
than BBS4 with such relocalization pattern. CCDC66 binds to
microtubules in vitro and in vivo and, when overexpressed, it
bundles microtubules, disrupts the cellular distribution of centriolar
satellites and inhibits ciliogenesis. BioID proximity mapping of
CCDC66, but not the CCDC66 deletion mutant that mimics the
truncated protein described in retinal degeneration, revealed
extensive interactions with centrosome and satellite proteins. In
agreement with these interactions, CCDC66 colocalizes and
interacts with the satellite proteins PCM1 and CEP290 and
functions in cilium formation, satellite organization and BBS4
recruitment to the primary cilium. Taken together, our findings
identify a critical function of CCDC66 in cilium formation and a
possible function in ciliary trafficking.

RESULTS
Proximity mapping identifies new centriolar satellite
proteins
To identify new components of centriolar satellites that function
during ciliogenesis, we determined the proteins that localized in
close proximity to CEP72 at the centriolar satellites by using the
BioID approach (Firat-Karalar and Stearns, 2015; Roux et al.,
2013). CEP72 localizes to centriolar satellites and interacts
with CEP290 to recruit BBS proteins to the primary cilium
(Stowe et al., 2012). We generated an N-terminal Myc–BirA
(R118G) promiscuous biotin ligase (hereafter BirA*) fusion of
CEP72 and showed that Myc–BirA*–CEP72 (hereafter BirA*–
CEP72) localized to the centriolar satellites, as assessed by anti-
Myc staining (Fig. S1A) and stimulated localized biotinylation of
the centriolar satellites, as assessed by streptavidin staining
(Fig. 1A). HEK293T cells were then transfected with BirA*–

CEP72, supplemented with 50 μMbiotin 24 h post transfection, and
incubated for 18 h. After cells were solubilized with denaturing lysis
buffer, biotinylated proteins were precipitated with streptavidin
beads and analyzed by mass spectrometry. HEK293T cells
transfected with BirA*, or mock-transfected, were processed in
parallel as controls. The interactors identified (hereafter referred to
as proximity interactors) for CEP72 are listed by their normalized
spectral abundance factor (NSAF) value in Fig. 1B and Table S1.
The NSAF value is an estimate of relative abundance of proteins in a
sample. A significant percentage of the proximity interactors of
CEP72 are centrosome and/or centriolar satellite components,
validating the power of our approach to identify proximity
interactors at the centriolar satellites. The CEP72 BioID hits also
include proteins that were not previously implicated in ciliogenesis.
Among these hits is the retinal degeneration gene CCDC66
(Dekomien et al., 2010; Gerding et al., 2011). CCDC66 has been
reported to localize to centriolar satellites (Gupta et al., 2015) and its
mRNA has been found to interact with microtubules in a screen for
microtubule-binding transcripts in Xenopus laevis egg extracts
(Sharp et al., 2011). CCDC66 was also previously identified a
proximity partner of the canonical satellite protein PCM1 (Gupta
et al., 2015), but not for CCDC14 and KIAA0753, which regulate
centriole duplication (Firat-Karalar and Stearns, 2015). Based on its
proximity to regulators of ciliogenesis, disease link and cellular
localization, we chose CCDC66 for further study.

Fig. 1. Localization, activity and proximity interactors of BirA*-tagged
CEP72. (A) BirA*–CEP72 stimulates biotinylation at the centriolar satellites.
RPE1 cells were transfected with Myc–BirA*-tagged CEP72. After 18 h
incubation with biotin, cells were fixed and stained for biotinylated proteins with
fluorescent streptavidin and for centrosomes with anti-γ-tubulin antibody. DNA
was stained with DAPI. Scale bar: 10 μm. (B) Mass spectrometry analysis of
proximity interactors of Myc–BirA*–CEP72. Proximity interactors are ranked in
the order of their normalized spectral abundance factor (NSAF) values (mean
of three independent experiments). Proteins in black were previously shown to
localize to the centrosome and cilium complex, proteins in bold were previously
shown to interact physically with CEP72, and proteins in grey were not
associated with the centrosome and cilium complex in previous studies.
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CCDC66 localizes to the centrosome or cilium complex and
the centriolar satellites
To gain insight into the molecular mechanism of satellite function
during ciliogenesis, we characterized CCDC66 in ciliated hTERT-
RPE1 (hereafter RPE1) cells. Orthologs of CCDC66 are present in
hemichordates and placozoans but absent in arthropods, nematodes
and Chlamydomonas. The evolutionary conservation pattern of
CCDC66 is similar to that of the core centriolar satellite protein
PCM1 (Hodges et al., 2010) but not BBS4 (Kim et al., 2004) and
CEP290 (Kim et al., 2008). CCDC66 contains two coiled-coil (CC)
domains: CC1 (amino acids 252–283) and CC2 (amino acids 466–
564) and an evolutionarily conserved CCDC66 domain (Pfam
15236) (amino acids 408–564), part of which overlaps with CC2
(see Fig. 4).
Expression studies in dog and mouse tissues via quantitative real-

time RT-PCR (qRT-PCR) (Dekomien et al., 2010) and a genome-
wide analysis of transcription profiles (Krupp et al., 2012) showed
that CCDC66 is not only expressed in retina but most tissues
including heart, brain, liver and blood. Immunoblotting with an
antibody against CCDC66 in RPE1, HeLa and HEK293T cell
extracts validated thewide expression profile of CCDC66 (Fig. 2A).
We examined the localization of endogenous CCDC66 and a

GFP–CCDC66 fusion protein in RPE1 cells. Antibody against
endogenous CCDC66 revealed that it localizes to the centrosome
and centriolar satellites in interphase cells, as assessed by
colocalization with PCM1, a marker for the centriolar satellites
and γ-tubulin, a marker for the centrosome (Fig. 2B). A similar
localization to the centrosome and centriolar satellites (Fig. S1C)
was observed in RPE1 cells stably expressing GFP–CCDC66 fusion
protein at near-endogenous level (Fig. S1B).
The punctate pericentrosomal distribution of satellite proteins is

dependent on PCM1, a centrosomally focused microtubule array
and the microtubule motor dynein (Kim et al., 2008, 2004; Lopes
et al., 2011). Upon depolymerization of microtubules, the centriolar
satellite pool of CCDC66 dispersed throughout the cytoplasm
(Fig. 2B), as expected for centriolar satellites. Moreover, depletion
of PCM1 caused loss of CCDC66 satellite localization (Fig. 2B). In
both cases CCDC66 remained associated with the centrosome
(Fig. 2B). These results show that the CCDC66-containing foci are
canonical centriolar satellites and that CCDC66 localizes to the
centrosome in addition to the centriolar satellites. In agreement,
immunostaining of centrosomes purified from HEK293T cells with
CCDC66 revealed colocalization with γ-tubulin and centrin
(Fig. 2D).
CCDC66 localizes to the centriolar satellites and the centrosome

