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1. INTRODUCTION:

The purpose of this research is to reveal the relationship between assembly of the primary cilium 

and prostate cancer by investigating two centrosomal proteins, pericentriolar material 1 (PCM1) and 

Mind bomb 1 (Mib1), and to test the possibility that these proteins can serve as robust prostate cancer 

biomarkers and, potentially, targets for drug discovery. The primary cilium serves as a cellular 

antenna, and this organelle inhibits cell proliferation. The loss of this key signaling organelle was 

reported in various cancers, including prostate cancer. Therefore, we hypothesize that the absence 

of a primary cilium can potentially trigger cell proliferation and prostate cancer development. PCM1 

is essential for ciliogenesis, and the PCM1 gene is deleted in ~15% of prostate cancers. Our 

results indicate that ablation of PCM1 leads to aberrant expression of its interacting partner, Mib1, 

an enzyme that is a negative regulator of ciliogenesis. Based on these data, we hypothesize that 

elevated levels of Mib1 provoked by PCM1 depletion in prostate cancer promote abnormal cell 

growth and malignancy by preventing the assembly of cilia. To test this hypothesis, we will 

investigate the impact of PCM1 deletions in prostate cancer and determine whether there is a 

correlation between increased Mib1, the loss of cilia, and the stage of prostate tumor progression. 

Next, we will test whether PCM1 depletion and aberrant levels of Mib1 promote prostate cancer 

development. Finally, we will investigate whether Mib1 removal induces ciliogenesis and inhibits 

growth of prostate cancer to determine the suitability of Mib1 as a target of anti-cancer drugs. 

Collectively through our research proposal, we will be able to understand a novel regulatory pathway 

in the formation of primary cilia and its implications in prostate cancer development. These 

efforts will ultimately allow us to devise innovative and effective therapeutic approaches against 

malignant prostate cancer. First, our investigation may allow us to find new bio-markers to detect 

cancer. In addition, since we are examining a “druggable” protein with enzymatic activity, our results 

could ultimately allow discovery of potential anti-cancer drugs for effective therapeutic 

approaches against malignant prostate cancer, which is a leading, fatal disease threatening the male 

population worldwide. 

2. KEYWORDS:

Primary cilium, prostate cancer, PCM1, Mib1 

3. ACCOMPLISHMENTS:

What were the major goals of the project? What was accomplished under these goals? 

Training-Specific Tasks: 

Subtask 2: Present research at the monthly department group meetings 

Completed 

Subtask 3: Attend a national scientific meeting in relevant scientific field 

I attended the Cold Spring Harbor Asia conference on Cilia & Centrosomes and presented my work 

as poster “Tethering of an E3 ligase by PCM1 regulates the abundance of centrosomal 

KIAA0586/Talpid3 and promotes ciliogenesis”. I attended the 13th international zebrafish 

conference to study the use of zebrafish in tumor biology. 

Milestone Achieved: Presentation of project data at a national meeting 

Specific Aim 1 Major Task 1: To investigate whether PCM1 deletion in prostate cancer is 

correlated with an increase in Mib1 and the loss of cilia 
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Subtask 1: Measurement of PCM1 and Mib1 expression in normal prostate and prostate 

cancer tissue arrays. 

Results: We studied the expression of PCM1 and Mib1 proteins in human prostate cancer (PCa) 

tissue samples by immunohistochemical analysis of a human PCa TMA derived from a cohort of 

PCa patients (n = 131) in various clinicopathological groups. TMAs were obtained from the 

DOD-sponsored PCBN repository at Johns Hopkins University. In collaboration with prostate 

cancer pathologists and a biostatistician, we first examined the expression of PCM1 and Mib1 in 

normal and malignant prostatic epithelial cells in prostate tissue. The mean protein intensity of 

cytoplasmic PCM1 and Mib1 were significantly increased in PCa compared to the adjacent 

normal tissues (p < 0.001) (Figure 1). We did not observe a significant association between the 

change in Mib1 and PCM1 expression level with Gleason primary score (Figure 2), Gleason sum 

score (Figure 3) or prostate cancer stage (Figure 4). Then we compared expression of PCM1 and 

Mib1 proteins in non-hormone resistant tumor groups to hormone-resistant tumor group and 

found no significant difference (Figure 6 and Table 1). Finally, we examined the expression of 

PCM1 and Mib1 in normal and high grade PIN epithelial cells. The mean protein intensity of 

cytoplasmic PCM1 and Mib1 were significantly increased in high-grade prostate 

intraepithelial neoplasia (HGPIN) compared to the adjacent normal tissues (p < 0.001) 

(Figure 5). 

Figure 1. Protein intensity of PCM1 and Mib1 in normal and PCa tissues. Paired Wilcox rank test. * 

P<0.05. 
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Figure 2. Simple linear regression model was used to study association of protein expression changes 

(tumor - normal) and Gleason-Primary score. 

Figure 3. Simple linear regression model was used to study association of protein expression changes 

(tumor - normal) and Gleason-Sum score.  
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Figure 4. Analysis of variance (ANOVA) was used to test the association between protein expression 

changes and TNM stage.  

 

 
 

 

 

 

 

Figure 5. Protein intensity of PCM1 and Mib1 in normal and HGPIN tissues. Paired Wilcox rank 

test. * P<0.05. 
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Figure 6. Comparison of non-resistant tumor groups and resistant tumor group (i.e., group I, III, IV 

vs group II).  
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Table 1. Sample size summary. 

Group Type 

Sample 

size 

I Tumor from Hormone Naïve, TURP 15 

II Tumor from Hormone Refractory, TURP 40 

III Tumor from Neo Adjuvant, Radicals 27 

IV Tumor from No therapy, Radicals 28 

Subtask 2: Measurement of ciliation and proliferation in PCM1 positive and negative 

prostate cancer tissue and cell lines 

Results: We hypothesize that epithelial cells in tumors will lose their primary cilia. Therefore, we 

measured the expression level and ciliation potential of PCM1 and Mib1 in normal, benign 

prostate epithelia cell lines and PCa cell lines. Consistent with our findings in TMAs, PCM1 was 

found to be over-expressed in certain PCa and benign cell lines (NEI-8, RC165 and BPH-1) 

compared to a normal prostate cell line (RWPE-1) and stem cell line, WPE. Mib1 was also over-

expressed in certain PCa and benign cell lines (LnCaP, RC165 and BPH-1) compared to normal 

prostate cell lines (RWPE-1 and WPE). Moreover, Pca and benign cell lines (LnCaP, LnCaP-

AI, NEI-8, RC165 and BPH-1) have lower ciliation rates compared to normal prostate cell 

lines (RWPE-1 and WPE, Figure 7). We also examine the correlation between PCM1, Mib1 

expression levels and ciliation in patient tissues by co-staining CK5, acetylated tubulin (Ace-

Tubulin, a marker for cilia), and γ-Tubulin (a marker for centrosomes) in TMAs. Consistent with 

our data from PCa cell lines above, primary cilia number was significantly decreased in 

epithelial cells of tumor samples (p < 0.001) (Figure 8). The normal prostate has a bilayered 

epithelium of basal cells (CK5 positive) and luminal cells (CK5 negative). We observed that 

primary cilia were enriched 17.8-fold on normal CK5+ cells (median=33.8%) compared to normal 
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CK5-cells (median=1.9% Figure 9), suggesting that primary cilia mainly present in basal cells. 

We also found that decreased cilia number in epithelia cells is due to decreased CK5+ 

population but not decreased ciliation rate in CK5+ cells. Because the ciliation rate of CK5+ 

and CK5- epithelial cells in tumor is equal to that in normal tissue (Figure 10). We also tried to 

examine the correlation between increased Mib1 intensity and ciliation rate in the patient sample, 

but found no correlation between them (Figure 11). This may due to the small sample number of 

patients with CK5+ cells and the lack of accuracy of using Mib1 intensity to measure Mib1 

expression level, which could be improved in the future. 

Milestone(s) Achieved: Correlate loss of cilia, over-expression of Mib1 and loss of PCM1 

with stage of tumor 

 

Figure 7. Measurement of ciliation and protein level of PCM1 and Mib1 in prostate cell lines. 

“++”, “+” and “-” indicate ~20%, ~10% and ~0% of cells were ciliated respectively.   

 

 

Figure 8. Triple-staining of prostate tissue for CK5, Ace-tubulin, and γ-tubulin. Staining of pilot 

TMA is shown, and each marker is indicated at top right of each panel. Ciliation rate of epithelial 

cells in normal and tumor tissue is shown. Cilia are indicated by arrows. Scale bar=10µm. 
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Figure 9. Measurement of ciliation in luminal and basal epithelial cells. 

Figure 10. Quantification of basal cell number and comparison of ciliation of epithelial cells in 

normal and tumor tissue.  

Figure 11. Analysis of the association between Mib1 expression changes and ciliation rate. 

Specific Aim 2: To investigate the impact of PCM1 and Mib1 loss and Mib1 over-

expression in prostate cancer development 

Major Task 2: The impact of deleting PCM1 or Mib1 in prostate cell lines and zebrafish xenograft 

model. 

Subtask 1: Establishment of prostate normal and cancer cell lines depleted for PCM1 or Mib1 

Subtask 2: Investigation of ciliation, proliferation and malignancy of the cell lines and tumor 

formation.  

Since our TMA and cell lines data show that Mib1 protein is over-expressed in prostate tumors, our 
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work will have considerable impact if we are able to demonstrate that deleting of Mib1 in Pca or 

benign cell lines rescues ciliogenesis and inhibits cell growth. We chose LNCap and RC165, which 

have higher Mib1 expression level compared to normal prostate cell lines (Figure 7), to test our 

hypothesis. The establishment of Mib1 knockout LNCap and RC165 cell lines is in progress. We 

will test ciliogenesis, cell growth, and tumor formation using these cell lines. 

Major Task 3: The impact of stably over-expressing Mib1 in prostate cell lines and zebrafish 

xenograft model. 

Since our TMA and cell lines data show that Mib1 protein is over-expressed in prostate tumors, 

our work will have considerable impact if we are able to demonstrate that overexpression of Mib1 

inhibits ciliogenesis and promotes cell growth. To further test this possibility, we ectopically 

expressed Mib1 using a doxycycline (Dox)-inducible system in normal prostate cell lines, 

RWPE1 and WPE, and selected stable cell lines (Figure 12). We found that over-expression of 

Mib1 could indeed inhibit the ciliation rates and promote the proliferation of normal prostate cell 

lines (Figure 13 and 14). 

Figure 12. Establishment of normal prostate cell lines stably over-expressing Mib1. 

Figure 13. Over-expression of Mib1 inhibits ciliogenesis in normal prostate epithelial cell lines. 



10 
 

 

 

Figure 14. Over-expression of Mib1 promotes proliferation of normal prostate epithelial cell line. 

 

 

Milestone(s) Achieved: Decrease of cilia rate and increase of proliferation of cell lines 

stably over- expressing Mib 

 

 

Mentoring-Specific Tasks: Major Task 1: Mentoring and discussion about progression in prostate 

cancer research. 

Subtask 1: Weakly meeting with mentor, Dr. Dynlacht 

Completed 

Subtask 2: Monthly meeting with mentor, Dr. Dynlacht and co- mentor, Dr. Lee 

Completed 

 

What opportunities for training and professional development has the project provided? 

I am working at the NYU School of Medicine (NYUSoM) Cancer Institute as a postdoctoral fellow 

under the supervision of Dr. Dynlacht and my co-mentor, Dr. Peng Lee, an expert in prostate 

pathology and cancer. My work seeks to understand the relationship between primary cilia 

dysfunction and prostate cancer. This fellowship allowed me to acquire basic knowledge and 

technical expertise related to the biology of the prostate and prostate cancer biology, including 

approaches to study proliferation, invasion, migration, anchorage-independent growth, and apoptosis 
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in Dr. Peng Lee’s laboratory. As time permits, I will extend the proposed research by introducing 

genetically engineered mouse models of prostate cancer, through which I will acquire essential 

expertise with mouse models to study prostate cancer. Dr. Cory Abate-Shen, our collaborator, will 

provide additional training opportunities and instruction. In addition, I learned biochemical and cell 

biological approaches in the Dynlacht laboratory, and Dr. Dynlacht provided mentoring and advice 

needed to proceed to the next, independent stage of my career. Most importantly, I will learn from 

both mentors critical thinking, experimental design, and grant writing to prepare for my independent 

research. In summary, this program would provide me with an outstanding opportunity to advance 

toward my career goals.  

How were the results disseminated to communities of interest? 

Manuscript in progress. 

What do you plan to do during the next reporting period to accomplish the goals? 

Nothing to report. 

4. IMPACT

What was the impact on the development of the principal discipline(s) of the project?

Primary cilia play a repressive role in regulating cell proliferation and are frequently absent in

numerous types of cancer, including prostate cancer. The purpose of this research is to reveal the

relationship between assembly of the primary cilium and prostate cancer by investigating two

centrosomal proteins, pericentriolar material 1 (PCM1) and Mind bomb 1 (Mib1). Further, defining

the role and function of cilia during the course of prostate cancer malignancy will instigate novel

insights into therapeutic approaches against prostate cancer. These insights will enable us to

understand novel regulatory pathways in the formation of primary cilia and their implications for

prostate cancer development. Our work may have major impacts on two fronts. First, our

investigation may allow us to find new bio-markers (PCM1 and Mib1) to detect cancer. In addition,

since we are examining a “druggable” protein with enzymatic activity, our results could ultimately

allow discovery of potential anti-cancer drugs (Mib1) for effective therapeutic approaches against

malignant prostate cancer, which is a leading, fatal disease threatening the male population

worldwide.

What was the impact on other disciplines?

N/A 

What was the impact on technology transfer? 

If our research is successful, it could define PCM1 and Mib1 as important biomarkers and, 

potentially, targets of anti-cancer drugs for prostate cancer, thus relating to the Overarching 

Challenge of Diagnosis and Therapy for prostate cancer. Importantly, since Mib1 is an enzyme, it is 

a possible actionable target. If successful, in the future, we will work with our Office of Technology 

licensing to commence collaborations with potential pharmaceutical partners. 

What was the impact on society beyond science and technology? 

Nothing to report. 

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change

No changes in approach/nothing to report. 

Actual or anticipated problems or delays and actions or plans to resolve them 

None anticipated/nothing to report. 

Changes that had a significant impact on expenditures 

None. 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
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select agents 

None. 

 

6. PRODUCTS: 

Publications, conference papers, and presentations 

I attended the Cold Spring Harbor Asia conference on Cilia & Centrosomes and presented my work 

as poster “Tethering of an E3 ligase by PCM1 regulates the abundance of centrosomal 

KIAA0586/Talpid3 and promotes ciliogenesis”. 

Conference poster abstract: 

To elucidate the role of centriolar satellites in ciliogenesis, we deleted the gene encoding the PCM1 

protein, an integral component of satellites. PCM1 null human cells show marked defects in 

ciliogenesis, precipitated by the loss of specific proteins from satellites and their relocation to 

centrioles. We find that an amino-terminal domain of PCM1 can restore ciliogenesis and satellite 

localization of certain proteins, but not others, pinpointing unique roles for PCM1 and a group of 

satellite proteins in cilium assembly. Remarkably, we find that PCM1 is essential for tethering the E3 

ligase, Mindbomb1 (Mib1), to satellites. In the absence of PCM1, Mib1 destabilizes Talpid3 through 

poly-ubiquitylation and suppresses cilium assembly. Loss of PCM1 blocks ciliogenesis by 

abrogating recruitment of ciliary vesicles associated with the Talpid3-binding protein, Rab8, which 

can be reversed by inactivating Mib1. Thus, PCM1 promotes ciliogenesis by tethering a key E3 

ligase to satellites and restricting it from centrioles. 

