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Abstract
During ciliogenesis, the mother centriole transforms into a basal body competent to nucleate a cilium. The mother centriole 
and basal body possess sub-distal appendages (SDAs) and basal feet (BF), respectively. SDAs and BF are thought to be 
equivalent structures. In contrast to SDA assembly, little is known about the players involved in BF assembly and its assembly 
order. Furthermore, the contribution of BF to ciliogenesis is not understood. Here, we found that SDAs are distinguishable 
from BF and that the protein NPHP5 is a novel SDA and BF component. Remarkably, NPHP5 is specifically required for BF 
assembly in cells able to form basal bodies but is dispensable for SDA assembly. Determination of the hierarchical assembly 
reveals that NPHP5 cooperates with a subset of SDA/BF proteins to organize BF. The assembly pathway of BF is similar but 
not identical to that of SDA. Loss of NPHP5 or a BF protein simultaneously inhibits BF assembly and primary ciliogenesis, 
and these phenotypes could be rescued by manipulating the expression of certain components in the BF assembly pathway. 
These findings define a novel role for NPHP5 in specifically regulating BF assembly, a process which is tightly coupled to 
primary ciliogenesis.
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Abbreviations
3D-SIM	� Three dimensional-structured illumination 

microscopy
BF	� Basal feet
DAs	� Distal appendages
DT	� Anti-detyrosinated tubulin
EM	� Electron microscopy
GT335	� Anti-glutamylated tubulin
IFT	� Intraflagellar transport
NS	� Non-specific
PCM	� Pericentriolar material

PLA	� Proximity ligation assay
RPE-1	� Retinal pigmented epithelial cells
SDAs	� Sub-distal appendages
TFs	� Transition fibers

Introduction

The centrosome participates in the organization of the 
microtubule network in many eukaryotic cells and coor-
dinates a number of microtubule-related processes such as 
cell division, cell polarity, cell motility, and cell signalling 
[1]. As a dynamic organelle, its structure and function 
are subjected to tight spatial and temporal regulation [2, 
3]. A cell in G1 phase contains a single centrosome com-
prised of two centrioles, the mother and daughter centri-
oles, which are surrounded by the pericentriolar material 
(PCM) from which microtubules emanate and elongate. 
The mother centriole is structurally distinct from the 
daughter centriole in that the former possesses sub-distal 
appendages (SDAs) and distal appendages (DAs) [2, 4]. 
After centrosome duplication in S phase and maturation in 
G2 phase, two fully functional centrosomes with increased 
capacity to nucleate microtubules are formed. At the onset 
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of mitosis, the two centrosomes separate, migrating to 
opposite poles and establishing the mitotic spindle. When 
a cell exits the cell cycle, the mother centriole transforms 
into the basal body, a structure essential for the nuclea-
tion of a cilium [2, 4]. At the molecular level, the mother 
centriole-to-basal body transformation is thought to entail 
targeting of TTBK2 to, followed by loss of CP110 from 
and recruitment of intraflagellar transport (IFT) proteins 
to, the mother centriole [5].

The basal body is accompanied by basal feet (BF) and 
transition fibers (TFs) [2, 4]. TFs and DAs are analogous 
structures that exist in a mutually exclusive manner. Nine 
DAs are present at the distal end of the mother centriole 
[6, 7], while nine TFs occupy a similar location at the basal 
body to dock vesicles/membranes during ciliogenesis [8, 
9]. Likewise, BF and SDAs are believed to be equivalent 
but mutually exclusive. BF and SDAs project laterally from 
the sides of the basal body and mother centriole, respec-
tively, near the distal end [7]. The number of SDAs and 
BF appears to vary depending on the cell type. Based on 
electron microscopy (EM) studies, SDA number can range 
from zero to more than nine. Furthermore, basal bodies 
that template motile cilia reportedly possess one basal foot 
which is significantly larger than an individual SDA [8, 9], 
whereas basal bodies that template primary cilia are alleged 
to contain one to several BF [10–12]. Thus, numerical and 
structural differences likely exist between BF and SDAs.