during centriole duplication and growth in S and G2 phases
(Fig. S1C). However, its localization becomes restricted to the
centrosomes and the spindle microtubules during mitosis (Fig. 2E;
Fig. S1C,D). Live-imaging of RPE1 cells stably expressing GFP–
CCDC66 revealed dynamic distribution of CCDC66 between the
centrosome, centriolar satellites and microtubules throughout the cell
cycle (Fig. 2F; Fig. S1E,Movies 1, 2), consistent with the localization
of endogenous CCDC66. Such dynamic behavior is similar to the
localization of other satellite proteins including CEP290, CCDC11,
FOP (also known as FGFR1OP) and CCDC13 (Kim et al., 2008; Lee
and Stearns, 2013; Silva et al., 2016; Staples et al., 2014).
To assess the localization of CCDC66 upon primary cilium

assembly, RPE1 cells stably expressing GFP–CCDC66were serum-
starved for 48 h. In most non-ciliated serum-starved cells, the
satellite pool of GFP–CCDC66 diminished significantly and GFP–
CCDC66 localized prominently to the centrosome (Fig. 2C).
Remarkably, in 95±4.5% of ciliated cells (mean±s.e.m.; n=500)

GFP–CCDC66 redistributed from centriolar satellites to the primary
cilium and basal body (Fig. 2G,H), in an analogous manner to the
movement of the BBSome complex component BBS4 (Nachury
et al., 2007). In the remaining cells, GFP–CCDC66 localized to the
cilium, basal body and centriolar satellites (Fig. 2G,H). In ciliated
cells, GFP–CCDC66 colocalized with PCM1 and CEP290 at the
centriolar satellites, and with poly-glutamylated tubulin at the
primary cilium and the basal body (Fig. 2G,H). We did not observe
CCDC66 localization at the ciliary transition zone, as assessed by
staining with CEP290 (Fig. 2H). Of note, we did not detect
localization of CCDC66 to the primary cilium of RPE1 cells using
the current antibodies, which is likely due to the technical
difficulties in the fixation and processing of intraciliary antigens
(Follit et al., 2006; Nachury et al., 2007). These results identify
CCDC66 as the only protein other than BBS4 that has so far been
identified to redistribute between centriolar satellite and ciliary
pools in ciliated cells.

Analysis of CCDC66 deletion mutants for localization to the
centriolar satellites and the centrosome
To identify the functionally important domains of CCDC66 for
localization to centriolar satellites and the centrosome, we generated
a series of GFP-tagged CCDC66 deletion mutants (Fig. 4). GFP–
CCDC66 truncations lacking the conserved CCDC66 region failed
to localize to satellites and the centrosome, and instead had diffuse
cytoplasmic and/or nuclear distribution, except for GFP–CCDC66
(564–948), which colocalized with γ-tubulin (Fig. S2A,B). The
conserved CCDC66 region did not localize to centriolar satellites
and the centrosome by itself (Fig. S2A,B). These data suggest that
more than one region of CCDC66 is required for its localization
to the centrosome and the satellites. GFP–CCDC66 (408–948)
colocalized with PCM1-positive puncta in transfected cells, in
which the distribution of satellites changed, possibly due to changes
in the organization of microtubules (Fig. S2B). The deletion mutant
CCDC66-RD (amino acids 1–207) mimics the truncated protein
described in the dogs with a point mutation in CCDC66, which
causes a frameshift that introduces a premature stop codon at amino
acid 207 (Dekomien et al., 2010). Interestingly, CCDC66-RD
localizes diffusely throughout the cytoplasm and nucleus (Fig. S2),
suggesting that retinal degeneration phenotype might result
from disruption of the localization and interactions of CCDC66
in cells.

CCDC66 is a microtubule-associated protein
CCDC66 mRNA was previously shown to associate with
microtubules in a screen for microtubule-binding mRNAs in
Xenopus laevis eggs (Sharp et al., 2011), suggesting a possible
function for CCDC66 in microtubule-based cellular processes. To
address this possibility, we examined the affinity of CCDC66 to
microtubules using in vitro and in vivo assays. In transiently
transfected high-expressing cells, GFP–CCDC66 localized to
microtubules (Fig. 3A). Interestingly, we found that 67±6.3% of
transfected cells (mean±s.e.m.; n=200) had microtubule bundles,
which was not observed in control cells transfected with GFP. In a
subset of cells, the microtubule bundles were associated with the
centrosome and stained for α-tubulin and PCM1, but did not stain
for the ciliary axoneme marker poly-glutamylated tubulin,
suggesting that they are not normal cilia (Fig. 3B). Although
GFP–CCDC66 overexpression induced microtubule bundles, there
was no significant change (P=0.58) in the total fluorescence
intensity of α-tubulin between GFP–CCDC66-expressing cells and
control GFP-expressing cells.
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Given the association of CCDC66 with microtubules in vivo, we
next studied whether CCDC66 interacts with microtubules using
in vitro microtubule pelleting assays. We first performed the

pelleting assays with lysates from cells transfected with GFP–
CCDC66 or GFP as a negative control. In agreement with the
localization results, GFP–CCDC66, but not GFP, co-pelleted with