 

Publications: 

Wang, L. and Dynlacht, B. D.; The regulation of cilium assembly and disassembly in development 

and disease; Development; 145: 2018; pubulished; acknowledgement of federal support (yes). 

Wang, L., Failler, M., Fu, W. and Dynlacht, B. D.; A distal centriolar protein network controls 

organelle maturation and asymmetry; Nature Communications; 9: 2018; 3938; 2018; pubulished; 

acknowledgement of federal support (yes). 

Website(s) or other Internet site(s) 

Nothing to report. 

Technologies or techniques 

N/A 

Inventions, patent applications, and/or licenses 

N/A 

Other Products 

N/A 

 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

What individuals have worked on the project? 

 

1. Name: Lei Wang 

Role: PI 

Nearest person month worked: 24 months 

Contributions to Project: Dr. Wang performed all the experiments. 

 

2. Name: Brian Dynlacht 
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Role: Mentor 

Nearest person month worked: 2 

Contribution to Project: Dr. Dynlacht provided mentoring and advice on cell biology and 

biochemistry. 

3. Name: Peng Lee

Role: Co-mentor

Nearest person month worked: 2

Contribution to project: Dr. Lee provided mentoring and advice on prostate cancer and assisted in 

acquiring and analyzing patients samples. 

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel 

since the last reporting period?  

Nothing to report. 

What other organizations were involved as partners?   

Nothing to report. 

8. SPECIAL REPORTING REQUIREMENTS

Nothing to report. 

9. APPENDICES:

Two publications: 

Wang, L. and Dynlacht, B. D.; The regulation of cilium assembly and disassembly in development 

and disease; Development; 145: 2018; pubulished; acknowledgement of federal support (yes). 

Wang, L., Failler, M., Fu, W. and Dynlacht, B. D.; A distal centriolar protein network controls 

organelle maturation and asymmetry; Nature Communications; 9: 2018; 3938; 2018; pubulished; 

acknowledgement of federal support (yes). 



REVIEW

The regulation of cilium assembly and disassembly
in development and disease
Lei Wang* and Brian D. Dynlacht*

ABSTRACT
The primary cilium is an antenna-like organelle assembled on most
types of quiescent and differentiated mammalian cells. This immotile
structure is essential for interpreting extracellular signals that regulate
growth, development and homeostasis. As such, ciliary defects produce
a spectrum of human diseases, termed ciliopathies, and deregulation
of this important organelle also plays key roles during tumor
formation and progression. Recent studies have begun to clarify the
key mechanisms that regulate ciliary assembly and disassembly
in both normal and tumor cells, highlighting new possibilities for
therapeutic intervention. Here, we review these exciting new findings,
discussing the molecular factors involved in cilium formation and
removal, the intrinsic and extrinsic control of cilium assembly and
disassembly, and the relevance of these processes tomammalian cell
growth and disease.

KEY WORDS: Primary cilia, Ciliopathies, Cilium assembly,
Cilium disassembly, Cancer

Introduction
Cilia and flagella are evolutionarily conserved hair-like microtubule-
based structures that project from cells. These organelles aremembrane
bound and, although their membrane is contiguous with the plasma
membrane, they retain a unique identity, with a compartmentalized
structure dedicated to signaling. Ciliated cells can be monociliated or
multiciliated. Furthermore, cilia can be categorized as motile or
immotile, with the former possessing an ability to beat rhythmically
and move extracellular fluids. In higher organisms, motile cilia are
found in multiple organs, including the brain, lungs, middle ear and
reproductive organs, where they drive fluid flow and/or produce
signaling gradients that play diverse and important roles, e.g. in
left-right patterning, neurogenesis, mucus clearance, hearing and
movement of ova. In lower organisms, such as Chlamydomonas
and paramecia, motile cilia or flagella are used for cell motility.
Recent studies suggest that certain types of motile cilia also have
sensory functions (Jain et al., 2012; Shah et al., 2009). By contrast,
immotile cilia, also known as primary cilia, act as physical and
chemical sensors and transducers of extracellular cues in a wide
variety of cell and tissue types (Fig. 1).
The primary cilium is enriched in numerous ion channels, such as

PKD1, PKD2, TRPV4 and AC6 (also known as ADCY6), that have
been shown to play important roles in mechano-transduction (Pablo
et al., 2017; Spasic and Jacobs, 2017). The primary cilium can sense
fluid flow and extracellular stress, and can translate these signals to

control the left-right specification of organ development, calcium
influx in kidney and liver cells, nitric oxide production in endothelial
cells and osteogenic differentiation in mesenchymal stem cells. The
primary cilium is also enriched in receptors that mediate transduction
of Hedgehog (Hh), Wnt, Notch, Hippo, G protein-coupled receptors,
receptor tyrosine kinases, mTOR, and TGFβ signals (Elliott and
Brugmann, 2018; Wheway et al., 2018). Given the important
functions of cilia listed above, it is not surprising that defects in
cilium assembly and signaling have been linked to at least 35 diseases,
termed ciliopathies, that affect nearly all organ systems (for a
review, see Reiter and Leroux, 2017). A detailed understanding of
cilium assembly and cilium-associated signaling pathways is
therefore crucial to the treatment of ciliopathies.

Progress over the past decade has begun to shed light on the cues
that promote the assembly of primary cilia in mammalian cells.
Such studies have shown that primary cilia are able to assemble
upon cell cycle exit (Fig. 2) triggered by mitogen deprivation or
differentiation (Aughsteen, 2001; Choksi et al., 2014; Fu et al.,
2014; Marion et al., 2009; Wheatley et al., 1996). For this reason,
cilia assembly is often studied in well-established in vitro models,
including mouse 3T3 fibroblasts and human retinal pigment
epithelial (RPE1) cells (Tucker et al., 1979a,b), wherein ciliation
can be efficiently induced through serumwithdrawal. However, even
in this simplified setting, the intracellular signaling events that
promote ciliogenesis remain largely unknown at the molecular level.
Nonetheless, in recent years, elegant cell biology and time-lapse
microscopy experiments have demonstrated that ciliogenesis occurs
sequentially, through a series of interdependent steps involving a
number of intrinsic and extrinsic control mechanisms (Fig. 3). In this
Review, we provide an overview of the process of ciliogenesis, with
an emphasis on recent developments in understanding primary
cilium assembly, disassembly and function in mammalian cells, and
we include a discussion of the many unanswered questions that
should be addressed in future studies.

An overview of the cilium assembly process
Ciliogenesis proceeds through two distinct pathways, termed the
extracellular and intracellular pathways, depending upon whether
cilium growth initiates at the cell surface or within the cytoplasm,
respectively. The extracellular pathway is observed in epithelial
cells of the kidney or lung, whereas intracellular assembly is
observed in fibroblasts and retinal epithelial cells. In the well-
studied intracellular pathway, cilium assembly initiates through a
series of rapid and well-orchestrated events (Fig. 3), as demonstrated
by time-lapse microscopy (Westlake et al., 2011), beginning with
maturation of the mother centriole (MC) into a basal body, and
culminating in docking of the basal body and growth of the
axoneme at the plasma membrane.

First, within 15 min of serum withdrawal, small cytoplasmic
vesicles (termed pre-ciliary vesicles, PCVs) that are believed to
originate from the Golgi and the recycling endosome, accumulate in
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the vicinity of MC distal appendages. These vesicles then appear to
dock at the centriole, initiating the centriole-to-basal-body transition
(Kobayashi et al., 2014; Lu et al., 2015b; Schmidt et al., 2012).
After the initial docking of PCVs, the subsequent fusion of vesicles
with the basal body produces a cap-like structure, or ciliary vesicle
(CV) (Sorokin, 1962). The axoneme is assembled by extension
of centriolar microtubules underneath this vesicular cap, and
subsequent trafficking of post-Golgi vesicles enlarges the cap in
coordination with microtubular growth, resulting in an axoneme
compartmentalized by a double membrane. The nascent cilium
subsequently docks to the plasma membrane through vesicular
fusion with the membranous ciliary sheath, resulting in a projection
from the cell surface.
Although the general events underlying ciliogenesis have been

uncovered, a number of key questions remain unanswered. Namely,
how are vesicles vectorially directed to the centrosome after mitogen
deprivation?What are the proteins – on the vesicles and on theMC –
that control the docking of PCVs to the centriole? What are the
regulators that control the early events of cilium biogenesis, and
how is axoneme elongation controlled? As we describe below, a
number of recent studies have shed considerable light on these
questions, revealing some of the proteins that convert centrioles to
basal bodies and, eventually, to primary cilia.

Preparing cells for cilium assembly: mother centriole
maturation
Assembly of the primary cilium requires a matureMC that is formed
in two consecutive cell cycles from a daughter centriole (Fig. 2). In

the first cell cycle, new daughter centrioles are assembled from an
existing (mother) and older (grandmother) centriole during the G1-
to-S transition. These newborn daughter centrioles are distinguished
by the recruitment of daughter centriole proteins such as CEP120,
centrobin and NEURL4 (Li et al., 2012; Mahjoub et al., 2010; Zou
et al., 2005). In the next cell cycle, the newly formed daughter
centriole in each cell gradually matures into a mother centriole,
beginning with the loss of daughter centriole proteins at the G1/S
phase and followed by the acquisition of distal appendages (DAs)
and subdistal appendages (SDAs) in the late G2 phase. Both types
of appendages play important roles for the future assembly of cilia:
the DAs are essential for vesicle docking and for the recruitment of
intraflagellar transport (IFT) machinery during the initiation of
ciliogenesis, whereas the SDAs determine cilia positioning through
the anchoring of centrioles to the cytoplasmic microtubular network
(Sánchez and Dynlacht, 2016).

A number of proteins, including six DA proteins and approximately
ten SDA proteins, which are hierarchically recruited to the distal
end of the MC have been discovered thus far (Graser et al., 2007;
Huang et al., 2017; Joo et al., 2013; Kodani et al., 2013; Kurtulmus
et al., 2017 preprint; Mazo et al., 2016; Schmidt et al., 2012; Tanos
et al., 2013; Wei et al., 2013). Using super-resolution microscopy,
the DA proteins CEP83, CEP89, SCLT1 and CEP164 were shown
to form the pinwheel-like spokes of DAs, whereas the interspoke
matrix is populated by FBF1 (Yang et al., 2018). The recruitment of
DA proteins requires several distal centriolar proteins, including
C2CD3, OFD1 and MAPK15 (Kazatskaya et al., 2017; Singla
et al., 2010; Ye et al., 2014). The pivotal importance of these distal
centriolar proteins was demonstrated by the identification of
mutations in the human C2CD3 and OFD1 genes, which produce
ciliopathic syndromes with developmental abnormalities (Singla
et al., 2010; Thauvin-Robinet et al., 2014). The recruitment of SDA
proteins is regulated by a different set of proteins, including
trichoplein (also known as TCHP) and CC2D2A (Ibi et al., 2011;
Veleri et al., 2014); the ablation of CC2D2A impairs recruitment of
the SDA proteins ODF2 and ninein, whereas trichoplein depletion
abolishes the recruitment of ninein. Nevertheless, it remains
unclear how MC maturation is regulated by this constellation of
proteins, and how maturation is linked to the cell cycle and
developmental programs. For example, OFD1 and C2CD3 are
recruited to newly formed centrioles during centriole duplication,
but they are not able to initiate DA assembly until the next cell cycle
(Singla et al., 2010; Ye et al., 2014). Indeed, how centriolar
asymmetry is generated in the first place – producing one mature
MC and therefore only one primary cilium per cell – remains an
unsolved mystery in the field.

Vesicle emergence, trafficking, docking and remodeling
After serum starvation, or in response to developmental signals (see
below), PCVs are transported to the mature MC along microtubules
in a kinesin- and dynein-dependent manner (Fig. 3) (Li et al., 2017;
Wu et al., 2018). PCVs can originate from the Golgi or recycling
endosomes, and their trafficking appears to depend on cues that
trigger ciliogenesis (Sánchez and Dynlacht, 2016), as well as
specific proteins such as kinesins, dyneins and myosins.

Golgi-derived PCVs are most likely transported by specific
kinesins and dyneins, including KIFC1, which is recruited to the
Golgi upon serum starvation (Lee et al., 2017). Upon depletion of
KIFC1, ciliary membrane proteins are unable to traffic to the
centriole and they accumulate at the Golgi. The dynein DYNC1H1
has also recently been shown to be required for PCV trafficking
along microtubules (Wu et al., 2018). After trafficking to the
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transport.
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vicinity of centrioles, the docking of PCVs to the DAs relies upon a
branched centrosomal actin network and, indeed, growing evidence
suggests that the centrosome acts as an actin-organizing center in
addition to its established role as a microtubule organizer
(Farina et al., 2016). In support of this role, the actin nucleator
complex ARP2/3 and the nucleation-promoting complex WASH
localize on or near centrioles and promote assembly of a
centrosomal actin network. Focal adhesion proteins also localize
to centrioles and help to anchor them to the actin cytoskeleton
(Antoniades et al., 2014). The actin cytoskeleton remodeling factors
LIMK2 and TESK1 have also been visualized in the vicinity of
centrioles (Kim et al., 2015a); interestingly, depletion of either of
these kinases, which regulate the phosphorylation of cofilin 1, an
actin-depolymerizing factor and positive regulator of ciliogenesis,
provokes increased ciliation. These findings suggest that a dynamic
balance between actin polymerization and depolymerization
regulates ciliogenesis.
Recent observations suggest that the transport of PCVs to distal

appendages via the actin network is also mediated by the motor
protein myosin Va (Wu et al., 2018). Myosin Va+ PCVs can be
found near centrioles as early as 30 min after serum starvation,
and depletion of myosin Va, as with disruption of the centrosomal
actin network, leads to the blockage of PCV docking. This
finding suggests that myosin Va is among the earliest known
markers of PCV trafficking. It is likely that microtubular and actin
networks collaborate during PCV trafficking and docking.
Although the details are largely lacking, putative regulators
include MACF1A (May-Simera et al., 2016), which helps to
organize the centrosomal microtubule-actin network through
direct interaction with both microtubules and actin. As with
myosin Va depletion, silencing of MACF1A leads to the blockage
of PCV docking.