On the other hand, there seems to be considerable overlap 
between BF and SDAs in terms of function and molecular 
composition. Both BF and SDAs are able to nucleate and 
anchor microtubules [8, 13, 14]. The molecular composition 
of SDA is beginning to emerge and a handful of SDA pro-
teins have been identified. ODF2, ninein, Cep170, centrio-
lin, ε-tubulin, CCDC120, and CCDC68 are considered core 
SDA components based on immuno-EM and/or super-reso-
lution microscopy studies [15–20], and a loss of any one of 
them compromises SDA assembly and/or function. Ablation 
of ODF2 also disrupts BF assembly [15], suggesting that this 
protein likely localizes to both SDAs and BF. Other proteins 
such as Kif3a, p150Glued, Sec15, CC2D2A, and Cep128 are 
found to be present at the sub-distal region of the mother 
centriole and play a critical role in SDA assembly and/or 
function [10, 21–23]. Kif3a and CC2D2A, in particular, 
are also involved in BF assembly [10, 21]. Another protein 
TCHP is enriched at the sub-distal to the medial region of 
centrioles, including the mother centriole, where it regu-
lates SDA assembly in a positive manner [24]. Paradoxically, 
TCHP disappears from the basal body of quiescent cells and 
might play an inhibitory role in BF formation [25]. Identi-
fication of novel proteins that specifically localize to and/
or participate in the assembly of SDAs or BF would greatly 
enhance our understanding of the similarities and differences 
between the two structures.

Proper assembly of SDAs entails the recruitment of vari-
ous SDA components in a hierarchical manner [10, 22–24, 
26]. While the assembly order of SDA components is not 
fully understood, it has been reported that (1) Kif3a is 
required for the localization of p150Glued and ninein to SDAs 
[10]; (2) ninein recruits Cep170 [26]; (3) ODF2 recruits 
TCHP which in turn recruits ninein to build SDAs [24]; 
and (4) ODF2 is required for the localization of Sec15 to 
SDAs [23]. By comparison, little is known about the play-
ers involved in BF assembly and their assembly hierarchy.

In contrast to TFs, the requirement of BF for ciliogenesis 
is controversial. The Tsukita group showed that basal bod-
ies lacking BF can still template cilia, indicating that BF are 
not required for ciliogenesis [27]. Likewise, using CRISPR-
mediated gene targeting to inactivate SDA/BF components, 
Mazo et al. found that SDAs/BF are not needed for cilia 
assembly [22]. Moreover, depletion of CCDC120 has no 
impact on ciliogenesis [18]. In contrast, several other studies 
showed that ablation of ODF2, ninein, Kif3a, or CC2D2A 
inhibits ciliogenesis [10, 15, 21, 26, 28–31], although it is 
not clear whether this is attributed to defects in cell cycle 
exit, mother centriole-to-basal body conversion, and/or BF 
formation. While the aforementioned proteins positively 
regulate ciliogenesis, TCHP is unique among SDA proteins 
in that it is a negative regulator of ciliogenesis, and a loss 
of this protein in cycling cells leads to aberrant formation 
of cilia [25].

Here, using three-dimensional structured illumination 
microscopy (3D-SIM), we found that SDAs are distinguish-
able from BF in normal diploid retinal pigmented epithelial 
cells (RPE-1), a well-established model for primary cilia 
assembly. We then identified the protein NPHP5 as a novel 
SDAs and BF component. NPHP5 specifically regulated BF 
assembly by coordinating with a subset of SDA/BF proteins 
in cell lines able to form basal bodies. In striking contrast, 
NPHP5 did not organize SDAs of mother centrioles. We 
determined the assembly pathway of BF and found it to be 
similar but not identical to the SDA assembly pathway, con-
sistent with the notion that BF and SDAs are distinct enti-
ties. Finally, we observed a positive correlation between BF 
assembly and primary ciliogenesis, and demonstrated a tight 
coupling between these two processes.