Fig. 2. CCDC66 expression and localization in culturedRPE1 cell line. (A) CCDC66 is expressed in variousmammalian cell lines. Extracts fromRPE1, HEK293T
and HeLa cells were blotted for CCDC66 and actin (loading control). (B) Localization of endogenous CCDC66 in interphase, nocodazole-treated cells and
PCM1-depleted (siPCM1) cells. RPE1 cells were fixed and stained for CCDC66, PCM1 and γ-tubulin. To determine the effect of microtubule depolymerization on
CCDC66 localization, RPE1 cells were treated with 10 μg/ml nocodazole for 3 h, fixed and stained for GFP, PCM1 and γ-tubulin. To determine the effect of PCM1
depletion on CCDC66 localization, RPE1 cells were fixed 48 h after transfection with control PCM1 siRNA, fixed and stained. (C) Localization of GFP–CCDC66
(GFPCCDC66) in serum-starved non-ciliated RPE1 cells stably expressing GFP–CCDC66, which were fixed and stained for CCDC66, PCM1 and γ-tubulin.
(D) Localization of CCDC66 to purified centrosomes. Purified centrosomes were spun down on coverslips, fixed and stained for CCDC66, γ-tubulin and centrin.
(E) Localization of endogenous CCDC66 in prometaphase and telophase/cytokinesis stages of the cell cycle. Asynchronously growing RPE1 cells were fixed
and stained for CCDC66 and γ-tubulin. DNAwas stained with DAPI. Scale bars: 10 μm, all insets show 4× enlarged centrosomes. (F) Dynamic localization of
GFP–CCDC66 throughout the cell cycle. Shown are six time-lapse images of a dividing cell. See Movie 1. (G,H) Localization of CCDC66 in ciliated cells. RPE1 cells
stably expressing GFP–CCDC66 were fixed 48 h after serum starvation and stained for (G) GFP, PCM1 and glutamylated tubulin and (H) GFP, CEP290 and
glutamylated tubulin. Images representdeconvolvedmaximumprojectionof sections.Scalebars: 2.5 μm.GFPCCDC66 indicatesstableexpressionof the fusionprotein.
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taxol-stabilized microtubules (Fig. 3C). To determine whether
endogenous CCDC66 also interacts with microtubules and that the
interaction of GFP–CCDC66 to microtubules is not a consequence
of overexpression, we performed in vitro microtubule pelleting
assays with cell lysates and demonstrated that endogenous CCDC66

co-pellets with taxol-stabilized microtubules (Fig. 3D). As control,
the cytoplasmic protein GAPDH remained in the supernatant,
whereas the microtubule-associated protein PLK1 co-pelleted
with microtubules (Fig. 3D). The affinity of endogenous
CCDC66 to microtubules is consistent with the localization of

Fig. 3. CCDC66 is a microtubule-associated protein. (A) GFP–CCDC66 localizes to microtubules in transiently transfected cells. RPE1 cells transfected with
GFP-tagged full-length CCDC66 and its deletion constructs were fixed and stained for GFP and α-tubulin. (B) The bundles associated with the centrosome
colocalize with α-tubulin and PCM1. RPE1 cells transiently transfected with GFP–CCDC66 were fixed and stained for GFP and α-tubulin, glutamylated tubulin or
PCM1. (C–E) CCDC66 binds to microtubules in vitro. Microtubule pelleting assays were performed using (C) extracts from cells expressing GFP-tagged full-
length CCDC66 and its deletion constructs or (D) extracts from untransfected cells or (E) 0.5 nmol purified MBP-tagged CCDC66 fragments. Indicated cell
extracts or purified proteins were incubated with taxol-stabilized microtubules or buffer, loaded onto a 40% glycerol cushion and spun down. Initial sample (IS),
Supernatant (S) and pellet (P) fractions were blotted for GFP, CCDC66, PLK1 (positive control), GAPDH (negative control) or tubulin. Microtubules were detected
using Ponceau stain in C and D. Proteins were detected using Coomassie blue stain in E. (F) MBP–CCDC66 (564–948) (MBP-CCDC66564-948) binds to
microtubules. 0.5 nmol MBP–CCDC66 (564–948) was incubated with increasing amounts of taxol-stabilized microtubules, loaded onto a 40% glycerol cushion
and spun down. Supernatant and pellet fractions were resolved by SDS–PAGE and proteins were detected using Coomassie blue stain. (G) CCDC66
overexpression disrupts organization of centriolar satellites. RPE1 cells transiently transfected with GFP–CCDC66 were fixed and stained for GFP and PCM1.
(H) GFP–CCDC66 overexpression inhibits ciliogenesis. Ciliation was induced in GFP–CCDC66-transfected RPE1 cells by serum starvation for 24 h. Cells were
fixed and stained for GFP and polyglutamylated tubulin. DNA was stained with DAPI. Scale bars: 10 μm.
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CCDC66 to the spindle microtubules and mid-zone during mitosis
(Fig. 2E; Fig. S1D).
To identify the regions of CCDC66 that are important for

microtubule association and binding, we determined the
localization of these mutants in transfected cells (Fig. 3A;
Fig. S3A) and tested whether the GFP-tagged CCDC66
truncation mutants that are positive for microtubule association
bind to microtubules using the in vitro microtubule pelleting assays
(Fig. 3C). The N-terminal 564 amino acids, containing the CCDC66
conserved region and the C-terminal 177 amino acids localized and
interacted with microtubules (Fig. 4). Interestingly, expression of
these fragments did not induce formation of microtubule bundles,
instead they decorated the microtubule network in cells (Fig. 3A).
These data suggest that two different regions mediate CCDC66
interaction with microtubules and that only the full-length protein
can change the organization of microtubule network through
bundling.
To test whether association of CCDC66 with microtubules

reflects direct binding, we purified recombinant MBP-tagged
CCDC66 (564-948) and CCDC66 (844-948) and performed an
in vitro microtubule pelleting assays. Consistent of with the
localization results, the microtubule-binding MBP–CCDC66
(564-948), but not the negative control MBP–CCDC66 (844-948)
pelleted with microtubules (Fig. 3E; Fig. S3B). The fraction of
MBP–CCDC66 (564-948) in the pellet increased with increasing
concentrations of taxol-stabilized microtubules (Fig. 3F). Taken
together, these data indicate a direct interaction of CCDC66 with
microtubules and identify CCDC66 as a microtubule-associated
protein.

Overexpression of CCDC66 disrupts organization of
centriolar satellites and inhibits primary cilium formation
Overexpression of centriolar satellite proteins CEP290 and BBS4
disrupts centriolar satellite distribution by forming aggregates that
sequester PCM1 (Kim et al., 2008, 2004). Unlike CEP290 and
BBS4 and most other centriolar satellites proteins, we did not
observe formation of cytoplasmic aggregates upon overexpression
of CCDC66 (Fig. 3A). In highly expressing cells, GFP–CCDC66

formed cytoplasmic microtubule bundles that sequestered
endogenous PCM1, with a corresponding reduction in
pericentrosomally distributed centriolar satellites (Fig. 3G).
Because the punctate pericentrosomal distribution of centriolar
satellites depends on an intact microtubule network, these results
suggest that GFP–CCDC66 disrupts the centriolar satellite
organization through inducing microtubule bundle formation. In
serum-starved RPE1 cells, overexpression of GFP–CCDC66
completely inhibited primary cilium formation (n=100), while
control untransfected cells (66±5.6%, n=150) and GFP-expressing
cells (52±5.6%, n=150) were efficiently ciliated (Fig. 3H).