Apart from the Golgi-centriole pathway, components of the
multi-subunit endosomal sorting complex required for transport
(ESCRT) are essential for sustained docking of PCVs, supporting
the involvement of the endosome trafficking pathway in CV growth
(Ott et al., 2018). After PCV docking, the membrane-shaping
protein EHD1 is recruited to PCVs to facilitate their fusion into
a large CV, which caps the entire distal ends of MCs (Fig. 3).
Although the cues are not fully understood, a sequence of events,
triggered by Rab11 and Rabin8 (also known as RAB3IP), promotes
the recruitment of the small GTPase Rab8a to CV to facilitate their
extension (Bhattacharyya et al., 2016; Lu et al., 2015b; Wu et al.,
2018). Rab8a facilitates the docking of PCVs to DAs by interacting
with a group of distal centriolar proteins, including CEP164,
Chibby (also known as CBY1), AHI1 and Talpid3 (also known
as KIAA0586) (Burke et al., 2014; Hsiao et al., 2009; Kobayashi
et al., 2014; Schmidt et al., 2012). Growing evidence also suggests
that centriolar satellites, which are electron-dense cytoplasmic
granules (Fig. 1), play an important role in PCV trafficking, fusion
and extension. In particular, C2CD3 and OFD1, which localize to
centriolar satellites as well as to the distal end of centrioles,
have been shown to be required for DA assembly (Singla
et al., 2010; Ye et al., 2014), whereas an integral centriolar
satellite protein, PCM1, interacts with proteins of the BBsome
complex and assists in BBsome trafficking, which in turn facilitates
activation of Rab11-Rabin8-Rab8a signaling (Nachury et al., 2007;
Westlake et al., 2011). PCM1 can also tether the centriolar satellite
protein and E3 ligase Mib1, which regulates centrosomal levels of
Talpid3, a protein required for Rab8a recruitment (Kobayashi et al.,
2014; Wang et al., 2016). Rab8a recruitment, and hence PCV fusion
and extension, is also regulated by CEP290, a protein that localizes
to both centriolar satellites and the ciliary transition zone (Kim et al.,
2008; Tsang et al., 2008). Furthermore, the WD-repeat containing
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Fig. 2. A tale of two cycles: cell cycle-linked control of cilium formation and disassembly. A newly formed daughter centriole matures into a MC in two
consecutive cell cycles. In the first cell cycle, new daughter centrioles (+) are assembled from an existing (mother) and older (grandmother, #) centriole. In the
next cell cycle, the newly formed daughter centriole (*, dark green cylinder) gradually matures into a MC (*, light green cylinder), beginning with the loss of
daughter centriole proteins at the G1/S phase and followed by the acquisition of distal appendages and sub-distal appendages in late G2 phase. The primary
cilium then assembles when the cell exits the cell cycle (to enter G0) or receives developmental cues (blue arrow). Disassembly of the primary cilium occurs in a
biphasic manner (yellow arrows), with the first wave occurring in G1 (1) and a second wave occurring before mitosis (2).
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protein WDR8 functions in partnership with SSX2IP and CEP135 in
both the assembly of centriolar satellites and PCV docking (Gupta
et al., 2015; Klinger et al., 2014; Kurtulmus et al., 2016). It should
be noted that centriolar recruitment of C2CD3, OFD1, CEP290 and
WDR8 does not depend on their ability to localize to centriolar
satellites (Kim et al., 2008; Kurtulmus et al., 2016; Lopes et al.,
2011; Ye et al., 2014) and, therefore, additional work is needed to
clarify which pool(s) are needed to regulate PCV docking. On the
other hand, centriolar satellites are also involved in the organization
of microtubular and actin networks through unknown mechanisms,
and thus they could also contribute to microtubule-actin-mediated
vesicle trafficking (Hori and Toda, 2017). To fully understand the
earliest events that trigger ciliogenesis, it will be important to
elucidate how vesicle transport is instigated upon receiving the
initial cue to ciliate, to dissect how the cytoskeleton and transport
between endoplasmic reticulum/endosomes and the centrosome are
dynamically remodeled, and to identify the motors involved in each
of these pathways.

Centrosome migration and cilium positioning
The morphology and positioning of the cilium vary extensively
according to cell type, and the cilium can reside at the cell
surface or assume a more submerged position (for a review, see
Bernabé-Rubio and Alonso, 2017). For example, in mammals,
the primary cilia in epithelial cells of kidney tubules are at the

cell surface (Latta et al., 1961), whereas those in smooth muscle
cells, fibroblasts and pancreatic β cells are found at a more
submerged position (Munger, 1958; Sorokin, 1962). Although
the precise mechanisms that dictate cilium positioning remain
unclear, some of the factors that regulate centrosome migration
during ciliogenesis, and hence the final positioning of the
cilium, are beginning to be identified.

During ciliogenesis, ciliary membrane assembly is accompanied
by centrosome migration from the center of the cell towards
the cell surface (Fig. 3), where the basal body then anchors to
the plasma membrane via DAs (Sánchez and Dynlacht, 2016).
This process is driven by mechanical forces produced during
cytoskeleton remodeling. Indeed, time-lapse microscopy has revealed
a dramatic increase in microtubule nucleation and stabilization
around the centrosome, coinciding with migration of the centrosome
(Pitaval et al., 2017). Microtubules cluster into large bundles between
the centrosome and the basal pole of the cell, and point toward the
apical pole of the cell, thus pushing the centrosome towards the
apical membrane. In addition to the microtubule network, the actin
network is also remodeled after serum starvation: the radial
symmetry of the network is broken and actin filaments cluster to
one side of the cell, resulting in the asymmetrical co-partitioning of
microtubules with F-actin (Pitaval et al., 2017).

Beyond studies in tissue culture, the process of centrosome
migration during ciliogenesis has been captured in a recent study of
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Caenorhabditis elegans neuronal development (Li et al., 2017),
wherein the centriole is transported along microtubules from the cell
body to the tip of the dendrite in a dynein 1-dependent manner.
These findings are significant because they suggest that actin and
microtubules may cooperatively promote centrosome migration
during ciliogenesis. A number of other ciliogenesis effectors have
been implicated in centrosome migration, including FLNA, CEP83,
CEP164, nesprin 2 (also known as Syne2), meckelin (also known as
Tmem67), KIF3A, Pard3 and IFT20 (Adams et al., 2012; Li et al.,
2017; Pitaval et al., 2017). As many of the genes encoding these
proteins have been implicated in human ciliopathies (Reiter and
Leroux, 2017), it will be interesting to investigate the role of centriole
maturation, migration and positioning in these pathologies.
Cilia can also assume a more submerged position (Bernabé-Rubio

and Alonso, 2017) and a recent study suggests that this positioning is
determined by SDAs through their association with the Golgi (Mazo
et al., 2016). In particular, it has been shown that the depletion of two
SDA proteins, CEP128 and c-NAP1 (also known as CEP250),
leads to dissociation of centrosomes from the Golgi, promoting the
formation of cilia at the cell surface. It will be interesting to investigate
whether, and how, this mechanism might be used in diverse cell
types, and whether there are distinct functional outcomes associated
with each position (surface versus submerged). Further studies are
also needed to clarify the mechanisms that underlie centrosome
migration and its relationship with other key events during ciliogenesis,
described below.

Crucial control mechanisms in the basal body-to-cilium
transition
A crucial mechanism in the decision to ciliate involves the removal
of two proteins, CP110 (also known as CCP110) and CEP97,
which are the first reported inhibitors of ciliogenesis. In cycling
cells, CP110 and CEP97 localize at the distal ends of both mother
and daughter centrioles to block inappropriate cilium formation
(Spektor et al., 2007). After CV formation, the tau tubulin kinase
TTBK2 is recruited by CEP164 to the DA of MCs, where it
triggers removal of the CP110-CEP97 inhibitory complex (Fig. 3)
(Cajanek and Nigg, 2014; Goetz et al., 2012). It is noteworthy that
the exact relationship between CV remodeling and CP110 removal
remains to be defined, given that PCV docking and CV formation
may not be essential for CP110 removal (Lee et al., 2017;Wu et al.,
2018). Intriguingly, and in contrast to studies in cultured cells, it is
also worth noting that ciliogenesis fails in CP110 knockout mice,
perhaps owing to a failure of SDA assembly and basal body
anchoring to the membrane (Yadav et al., 2016). Interestingly, the
recruitment of TTBK2 byCEP164 is regulated by phosphatidylinositol
4-phosphate [PtdIns(4)P] levels at the centrosome/ciliary base (Xu
et al., 2016); PtdIns(4)P binds to CEP164 and TTBK2 and inhibits
their interaction in proliferating cells. The centrosomal pool of
PtdIns(4)P is regulated by phosphatidylinositol 5-phosphatase
(INPP5E) and the PtdIns(4)P 5-kinase PIPKIγ. Upon serum
starvation, INPP5E departs from the centrosome, and centrosomal
PIPKIγ promotes TTBK2 recruitment and CP110 removal by
depleting PtdIns(4)P at the centrosome. TTBK2 recruitment is also
regulated by a centriolar satellite protein, MCRS1, which can directly
bind to and recruit TTBK2 to the centriole (Lee et al., 2016b). An
siRNA screen for kinases regulating ciliogenesis further identified a
second kinase, MARK4, as another catalyst for CP110 removal
(Kuhns et al., 2013). Recent studies have also shown that a small
GTPase, RSG1, is recruited to MCs by TTBK2 and is required to
initiate axoneme elongation (Agbu et al., 2018), which commences
after CP110 removal (Fig. 3). Although this protein is important in

finalizing the maturation of basal bodies before axoneme elongation,
future studies will be required to mechanistically dissect an exact role
for RSG1 in this process.

Suppression of cilium disassembly, mediated by the kinase
Aurora A (also known as Aurka), is also required for ciliogenesis
(Inaba et al., 2016; Inoko et al., 2012; Kasahara et al., 2018,
2014). The SDA assembly regulator and ciliogenesis inhibitor
trichoplein localizes at SDAs in cycling cells, where it activates
Aurora A to promote cilium disassembly (Inoko et al., 2012)
(discussed below). During ciliogenesis, however, KCTD17 acts
as a substrate adaptor for Cul3-RING ubiquitin ligases (CRL3s)
that polyubiquitylate and degrade trichoplein (Kasahara et al.,
2014). Depletion of KCTD17 in RPE1 cells prevents removal of
trichoplein and inactivation of Aurora A, resulting in the blockage
of ciliogenesis before axoneme elongation. In cycling cells, Ndel1
protects trichoplein from CRL3/KCTD17-mediated degradation
(Inaba et al., 2016). EGFR also directly phosphorylates USP8 to
promote its deubiquitylase (DUB) activity, which in turn stabilizes
trichoplein, thus tying together growth-promoting signals with
cilium removal (Kasahara et al., 2018). On the other hand, the
MST1/2-SAV1 complex of the Hippo pathway also participates in
the dissociation of the Aurora A/HDAC6 cilia-disassembly complex
by phosphorylating Aurora A (Kim et al., 2014). In the future, it will
be important to investigate how the removal, destruction and/or mis-
localization of negative regulators of ciliogenesis are integrated with
cell cycle progression, and whether mutations that cripple these
proteins are linked to human disease.

Axoneme elongation
The ciliary membrane and microtubules within the axoneme
further elongate after the CV-capped basal body fuses with the
plasma membrane (for a review, see Sánchez and Dynlacht, 2016).
During this process of axoneme elongation, vast amounts of tubulin
enter the cilium from the cytoplasm by diffusion and via IFT – the
motor-dependent bi-directional cargo transport mechanism used
within cilia for their formation, maintenance and function (Harris
et al., 2018 preprint; Ishikawa and Marshall, 2017). Perturbation of
cytoplasmic soluble tubulin levels or IFT transport can affect
axoneme elongation and cilium length. Indeed, elegant studies in
Chlamydomonas and mammalian cells suggest that increasing
soluble tubulin production leads to longer cilia, whereas stabilization
of tubulin leads to cilium shortening (Sharma et al., 2011; Wang
et al., 2013b).

IFT requires various anterograde (IFT-B) and retrograde (IFT-A)
transport complexes, and recent studies have begun to shed light on
how these complexes are recruited to cilia. The recruitment of IFT-B
to the ciliary base, for example, is mediated by TTBK2 and DA
proteins (Goetz et al., 2012; Tanos et al., 2013). Super-resolution
microscopy has also suggested that IFT molecules are concentrated
within the matrix of DAs, wherein IFT complexes are formed with
the assistance of the BBsome (Wei et al., 2012; Yang et al., 2018).
The entry of IFT complexes into the cilium is also partially mediated
by another small GTPase, RABL2B, which is recruited to the ciliary
base by CEP19, a protein that is tethered at the distal end of the MC
by CEP350 and FOP (also known as FGFR1OP). Active RABL2B
then binds to the IFT-B complex, promoting entry of the latter into
cilia (Kanie et al., 2017; Nishijima et al., 2017), and IFT complexes
are subsequently transported via the kinesinII complex, the motor
for anterograde movement, to the ciliary tip, where tubulins are
integrated into the growing axoneme. The loading and unloading of
cargos by kinesinII are regulated by its phosphorylation state. At the
ciliary base, FLA8 (a subunit of the kinesinII motor, and a homolog
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of KIF3B) in the unphosphorylated state allows IFT-B to bind to the
kinesinII motor, which conveys it to the cilium tip. At the ciliary tip,
CrCDPK1 phosphorylates FLA8 and disrupts the interaction
between kinesinII and IFT particles, thereby facilitating cargo
unloading (Liang et al., 2014).
Previous studies from several model organisms, primarily

Chlamydomonas and C. elegans, have shown that the perturbation
of IFT by disruption of IFT genes or motors blocks axonemal
elongation and promotes assembly of short cilia. The velocity of
IFT transport also contributes to the regulation of cilium length.
Increased velocity of anterograde transport is associated with
elongated cilia, whereas decreased velocity is linked to short cilia
(Besschetnova et al., 2010; Marshall et al., 2005; Marshall and
Rosenbaum, 2001). IFT is known to be regulated by a group of
protein kinases, including DYF-5, DYF-18, PKG-1, GCK-2 and
the DLK-1/p38 MAPK pathway (Burghoorn et al., 2007;
Muthaiyan Shanmugam et al., 2018; Phirke et al., 2011; van der
Vaart et al., 2015), although the mechanisms are unknown. Cilium
length can also be regulated at the IFT cargo loading step. A recent
study suggests that the loading of axonemal cargo onto IFT
complexes decreases with increasing ciliary length (Pan and Snell,
2014; Wren et al., 2013), suggesting the existence of an
uncharacterized feedback mechanism that senses the length of the
cilium and thereby regulates cargo loading.
Axoneme elongation is also coordinated with ciliary membrane

extension during ciliogenesis. Ciliary membrane growth can
surpass the rate of axoneme extension when active Rab8a is
overexpressed in mammalian cells or after depletion of IFT genes in
trypanosomes (Absalon et al., 2008; Nachury et al., 2007).
Abnormal ciliary membrane extension can also promote axoneme
elongation and produce longer cilia (Lu et al., 2015a; Nachury et al.,
2007). These studies indicate that there may be mechanisms that
sense the length of the axoneme and, in turn, control the levels of
regulators of membrane extension, including Rab8a and Arl13b.
Moreover, the actin network, ectocytosis (Fig. 1) and endocytosis
are also involved in the regulation of cilium length, probably by
regulating ciliary membrane composition and protein transport or
localization (Kaplan et al., 2012; Fu et al., 2016; Scheidel et al.,
2018). Once fully assembled and elongated, the cilium retains its
unique composition, in part, by virtue of gating mechanisms: at the
base of the cilium, a soluble protein barrier and the transition zone
function to maintain the protein composition of the cilium (for
comprehensive reviews, see Jensen and Leroux, 2017; Nachury,
2018).
Despite these new findings regarding axoneme elongation,

cilium length control and ciliary protein trafficking, much remains
unknown, and additional studies will be required to determine how
axoneme elongation is intricately coordinated with ciliary
membrane extension and trafficking of signaling components.
Finally, it should be noted that cilium length is also under the
control of cilium disassembly pathways, which counteract assembly
pathways during the cell cycle (see below).

Cilium disassembly
In contrast with cilium assembly, much less is known about the
mechanisms that underlie cilia disassembly/resorption, which has
to happen before mitosis. Experiments using cultured mammalian
cells suggest that cilia disassemble in a biphasic manner, with the
first major ‘wave’ occurring in G1 shortly after mitogenic stimulation
of quiescent cells (Fig. 2) and a second wave occurring before
mitosis (Pugacheva et al., 2007; Tucker et al., 1979b). Below, we
summarize recent studies that have provided insights into cilium

disassembly, a process with immense implications in human
disease, in particular cancer.