Materials and methods

Cell culture and plasmids

Human RPE-1, ARPE-19, HK-2, HeLa, U2OS, PC-3, MCF-
7, DU-145 and SAOS-2 cells were grown in DMEM (Wisent 
Inc, 319-005-CL) and supplemented with 10% FBS (Wisent 
Inc, 080150) at 37 °C in a humidified 5% CO2 atmosphere. 
The following proteins were expressed from plasmids in 
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mammalian cells: pEGFP-C1, pEGFP-C1-NPHP5, pGL-
FLKif3a (a gift from L. Wordeman; Addgene plasmid 
#13742), and pShuttle-CMV-GFP-ODF2 isoform 11 (a gift 
from K. Lee). ODF2 isoform 11 is also known as cenexin1.

Antibodies

Antibodies used in this study included rabbit anti-NPHP5 
(IF: 1:100 unless otherwise indicated, Santa Cruz Biotech-
nology, sc-134804), mouse anti-NPHP5 (IF: 100, Abcam, 
ab69927), rabbit anti-Kif3a (IF and WB: 1:100, Proteintech, 
13930-1-AP), mouse anti-ninein (IF and WB: 1:250, Santa 
Cruz Biotechnology, sc-376420), mouse anti-Cep170 (IF 
and WB: 1:100, Invitrogen, 41-3200), mouse anti-ODF2 
(IF: 1:100, Santa Cruz Biotechnology, sc-393881), mouse 
anti-TCHP (IF and WB: 1:100, Santa Cruz Biotechnology, 
sc-515025) rabbit anti-TCHP (IF: 100, Proteintech, 25931-
1-AP), rabbit anti-CC2D2A (IF: 1:100, Sigma-Aldrich, 
HPA044124), rabbit anti-Cep83 (IF: 1:100, Proteintech, 
26013-1-AP), rabbit anti-Cep164 (IF: 1:500, a gift from E. 
Nigg), goat anti-Cep164 (1:100, Santa Cruz Biotechnol-
ogy, sc-240226), mouse anti-α-tubulin (IF and WB: 1:1000, 
Sigma-Aldrich, T5168), rabbit anti-γ-tubulin (IF: 1:1000, 
Sigma-Aldrich, T3559), goat anti-γ-tubulin (1:100, Santa 
Cruz Biotechnology, sc-7396), rabbit anti-CP110 (IF: 1:500, 
Bethyl Laboratories, A301-344A), rabbit anti-CEP290 (IF: 
1:500, Bethyl Laboratories, A301-659A), mouse anti-cen-
trin (IF: 1:1000, Millipore, 04-1624), rabbit anti-POC5 (IF: 
1:50, Bethyl Laboratories, A303-341A), rabbit anti-Sec15 
(IF: 1:100, Sigma-Aldrich, SAB1104731), rabbit anti-GFP 
(IF: 1:500, Sigma-Aldrich, G1544), rabbit anti-IFT88 (IF: 
1:100, Proteintech, 13967-1-AP), mouse anti-glutamylated 
tubulin (GT335) (IF: 1:1000, Adipogen life science, AG-
20B-0020), rabbit anti-detyrosinated tubulin (DT) (IF: 
1:1000, Millipore, AB3201), mouse anti-Ki67 (IF: 1:1000, 
Invitrogen, 7B11), and rabbit anti-Ki67 (IF: 1000, Cell Sig-
nalling, 12202).

Transmission EM

For ultra-structural characterization, cells were fixed with 
2% glutaraldehyde (Electron Microscopy Sciences) and 
dehydrated through a series of graded ethanol dilutions. 
Samples were embedded in epoxy resin (Electron Micros-
copy Sciences). Ultrathin sections cut with a diamond knife 
(Diatome) (Electron Microscopy Sciences) on a Leica 
Microsystems UCT ultramicrotome were placed on form-
var-coated nickel grids (Electron Microscopy Sciences) 
and stained with uranyl 2% (w/v) acetate and lead citrate 
(Electron Microscopy Sciences). Samples were observed 
with a FEI Tecnai 12 TEM (FEI) at an accelerating voltage 
of 120 kV and imaged with an AMT XR80C CCD camera 
(Advanced Microscopy Techniques Corp).