CCDC66 interacts with the centriolar satellite proteins
CEP290 and PCM1
To gain insight into the cellular functions of CCDC66, we identified
its proximity interactors at the centriolar satellites by using the
BioID approach (Firat-Karalar and Stearns, 2015). We generated an
N-terminal Myc–BirA* fusion of CCDC66 and showed that
Myc–BirA*–CCDC66 (hereafter BirA*–CCDC66) localized to
centriolar satellites and stimulated localized biotinylation of the
centriolar satellites, as assessed by streptavidin staining (Fig. 5A).
HEK293T cells were then transfected with BirA*–CCDC66 and
processed for pulldown of biotinylated proteins as for BirA*–
CEP72.

The proximity interactors for CCDC66 are listed by NSAF value
in Fig. 5B and Table S1. A significant percentage of proximity
interactors are centrosome and/or centriolar satellite components
and microtubule-associated proteins. Several of the proteins
identified as proximity interactors for CCDC66 stand out by their
known relationship to satellites and/or their involvement in primary
cilium formation. CEP290 localizes to centriolar satellites and
functions together with CEP72 during relocalization of BBS4 from
centriolar satellites to primary cilia during ciliogenesis (Stowe et al.,
2012). CEP162, a distal appendage protein, like CCDC66, binds to
microtubules and functions in ciliogenesis (Wang et al., 2013).
Other proximity interactors include PCM1, which is the scaffolding
protein for satellites, AZI1 (also known as CEP131), which
functions during ciliogenesis (Hall et al., 2013) and CEP55,

Fig. 4. Localization and interaction analysis of CCDC66 deletion mutants. Schematic representation of CCDC66 full length (FL) and deletion constructs and
summary of their localization to centriolar satellites and the centrosome, and their interaction or association with microtubules. Satellite and centrosome
localization and microtubule association were determined by analyzing RPE1 cells transiently transfected with GFP–CCDC66 constructs and staining fixed cells
for GFP and PCM1, γ-tubulin or microtubules. Microtubule binding was determined by in vitro microtubule pelleting assays of extracts from cells transiently
expressing GFP-tagged full-length CCDC66 and its deletion constructs and/or purified proteins. Numbers indicate amino acid positions, CC1 and CC2 indicate
coiled coil domains and ‘CCDC66 domain’ indicates the conserved domain in CCDC66 orthologs. The asterisk indicates the point mutation at amino acid 207 in
in dogs with retinal degeneration. CCDC66 (1-207) deletion mutant represents the CCDC66-RD (retinal degeneration) mutant.
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which functions during cytokinesis (Martinez-Garay et al., 2006;
van der Horst et al., 2009). Although we identified CCDC66 as a
proximity partner for CEP72, we failed to identify CEP72 as a
proximity partner for CCDC66, which could be due to differences
in their relative abundance or the amount of time CCDC66 spends in
its different cellular pools.
To determine which proximity interactions reflect physical

association, we performed co-immunoprecipitation experiments in
HEK293T cells. CCDC66 interacted with both CEP290 and PCM1
(Fig. 5D). Consistent with its interaction with CEP290, Myc–
CCDC66 colocalized with GFP–CEP290 at centriolar satellites and
microtubules (Fig. 5C). Interestingly, like CEP162, the microtubule

bundles induced by overexpression of CCDC66 sequestered
endogenous CEP290 (Fig. 5E), suggesting that CEP290 might
associate with microtubules through CCDC66 (Wang et al., 2013).
Although CCDC66 was initially identified as a proximity partner
for CEP72, this proximity interaction did not reflect a physical
interaction in in co-immunoprecipitation experiments (Fig. S3C).

A point mutation in the CCDC66 gene was implicated in retinal
degeneration (Dekomien et al., 2010), but its effect on CCDC66
function has not yet been characterized. To gain insight into the
molecular defects caused by this mutation, we identified the
proximity interactors of the CCDC66-RD mutant and compared
them with those of CCDC66. Myc–BirA*–CCDC66-RD localizes

Fig. 5. Localization, activity and proximity interactors of BirA*-tagged CCDC66 and CCDC66-RD. (A) RPE1 cells were transiently transfected with Myc–
BirA*-tagged CCDC66 and CCDC66-RD. After 18 h of biotin incubation, cells were fixed and stained for biotinylated proteins with fluorescent streptavidin and for
centriolar satellites with anti-PCM1 antibody. DNA was stained with DAPI. Scale bar: 10 μm, inset shows 4× enlarged centrosomes. (B) Mass spectrometry
analysis of proximity interactors of Myc–BirA*–CCDC66 andMyc–BirA*–CCDC66-RD. Proximity interactors are ranked in the order of their NSAF values (mean of
three independent experiments). Proteins in black were previously shown to localize to the centrosome, proteins in bold were previously shown to interact
physically with CCDC66 and proteins in grey were not associated with the centrosome and cilium complex in previous studies. (C) CCDC66 and CEP290
colocalize at the centriolar satellites and microtubules. RPE1 cells transiently expressing GFP–CEP290 and Myc–CCDC66 were stained with anti-Myc and anti-
GFP antibodies. DNAwas stained with DAPI. Scale bar: 10 μm, all insets show 4× enlarged centrosomes. (D) Co-immunoprecipitation of GFP–CEP290, tomato
(td)–PCM1 and Myc–CCDC66 after co-expression in HEK293T cells. Complexes were immunoprecipitated with anti-GFP antibody and co-precipitated (IP)
proteins were detected with anti-GFP, anti-Myc and anti-PCM1 antibodies. (E) GFP–CCDC66 recruits CEP290 to microtubules. RPE1 cells transiently
expressing GFP–CCDC66 were stained with anti-GFP and anti-CEP290 antibodies. DNA was stained with DAPI. Scale bar: 10 μm.
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to and stimulates biotinylation diffusely at the cytoplasm and
nucleus (Fig. 5A). Consistent with this localization, the proximity
interactors of CCDC66-RD consist of cytoplasmic and nuclear
proteins (Fig. 5B; Table S1), which is in contrast to the profile of
CCDC66 proximity interactors. Taken together, these results
suggest that defects in satellite localization and function
contribute to the retinal degeneration phenotype.