Disassembly of axonemal microtubules
Cilium disassembly requires the destabilization and
depolymerization of axonemal microtubules (Figs 2 and 4). The
mitotic kinase Aurora A appears to play a key role in promoting
the latter process and thereby promotes both waves of cilium
disassembly (Pugacheva et al., 2007). Aurora A is activated in
response to cell cycle re-entry cues, whereupon it phosphorylates
and stimulates the histone deacetylase HDAC6, which de-
acetylates and destabilizes tubulins within the axoneme.
HDAC6 also de-acetylates cortactin and thus enhances actin
polymerization, which also promotes cilium disassembly
(Plotnikova et al., 2012; Pugacheva et al., 2007; Ran et al.,
2015). The activation of Aurora A is under stringent control by
complex signaling pathways that include calcium influx, which
induces the binding of Ca2+/calmodulin (CaM) to Aurora A and its
partner, NEDD9 (also known as HEF1). This stabilizes the
interaction between these proteins and promotes Aurora A
activation (Plotnikova et al., 2012). Moreover, PDGFRβ
promotes cilium disassembly by activating PLCγ, which causes
release of intracellular Ca2+ and activation of CaM and Aurora A
(Nielsen et al., 2015). Another histone deacetylase, HDAC2, has
recently been shown to play a role in cilium disassembly (Kobayashi
et al., 2017). Interestingly, HDAC2 positively regulates Aurora A
expression, and its depletion promotes cilium assembly in cancer
cells that have lost this organelle. Furthermore, Plk1, a G2/M phase
kinase recruited to the pericentriolar matrix before mitotic
entry, interacts with and activates HDAC6 to promote ciliary
deacetylation and resorption (Lee et al., 2012; Wang et al., 2013a).
These studies illustrate howHDACs can regulate cilium disassembly
through discrete substrates and mechanisms, highlighting the
potential of HDAC inhibition as a therapeutic strategy to reverse
cilia loss.

The non-canonical Wnt signaling pathway also participates in
Aurora A activation and, thus, ciliary disassembly. Wnt5a treatment
induces the phosphorylation of Dvl2 by CK1ε (also known as
CSNK1E) and the formation of the Dvl2-Plk1 complex, which
stabilizes NEDD9 and promotes Aurora A activation (Lee et al.,
2012). Another protein, pitchfork (Pifo), promotes cilium disassembly
through activation of Aurora A. Interestingly, heterozygous
mutations in Pifo in mice and in humans lead to ciliopathy-
related phenotypes, attesting to the biological consequences of
perturbing cilium disassembly (Kinzel et al., 2010). Aurora A
activity is also regulated by phosphoinositide signaling. Cultured
cells grown in three dimensions develop a lumen with cilia and, in
this context, the phosphatidylinositol phosphatase SHIP2 was found
to bind Aurora A and NEDD9, and to promote their basolateral
localization at the expense of their luminal expression associated
with cilium resorption (Hamze-Komaiha et al., 2016). Moreover,
INPP5E regulates Aurora A protein levels through transcriptional
mechanisms that are mediated, at least in part, by AKT activity
(Plotnikova et al., 2015). Finally, it was shown that serum
stimulation can induce the formation of a cilium disassembly
complex (CDC), which consists of Aurora A, CPAP (also known
as CENPJ), Nde1 and OFD1, and in which CPAP functions as a
scaffold protein that facilitates the recruitment of this complex to
the ciliary base (Gabriel et al., 2016). Collectively, these studies
illustrate how Aurora A acts as a nexus or focal point for a
multitude of signals that impinge on the cilium to promote its
disassembly (Fig. 4).
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Two kinesins that are able to depolymerize microtubules, Kif2a
and Kif24, have also been implicated in the disassembly of primary
cilia before mitosis (Fig. 4) (Kim et al., 2015b; Kobayashi et al.,
2011; Miyamoto et al., 2015). Kif2a, which is recruited to the SDAs
of the MC and to the proximal ends of both centrioles, is activated
by Plk1 during G2/M phase (Miyamoto et al., 2015). Activation of
this kinesin in the wake of a proliferative signal promotes ciliary
microtubule depolymerization and cilium disassembly; in quiescent
cells, by contrast, Kif2a is degraded through the APC/C-mediated
ubiquitin/proteasome system to facilitate ciliogenesis. Kif24,
identified through its association with CP110, also negatively
regulates primary cilium assembly (Kobayashi et al., 2011). The
ablation of this kinesin promotes aberrant assembly of cilia in
growing cells, similar to CP110 loss. Themicrotubule depolymerizing
activity of Kif24 can be enhanced by phosphorylation through Nek2,
which is expressed during S and G2 phase (Kim et al., 2015b).
Therefore, in a manner analogous to Kif2a, the cell cycle-specific
phosphorylation of Kif24 ties the activation of this enzyme to
cilium disassembly before mitosis. As this step is distinct from the
initiation of cilium disassembly by Aurora A and HDAC6,
microtubule depolymerization by Nek2/Kif24 could favor the
irreversibility of this process once S phase begins, and thereby
safeguard against aberrant assembly of cilia. It is notable that the
cell invests a considerable amount of energy in maintaining a
deciliated state, and the fact that relatives of Kif24 and Nek2 – as
well as Aurora A – play a role in axonemal assembly and disassembly
in flagellated and ciliated species (Bradley and Quarmby, 2005;
Hilton et al., 2013; Mahjoub et al., 2002; Pan et al., 2004; Piao
et al., 2009; Wloga et al., 2006) attests to the conservation and
importance of this process. Future studies will be required to
determine whether the abrogation of these pathways leads to
pathological states, akin to defects in the cilium assembly process
that lead to ciliopathies.

Ciliary membrane remodeling during cilium disassembly
Cilium disassembly also requires the remodeling of ciliary
membranes (Fig. 4), and several recent studies have identified key
mechanisms and proteins that play a role in this process. The ciliary

pocket (CiPo) is an actin-rich, periciliary subdomain that surrounds
the proximal region of the ciliary axoneme (Fig. 1). It is a dynamic
center for endocytosis and, upon cilium resorption, the CiPo
membrane undergoes active remodeling, accompanied by enhanced
endocytosis (Phua et al., 2017). Importantly, the perturbation of
CiPo membrane endocytosis by depletion of clathrin heavy chain or
expression of a dominant-negative Rab5 (S34N) mutant specifically
blocks ciliary resorption, suggesting that CiPo membrane endocytosis
is actively involved in ciliary disassembly/resorption.At themolecular
level, remodeling of the CiPomembrane and enhancement of clathrin-
mediated endocytosis is dependent on actin polymerization and
is regulated by Tctex1 (also known as Dynlt1) (Saito et al., 2017),
a protein that has previously been identified as a dynein light
chain (Lader et al., 1989). Before S-phase entry, phospho (T94)
Tctex1, the functionally active form of Tctex1, is recruited to the
transition zone. Tctex1 directly binds to F-actin and interacts
with three actin polymerization regulators, ANXA2, ARPC2 and
Cdc42 (Saito et al., 2017); perturbing the expression and/or
function of any of these three proteins blocks ciliary resorption.
The recruitment of phospho (T94) Tctex1 to the transition zone is
regulated by the IGF1 signaling pathway, which thus provides a
link between mitogenic stimulation and cilium disassembly. Upon
IGF binding, ciliary IGF1R translocates to the base of the cilium to
activate Gβγ, which competes with the dynein intermediate chain
for binding to Tctex1 and thus facilitates the generation of the
dynein-free Tctex1 necessary for Thr94 phosphorylation (Li et al.,
2011; Saito et al., 2017; Yeh et al., 2013).

Recent studies indicate that the distal ciliary membrane also
undergoes active remodeling during cilium disassembly (Fig. 4)
(Nager et al., 2017; Phua et al., 2017). In particular, the release of
CVs from the distal region of cilia (through ectocytosis; Figs 1 and
4) was periodically observed after growth stimulation, and this was
achieved through cilium decapitation mediated by intra-ciliary actin
polymerization (Nager et al., 2017; Phua et al., 2017). The exact
position of ciliary decapitation is determined by the ciliary
distribution of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2],
which induces actin polymerization in coordination with the actin
regulators cofilin 1, fascin and Kras (Phua et al., 2017). Upon
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Fig. 4. The regulation of cilium disassembly. Cell
cycle re-entry, accompanied by several signaling
pathways and regulatory proteins (including non-
canonical Wnt signaling, phosphoinositide signaling,
calcium signaling, PDGFRβ signaling, HDAC2 and
Pifo), can trigger cilium disassembly via the activation of
Aurora A. Aurora A then phosphorylates and stimulates
the histone deacetylase HDAC6, which de-acetylates
and destabilizes microtubules within the axoneme.
During cilium disassembly, Plk1 and Nek2 activate
the kinesins Kif2a and Kif24, respectively, which are
required for the depolymerization of microtubules. Plk1
is recruited by PCM1 with the help of CDK1. Cilium
disassembly also requires the modulation of IFT
transport: KDM3A, for example, inhibits entry of the IFT
complex into the cilium, whereas Nde1 regulates
retrograde IFT transport. Growth signaling also triggers
the removal of IFT-B particles through ciliary ectosomes
released from the ciliary tip, which is also under the
control of Aurora A. Cilium disassembly also requires
remodeling of the ciliary pocket, accompanied by the
enhancement of clathrin-mediated endocytosis. This
process is controlled by Tctex1 and associated proteins
(such as ANXA2, Cdc42 and ARPC2) and can be
induced by IGF1 signaling. PDGFRβ, platelet-derived
growth factor receptor β.
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growth stimulation, Aurora A drives INPP5E depletion and
PI(4,5)P2 re-distribution in the cilium to facilitate actin nucleation
at a specific location. As IFT complexes are actively released by
vesicles formed through growth-induced ciliary decapitation at the
ciliary tip, this mechanism provides another layer of IFT regulation.
Notably, proteomic analyses have demonstrated that CV release
preferentially removes IFT-B, rather than IFT-A, from primary cilia,
and that the removal of IFT-B from primary cilia can limit cilia re-
growth and thereby promote cilia disassembly (Phua et al., 2017).
As perturbation of ciliary decapitation could abolish cilium
disassembly (Nager et al., 2017; Phua et al., 2017), future studies
will be required to understand the role of this process in normal and
pathological conditions.

Other factors that regulate cilium disassembly
As mentioned above, IFT is important for axonemal extension and
length control, and, as such, this process – and the proteins that
regulate it – also participates in ciliumdisassembly (Fig. 4). A number
of factors (discussed above) are known to promote the recruitment of
IFT complexes to cilia. By contrast, this recruitment process is
restricted by local actin networks (Ishikawa and Marshall, 2017).
Interestingly, the histone lysine demethylase KDM3A promotes the
formation of actin bundles by regulating actin gene expression and by
binding to the actin cytoskeleton (Yeyati et al., 2017); in its absence,
the actin network is depolymerized, resulting in a delay in cilium
resorption and an abnormal distribution of IFT within cilia. Nde1,
which localizes at the transition zone, is another negative regulator of
cilium length that controls cilium disassembly (Gabriel et al., 2016;
Kim et al., 2011; Maskey et al., 2015). Nde1 is highly expressed in
mitotic cells but is depleted in G0/G1 cells through CDK5-mediated
phosphorylation,which targets the protein for ubiquitylation by the F-
box protein Fbxw7, leading to its subsequent destruction. During cell
cycle re-entry, CDK5 activity decreases, allowing Nde1 levels to
accumulate and promote ciliary resorption. However, it is not known
how Nde1 regulates cilium disassembly mechanistically. One Nde1
effector protein, LC8, the dynein light chain (also known as Dynll1),
is tethered to Nde1 at the basal body. As LC8 is important for
IFT transport and cilium assembly, Nde1 may regulate cilium
disassembly in part through perturbation of IFT transport.
Additional mechanisms that induce deciliation have also been

described. For example, cilia can be removed by severing mechanisms,
as occurs in the green alga Chlamydomonas, in which deciliation
can be enforced through the action of katanin, a microtubule-
severing enzyme that separates basal bodies from axonemes
before mitosis (Lohret et al., 1998; Rasi et al., 2009). In neurons,
deciliation or apical abscission can also be accomplished by pinching
off the cilium from the centrosome via another actomyosin-dependent
process (Das and Storey, 2014). The pervasiveness of this
abscission mechanism has not been determined, and it is unknown
whether it can be implemented in a cell type- and context-dependent
manner to regulate key signaling events under proliferative conditions
or during differentiation.

Recent insights into the developmental control of
ciliogenesis
It is clear that the correct formation of cilia plays exceptionally
important and widespread roles in mammalian development (for a
review, see Goetz and Anderson, 2010). By contrast, the dynamic
regulation of cilium assembly and disassembly in development has
been less thoroughly studied. However, in recent years, new and
interesting insights have been reported that now link cilium assembly
to diverse developmental states.

In multicellular organisms, the initiation of cilium assembly is
regulated by intricate transcriptional programs (reviewed in Choksi
et al., 2014; Spassky and Meunier, 2017). Our current knowledge
of the transcriptional control of ciliogenesis primarily stems from
studies in multiciliated cells, whereas the transcriptional program in
monociliated cells has been largely left unexplored. Recently, the
evolutionarily conserved RFX family of transcriptional factors was
found to regulate cilium assembly in both types of cells by
controlling the expression of core ciliary genes, including components
of the transition zone, the BBsome and IFT (Choksi et al., 2014).
The timely and spatially accurate expression of RFX transcription
factors is also determined by key signaling factors, including
FGF, as well as the neural transcription factors atonal and noto
(Beckers et al., 2007; Cachero et al., 2011; Neugebauer et al.,
2009). Ciliogenesis can also be regulated during development
through posttranscriptional mechanisms involving microRNAs.
For example, miR-129-3p initiates ciliogenesis in diverse tissues by
downregulating CP110 and repressing branched F-actin formation
(Cao et al., 2012).

In certain tissues, such as blood vessels, the heart, myoblasts and
adipocytes (Fu et al., 2014; Goetz et al., 2014; Marion et al., 2009;
Mohieldin et al., 2016), primary cilium assembly occurs transiently
and is linked to a specific developmental phase, after which the
structure disappears, suggesting that a cilium disassembly program
may be involved. In these tissues, the transient appearance of
primary cilia plays important, but poorly defined, roles during
development. A good example here is the endothelial cilia, which
are mechanical sensors of fluid flow, that are required for blood
vessel maturation and homeostasis (Mohieldin et al., 2016). In
zebrafish, endothelial cilia are exclusively present between 24 and
28 h after fertilization, and their disappearance can be ascribed, in
part, to cilium disassembly induced by fluid shear stress (Goetz
et al., 2014; Mohieldin et al., 2016). However, how shear stress
leads to cilium disassembly remains unknown.

In other tissues, the developmental program can shift from a
primary ciliated to multiciliated state through inhibition of Notch
signaling, as occurs in the mammalian respiratory system and the
zebrafish pronephros (Jain et al., 2010; Liu et al., 2007; Spassky and
Meunier, 2017). Moreover, during mammalian brain development,
the active resorption of primary cilia from progenitor cells is
required for maintenance of the progenitor cell pool and for
the control of brain size (Li et al., 2011; Yeh et al., 2013). This
process is controlled by the cilia repressor Tctex1 and its
regulators and effectors, as mentioned above, although it is not
yet known how the disappearance of cilia is regulated. Therefore,
although much progress has been made, additional studies will be
required to understand the precise mechanisms that induce the
assembly and disassembly of cilia upon activation of diverse
developmental programs.

Defects associated with cilium assembly and disassembly
A range of developmental disorders has been linked to ciliary
defects, and manifestations include brain malformations, congenital
heart defects and skeletal malformations (for a comprehensive
review, see Reiter and Leroux, 2017). Here, we focus on recent
studies of ciliopathies and ciliary aberrations that are caused by cell
cycle perturbations and, specifically, cancer.