Immunoblotting and immunofluorescence

Immunoblotting and immunofluorescence were performed 
as described previously [32]. Cells were lysed in a lysis 
buffer (50  mM HEPES/pH 7.4, 250  mM NaCl, 5  mM 
EDTA/pH 8, 0.1% NP-40, 1 mM DTT, 0.5 mM PMSF, 
2 μg/ml leupeptin, 2 μg aprotinin, 10 mM NaF, 50 mM 
β-glycerophosphate and 10% glycerol) at 4 °C for 30 min. 
Extracted proteins were recovered in the supernatant after 
centrifugation at 16,000g for 5 min. For immunoblotting, 
100 μg of extract was used and proteins were analyzed by 
SDS-PAGE and immunoblotted with primary antibodies 
and horseradish peroxidase-conjugated secondary anti-
bodies (Rockland Inc, 610-703-002 and 611-7302). For 
immunofluorescence staining, cells were fixed with cold 
methanol or 4% paraformaldehyde and permeabilized with 
1% Triton X-100/PBS. Slides were blocked with 3% BSA 
in 0.1% Triton X-100/PBS and subsequently incubated 
with primary antibodies and secondary antibodies. Sec-
ondary antibodies used were Cy3- (Jackson Immunolabs, 
711-165-151 and 715-165-152) or Alexa488- (Thermo 
Fisher Scientific, A11008, A11055, and A11001) conju-
gated donkey anti-mouse, anti-goat or anti-rabbit IgG). 
DAPI (Molecular Probes, D3571) stained for DNA and 
slides were mounted, observed, and photographed using a 
Leitz DMRB (Leica) microscope (100×, NA 1.3) equipped 
with a Retiga EXi cooled camera. Super-resolution 3D 
imaging was performed using an ELYRA PS.1 microscope 
(Carl Zeiss Microscopy) equipped with an alpha plan-
apochromat 100×/1.46 oil DIC M27 immersion objec-
tive and 488 nm or 561 nm lasers. Image stacks of 2 µm 
in height with a z-distance of 0.116 µm were acquired 
with an Andor iXon 885 EMCCD camera. Each Z sec-
tion was recorded with 5 grating rotation and 5 phase 
changes. Inner ring diameter was measured using Imaris 
8.2 (Bitplane).

Quantitation of fluorescence intensity

A region of interest was drawn around a fluorescent spot 
in the vicinity of the centrosome. The area of the region 
of interest was used to determine the fluorescence intensity 
using Volocity6 (PerkinElmer). Image conditions were iden-
tical in all cases and none were saturated as confirmed by the 
pixel intensity range.

Microtubule re‑growth assay

Cells were treated with 10 µM nocodazole (Sigma-Aldrich, 
M1404) for 1 h at 4 °C. After washing the cells several 
times with cold medium, they were placed in a pre-warmed 
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medium at 37 °C. Cells were fixed at various time points 
(0, 1, 5, 20 and 60 min) after 37  °C and processed for 
immunofluorescence.

In situ PLA

Duolink in  situ PLA kit (Sigma, DUO92101-1KT) was 
used per manufacturer’s instructions. In brief, cells grown 
on a glass coverslip were fixed, permeabilized, and incu-
bated with blocking reagent for 1 h at room temperature. 
Thereafter, cells were incubated with primary antibody for 
1 h at room temperature, washed with Duolink Wash Buffer 
A twice, incubated with Plus and Minus PLA probes in a 
preheated humidity chamber for 1 h at 37 °C, washed with 
Duolink Wash Buffer A twice, incubated with the ligation 
solution for 30 min at 37 °C, washed with Duolink Wash 
Buffer A twice, incubated with Duolink amplification 
solution for 100 min at 37 °C, washed with Duolink Wash 
Buffer B twice, incubated anti-γ-tubulin-FITC for 45 min, 
and washed with Duolink Wash Buffer B once. Slides were 
mounted with the Duolink mounting medium containing 
DAPI.