CCDC66 is required for efficient ciliogenesis and centriolar
satellite distribution
The cellular functions of CCDC66 are not known. Physical and
proximity interactions of CCDC66 to proteins that function in
ciliogenesis (i.e. CEP72, CEP290 and PCM1) suggest that
CCDC66 could have a similar function. By depleting CCDC66 in
RPE1 cells, we tested whether CCDC66 is required for efficient
ciliogenesis. Transfection with small interfering RNA (siRNA)
against CCDC66 resulted in effective depletion after 72 h, as
verified by western blotting of siRNA-transfected cells (Fig. 6A).
Depletion of CCDC66 significantly (P<0.001) reduced cilium
formation in serum-starved RPE1 cells (Fig. 6B), and this
phenotype was rescued by expression of siRNA-resistant
GFP–CCDC66-RR, which was verified by western blotting of
siRNA-transfected RPE1 cells stably expressing GFP or GFP–
CCDC66-RR (Fig. 6C; Fig. S4B). In cells where ciliogenesis
phenotype was rescued, GFP–CCDC66-RR prominently localized
to the cilium and also to satellites in a subset of cells (Fig. S4A),
suggesting that ciliary and satellite localization of CCDC66 is
important for its function during ciliogenesis. The ciliogenesis
phenotype was not due to a defect in cell cycle progression, since
both control and CCDC66-depleted cells had similar cell cycle
profiles as analyzed by flow cytometry (Fig. S4E).
Because centriolar satellite organization and function is essential

for ciliogenesis (Wang et al., 2016), we assessed the effects of
CCDC66 depletion on these processes. Depletion of CCDC66
resulted in a significant (P<0.001) decrease in the amount
of pericentrosomal PCM1 and a corresponding increase in
cytoplasmic centriolar satellites, as determined by quantitative
immunofluorescence (Fig. 6D,E). While CCDC66 depletion
resulted in a significant (P<0.01) reduction in the amount of
centriolar satellite-associated CEP290 (Fig. 6F,G), CEP290
depletion resulted in a significant (P<0.01) increase in the amount
of pericentrosomal GFP–CCDC66 (Fig. 6I,J) and PCM1 (Fig. S4F,
G). Both PCM1 and CEP290 redistribution phentoypes was rescued
by expression of siRNA-resistant GFP–CCDC66-RR (Fig. 6E,G;
Fig. S4A). The redistribution of centriolar satellites and altered
localization of PCM1, CEP290 or CCDC66 was not due to the
reduction in the protein levels of these proteins (Fig. 6A,H).
Given the interaction between CCDC66 and CEP290, we next

determined the effect of CCDC66 and CEP290 codepletion on
centriolar satellite organization. Interestingly, co-depletion of
CCDC66 and CEP290 rescued the satellite redistribution
phenotypes caused by individual CCDC66 and CEP290
depletions (Fig. S4F,G), suggesting that CEP290 and CCDC66
have opposing roles in satellite distribution in cells.
Given that CCDC66 binds to microtubules, we assessed whether

it is required for the maintenance of a radial microtubule array in
control and CCDC66-depleted cells by staining for microtubules
(Fig. S4C). Control cells (72±2.9%, n=150) had significantly
(P<0.05) higher percentage of centrosomally-organized radial
arrays than CCDC66-depleted cells (45±5.2%, mean±s.e.m.;
n=150) (Fig. S4D). This result indicates that CCDC66 plays a
role in maintaining a stable microtubule array and that satellite

redistribution phenotypes could be due to these organization
changes

CCDC66 is required for relocalization of BBS4 fromcentriolar
satellites to primary cilia during ciliogenesis
During ciliogenesis, the BBSome-associated protein BBS4
relocalizes from centriolar satellites to primary cilia (Kim et al.,
2004, 2008; Nachury et al., 2007), and CCDC66 also has a similar
localization pattern. PCM1, CEP290 and CEP72 were suggested to
cooperate with BBS4 to promote ciliogenesis (Kim et al., 2008;
Lopes et al., 2011; Stowe et al., 2012). Given the relationship of
CCDC66 to these proteins, we assessed the effect of its depletion on
the localization of BBS4 using the RPE1 cell line that stably
expresses LAP–BBS4 (Nachury, 2008). Since ciliogenesis was
decreased in CCDC66-depleted cells, we assayed BBS4
relocalization in the cells that formed cilia. A significant reduction
(P<0.01) in the fraction of cilia containing LAP–BBS4 relative to
control ciliated cells (73±3.7%, mean±s.e.m., of total) was observed
for cells depleted of CCDC66 (37±2.5% of total) (Fig. 7A,B). In
these cells, LAP–BBS4 remained associated with centriolar
satellites rather than localizing to the cilium (Fig. 7A). Thus,
disruption of centriolar satellite function by depletion of CCDC66
results in a failure of BBS4 recruitment to the cilium. Interestingly,
we have not detected any interaction between CCDC66 and BBS4,
neither in the BioID-pulldown of CCDC66 (Table S1) nor in the
co-immunoprecipitation experiments (data not shown), suggesting
that CCDC66 indirectly functions in relocalization of BBS4 to the
cilium.

DISCUSSION
Centriolar satellites play important roles in a multitude of
centrosome- and cilium-mediated cellular processes and are
implicated in ciliopathies (Tollenaere et al., 2015). Interestingly, a
significant number of centrosome and cilium complex proteins,
including the ciliopathy-associated proteins CEP290, BBS4 and
OFD1, localize to centriolar satellites. While these findings identify
satellites as ubiquitous and essential structures for regulating the
vertebrate centrosome and cilium complex, the molecular and
functional relationship of the satellites to the centrosome and cilium
complex and ciliopathies remain poorly understood. In this study,
we characterized the retinal degeneration protein CCDC66 in
ciliated retinal epithelial cells.

CCDC66 point mutation in dogs and null mutations in mouse
were previously implicated in retinal degeneration, a phenotype that
is common to ciliopathies (Dekomien et al., 2010; Gerding et al.,
2011). We first identified CCDC66 as a proximity partner for
known centriolar satellite proteins including CEP72, which interacts
with CEP290 and functions in cilium formation and ciliary targeting
of the BBSome complex (Stowe et al., 2012). Supporting this
proximity relationship, CCDC66 colocalizes with PCM1 in cells,
the canonical component of centriolar satellites and a significant
percentage of the proximity partners for CCDC66 are components
of the centriolar satellites and the centrosome and cilium complex.
Using co-immunoprecipitation experiments, we showed that
CCDC66 interacts with CEP290 and PCM1, but not with CEP72,
suggesting that proximity relationship of CCDC66 to CEP72 does
not reflect physical interaction. Like CCDC66, CEP290 was
previously implicated in retinal degeneration in human
ciliopathies and mouse models (Chang et al., 2006).