Cilia as tumor suppressors
Loss of cilia has been observed in a multitude of tumors including,
but not limited to, pancreatic ductal adenocarcinoma, renal cell
carcinoma, thyroid cancer, breast cancer, ovarian cancer, prostate
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cancer, cholangiocarcinoma, glioblastoma and melanoma (Egeberg
et al., 2012; Gradilone et al., 2013; Han et al., 2009; Hassounah
et al., 2013; Lee et al., 2016a; Moser et al., 2009; Schraml et al.,
2009; Seeley et al., 2009; Yuan et al., 2010). The importance of this
cilia loss in tumor initiation, maintenance and progression, as well
as in chemotherapeutic resistance, is now beginning to emerge, and
it appears to be linked to the key roles played by cilia in various
signaling pathways (Fig. 5).
Primary cilia are important in Hh signaling (for a review, see

Bangs and Anderson, 2017), which plays an essential role in
development and the abnormal activation of which is crucial for
the development of many cancers (Pak and Segal, 2016). In a
breast cancer model, inhibition of ciliogenesis was shown to result
in non-canonical activation of Hh signaling, thereby accelerating
tumor formation and enhancing the growth of malignant lesions
(Hassounah et al., 2017). Moreover, disruption of ciliogenesis
promotes pancreatic intraepithelial neoplasia (PanIN) formation
during oncogenic Kras (G12D)-driven tumorigenesis (Seeley
et al., 2009). Cilia are also known to restrain activation of β
catenin-T cell factor (TCF) signaling (Lancaster et al., 2011), and a
study using a pancreatic cancer model showed that disruption of
ciliogenesis activates the mevalonate (MVA) pathway through β
catenin-TCF signaling, which further boosts oncogenic Ras-Erk
signaling (Deng et al., 2018). In glioblastoma, mitogenic signaling
through lysophosphatidic acid is restricted in normal cells with a
primary cilium because of the segregation of lysophosphatidic acid
receptor (LPAR1) in the cilium from its downstream G-protein
effectors: Gα12 and Gαq (Loskutov et al., 2018). However, during
tumorigenesis and upon loss of primary cilia, LPAR1 redistributes
to the plasma membrane, allowing Gα12 and Gαq to bind to the
receptor, which promotes increased mitogenic signaling and
proliferation of tumor cells. These data demonstrate that the
absence of cilia observed in tumors could mediate, or repurpose,
multiple signaling pathways and promote the formation of tumors.
Notably, a recent study suggested how the loss of cilia

promotes tumor survival after chemotherapy (Zhao et al., 2017).
Resistance to an inhibitor of smoothened (SMO), an activator of

the Hh pathway, is frequently observed in Hh pathway-dependent
cancers. In a transposon mutagenesis screen aimed at understanding
the mechanism underlying this resistance in medulloblastomas,
recurrent mutations in OFD1 – a gene that is defective in ciliopathies –
were identified. Following on from this, it was shown that loss of
cilia by depletion of OFD1 and other ciliogenesis genes confers
resistance to SMO inhibition by achieving a cilium-independent state
that is able to transduce low-level Hh signaling and is capable of
evolving into a more-aggressive tumor. This study pinpoints an
important role for cilia in tumor evolution and drug resistance and,
given the pivotal role of cilia in Hh and growth factor signaling, it is
likely that many additional mediators of chemo-resistance that
localize to centrosomes and cilia will be identified in the future.

Cilia as tumor promoters
In contrast with the above examples, cilia have been shown to persist
in a range of tumors (Fu et al., 2014; Yasar et al., 2017) and can be
found in medulloblastomas exhibiting activation of Hh or Wnt
signaling (Han et al., 2009). Strikingly, tumorigenesis is blocked in a
medulloblastoma mouse model driven by constitutively active SMO
when primary cilia are genetically ablated (Han et al., 2009). In the
same model, INPP5P inactivation increases cilia-localized PI3-
kinase/AKT signaling, which promotes cilia loss, thereby reducing
both oncogenic Hh signaling and tumor growth (Conduit et al.,
2017). Furthermore, inhibiting cilia-dependent oncogenic sonic
hedgehog overactivation, through depletion of the ciliary GTPase
Arl13b, can also suppress medulloblastoma growth without ablating
cilia (Bay et al., 2018). Similarly, the loss of cilia protects mice from
tumorigenesis in a basal cell carcinomamodel driven by constitutively
active SmoM2 (Wong et al., 2009). In this context, the expression of
inturned (Intu), a planar cell polarity effector required for cilium
assembly that regulates apical actin networks, is aberrantly elevated,
whereas disruption of Intu prevents the formation of basal cell
carcinoma by suppressing primary cilia formation and Hh signaling
(Yang et al., 2017).

In a novel example of ciliary repurposing by tumors, cells were
able to switch fates to allow assembly of a primary cilium and
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Fig. 5. The function of primary cilia in cancer. (A) Loss of cilia has been observed in several types of tumors and can lead to aberrant activation of many
oncogenic pathways. After treatment with anti-tumor drugs, tumor cells with cilia, and hence aberrant activation of Hh pathway, survive and can further proliferate.
Depletion of cilia or inhibition of Hh signal pathway can block the proliferation of these drug-resistant cells. (B) The persistence of cilia can also be observed in a
range of tumors, in which theyappear to help maintain the oncogenic Hh pathway. After treatment with an SMO inhibitor, tumor cells with cilia die and the surviving
cells (without cilia) evolve a modified Hh pathway that confers resistance to SMO inhibition.
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activation of Hh signaling (Li et al., 2016): in this example – a
choroid plexus (CP) tumor model driven by sustained expression of
Notch – monociliated CP tumor cells arise from multiciliated CP
epithelial cells following elevated Notch signaling, which suppresses
multiciliation in favor of primary ciliogenesis. This leads to enhanced
Hh signaling that promotes CP tumor cell proliferation. Together,
these data demonstrate that the presence of primary cilia in tumors
can mediate Hh signaling and promote the formation of tumors.
Furthermore, a recent study suggested that the acquisition of cilia,
ciliary tip fragmentation and increased cilium length are frequently
observed in tumor cells after anti-neoplastic drug treatment (Jenks
et al., 2018), including in EGFR-mutant non-small cell lung
carcinoma cells treated with an EGFR inhibitor, in rhabdoid
tumors treated with a tyrosine kinase inhibitor, in EML4-ALK-
fusion-positive lung cancers after ALK inhibitor treatment and in
KRAS mutant lung cancer cells treated with a MEK inhibitor. The
aberrant ciliogenesis is accompanied by activation of Hh signaling,
and depletion of cilia or inhibition of Hh signaling can thus reduce
the viability of drug-resistant cells. This study highlights that cilium
assembly pathways can be hijacked by tumor cells to gain resistance
to anti-tumor drugs, opening up exciting new avenues for the
treatment of drug-resistant tumors.

Conclusions and future directions
In the past few years, significant advances have been made in
understanding the events required during cilium assembly. In
particular, new DA and SDA components required for centriole
maturation have been identified, their localization defined with high-
resolution methods, and their assembly pathways and function
during vesicle docking and cytoskeleton connection elucidated.
Importantly, novel markers of vesicles and regulators of vesicle
trafficking, fusion and growth have also been revealed. Future
studies will need to uncover the signals that mediate the onset of
basal body maturation and cilium assembly, as well as the
remodeling events – and specific molecules – at basal bodies that
facilitate capture and growth of early ciliary vesicles, and extension
of the nascent axoneme. In terms of cilium disassembly, we have a
better understanding of the regulation of axonemal microtubule
depolymerization and ciliary membrane remodeling, and
additional signaling pathways have been found to control
cilium disassembly. Given the pivotal role of cilia in
development and disease, it will be essential to continue unraveling
the mechanisms that link ciliogenesis and cilium disassembly to the
cell cycle, mitogen deprivation and developmental cues.
Improvements in real-time microscopy and lineage-tracing, as well
as in single-cell sequencing technology, will hopefully lead to a better
understanding of the developmental control of ciliogenesis in
specific lineages and help us to understand the cilium-related
mechanisms that govern chemoresistance in specific tumor types.
It will also be interesting to understand the co-evolution of cilia
structures and ciliary signaling pathways, in particular whether,
and how, the ciliogenic program and related ciliary signaling
pathways are coordinately switched on and off in a specific cell
type or during certain developmental processes.
The role of cilia in tumorigenesis is further complicated by recent

studies implicating this organelle in drug resistance. It is unclear
how tumor cells manipulate cilium assembly or disassembly
pathways for their own survival and how these pathways are
harnessed by tumors to promote resistance to chemotherapeutic
agents. Understanding these basic issues could contribute to the
early detection of cancer and assist with the development of new
anti-cancer regimens.

Acknowledgements
We apologize to the many researchers whose work could not be cited owing to
space constraints.

Competing interests
The authors declare no competing or financial interests.

Funding
This work was supported by a U.S. Department of Defense fellowship (W81XWH-
16-1-0392) to L.W., and a National Institutes of Health grant (9R01GM120776)
to B.D.D. Deposited in PMC for release after 12 months.

References
Absalon, S., Blisnick, T., Kohl, L., Toutirais, G., Doré, G., Julkowska, D.,
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A distal centriolar protein network controls
organelle maturation and asymmetry
Lei Wang1, Marion Failler1, Wenxiang Fu1,2 & Brian D. Dynlacht1

A long-standing mystery in the centrosome field pertains to the origin of asymmetry within

the organelle. The removal of daughter centriole-specific/enriched proteins (DCPs) and

acquisition of distal appendages on the future mother centriole are two important steps in the

generation of asymmetry. We find that DCPs are recruited sequentially, and their removal is

abolished in cells lacking Talpid3 or C2CD3. We show that removal of certain DCPs con-

stitutes another level of control for distal appendage (DA) assembly. Remarkably, we also

find that Talpid3 forms a distal centriolar multi-functional hub that coordinates the removal of

specific DCPs, DA assembly, and recruitment of ciliary vesicles through distinct regions

mutated in ciliopathies. Finally, we show that Talpid3, C2CD3, and OFD1 differentially reg-

ulate the assembly of sub-distal appendages, the CEP350/FOP/CEP19 module, centriolar

satellites, and actin networks. Our work extends the spatial and functional understanding of

proteins that control organelle maturation and asymmetry, ciliogenesis, and human disease.
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The centrosome is an asymmetric organelle comprised of a
daughter centriole, a mother centriole, pericentriolar
material, and pericentriolar satellites. The older, mother

centriole is distinguished by distal appendages (DA) and sub-
distal appendages (SDA), whereas the younger centriole is char-
acterized by daughter centriole-specific/enriched proteins
(DCPs). DCPs, including CEP120, Centrobin, and Neurl4, are
recruited to nascent daughter centrioles after centriole duplica-
tion is initiated to regulate centriole elongation and homeostasis,
and they are subsequently removed at the G1/S transition in the
next cell cycle during mother centriole maturation1–6. Subse-
quently, SDA and DA are assembled at the maturing mother
centriole during the G2 phase and the G2/M transition, respec-
tively. DA, assembled through the sequential recruitment of
CEP83, CEP89, SCLT1, CEP164, and FBF1 proteins, are involved
in vesicle docking and intraflagellar transport (IFT) during
ciliogenesis and in immune synapse formation7–13. SDA,
composed of ODF2, Centriolin, CEP128, CEP170, and other
proteins, are required for microtubule anchoring and cilium
positioning14–18. Mutations in genes linked to mother centriole
maturation are associated with a plethora of human diseases,
termed ciliopathies, including Joubert syndrome (JBTS), Jeune
asphyxiating thoracic dystrophy, Bardet–Biedl syndrome, and
oral–facial–digital (OFD) syndrome, among others19–23.

Despite the above observations, the regulatory mechanisms
linking the recruitment of SDA and DA and other distal-end
proteins to mother centriole maturation are largely unknown. To
our knowledge, only three proteins (C2CD3, OFD1, and ODF2)
have been linked to mother centriole maturation. Intriguingly,
however, C2CD3 and OFD1 localize on centriolar satellites (CS)
and the distal ends of both mother and daughter centrioles, where
they play antagonistic roles in centriole elongation. C2CD3 is
involved in DA, and perhaps SDA, assembly24,25, whereas its
interacting partner, OFD1, appears to be required for DA
assembly only26. ODF2, a SDA component, initiates appendage
assembly through direct interactions with other SDA proteins,
but its role in DA assembly, if any, remains to be clarified14,16.
Further, although the constellation of DA and SDA proteins have
been identified and localized with ever-increasing precision, the
relationship between the assembly of these structures, removal of
DCPs, and mother centriole maturation—the basis of asymmetry
within the organelle—remains largely uncharacterized. To this
end, it is attractive to speculate that mother and daughter cen-
triole components display antagonistic relationships to suppress
or promote their respective identities.

Talpid3 is an evolutionarily conserved gene essential for ver-
tebrate development and ciliogenesis27–29. Recently, several
groups independently identified mutations in Talpid3 as a cause
of JBTS and lethal ciliopathies, such as hydrocephalus and short-
rib polydactyly syndrome30–35. Our previous studies showed that
Talpid3 localizes at the distal ends of both centrioles and regulates
vesicle docking during ciliogenesis36,37. Although Talpid3 loca-
lizes to both centrioles, foregoing studies suggested that Talpid3
could play an important role in mother centriole maturation. In
this study, in an effort to begin understanding the molecular basis
of centriole asymmetry and maturation, we identify Talpid3 and
C2CD3 as regulators of DCP removal. We find that the removal
of DCPs is not required for centriole duplication, but it plays an
essential role in centriole maturation. Remarkably, we show that
Talpid3 regulates centriole maturation and ciliary vesicle docking
through distinct regions. Furthermore, we show that removal of
certain DCPs acts as an additional layer of DA assembly control,
via regulation of OFD1 recruitment. Importantly, although the
location and function of Talpid3, C2CD3, and OFD1 are coor-
dinated and, in some cases, interdependent, we found that each
protein exhibits distinct roles in regulating the actin network, CS

organization, removal of DCPs, and assembly of appendages.
Lastly, our data suggest potential mechanisms to explain how
Talpid3 mutations found in JBTS contribute to disease
phenotypes.

Results
Talpid3 regulates early and late centriole maturation events
through distinct regions. To gain further insight into the role of
Talpid3 in ciliogenesis, we used CRISPR/Cas9-mediated gene
editing to generate a Talpid3−/− retinal pigment epithelial (RPE1)
cell line37 and systematically observed the localization of DCPs, as
well as markers of mother centriole/basal body maturation and
ciliation, by immunofluorescence (IF). First, we found that Tal-
pid3 KO cells recapitulated the defects caused by depletion or loss
of Talpid3 using RNAi and genetic knock-outs27–29,36, including
the failure to dock ciliary vesicles and assemble primary cilia after
serum withdrawal (Fig. 1a). Consistent with previous studies34,36,
we also observed elongated centrioles in Talpid3−/− cells using
electron microscopy (EM; Fig. 1b). Moreover, we found that DA
proteins (CEP83, CEP89, CEP164, and FBF1) were not observed
at centrosomes in Talpid3 knock-out cells (Fig. 1a). Consistent
with the role of DA in multiple processes, we found that IFT
protein (IFT88 and IFT140) localization, TTBK2 recruitment,
and CP110 removal were abrogated in Talpid3−/− cells. In each
case, we showed that these results could not be explained by
altered protein levels (Fig. 1c), leading us to conclude that
recruitment per se was impacted. We note that CP110 and
CEP164 recruitment persisted in prior Talpid3 knock-down
experiments36. Since residual Talpid3 persists in siRNA-treated
cells, our data suggest that recruitment of DA proteins is very
sensitive to Talpid3 dosage and that recruitment of these proteins
fails completely in the absence of Talpid3. On the other hand, we
observed that assembly of SDA was intact in knock-out cells,
similar to siRNA-depleted cells. Examination of Talpid3−/− cells
by EM after serum withdrawal confirmed the absence of DA,
ciliary vesicle docking, and ciliation, while confirming that nor-
mal SDA were assembled (Fig. 1b).