RNA interference and expression of recombinant 
proteins

Synthetic siRNA oligonucleotides were purchased from 
Dharmacon and the sequences were:

NS (non-specific): 5′-AAT​TCT​CCG​AAC​GTG​TCA​CGT-
3′; NPHP5 oligo2: 5′-ACC​CAA​GGA​TCT​TAT​CTA​T-3′ 
(used for knocking down NPHP5); NPHP5 oligo5: 5′-CCC​
TAA​GAA​TTG​ACA​CAA​A-3′ (targeted against 3′-UTR and 
used for knocking down NPHP5 in rescue experiments only); 
Cep290: 5′-AAA​TTA​AGA​TGC​TCA​CCG​ATT-3′; Kif3a: 
5′-CAG​ATT​GTC​CTA​TGT​TGC​GCTGT-3′ (targeted against 
3′-UTR); ODF2 oligo2: 5′-GGT​CAA​GAT​GCA​AAA​AGG​
T-3′ (used for knocking down ODF2); ODF2 oligo3′UTR: 
5′-GGT​CTT​GTC​CTT​AGC​TAC​TAG-3′ (targeted against 

3′-UTR and used for knocking down ODF2 in rescue experi-
ments only); TCHP: 5′-CAG​GGC​ATT​GTT​CCA​TGG​TTA-
3′; Ninein: 5′-GCG​GAG​CTC​TCT​GAA​GTT​AAA-3′; and 
Cep170: 5′-GAA​GGA​ATC​CTC​CAA​GTC​A-3′. siRNA 
transfection was performed using siIMPORTER (Millipore, 
64-101) according to per manufacturer’s instructions. For 
RNA interference, cells were transfected with siRNA and 
harvested 72 h after transfection. For experiments involv-
ing RNA interference and recombinant protein expression, 
cells were transfected with siRNA at 0 h, transfected with an 
expression vector at 24 h, and harvested at 72 h time point.

Induction of primary cilia

Cells were induced to form primary cilia by serum with-
drawal for at least 48 h. Under this condition, the major-
ity of RPE-1 and ARPE-19 cells, along with a significant 
percentage of HK-2 and HeLa cells, entered quiescence and 
formed primary cilia. In contrast, very few U2OS, PC-3, 
and MCF-7 cells entered quiescence and formed primary 
cilia. A certain percentage of DU-145 and SAOS-2 cells 
entered quiescence yet they did not form primary cilia. Pri-
mary cilia were detected by staining cells with antibodies 
against IFT88, glutamylated tubulin (GT335), or detyrosi-
nated tubulin (DT).

Results

SDA and BF are distinguishable

To explore the notion that SDAs of mother centrioles and 
BF of basal bodies might not be identical at the structural 
level, we used 3D-SIM to examine the localization pattern 
of two SDA/BF proteins, ninein and Cep170, in cycling 
versus quiescent RPE-1 cells. Cells positive and nega-
tive for Ki67 were deemed to be cycling and quiescent, 
respectively. Cells with one CP110 dot were deemed to 
possess basal bodies, whereas those with two/four CP110 
dots possessed mother centrioles. When grown in the pres-
ence of serum, the majority of RPE-1 cells were cycling 
(73% of cells were Ki67 positive) and contained mother 
centrioles (78% of cells had two/four centriolar CP110 
dots) not competent to template cilia (81% of cells lacked 
cilia) (Fig. S1). Under this condition, antibodies against 
ninein, Cep170, or a DA/TF protein Cep164 stained a 
ring-like structure, indicative of nine appendages, when 
viewed from the top (Fig. 1a, d, e). The ring diameter 
of Cep164 was substantially smaller than that of ninein 
or Cep170 (Fig. 1a, d, e), in agreement with published 
data [33, 34]. In the side view, two ninein or Cep170 dots 
corresponding to SDAs were located slightly proximal to 
Cep164 (Fig. 1a). An extra ninein dot representing the 