Remarkably, CCDC66 relocalizes from centriolar satellites to
the primary cilium in ciliated cells and thus acts like BBS4, the
BBSome component that localizes to satellites and is added last
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during BBSome assembly (Nachury et al., 2007). This finding
identifies CCDC66 as the only reported PCM1-associated protein
other than BBS4 with such a localization pattern, suggesting that
redistribution of proteins between the centriolar satellites and
primary cilium is a common theme in ciliary trafficking.
Interestingly, we did not identify CCDC66 as a component of the
BBSome complex in BioID experiments. By analogy to BBS4
functions in cells (Kim et al., 2004; Nachury et al., 2007), it is
possible that CCDC66 is part of a new ciliary complex that

functions in ciliary trafficking. Future studies are required to address
the functional significance of CCDC66 localization in ciliated cells.

We identified CCDC66 as a microtubule-associated protein by
using in vitro and in vivo assays, and this is in agreement with a
previous microtubule transcriptome screen in Xenopus tropicalis
eggs (Sharp et al., 2011). Overexpression of CCDC66 in cells
induced formation of microtubule bundles, disrupted centriolar
satellite organization and inhibited ciliogenesis. Interestingly,
endogenous CEP290 was recruited to these microtubule bundles,

Fig. 6. See next page for legend.
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suggesting that CCDC66 might be required for association of
CEP290 with microtubules. These results support the function of
CCDC66 in localization and/or trafficking of proteins like CEP290
to and along microtubules.
A significant number of centriolar satellite protein identified to date

have been implicated in cilium formation and function (Tollenaere
et al., 2015). In cells depleted for CCDC66, there was a significant
defect in ciliogenesis and PCM1- andCEP290-positive puncta did not
cluster around the centrosome but were instead distributed throughout
the cytosol. Defects in ciliogenesis could be a result of the defects in
satellite function due to their redistribution in cells. Given that satellite

organization and function depends on an intact microtubule network,
it is possible that CCDC66mediates the interaction between satellites
and the cytoplasmic microtubule array, analogous to what has been
reported for CEP290 (Kim et al., 2008), BBS4 (Kim et al., 2004) and
PAR6α (Kodani et al., 2010). Taken together, our results support the
role of centriolar satellites in cilium formation.

Centriolar satellites were shown to be important for efficient
ciliogenesis because they control the entry of proteins to the cilium
either by sequestering them or by trafficking them to or away from
the cilium. For example, centriolar satellites sequester BBS4 and
regulate recruitment of the BBSome complex to the cilium by
limiting the amount of BBS4 available for incorporation into ciliary
BBSomes (Stowe et al., 2012). Consistent with this model, we
demonstrated that ciliary recruitment of BBS4 is compromised
when CCDC66 is depleted. Our results support the role of centriolar
satellites in the assembly of BBS4 into the BBSome complex and its
subsequent ciliary recruitment. It is likely that CCDC66 regulates
ciliary entry of the BBSome complex by interacting with
microtubules and forming a complex with CEP290 at the satellites.

To determine how mutations in the CCDC66 gene affect its
function, we determined the localization and the proximity partners
of the truncated form of CCDC66 (CCDC66-RD), which mimics
the mutated protein found in dogs affected with retinal degeneration
(Dekomien et al., 2010). CCDC66-RD localizes diffusely to the
nucleus and cytosol and its proximity partners are almost all nuclear
and cytoplasmic proteins. Moreover, CCDC66-RD does not interact
with microtubules. These results suggest that defects in satellite
localization and microtubule-binding contribute to the retinal
degeneration phenotype.

In photoreceptor cells, the outer segment represents a highly
modified cilium that contains visual transduction cascade
components. The outer segment is connected to the inner segment
by the connecting cilium, which resembles the ciliary transition
zone. Phototransduction proteins are synthesized in the inner
segment and transported to the outer segment through the
connecting cilium (Wheway et al., 2014). Almost one-quarter of
known retinal degeneration genes are associated with ciliary
structure or function, including the BBSome complex (Wright
et al., 2010) and the transition zone component CEP290 (Chang
et al., 2006). Given the possible role of CCDC66 in ciliary
trafficking, perturbation of this function could lead to photoreceptor
degeneration through mislocalization of proteins required for
phototransduction. Previous studies reported localization of
CCDC66 to the inner segments of photoreceptor cells (Dekomien
et al., 2010) and to the outer segment of rod cells (Gerding et al.,
2011). Higher resolution localization studies in photoreceptor cells

Fig. 7. CCDC66 regulates LAP–BBS4 recruitment to the
cilium. (A) Effect of CCDC66 depletion on BBS4 relocalization
from centriolar satellites to the primary cilium. RPE1 cells
stably expressing LAP–BBS4were fixed 72 h after transfection
with control siRNA (siControl) or CCDC66 siRNA (siCCDC66),
and LAP–BBS4 was visualized with anti-GFP antibody. Cells
were also stained for polyglutamylated tubulin and with DAPI.
Scale bar: 10 μm. (B) Quantification of results in A. Control
siRNA-transfected levels were normalized to 1.0; n=50 cells
for each sample, from three independent experiments. A t-test
was used for statistical analysis. Data in B represent mean
±s.e.m. value from three experiments per condition, **P<0.01.