Remarkably, we also observed abnormal localization of DCPs
(CEP120, Centrobin, and Neurl4) in Talpid3 KO cells: rather
than exhibiting asymmetric enrichment on daughter centrioles,
DCPs were found on both mothers and daughters (Fig. 1a).
Asymmetric localization of DCPs is maintained by removal of
DCPs from daughter centrioles during the G1–S transition, when
centriole duplication is initiated5,6. However, DCP removal was
completely blocked in Talpid3−/− cells (Supplementary Fig. 1a).
Since centriole duplication is grossly normal in Talpid3−/− cells
(Supplementary Fig. 1a), these data also suggest that removal of
DCPs is not required for centriole duplication, but it might be
involved in other processes. We showed that each of these
phenotypes could be rescued by reintroducing full-length Talpid3
into Talpid3−/− cells, confirming that the observed defects were
provoked specifically by the loss of Talpid3 (Fig. 2a). To identify
regions in Talpid3 required for each stage of maturation and
ciliogenesis, we performed rescue experiments in Talpid3−/− cells
with a series of Talpid3 truncations. Strikingly, our data suggest
that a region encompassing amino acids 466–700 is required for
asymmetric localization of DCPs (Neurl4, Centrobin, and
CEP120; Fig. 2a and Supplementary Fig. 1b), DA assembly
(CEP83), and IFT complex recruitment (IFT88; Fig. 2b). We
further confirmed the rescue of DA assembly by examining
CEP164 rings using 3D-structured illumination microscopy (SIM,
Supplementary Fig. 1c). In contrast, visualization of Rab8a and
SmoM2, two early ciliary vesicle markers, or CP110 indicated that
residues 701–1533 are essential for vesicle docking, CP110
removal, and ciliogenesis (GT335) (Fig. 2a, b). Importantly, these
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data also (1) indicate that assembly of DA is sufficient for
recruitment of the IFT machinery but not for initiation of vesicle
docking or subsequent events during ciliogenesis and (2) pinpoint

a requirement for separable regions of Talpid3 in the maturation
of mother centrioles/basal bodies versus the coordinated docking
of vesicles and CP110 removal. In other words, a single protein,
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microscopy (TEM) after 6 and 48 h of serum-starvation (HPS). Red arrows indicate DA/transitional fibers. Yellow arrows indicate SDA. Data from one
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Fig. 2 Talpid3 regulates centriole maturation and vesicle docking through distinct regions. a Centrosomal and ciliary defects of Talpid3−/− cells were
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lentiviruses expressing SmoM2-GFP. Two days after transduction, cells were serum-starved for 6 h and stained with indicated antibodies. Cumulative data
from three independent experiments are shown. For each group, a minimum of 100 cells/experiment was averaged. All data are presented as mean ± SD.
*p < 0.05 (unpaired t-test). Scale bar= 2 μm

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06286-y

4 NATURE COMMUNICATIONS |  (2018) 9:3938 | DOI: 10.1038/s41467-018-06286-y | www.nature.com/naturecommunications

30

www.nature.com/naturecommunications


Talpid3, coordinates three activities essential for ciliogenesis:
removal of DCP, assembly of DA/maturation of basal bodies, and
recruitment of ciliary vesicles.

Removal of specific DCPs is a prerequisite for DA assembly.
We were particularly intrigued by the centriole maturation
defects observed in Talpid3−/− cells for two reasons. First, DA
assembly is thought to be the earliest obligatory step for the
initiation of ciliogenesis38, and the major defects observed in
Talpid3−/− cells, including the failure to dock vesicles, TTBK2
recruitment, CP110 removal, and IFT transport could be attrib-
uted to the DA assembly defect in Talpid3 null cells. Secondly,
little is known about the regulatory mechanisms underpinning
the asymmetric localization of DCPs. We speculated that during
the maturation of daughter centrioles, removal of DCPs at the
G1/S transition could be a prerequisite for the acquisition of
appendages occurring later in the G2 phase. To test this
hypothesis, DCPs were forced to symmetrically localize on both
centrioles in wild-type RPE1 cells by expressing fusion proteins
containing the PACT domain39. We found that PACT–CEP120
and PACT–Centrobin, but not PACT–Neurl4, were able to dis-
rupt the localization of DA proteins, CEP83 and CEP164 (Fig. 3a
and Supplementary Fig. 2a). These results suggest that the per-
sistence of specific daughter centriole proteins is sufficient to
suppress DA assembly.

Conversely, to further examine whether the failure to remove
CEP120 and Centrobin inhibits DA assembly, we knocked down
Centrobin in Talpid3−/− cells using siRNAs. Strikingly, we found
that depletion of Centrobin was able to substantially rescue the
assembly of DA (Fig. 3b and Supplementary Figs. 2a, b). The
rescue of DA assembly was further confirmed by measuring the
diameter of CEP164 rings using SIM (Supplementary Fig. 2c). We
note that rescue of DA assembly was unable to restore ciliogenesis
in Talpid3 KO cells, consistent with an additional role(s) of
Talpid3 in ciliogenesis beyond DCP removal and DA assembly.
We also silenced CEP120, but knocking down this protein
blocked centriole duplication and resulted in cells with one
centriole or no centrioles (Supplementary Fig. 2b and Fig. 3d), as
expected5, preventing us from confirming its role in inhibiting
DA assembly. We next asked whether there was a reciprocal
relationship between DA assembly and DCP appearance.
However, disruption of DA assembly through depletion of
CEP83 had no effect on the asymmetric localization of DCPs in
wild type RPE1 cells (Fig. 3c). We found that DCPs were
recruited in a sequential manner, with CEP120 localization
required for recruitment of Centrobin, and recruitment of Neurl4
dependent upon both CEP120 and Centrobin, suggesting that
removal of DCPs could also occur sequentially. Moreover, we
found that Centrobin is required for maintenance of CEP120
asymmetry, since depletion of Centrobin led to symmetric
localization of CEP120 on both centrioles (Fig. 3d). These data
reveal a robust network underlying the daughter-to-mother
centriole transition, wherein the removal of DCPs, Centrobin,
and perhaps CEP120, is a prerequisite for DA assembly but not
vice versa.

Talpid3 and C2CD3 coordinately regulate mother centriole
maturation. Next, we investigated how Talpid3 regulates the
asymmetric localization of DCPs, and we considered several
possibilities. First, since DCPs were recruited in a sequential
manner, Talpid3 could regulate CEP120 localization through
direct interactions with CEP120, as suggested previously40. We
tested the interaction between different Talpid3 truncations and
CEP120 and found that CEP120 interacted most robustly with a
fragment spanning residues 466–1000, although this protein

interacted with multiple surfaces of Talpid3 (Supplementary
Fig. 3). We found that the localization of Talpid3 to centrioles was
important for this interaction, since a mutant protein from a JBTS
patient (C.1697A>T) that failed to localize to centrosomes (see
below) exhibited significantly impaired interactions with CEP120.
Importantly, since the 1–602 fragment of Talpid3 was able to
interact with CEP120 without rescuing the centriole maturation
defects observed in Talpid3−/− cells, we conclude that
Talpid3–CEP120 interactions are not sufficient to regulate
asymmetric localization of DCPs. Secondly, since CS dis-
organization is observed in Talpid3−/− cells, and Talpid3 was
shown to be required for vesicle docking36, it was possible that
Talpid3 could regulate centriole maturation through CS. To test
this possibility, we utilized the PCM1−/− RPE1 cell line37, which
lacks CS. We found that the asymmetric localization of DCPs and
DA assembly were normal in PCM1 KO cells, demonstrating that
the formation of CS is not required for these two events (Fig. 4a).

We speculated that Talpid3 could also regulate the asymmetric
localization of DCPs through other distal centriolar proteins.
C2CD3 and OFD1 have been shown to regulate DA assembly,
although their mechanisms remain obscure, and thus we
investigated these candidates as regulators of asymmetric localiza-
tion of daughter centriole proteins. We generated C2CD3−/− and
OFD1−/− cell lines using CRISPR/Cas9 and found that, consistent
with previous reports24–26, both proteins were required for DA
assembly, and these defects could be rescued with full-length
C2CD3 and OFD1, respectively (Fig. 4a, Supplementary Fig. 4a).
Interestingly, C2CD3−/−, but not OFD1−/− cells, displayed
symmetric localization of CEP120 and Centrobin (Fig. 4a, b), but
this was not due to increased protein levels (Supplementary Fig. 4b).
Strikingly, depletion of Centrobin could partially rescue the
localization of DA proteins in C2CD3−/−, but not in OFD1−/−

cells (Fig. 4b). These data not only confirmed our previous
conclusion that removal of certain DCPs is a prerequisite for DA
assembly, but they also suggested that C2CD3 and Talpid3 control
asymmetric localization of DCPs, whereas OFD1 may be required
primarily for DA assembly. Since maturation occurs during the G2/
M phase, it was possible that the defects in maturation could result
from cell cycle arrest prior to this stage. However, we confirmed
that the centriole maturation defects found in Talpid3−/−,
C2CD3−/−, and OFD1−/− cells did not arise from aberrant cell
cycle progression or the altered abundance of daughter centriole
proteins (Supplementary Fig. 4b).

We next explored the functional interactions between Talpid3,
C2CD3, and OFD1 in greater detail. First, to determine whether
recruitment of these proteins occurred sequentially, we examined
their localization in all three KO cell lines. We found that Talpid3
and C2CD3 were coordinately recruited to mother and daughter
centrioles, and both were also required to recruit OFD1 (Fig. 4c).
In contrast, OFD1 was not required to recruit either Talpid3 or
C2CD3. Further, we found that Talpid3 could interact most
robustly with C2CD3 through residues 466–1533, whereas
amino-terminal portions of Talpid3 were unable to do so
(Fig. 4d). Taken together with previous data suggesting a
functional interaction between C2CD3 and OFD1, we conclude
that Talpid3, C2CD3, and OFD1 form a complex at the distal
ends of centrioles.

To extend our understanding of the critical role of C2CD3 and
OFD1 recruitment by Talpid3, we examined the ability of
Talpid3–C2CD3 and Talpid3–OFD1 fusion proteins to function-
ally reconstitute each step of the maturation process in
Talpid3−/− cells. We fused the Talpid3 amino-terminal 1–602
aa fragment (Talpid3Nter), which is required for centrosome
localization but is not sufficient for centriole maturation36

(Fig. 2a), with C2CD3 or OFD1, thereby tethering each protein
to centrioles in Talpid3 KO cells. We observed that tethering of
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C2CD3 could substantially rescue defective recruitment of DA
proteins in Talpid3 KO cells (Fig. 4e). Tethering of OFD1 could
also partially rescue the recruitment of DA proteins, although its
impact was considerably less robust than that of C2CD3. These
data suggest that centriolar recruitment of C2CD3 by Talpid3
plays an important role in the regulation of asymmetric
localization of DCPs, proper OFD1 localization, and subsequent
DA assembly. Indeed, our data suggest that a key role for Talpid3

is the targeting and recruitment of other proteins, C2CD3 and
OFD1, to the distal end and that such recruitment can largely
bypass the loss of Talpid3.

Asymmetric localization of DC-enriched proteins is required
for proper localization of OFD1. Given that abnormal, sym-
metric localization of DCPs is accompanied by the absence of
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OFD1 from centrioles in Talpid3 and C2CD3 KO cells (Figs. 1a
and 4a, c), we hypothesized that the failure to remove DCPs
during centriole maturation could prevent centrosomal localiza-
tion of OFD1 and thus assembly of DA. To test our hypothesis,
DCPs were again forced to symmetrically localize on both cen-
trioles by expressing PACT domain fusions in wild-type
RPE1 cells. We found that PACT–CEP120 and
PACT–Centrobin, but not PACT–Neurl4, were able to disrupt
the localization of OFD1 (Fig. 5a). To further examine whether
failure to remove Centrobin plays an inhibitory role in OFD1
recruitment, we knocked down Centrobin in Talpid3−/− and
C2CD3−/− cells with siRNAs and found that the localization of
OFD1 was largely rescued (Fig. 5b). The rescue of centrosomal
OFD1 was further confirmed by measuring the diameter of OFD1
rings using SIM (Supplementary Fig. 2c). Since tethering of
C2CD3 to centrioles in Talpid3−/− cells using an amino-terminal
fusion could rescue the recruitment of DA proteins (Fig. 4e), we
anticipated that the recruitment of OFD1 would also be
rescued in these cells, and this was indeed the case (Fig. 5c). In
total, these data demonstrate that the failure to remove DCPs
blocks centrosomal OFD1 recruitment and thus abrogates DA
assembly.

In addition to their centriolar localization, C2CD3 and OFD1
also partition to CS, and this could potentially contribute to
centriole maturation. To address whether the CS pool of C2CD3
and OFD1 plays a role in centriole maturation, we first examined
the CS localization of C2CD3 and OFD1 in PCM1−/− cells using
Myc-tagged C2CD3 and an anti-OFD1 antibody (OFD1–2) that
are able to detect CS pools of C2CD3 and OFD1, respectively.
Compared with control cells, the CS pools of C2CD3 and OFD1
were depleted in PCM1−/− cells (Fig. 4a), and only centrosomal
C2CD3 and OFD1 remained (Supplementary Fig. 5a). Since
centriole maturation is normal in PCM1−/− cells, these data
suggest that the CS pools of C2CD3 and OFD1 are not required
for centriole maturation. Moreover, we found that
PACT–CEP120, PACT–Centrobin, and PACT–Neurl4 do not
affect the CS pool of OFD1 (Supplementary Fig. 5b). Together,
these data demonstrate that centriole-bound Talpid3 and C2CD3
regulate the removal of DCPs, which, in turn, controls the
centrosomal recruitment of OFD1 and DA assembly (Fig. 5d).

Spatial coordination of Talpid3/C2CD3/OFD1 complex with
DC protein asymmetry and DA assembly. To better understand
the spatial basis for regulation of asymmetric localization of DC
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proteins instigated by Talpid3 and C2CD3, we investigated the
compartmentalization of distal end proteins and DCPs (Talpid3,
C2CD3, CEP120, and Centrobin) using SIM (Fig. 6a). We
observed that C2CD3 localized to a small dot at the extreme distal
end of both centrioles, enveloped by a Talpid3 ring. Centrobin
formed a ring in a middle segment of the daughter centriole,
adjacent to the Talpid3 ring and distal to the proximal marker,
GT335. Consistent with a previous report1, CEP120 was dis-
tributed along the length of the DC centriole barrel, and it co-
localized with Talpid3 at the distal end, in line with data indi-
cating that these proteins interact (Fig. 6a and Supplementary
Fig. 3). Our data demonstrate that a complex consisting of Tal-
pid3 and C2CD3 at the distal end of centrioles partially co-
localizes with CEP120 and is adjacent to the Centrobin ring,
prompting speculation that the asymmetric localization of DC-
enriched proteins could be controlled at the distal end of cen-
trioles. OFD1 also displayed different localization patterns on the
mother (MC) and daughter (DC) centrioles (Fig. 6a). On the DC,
OFD1 formed a ring at the distal end that co-localized with the
Talpid3 ring. On the MC, OFD1 formed a much larger ring at the
distal end that co-localized with, and had the same diameter as,
the CEP164 ring. These data suggest that OFD1 may be periph-
erally associated with DA structure and could play a more direct

role in DA assembly. We also examined the localization of
CEP120 and Centrobin using SIM to determine how these DCPs
partitioned in Talpid3−/−, C2CD3−/−, and PCM1−/− cells. Using
CP110 and GT335 as centriolar distal and proximal markers,
respectively, we observed that CEP120 and Centrobin staining
appeared identical along the barrels of both centrioles, from the
proximal to distal ends, in Talpid3−/− and C2CD3−/− cells
(Fig. 6b). In contrast, Cep120 and Centrobin partitioned pre-
ferentially to DC in control and PCM1−/− cells. These data
unequivocally demonstrate that removal of DCPs was completely
blocked in Talpid3−/− and C2CD3−/− cells, resulting in a sym-
metrical distribution of DCPs on both centrioles. Interestingly, we
found that PACT-domain fusions with DCPs localized along the
barrels of both centrioles, mimicking the localization of CEP120
and Centrobin in Talpid3−/− and C2CD3−/− cells (Fig. 6b and
Supplementary Fig. 5c). Specifically, the diameters of
PACT–CEP120 (384 ± 34 nm) and PACT–Centrobin (395 ± 26
nm) rings are comparable to those of endogenous CEP120 (378 ±
29 nm) and Centrobin (356 ± 33 nm) proteins, which are con-
sistent with previous reports showing that CEP120 and Centrobin
localize close to the outer centriole wall5,6,41. These data suggest
that the “default” state for localization of DCPs could be on or
near the barrels of both centrioles, but Talpid3 and C2CD3 act to
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promote removal of DCPs from the mother centriole. Lastly,
since ablation of Talpid3 leads to aberrantly long centrioles, and
loss of C2CD3 leads to abnormally short centrioles (Figs. 1b and
6b24), our data suggest that the observed centriole maturation
defects are not solely due to excessively long centrioles.