Fig. 1   NPHP5 is a novel component of two distinguishable struc-
tures, SDAs and BF. a Cycling or b quiescent RPE-1 cells were 
stained with the indicated antibodies and images were acquired with 
3D-SIM. Black circle and rectangle represent top-view and side-view 
of a mother centriole a or basal body b. Scale bar, 0.1 µm. c Quies-
cent RPE-1 cells were stained with the indicated antibodies. Two dif-
ferent dilutions of antibodies against NPHP5, 1:100 and 1:200, were 
used. Scale bar, 1 µm. d Cycling or quiescent RPE-1 cells transfected 
with NS (non-specific) or NPHP5 siRNAs were stained with the 
indicated antibodies and images were acquired with 3D-SIM. Scale 
bar, 0.1  µm. e (Left) 3D-SIM staining patterns of several proteins 
in cycling and quiescent RPE-1 cells are presented. (Right) Average 
inner ring diameter from the top view of cycling RPE-1 cells n = 5. f 
Quiescent RPE-1 cells transfected with NS or NPHP5 siRNAs were 
analyzed by transmission electron microscopy. Scale bar, 0.1  µm. 
Arrows point to BF

◂
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proximal end of the mother centriole could also be seen 
(Fig. 1a). In contrast, most RPE-1 cells grown in serum-
free medium were quiescent (78% of cells were Ki67 nega-
tive) and possessed basal bodies (77% of cells with one 
CP110 dot) competent to template cilia (73% of cell had 
cilia) (Fig. S1). Under this condition, the ring-like struc-
ture of Cep164 remained (Fig. 1b, d, e), which is consist-
ent with a previous report [35]. Remarkably, we observed 
four ninein or Cep170 dots instead of a ring from the top 
(Fig. 1b, d, e). Two of the four dots were very close to 
each other. These two dots, along with the remaining two 
dots, appeared to form three equidistant points on a circle 
(Fig. 1b, d, e). The side view picture showed one bright 
and one weak dots of ninein or Cep170 located proximal 
to Cep164 (Fig. 1b). Another ninein dot corresponding to 
the proximal end of the mother centriole was also observed 
(Fig. 1b). Together, these results indicate that SDAs and 
BF are morphologically different.

NPHP5 is a novel SDA and BF component

We and others previously reported NPHP5 as a centroso-
mal protein which localizes to the distal region of centri-
oles [36–38]. In particular, two NPHP5 dots could be seen 
in quiescent and cycling RPE-1 cells in G1 phase [36, 37]. 
Upon closer examination, one dot appeared to be brighter 
than the other, and the dot associated with the cilium-
nucleating basal body was always more intense than the 
dot associated with the daughter centriole (Fig. 1c). Use 
of limiting amounts of antibody resulted in the disappear-
ance of the weaker dot (Fig. 1c), suggesting that NPHP5 
might be enriched at the mother centriole and basal body. 
We thus examined NPHP5 localization in greater detail 
using 3D-SIM. When viewed from the top, NPHP5 exhib-
ited a ring-like structure reminiscent of ninein and Cep170 
under cycling conditions (Fig. 1a, d, e). The NPHP5 ring 
had a smaller diameter than the ninein and Cep170 ring 
(Fig. 1e), suggesting that this protein is located closer 
to the outer surface of the centriole barrel. In the side 
view, two dots of NPHP5 were located slightly proximal 
to Cep164 (Fig. 1a). Under quiescent conditions, the top 
view picture revealed three NPHP5 dots (Fig. 1b, d, e) 
forming equidistant points on a circle. One dot was always 
brighter than the other two dots and might represent two 
smaller dots that could not be resolved by 3D-SIM. The 
side view pictures showed one bright and one weak dots of 
NPHP5 proximal to Cep164 (Fig. 1b). These patterns were 
similar to those of ninein and Cep170 but distinct from 
Cep164 (Fig. 1b, e). Thus, our results argue that NPHP5 
is preferentially enriched at SDAs of mother centrioles and 
BF of basal bodies.