Fig. 6. CCDC66 regulate cilium formation and centriolar satellite
distribution. (A) CCDC66 siRNA effectively depletes CCDC66. RPE1 cells
were transfected with control siRNA (siControl) or CCDC66 siRNA
(siCCDC66), and 72 h after transfection extracts from cells were
immunoblotted for CCDC66, CEP290, PCM1 and actin (loading control).
(B) Effect of CCDC66 depletion on cilium formation. RPE1 cells were fixed 72 h
after transfection with control siRNA or CCDC66 siRNA, and the percentage of
ciliated cells was determined by staining for glutamylated tubulin and DAPI.
(C) Quantification of rescue experiments. For rescue experiments, RPE-1 cells
stably expressing GFP or GFP–CCDC66RR were transfected with control and
CCDC66 siRNAs. At 72 h post transfection cells were fixed, stained and
quantified. n=300 cells for each sample, from three independent experiments.
An ANOVA test was used for statistical analysis. (D) Effect of CCDC66
depletion on centriolar satellite organization. RPE1 cells were fixed 72 h after
transfection with control siRNA or CCDC66 siRNA, and satellite organization
was determined by staining for PCM1 and polyglutamylated tubulin and with
DAPI. Images represent cells from the same coverslip taken with the same
camera settings. (E) Quantification of rescue experiments. n=50 cells for each
sample, from two independent experiments. ANOVA test was used for
statistical analysis. (F) Effect of CCDC66 depletion on the pericentrosomal
level of CEP290. RPE1 cells were fixed 72 h after transfection with control
siRNA or CCDC66 siRNA, and stained for endogenous CEP290, γ-tubulin and
with DAPI. (G) Quantification of rescue experiments. n=50 cells for each
sample, from two independent experiments. ANOVA test was used for
statistical analysis. (H) CEP290 siRNA (siCEP290) effectively depletes
CEP290. RPE1 cells stably expressing GFP–CCDC66 were transfected with
control siRNA or CEP290 siRNA, and 72 h after transfection extracts from cells
were immunoblotted for CCDC66, CEP290, PCM1 and actin. (I) Effect of
CEP290 depletion on the pericentrosomal level of GFP–CCDC66. RPE1 cells
stably expressing GFP–CCDC66 were fixed 72 h after transfection with control
siRNA or CEP290 siRNA, and satellite organization was determined by
staining for GFP and CEP290 and with DAPI. (J) Quantification of
I. Pericentrosomal GFP–CCDC66 fluorescence intensity was measured for
control and CEP290-depleted cells and levels are normalized to 100. n=50
cells for each sample, from the independent experiments. A t-test was used for
statistical analysis. Data in C,E,G and J represent mean±s.e.m. from two or
three experiments per condition, *P<0.05, **P<0.01, ***P<0.001. A.U.,
arbitrary units. Scale bars: 10 μm, all insets show 4× enlarged centrosomes.
GFPCCDC66 indicates stable expression of the fusion protein.
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are required to determine whether the localization of to the
centrosome and cilium complex and/or microtubules in RPE1
cells reflects localization in photoreceptor cells.
While CCDC66 point and null mutations cause retinal

degeneration in dogs and mouse, mutations have not yet been
mapped to the CCDC66 gene in human ciliopathies. There have
been discrepancies between human ciliopathies and their respective
mouse models, which are likely due to differences in species and/or
functional nature of the mutation (Hall et al., 2013; Jiang et al.,
2008; Mykytyn et al., 2004; Won et al., 2011). For most
ciliopathies, mouse models fail to completely recapitulate the
human phenotype. Therefore the loss-of-function phenotype of
CCDC66 in vivo in humans is not known.

MATERIALS AND METHODS
Cell culture and transfection
hTERT-immortalized retinal pigment epithelial (RPE-1; ATCC CRL-4000)
and LAPBBS4-hTERT-RPE1 cells were grown in DMEM/F12 (1:1;
Invitrogen) supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Lawrenceville, GA). Human embryonic kidney (HEK293T;
ATCC CRL-3216) cells were grown in DMEM supplemented with 10%
FBS. All cells were cultured at 37°C and 5% CO2. All cell lines were
authenticated by Multiplex Cell line Authentication (MCA) and were tested
for mycoplasma contamination by using the MycoAlert Mycoplasma
Detection Kit (Lonza).

RPE1 cells were transfectedwith the plasmids by using LipofectamineLTX
(Invitrogen). HEK293T cells were transfected with the plasmids using 1 μg/μl
polyethylenimine, molecular mass 25 kDa (PEI, Sigma-Aldrich, St. Louis,
MO). For microtubule depolymerization experiments, cells were treated with
10 μg/ml nocodazole (US Biological, Swampscott, MA) for 3 h at 37°C.
RPE1 cells stably expressing GFP–CCDC66, GFP–CCDC66-RR or GFP
were generated by infection of cells with GFP–CCDC66-, GFP–CCDC66-
RR- and GFP-expressing lentivirus. Lentivirus were generated as described
previously (Mahjoub et al., 2010), by using pLVPT2-GFP-N1-CCDC66,
pLVPT2-N1-CCDC66RR and pLVPT2-N1 plasmids as transfer vectors.

Plasmids
Full-length cDNAs of CCDC66 (BC132827.1) and CEP290 (BC172566.1)
were obtained from the DF/HCC DNA Resource Core (Harvard Medical
School, MA). peGFP-N1-PCM1 and peGFP-N1-CEP72 plasmids were
used for PCM1 (GenBank NM_006197) and CEP72 (GenBank
NM_018140) amplification. The open reading frames (ORFs) of CEP72
and CCDC66/CCDC66 were amplified by PCR and N-terminally tagged
with BirA* by cloning into pcDNA3.1-mycBioID. The ORFs of CCDC66/
CCDC66 and CEP290 were amplified by PCR and cloned into pDONR221
using the Invitrogen Gateway system. Subsequent Gateway recombination
reactions using pCS2+6xMyc DEST, pcDNA-DEST47 (Invitrogen) and
pLVPT2-GFP-N1 were used to generate GFP–CEP290, GFP–CCDC66 and
Myc–CCDC66. Deletion constructs of CCDC66 were made by PCR
amplification of the indicated regions. PCR products were cloned into
pDONR221 and gateway recombination reactions using pcDNA-DEST47
and pCS2+6xMyc DEST were used to produce GFP-tagged and Myc-
tagged deletion constructs. The siRNA-resistant CCDC66 clone (CCDC66-
RR) was generated by making five consecutive synonymous base pair
changes in the center of the siRNA-targeted region (bold) by using
overlapping PCR with the primers 5′-TTAGAAAAAGAAAACAATCG-
GTGTAATGACCAGTGCAACCAATTTACAAGAATAGAGAAACA-
AACAAAACACATGAAGA-3′ and 5′- TCTTCATGTGTTTTGTTTGT-
TTCTCTATTCTTGTAAATTGGTTGCACTGGTCATTACACCGATT-
GTTTTCTTTTTCTAA-3′. PCR products were cloned into pDONR221
and gateway recombination reactions using pcDNA-DEST47 and pLVPT2-
GFP-N1 were used to produce GFP–CCDC66-RR.

siRNA and rescue experiments
CCDC66 was depleted using an siRNA with the sequence
5′-CAGTGTAATCAGTTCACAAtt-3′. Silencer Select Negative Control

No. 1 (Thermo Scientific) was used as a control. CEP290 depletion was
carried out using ON-TARGET Plus SMARTpool (Thermo Scientific).
siRNAs were transfected into RPE1-hTERT cells with Lipofectamine
RNAiMax according to the manufacturer’s instructions (Thermo Fisher
Scientific). For rescue experiments, RPE-1 cells stably expressing GFP or
GFP–CCDC66-RR were transfected with control and CCDC66 siRNAs by
using Lipofectamine RNAiMax (Thermo Fisher Scientific). At 72 h post
transfection with the siRNAs, cells were fixed and stained.