Unique functions for Talpid3, C2CD3, and OFD1. Our findings
provided definitive evidence to support a role for a distal cen-
triolar network in promoting loss of DCPs as well as assembly of
DA, major hallmarks of organelle asymmetry. To further explore
the function of Talpid3, C2CD3, and OFD1 in the acquisition of
centriolar asymmetry and the assembly of distal ends, we exam-
ined SDA assembly in all three knock-outs. We observed that
C2CD3, but not Talpid3 or OFD1, was required for proper
localization of SDA proteins (Figs. 7a and 1b), since the

percentage of C2CD3−/− cells with centrosomal ODF2, CEP128,
and Centriolin decreased by ~60% as compared to controls
(Fig. 7a), consistent with EM studies in C2cd3 and Ofd1 mutant
mouse embryonic fibroblasts (MEFs)24,26. In contrast, removal of
CEP128 and disruption of SDA did not affect the localization of
Talpid3, C2CD3, and OFD1. These data also suggest that
assembly of SDA is independent of DCP removal and DA
assembly.

Next, we examined the centrosomal localization of the recently
identified CEP350/FOP/CEP19 module42–44 in all three KO cell
lines. On mother centrioles, the CEP350/FOP/CEP19 complex
partitions to a region near the SDA (CEP350/FOP) or between
sub-distal and distal (CEP19) appendages, and it is essential for
IFT trafficking and ciliogenesis. Further, whereas CEP350 and
FOP can be recruited to either centriole, CEP19 is enriched at the
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mother centriole/basal body upon serum starvation45 (Fig. 7a).
Strikingly, we observed that CEP19 localization was defective in
all three KO cell lines, whereas CEP350 was absent only in
C2CD3−/− cells. Similarly, FOP staining was lost from ~60% of
C2CD3−/− cells, but it appeared normal in Talpid3−/− and
OFD1−/− cells (Fig. 7a). In an effort to determine whether
restoration of CEP19 could be tied to other mother centriole-
specific maturation-associated events, we attempted to rescue its
localization in Talpid3−/− cells. Interestingly, residues 466–700
of Talpid3 were sufficient to restore proper localization of
CEP19 in Talpid3 KO cells (Figs. 2a and 7a), indicating that
recruitment of CEP19 may be tightly linked to critical steps
in maturation, namely, removal of DCP and acquisition of DAs.
The rescue of CEP19 localization was further confirmed by
measuring the diameter of CEP19 rings using SIM

(Supplementary Fig. 1c). Conversely, ablation of CEP350 or
FOP does not affect the localization of Talpid3, C2CD3, and
OFD1. These data suggest that the Talpid3–OFD1–C2CD3
network, together with FOP and CEP350, play a prominent role
in recruitment of CEP19. C2CD3 can be placed higher in a
regulatory hierarchy by controlling recruitment of OFD1, FOP,
and CEP350, and Talpid3 could regulate CEP19 localization
through OFD1 (see Discussion).

Previous studies from our lab and others36,46 suggested a
functional antagonism between Talpid3 and OFD1 in the
organization of CS. To confirm previous discoveries and compare
the functions of Talpid3, C2CD3, and OFD1 in CS organization, we
investigated the PCM1 staining pattern in Talpid3−/−, C2CD3−/−,
and OFD1−/− cells. Consistent with previous studies, we observed
accumulation and increased intensity of CS near centrioles in

sgCTL Talpid3–/– C2CD3–/– OFD1–/–
Talpid3–/–

–

–

Talpid3 recruitment

OFD1 recruitment

C2CD3 recruitment

DCP removal

DA assembly

CEP19 recruitment

CEP350/FOP recruitment

SDA assembly

Centriolar satellites

Organization of F-actin

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

+

+

+

+

+

+

++

+

++

C2CD3–/–OFD1–/–

F
-a

ct
in

/G
T

-3
35

/D
A

P
I

Talpid3–/– + Talpid3 466–1533Talpid3–/– + Talpid3 466–1000Talpid3–/– + Talpid3 400–700

sg
C

T
L

sg
C

T
L

Ta
lp

id
3

–/
–

C
E

P
35

0–
/–

F
O

P
–/

–
C

E
P

12
8–

/–

C
2C

D
3–

/–
O

F
D

1–
/–

Ta
lp

id
3

–/
–

C
2C

D
3–

/–
O

F
D

1–
/–

GT335

GT335 PCM1 Merge

P
C

M
1 

in
te

ns
ity

P
C

M
1 

in
te

ns
ity

GT335 CEP128 Talpid3 C2CD3 OFD1CEP350FOP CEP19Merge

%
 c

el
ls

 w
ith

 c
en

tr
os

om
al

st
ai

ni
ng

 o
f e

ac
h 

m
ak

er

100 *
** * *

* * ** *

*
* *

CEP350 CEP19 FOP C-Nap1 ODF2

C2CD3

C
ep

35
0

CEP350

FOP

F
O

P
C

E
P

19

Talpid3, OFD1

T
al

pi
d3

, O
F

D
1

C
2C

D
3

CEP128 Centriolin Talpid3 C2CD3 OFD1

50

4

3

2

1

–1

0

3

2

1

0

Myc-Talpid3 EV EV

40
0–

70
0

46
6–

10
00

46
6–

15
33

100

50

00

100

50

0

100

50

0

100

50

0

100

50

0

100

50

0

100

50

0

100

50

0

100

50

0

sg
CTL

sgCTL

Talp
id3

–/
–

Talpid3–/–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Talp
id3

–/
–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Talp
id3

–/
–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Talp
id3

–/
–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Talp
id3

–/
–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Talp
id3

–/
–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Talp
id3

–/
–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Talp
id3

–/
–

C2C
D3–/

–

OFD1–
/–

sg
CTL

Cep
35

0–/
–

FOP–/
–

Cep
12

8–/
–

sg
CTL

Cep
35

0–/
–

FOP–/
–

Cep
12

8–/
–

sg
CTL

Cep
35

0–/
–

FOP–/
–

Cep
12

8–/
–

Merge Merge Merge Merge Merge MergeMergeγ-tubulin γ-tubulin γ-tubulin GT335 GT335 GT335Centriolin C-Nap1 ODF2a

b

c

d

sg
C

T
L

Fig. 7 Unique functions for Talpid3, C2CD3, and OFD1 in assembling distal-end structures. a Localization of CEP350/FOP/CEP19 module, SDA proteins,
and b, c the organization of cytoplasmic actin and centriolar satellites (CS) was examined in control, C2CD3−/−, OFD1−/−, and Talpid3−/− cells.
Localization of Talpid3, C2CD3, and OFD1 was examined in control, CEP350−/−, FOP−/−, and CEP128−/− cells. Cells were serum-starved for 24 h and then
visualized with indicated antibodies. Cumulative data from two or three independent experiments are shown in a, as indicated by data dots. For each group,
a minimum of 100 cells/experiment was averaged. Data from one experiment are shown in b, with 40 cells per group in the left panel and 45 cells per
group in the right panel. Experiments were repeated independently two times with similar results. d Schematic of the unique functions for Talpid3, C2CD3,
and OFD1 in assembling distal-end structures, CS and actin network (−, defective; +, normal; ++, enhanced). All data are presented as mean ± SD.
*p < 0.05 (unpaired t-test). Scale bars= 2 μm

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06286-y

10 NATURE COMMUNICATIONS |  (2018) 9:3938 | DOI: 10.1038/s41467-018-06286-y | www.nature.com/naturecommunications

36

www.nature.com/naturecommunications


Talpid3−/− cells compared to controls (Fig. 7b), and in rescue
experiments, residues 1001–1533 of Talpid3 were required to
promote proper CS organization in null cells. Moreover, in
C2CD3−/− and OFD1−/− cells, we observed a significant decrease
in CS staining near centrioles (Fig. 7b). These data demonstrate that
both C2CD3 and OFD1 are required for maintenance of CS
organization, and C2CD3 may exert its role by regulating the
localization of OFD1. These data also suggest that Talpid3 inhibits
CS accumulation through other unknown regulators and that the
absence of SDA or DA in these knock-out cells is not a result of
aberrant organization of CS around centrosomes.

The distal ends of centrioles also play a role in assembling the
actin network. This may be due in part to interactions between
CP110, ciliary adhesion complexes, and components of the actin
cytoskeleton47,48. In addition, loss of Talpid3 provokes remodel-
ing of actin filaments in mouse and chicken mutants28,49. Indeed,
we observed disorganization of the actin network, marked by
reduced stress fibers and punctate staining in Talpid3 KO cells
(Fig. 7c). In rescue experiments, the required regulatory region
included residues 1001–1533 of Talpid3 (Fig. 7c). Interestingly,
C2CD3 and OFD1 ablation did not disrupt actin organization
(Fig. 7c). These studies suggest that Talpid3, a CP110-interacting
protein, may be uniquely required among this group of distal
proteins to organize actin networks. Moreover, our results suggest

that the absence of SDA or DA is not sufficient to promote
remodeling of the actin cytoskeleton, and conversely, the ability
to maintain the actin and CS networks does not guarantee the
normal assembly of appendages.

Altogether, these data demonstrate that Talpid3, C2CD3, and
OFD1 commonly regulate the assembly of DA, but they play
distinct roles in DCP removal as well as in the assembly of SDA,
CS, the actin cytoskeleton, and the CEP350/FOP/CEP19 module
(Fig. 7d).

Talpid3 mutations associated with ciliopathies affect centriole
maturation and ciliogenesis. Mutations in human KIAA0586/
Talpid3 have been linked to JBTS and other lethal
ciliopathies30–35. It is not well understood how these mutations
affect the centriolar structure and promote disease phenotypes.
In an effort to determine which functions of Talpid3 are most
critical, we expressed patient-derived Talpid3 alleles and asked
whether they are compromised for one or more of the functions
that we have analyzed in our studies. We generated
human Talpid3 constructs harboring a variety of mutations
described previously and compared the ability of wild-type
Talpid3 and four patient-derived mutant proteins to localize
to the centriole and to rescue centriolar defects observed in
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Talpid3−/− RPE1 cells (Fig. 8). The substitution mutation,
C.230C>G, and deletion mutation, C.428delG, are predicted to
result in truncated proteins of 77 and 147 amino acids,
respectively. The predicted truncations were not detected by
immunoblotting, were unable to localize to centriole by IF, and
were therefore unable to rescue centriole maturation or cilio-
genesis (Fig. 8). The substitution mutation, C.1697A>T, causes
a single amino acid change (p.D566V) near the conserved
coiled-coil domain, which is required for centrosomal locali-
zation of Talpid3. Surprisingly, this mutant protein, though
expressed at the same level as endogenous Talpid3, was unable
to localize to centrosomes, and it was unable to rescue centriole
maturation and ciliogenesis. Therefore, correct localization of
Talpid3 at centrioles is essential for its ability to promote
centriole asymmetry and maturation (Fig. 8). The substitution
mutation, C.2512C>T, is predicted to result in a truncated
protein of 838 amino acids. This mutant protein correctly
localized to the centrosome and was able to rescue centriole
maturation but not CP110 removal or cilia formation. These
data are consistent with our functional mapping of Talpid3
fragments (Figs. 8 and 2a). We conclude that the Talpid3
mutations found in JBTS and other lethal ciliopathies patients
can be classified into three groups. One group of mutations
resides in the amino-terminal portion (residues 1–465) of
Talpid3, results in early termination and/or production of
highly unstable proteins, and fails to support centriole
maturation and ciliogenesis. The second group of mutations
maps near the coil–coil domain (466–500 aa), disrupts the
localization of Talpid3 to centrosomes, and abrogates centriole
maturation and ciliogenesis. The third group of mutations
partitions to the carboxy-terminal region (700–1533 aa) and
results in truncation mutants that include residues 400–700,
which enable normal centriole maturation but abrogate cilio-
genesis. Although additional experiments are required, our data
also suggest that diverse Talpid3 mutations, which result in
defects at different stages of centriole maturation and cilio-
genesis, could explain the spectrum of pathologies observed in
JBTS and other lethal ciliopathies patients.

Discussion
In this study, we identified Talpid3 and C2CD3 as critical reg-
ulators of DCP removal and revealed that removal of certain
DCPs constitutes another level of control for DA assembly. We
also revealed that a centriolar protein network, comprised of
Talpid3, C2CD3, and OFD1, differentially regulates the assembly
of other distal centriole structures, CS, and the actin network. Our
studies could ultimately link defects in Talpid3 function to Jou-
bert Syndrome and other lethal ciliopathies and explain the
spectrum of pathologies associated with human mutations in
OFD1 and C2CD3.

Until now, the controlled removal of DCPs and its relationship
with DA assembly have not been methodically studied. This is due,
in part, to the paucity of daughter centriole proteins identified thus
far (three to-date). Indeed, it is intriguing that few daughter proteins
have been identified, given that a substantially larger number of
mother-specific proteins have been uncovered. We found that the
removal of these three DCPs is an all-or-none event, such that
future mother centrioles either remove or retain each of them
(Fig. 1a and Supplementary Fig. 1a). This could be partially
explained by the hierarchical recruitment/organization of DCPs
(Fig. 3d). We found that control of CEP120 removal is critical for
the removal of the other two DCPs. Since the CS pools of C2CD3
and OFD1 are not required for centriole maturation (Fig. 4a and
Supplementary Fig. 5), and the centrosomal pools of Talpid3,
C2CD3, and OFD1 reside exclusively at the distal ends of centrioles,
our data imply that the removal of DCPs may be triggered or
regulated at the distal end of the maturing mother centriole, where
CEP120 and Centrobin co-localize with, or are juxtaposed to,
Talpid3 and C2CD3. However, future studies will be required to
determine how Talpid3 and C2CD3 regulate the removal of DCPs,
given that the overall abundance of DCPs is not affected by the loss
of Talpid3 or C2CD3 (Supplementary Fig. 4b). One possibility is
that Talpid3 and C2CD3 enforce localized, centrosome-specific
protein degradation of DCPs. It is also possible that Talpid3 and
C2CD3 recruit an enzyme, such as a protein kinase, that alters the
conformation and recruitment of DCPs. Also, since CEP120 and
Centrobin interact with microtubules and regulate their stability2,4,
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the modifications/decorations of microtubules during centriole
maturation could also affect the localization of DCPs. The possi-
bility that Talpid3 and C2CD3 regulate such modifications cannot
be excluded at this time.