NPHP5 is required for BF assembly

Next, we explored whether NPHP5 might contribute to the 
assembly of SDAs and BF. Although depletion of NPHP5 
with siRNA did not affect the ninein ring in cycling RPE-1 
cells as revealed by 3D-SIM (Fig. 1d), it led to the disap-
pearance of ninein dots in quiescent cells (Fig. 1d), sug-
gesting that BF formation is compromised. To confirm 
this finding, we examined centrosomes/cilia in control and 
NPHP5-depleted quiescent cells by ultrathin section EM. 
Control cells had primary cilia emanating from BF-contain-
ing basal bodies (Fig. 1f). On the contrary, very few cells 
depleted of NPHP5 possessed cilia or BF (Fig. 1f). When 
EM images were analyzed, 50% of centrioles scored at ran-
dom were expected to be basal bodies containing BF and 
50% were daughter centrioles lacking BF. We found that 
24 out of 51 (47%) control centrioles possessed BF, in con-
trast to 14 out of 56 (25%) centrioles from NPHP5-depleted 
cells. Furthermore, unlike Cep164 depletion, depletion of 
NPHP5 in quiescent cells did not compromise basal body 
formation since CP110 disappeared from one of the two 
centrioles (Fig. 2) and IFT88 was properly recruited to the 
centrosome (Fig. S2). Considering that the knockdown effi-
ciency of NPHP5 was actually better in cycling cells than 
quiescent cells (Fig. S3), our data suggest that in addition to 
cilia formation, NPHP5 is specifically required for, and/or 
plays a prominent role in, BF assembly.

To confirm a critical role of NPHP5 in BF assembly, 
we studied the effects of depleting this protein on a panel 
of known SDA/BF markers in quiescent RPE-1 cells using 
epifluorescence microscopy. Ninein and Cep170 signals 
appeared as four dots, two correspondings to SDA/BF 
and the other two corresponding to the proximal end of 
centrioles (Fig. 3a and [15, 22, 24]). Upon NPHP5 deple-
tion, ninein and Cep170 staining intensities were substan-
tially reduced and two of the four dots were lost (Fig. 3a, 
b). The two remaining ninein dots did not overlap with 
Sec15 (Fig. 3a), a SDA/BF marker, suggesting that ninein 
remains at the proximal end of centrioles but is de-local-
ized from BF. These results are consistent with our earlier 
3D-SIM and EM studies (Fig. 1d, f) that BF assembly 
is compromised in NPHP5-depleted quiescent cells. For 
Kif3a, one single dot on BF was observed in control cells, 
and this signal completely disappeared in NPHP5-depleted 
cells (Fig. 3a, b). Of note, although ablation of NPHP5 
affected the localization of ninein, Cep170, and Kif3a, it 
did not affect their protein levels (Fig. S4A and C). TCHP 
was present on the daughter centriole only in control cells 
(Fig. 3a). In cells depleted of NPHP5, TCHP was found 
on the daughter centriole and basal body (Fig. 3a), and 
its centrosomal staining (Fig. 3b) and protein level dra-
matically increased (Fig. S4A and C). We also found that 
depletion of NPHP5 in quiescent cells has no effect on 
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the localization of three other SDA/BF proteins CC2D2A, 
ODF2, and Sec15 (Fig. 3a, b). Moreover, NPHP5 loss did 
not affect the localization of proteins residing at the TFs 
(Cep164 and Cep83; Fig. 3a, b) or within the distal lumen 
of centrioles (centrin and POC5; Fig. 3c, d). Thus, NPHP5 
organizes BF by modulating the abundance of TCHP and 

the localization of a subset of SDA/BF proteins including 
Kif3a, ninein, Cep170, and TCHP.