Antibodies
Anti-PCM1 antibody was generated and used for immunofluorescence as
previously described (Firat-Karalar et al., 2014). Other antibodies used for
immunofluorescence were rabbit anti-CCDC66 (A303-339A; Bethyl
Laboratories, Inc.) or mouse anti-CCDC66 (SAB1408484; Sigma-
Aldrich) at 1:750, goat anti-PCM1 (sc-50164; Santa Cruz Biotechnology)
at 1:1000, mouse anti-γ-tubulin (GTU-88; T5326; Sigma-Aldrich) at
1:4000, mouse anti-GFP (3e6; A-11120; Invitrogen) at 1:750, mouse anti-
Myc (9e10; M4439; Sigma-Aldrich) at 1:500, rabbit anti-CEP290
(ab84870; Abcam) at 1:1000 and mouse anti-polyglutamylated tubulin
(GT335; AG-20B-0020-C100; Adipogen) at 1:500. Antibodies used for
western blotting were rabbit anti-CCDC66 (sc-102420; Santa Cruz
Biotechnology) and rabbit anti-Myc (sc-789; Santa Cruz Biotechnology)
at 1:2000, rabbit anti-CEP290 (ab84870; Abcam) at 1:1000, rabbit anti-
CEP72 (19928-1-AP; Proteintech), rabbit anti-GFP at 0.15 μg/ml [as
previously described in Hatch et al. (2010)], rabbit anti-PCM1 (19856-1-
AP; Proteintech) at 1:1000 and rabbit anti-p38 MAPK (sc-535; Santa Cruz
Biotechnology) at 1:2000.

Immunoprecipitation and BioID pulldowns
For the co-immunoprecipitation experiments, HEK293T cells were
transiently transfected, incubated for 24 h, washed with PBS, and lysed in
lysis buffer (50 mM Tris-HCl pH 7.4, 266 mM NaCl, 2.27 mM KCl,
1.25 mM KH2PO4, 6.8 mM Na2HPO4-7H2O and 1% NP-40, protease
inhibitors). Insoluble material was pelleted, and soluble material was
incubated with goat anti-GFP antibodies (Rockland) and then with protein A
beads (Affi-Prep). Beads were washed in lysis buffer, eluted in sample
buffer and run on SDS-PAGE gels. BioID streptavidin pulldown was
performed as described previously (Firat-Karalar et al., 2014).

Microtubule pelleting assays
Purified bovine brain tubulin was diluted to a concentration of 2 mg/ml in
BRB80 buffer (80 mM PIPES, pH 6.8, 1 mM MgCl2, 1 mM EGTA
including protease inhibitors, 1 mM GTP, 1 mM dithiothreitol and 20 μM
taxol), precleared at 90,000 rpm (∼350,000 g) for 5 min at 4°C and brought
to a final concentration of 20 μM Taxol in a step-wise manner at 37°C.
0.5 nmol of MBP–CCDC66 fragments affinity purified from E. coli, or
1.5 mg cell extracts were diluted in a 250 μl final volume of BRB80, cleared
at 90,000 rpm (∼350,000 g) for 5 min at 4°C. Protein samples were mixed
with taxol-stabilized microtubules or buffer control and incubated for
30 min at 30°C. Samples were loaded onto 40% glycerol BRB80 cushions
and centrifuged at 55,000 rpm (∼250,000 g) for 10 min. Supernatant and
pellet fractions were separated by SDS-PAGE for analysis.

Mass spectrometry and data analysis
Mass spectrometry analysis was done as described previously with the
following change (Firat-Karalar et al., 2014): The MS/MS spectra were
searched with the ProLuCID algorithm against the Uniprot human database
(downloaded on 20 March 2014). For each BioID experiment, data were
derived from three biological replicates. Control data were derived from
mock-transfected and BirA*-transfected HEK293T cells. To compare data
across different runs and assess the abundance of each proximity partner, we
applied a normalization of spectral counts (Zybailov et al., 2006). Individual
spectral count values were normalized against the sum of all spectral counts
for a particular run, resulting in an normalized spectral abundance factor
(NSAF). For presentation purposes, wemultiplied each NSAF value by 100.
To distinguish the nonspecific interactors, we calculated the ratio of the
NSAF of each identified protein to the NSAF of the corresponding proteins
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in the control datasets. A protein was considered to be a contaminant if the
ratio was smaller than 2.5. For analysis of the data from three independent
BioID experiments, we only accounted for the proteins that were identified
in at least two independent experiments and that have a spectral count
greater than four.

Immunofluorescence, microscopy and quantification
For immunofluorescence experiments, cells were grown on coverslips and
fixed in either methanol or 4% paraformaldehyde in PBS. After rehydration
in PBS, cells were blocked in 3% BSA (Sigma-Aldrich) in PBS plus 0.1%
Triton X-100. Coverslips were incubated in primary antibodies diluted in
blocking solution, and Alexa Fluor 488-, 594-, or 680-conjugated secondary
antibodies were diluted in 1:500 in blocking solution (Invitrogen).
Biotinylated proteins were detected with Alexa Fluor 594-coupled
streptavidin (1:500; Invitrogen). Samples were mounted using Mowiol.
Coverslips of cells were imaged using LAS X software (Premium; Leica) on
a scanning confocal microscope (SP8; Leica Microsystems) with Plan
Apofluar 63×1.4 NA objective and by spinning disk confocal microscopy
using a Zeiss Axiovert with a Yokogawa CSU-10 confocal head using a
cooled charge-coupled device camera (Orca ER, Hamamatsu Photonics;
Cascade EM-CCD, Photometrics). For deconvolved images, Huygens
Deconvoluation software was used.

Quantitative immunofluorescence for PCM1 and CEP290 was performed
by acquiring a z-stack of control and depleted cells using identical gain and
exposure settings. The z-stacks were used to assemble maximum-intensity
projections. The centrosome region was defined by γ-tubulin staining in
each cell and its fluorescence pixel intensity was measured in a circular
3 μm2 area centered on the centrosome. The satellite region was defined as
the 19 μm2 ring around the centrosome. Quantifications and image
processing were performed using ImageJ (National Institutes of Health,
Bethesda, MD). Background was quantified by measuring fluorescence
intensity of a region of equal dimensions in the area neighboring the
centrosome and the satellites. Primary cilium formation was assessed by
counting the total number of cells and the number of cells with primary cilia.

Statistical analysis
Statistical significance and P values were assessed by one-way analysis of
variance and Student’s t-tests using Prism software (GraphPad Software, La
Jolla, CA). Error bars reflect s.e.m. Following key is followed for asterisk
placeholders for P-values in the figures: *P<0.05, **P<0.01, ***P<0.001.
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