We established that removal of DCPs constitutes another layer
of DA assembly control based on the following evidence. First,
defects in the removal of DCPs are accompanied by aberrant DA
assembly in Talpid3 and C2CD3 KO cells (Figs. 1a and 4a) and,
potentially, in patients harboring mutations in these genes. Both
defects can be rescued by the same Talpid3 fragment, consisting of
residues 400–700, in Talpid3−/− cells (Fig. 2a). Second, mimicking
defective DCP removal observed in KO cells—by targeting
CEP120 and Centrobin to both centrioles—suppressed DA
assembly, and disruption of symmetrical localization of Centrobin
in Talpid3−/− and C2CD3−/− cells reversed this inhibitory effect
(Fig. 3a, b). Furthermore, we found that removal of DCPs is
important for proper OFD1 localization, which in turn initiates
DA assembly (Fig. 5). Therefore, our observations suggest how
DCPs removal is mechanistically and temporally linked to sub-
sequent maturation events such as appendage formation (Fig. 9a).
How removal of DCPs promotes OFD1 recruitment remains to be
determined. One possibility is that the inability to remove DCPs
could sterically prevent the proper recruitment or localization of
OFD1, and this mechanism is supported by the observations that
PACT–CEP120 and PACT–Centrobin expression blocked OFD1
recruitment (Fig. 5a). It is also possible that removal of DCPs
constitutes a checkpoint monitored by unknown regulatory pro-
tein(s) that also control the recruitment of OFD1 and initiation of
DA assembly. Moreover, loss of DA has also been found recently
in Talpid3−/− chicken cells34, suggesting that the function of
Talpid3 in mother centriole maturation is evolutionarily con-
served. We previously found that knock-down of Talpid3 did not
cause a centriole maturation defect36, which we ascribe to the
incomplete knock-down of Talpid3 afforded by RNAi, reinforcing
the importance of using genetically null cells for studying cen-
triolar protein function. Our work could thus explain certain
genotype–phenotype relationships in ciliopathies, as particular
patient alleles may reduce the abundance of Talpid3 pro-
tein on centrosomes, whereas other alleles—such as the ones
shown here (Fig. 8)—may abolish Talpid3 protein expression
altogether.

Our work may also shed further light on another important
question, namely, how vesicle docking to basal bodies is intricately
coupled to DA assembly. We speculate that Talpid3 is a bi-functional
protein: whereas a middle fragment of the protein is required for
organelle asymmetry and maturation as well as IFT recruitment, the
carboxy-terminal half of Talpid3 could engage with determinants on
early ciliary vesicles and initiate ciliogenesis (Fig. 9b). Our previous
study showed that Talpid3 directly interacts with Rab8a and Rabin8,
and this event could promote vesicle docking36.

In this study, we have also unveiled both overlapping and
distinct roles for Talpid3, C2CD3, and OFD1 in assembling distal-
end structures, CS, and the actin network (Fig. 7), allowing us to
study their interdependencies and functional relationships in DCP
removal and DA assembly. Among these three proteins, Talpid3
plays a unique role in the organization of cytoplasmic actin, while
C2CD3 is specifically required for SDA assembly. In terms of CS
organization, Talpid3 antagonizes the function of C2CD3 and
OFD1. Importantly, these data suggest that assembly of the SDA,
CS, and actin network are independent of DCP removal and DA
assembly. We also uncovered distinct roles for Talpid3, C2CD3,
and OFD1 in assembling the distal end CEP350/FOP/CEP19
complex and demonstrated that the recruitment of CEP19, but not
CEP350 or FOP, is linked to DCP removal and DA assembly
(Figs. 7d and 9a). On the other hand, C2CD3 plays a unique role
in regulating the recruitment of CEP350 and FOP. Considering

the proximity of CEP350 and FOP to SDA, these data also suggest
C2CD3 as a key organizer of sub-distal structures.

Our results are interesting in light of recent findings on C2CD3
and OFD1, both of which traffic from CS to centrioles25,46.
C2CD3 is conserved in worms (SAS-1)50 and birds (Talpid2).
Interestingly, the avian Talpid2 mutation results from a 120
amino acid carboxy-terminal deletion, which produces Hh and
limb phenotypes also seen in Talpid3 mutants, and, interestingly,
Talpid2 and Talpid3 animals exhibit cranio-facial defects51.
C2CD3 is required for ciliogenesis, and human mutations in this
gene lead to JBTS and OFD-type syndrome with additional fea-
tures of JBTS24,52,53, suggesting potentially overlapping disease
mechanisms. Furthermore, SDA and DA assembly and CV
recruitment are nearly abolished after depleting human C2CD3
and in Talpid2 mutant cells24,51. Moreover, C2cd3 and Ofd1
silencing leads to abnormally short or long centrioles24,26,
respectively, and Talpid3 ablation similarly promotes aberrant
centriole elongation (Fig. 1b and refs. 34,36). Given that all three
genes (Talpid3, Ofd1, and C2cd3) have been implicated in cilio-
pathies and that several inter-related sets of defects result from
the loss of each gene, these findings point to a potentially
important and intimate relationship between Talpid3, OFD1, and
C2CD3 in assembling an essential functional complex at basal
body distal ends, defects in which lead to human ciliopathies.

Our work has revealed an extensive, overlapping set of func-
tional similarities between Talpid3 and OFD1, which is also
mutated in JBTS54,55. It will be important to understand the
molecular basis for anomalies observed in JBTS patient cells by
assessing phenotypes known to be associated with Talpid3 loss. It
will also be interesting to determine whether disease-associated
Ofd1 and C2CD3 mutations result in defects in recruitment or
localization of Talpid3, DCP removal, basal body maturation, Rab
trafficking, and ciliogenesis. JBTS patients with Talpid3 mutations
show brain defects, although they exhibit varying degrees of
pathology. In this study, we identified three types of Talpid3
mutations that affect different stages of centriole maturation and
ciliogenesis, suggesting a potential causative link between defects
in these events and varying degrees of pathology in JBTS patients.
Future experiments will determine whether disease mutations
map to distinct fragments with specific functions that we have
identified herein, thereby producing unique disease phenotypes of
differing severity.

Methods
Cell culture and gene-editing using CRISPR/Cas9. Human retinal pigment epi-
thelial (RPE1-hTERT) and human embryonic kidney (HEK293T) cells were obtained
from ATCC. Cells were grown in DMEM supplemented with 10% FBS. To induce
cilia formation, RPE1 were incubated in DMEM without FBS for 24 or 48 h. To
generate CRISPR KO cells, RPE1 cells were infected with lentivirus expressing Flag-
Cas9 and sgRNA and grown for 10 days, after which the cells were examined by IF
and separated as single cells into 96-well plates. After 2 weeks, the colonies were
analyzed for genome editing. sgRNAs used included: sgCTL (5′-GAGACGTCTAGCA
CGTCTCT-3′), sgTalpid3 (5′-GATGATGTTCTTCATGACCT-3′), sgC2CD3
(5′-GGAGGAGGTGATCTTCAATG-3′), sgOFD1 (5′-GGTGCTTGTGAATTCTT
TCA-3′), and sgCEP128 (5′-GCTGCCAGATCAACGCACAGGG-3′).

Transfection and lentivirus infection. Polyethylenimine (PEI) was used for
plasmid transfection in 293T cells. DNA and PEI (1mg/ml) were added at 1:5 to 1:8
ratio. Lentiviral supernatant was prepared by co-transfection of the lentiviral plas-
mid with Δ8.2 envelope and VsVG packaging plasmids into 293T cells using PEI.
Lentivirus supernatants were harvested 48–72 h post-transfection. RPE1 cells were
incubated with virus supernatants in the presence of 8 μg/ml polybrene for 6–10 h,
and medium was changed thereafter. siRNAs were transfected into RPE1 cells using
RNAiMAX (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol.
siRNAs were synthesized by Dharmacon with the following sequences: non-specific
control (5′-AATTCTCCGAACGTGTCACGT-3′), Centrobin (5′-GGATGGTTCT
AAGCATATC-3′), CEP120 (5′-GAUGAGAACGGGUGUGUAU-3′, 5′-AAACCG
AGCGACAAGAAUU-3′, and 5′-GGAUUUAAGAACCGCUCAA-3′) siRNAs, and
the siRNA pool against CEP83 (L-021034–02–0005).
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DNA constructs. To generate Myc-tagged Talpid3 proteins, human Talpid3
truncations were amplified by PCR and sub-cloned into the PCDH-Myc-Neo
vector. Talpid3 mutants were generated by site-directed mutagenesis. The
expression of Talpid3 truncations and mutants was confirmed by immunoblotting
using a mixture of Talpid3_1 and Talpid3_2 antibodies or anti-Myc antibody. To
generate Myc-tagged C2CD3 protein, a human C2CD3 cDNA was obtained from
Kazusa DNA Research Institute (Kazusa-kamatari, Chiba, Japan) and cloned into
PCDH-Myc-Neo vector. A plasmid expressing Myc-tagged OFD1 was obtained
from Andrew M. Fry (University of Leicester, Leicester, UK). EGFP-SmoM2 was a
gift from J.F. Reiter (University of California, San Francisco, USA). To generate
Myc-tagged PACT–CEP120 and PACT–Centrobin, the PACT domain, CEP120,
and Centrobin were amplified by PCR and sub-cloned into Plvx-Myc vector. Myc-
tagged PACT–Neurl4 was generated by sub-cloning the PACT domain and Neurl4
into the PCDH-Myc-Neo vector. To generate Myc-tagged Talpid3Nter-C2CD3
and Talpid3Nter-OFD1, Talpid3Nter, C2CD3, and OFD1 were amplified by PCR
and sub-cloned into PCDH-Myc-Neo vector. All PCR reactions were performed
using high fidelity PfuTurbo DNA polymerases (Agilent), and the PCR-generated
plasmids were further verified by DNA sequencing.

Immunoprecipitation. 293T or RPE1 cells were lysed in ELB buffer (50 mM Hepes
pH 7, 150 mM NaCl, 5 mM EDTA pH 8, 0.1% NP-40, 1 mM DTT, 0.5 mM AEBSF,
2 µg/ml leupeptin, 2 µg/ml aprotinin, 10 mM NaF, 50 mM β-glycerophosphate, and
10% glycerol) on ice for 10 min, lysates were centrifuged at 16,000×g for 15 min,
and supernatants were incubated with 2 µg anti-Myc antibody (sc-40, Santa Cruz)
and 15 µl Protein G Sepharose (17-0618-01, GE Healthcare) or 15 µl Flag beads
(A2220, Sigma-Aldrich). For immunoprecipitation, 2 mg of the resulting super-
natant was immunoprecipitated, and beads were washed with ELB buffer and
analyzed by immunoblotting. Protein band intensities were quantified using Image
J software. The uncropped blots are shown in Supplementary Fig. 6.

Immunofluorescence microscopy. Cells were fixed with cold methanol for 10 min
or with 10% formalin solution (Sigma-Aldrich) for 15 min and permeabilized with
0.3% Triton X-100/PBS for 10 min. Slides were blocked with 3% BSA in PBS before
incubation with primary antibodies. Secondary antibodies used were Cy3-
conjugated (Jackson ImmunoResearch Laboratories, Inc.), Alexa Fluor 488-
conjugated or Alexa Fluor 647-conjugated (Invitrogen) donkey anti-mouse, anti-
rabbit, or anti-goat IgG. Cells were stained with DAPI, and slides were mounted,
observed, and photographed using a microscope (63× or 100×, NA 1.4; Axiovert
200M, Carl Zeiss) equipped with a cooled CCD (Retiga 2000R; QImaging) and
MetaMorph Software (Molecular Devices). Alternatively, an LSM 800 confocal
microscope (63×, NA 1.4 Carl Zeiss) with Zen software (Carl Zeiss) was used.
Super-resolution microscopy was performed using a structured-illumination
microscopy (SIM) system (DeltaVision OMX 3D; Applied Precision). For SIM, a
100×, 1.4 NA oil objective (Olympus) was used with 405, 488, and 593 nm laser
illumination and standard excitation and emission filter sets. 125-nm z-steps were
applied to acquire raw images, which were reconstructed in 3D using SoftWoRx
software (Applied Precision). Image analysis was performed using Photoshop
(Adobe). Intensity of CS and DA proteins was quantified by Image J. Briefly,
regions of interest were defined by drawing a circle (radius of 2.5 μm for PCM1 and
0.8 μm for CEP83 and CEP164) centered on the centrosome. Background values
were measured from the same-sized circle in an adjacent region. Staining was
analyzed in G0/G1 phase cells (serum-starved for 24 or 48 h) to achieve uniformity
and to avoid oscillations in abundance during the cell cycle.

Transmission electron microscopy (TEM). RPE1 cells were washed with PBS
followed by fixation with 0.1 M sodium cacodylate buffer (pH 7.4) supplemented
with 2% paraformaldehyde, 2.5% glutaraldehyde, and 0.1% Ruthenium red. Cells
were post-fixed with 1% osmium tetroxide for 1.5 h at room temperature, and
stained with 1% uranyl acetate, processed in a standard manner, and embedded in
EMbed 812 (Electron Microscopy Sciences) for TEM. Serial thin (60 nm) sections
were cut, mounted on 200 mesh or slotted copper grids, and stained with uranyl
acetate and lead citrate. Stained grids were examined using an electron microscope
(model CM-12; Philips/FEI) and photographed with a 4-k × 2.7-k digital camera
(Gatan, Inc.).

Antibodies. Antibodies used include: Talpid3_1 (antigen:1–180, 1:500 for WB),
Talpid3_2 (antigen: 847–1026, 1:500 for IF and WB), centrin (1:2500 for IF, 04-
1624; Millipore), Rabbit anti-Flag (1:2000 for WB, F7425, Sigma), mouse anti-Flag
(1:2000 for WB and 1:500 for IF, F1804, Sigma), goat anti-GFP (1:500 for IF,
ab545025, Abcam), mouse anti-α-tubulin (1:5000 for WB, T5168, Sigma), goat anti-
γ-tubulin (1:500 for IF, sc-7396, Santa Cruz), mouse anti-polyglutamylated tubulin
(GT335) (1:2500 for IF, AG-20B-0020-C100, Adipogen), rabbit anti-IFT88 (1:1000
for WB and 1:500 for IF, 13967-1-AP, Proteintech), rabbit anti-IFT140 (1:200 for IF,
17460-1-AP, Proteintech), rabbit anti-Arl13b (1:2000 for WB and 1:2000 for IF,
17711-1-AP, Proteintech), rabbit anti-Rab8 (1:200 for IF, gift from J. Peränen),
rabbit anti-TTBK2 (1:500 for IF, HPA018113, sigma), rabbit anti-CP110 (1:1000 for
WB and 1:200 for IF), rabbit anti-OFD1 (1:2000 for WB and 1:500 for IF, gift of J.F.
Reiter), rabbit anti-OFD1-2 (1:1000 for WB and 1:250 for IF, gift of A. Fry), mouse
anti-CEP170 (1:500 for IF, 72-413-1, Invitrogen), rabbit anti-Neurl4 (1:500 for IF),

mouse anti-Centrobin (1:1000 for IF, ab70448, Abcam), rabbit anti-CEP120 (1:5000
for IF, gift from LH Tsai), rabbit anti-FBF1 (1:500 for IF, 11531-1-AP, Proteintech),
rabbit anti-CEP83 (1:500 for IF, HPA038161, Sigma), rabbit anti-C2CD3 (1:500 for
IF, HPA038552, Sigma), rabbit anti-CEP89 (1:50 for IF, gift from M. Bornens),
rabbit anti-CEP164 (1:500 for IF, 45330002, Novus), rabbit anti-CEP19 (1:2000 for
IF, ab74989, Abcam), rabbit anti-FOP (1:2000 for IF, A301-860A, Bethyl), rabbit
anti-CEP350 (1:1000 for IF, NB100-59811, NOVUS), rabbit anti-ODF2 (1:100 for
IF, H00004957-M01, NOVUS), rabbit anti CEP128 (1:2000 for IF; A303-348,
Bethyl), and mouse anti-Centriolin (1:200 for IF; sc-365521, Santa Cruz).

Statistics and reproducibility. The statistical significance of the difference
between two means was determined using a two-tailed unpaired Student′s t-test.
All data are presented as mean ± SD as specified in the figure legends. Differences
were considered significant when p < 0.05. Results reported are from 2–3 inde-
pendent biological replicates as noted in legends with reproducible findings each
time. For all experiments, except as noted, N ≥ 100 cells per sample were counted in
three biologically independent experiments.

Data availability
The uncropped western blots are shown in Supplementary Fig. 6. The data that support
the findings of this study are available from the corresponding author (B.D.D.) upon
reasonable request.
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