To validate the requirement of NPHP5 for BF as opposed 
to SDA assembly, four additional experiments were con-
ducted. First, we confirmed that depletion of NPHP5 does 
not impinge on the localization of SDA proteins (ninein, 

Fig. 2   Ablation of BF components inhibits ciliogenesis without 
affecting entry into quiescence or basal body formation. a Quiescent 
RPE-1 cells transfected with NS (non-specific) or the indicated siR-
NAs targeting SDA/BF components (NPHP5, Kif3a, TCHP, ninein, 
Cep170, ODF2) or a DA/TF component (Cep164) were stained with 
the indicated antibodies. Scale bar, 1  µm. b Quiescent RPE-1 cells 
transfected with NS or the indicated siRNAs were stained with anti-

bodies against CP110, Ki67 or glutamylated tubulin (GT335). The 
percentage of Ki67 negative versus positive cells, the percentage of 
cells with 1 CP110 dot versus 2/4 CP110 dots, and the percentage of 
non-ciliated versus ciliated cells are presented. At least 100 cells for 
each condition were scored, and the mean and standard error of three 
independent experiments are presented
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Cep170, Kif3a, TCHP, CC2D2A, ODF2, and Sec15; Fig. 
S5A-B), DA proteins (Cep164 and Cep83; Fig. S5A-B), 
and distal centriolar lumen proteins (centrin and POC5; 
Fig. S5C-D), or the protein level of selected SDA proteins 

(Kif3a, ninein, Cep170, TCHP; Fig. S4A-B) in cycling 
RPE-1 cells. Second, as impaired SDA/BF assembly could 
affect microtubule nucleation and/or anchoring [13], we 
conducted a microtubule re-growth assay to assess SDA/BF 

Fig. 3   NPHP5 recruits Kif3a, ninein, and Cep170 to BF while pre-
venting the recruitment of TCHP in quiescent RPE-1 cells. a, c Qui-
escent RPE-1 cells transfected with NS (non-specific) or NPHP5 
siRNAs were stained with the indicated antibodies. Scale bar, 1 µm. 
b, d Fluorescence intensities of various proteins at the centrosome 

were quantitated and set to 100% in NS siRNA-transfected cells. For 
quantitation, at least 20 cells for each condition were analyzed, and 
the mean and standard error of three independent experiments are 
presented
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function in control versus NPHP5-depleted RPE-1 cells. In 
control cycling and quiescent cells, an aster of microtubules 
radiating out from the centrosome, indicative of microtu-
bule nucleation, was seen as early as 1′ after removal of the 
microtubule-depolymerizing drug nocodazole (Fig. 4a). 60′ 
after nocodazole washout, a large network of long microtu-
bules centered at/near the centrosome, indicative of micro-
tubule anchoring, was observed (Fig. 4a). Upon ablation of 
NPHP5, we found that the aster size is substantially smaller 
at early time points and microtubules are less focused around 
the centrosome at the 60′ time point in quiescent cells, but 
not in cycling cells (Fig. 4a). These results indicate that BF 
rather than SDA function is specifically impaired. Third, 
Cep290 is known to anchor NPHP5 to the centrosome [36, 
38], and we further showed that a loss of the former disrupts 
the centrosomal localization of the latter in both cycling and 
quiescent RPE-1 cells (Fig. S6). Ablation of Cep290 reduced 
the number of ninein dots from four to two and the staining 
intensity of ninein in quiesent cells only (Fig. S6), pheno-
types reminiscent of NPHP5 loss. Fourth, we reasoned that 
NPHP5 might cooperate and interact with SDA/BF proteins 
to assemble BF. In situ proximity ligation assays (PLA) were 
performed to assess the interaction between NPHP5 and 
Kif3a, ninein, CC2D2A, or ODF2 in cycling versus quies-
cent RPE-1 cells. Robust NPHP5:Kif3a and NPHP5:ninein 
PLA signals were detected in quiescent cells, but not in 
cycling cells (Fig. 4b), suggesting that NPHP5 binds and/or 
is close proximity to Kif3a and ninein when BF is assem-
bled. In contrast, no NPHP5:CC2D2A or NPHP5:ODF2 
signal was detected, while a strong NPHP5:Cep290 PLA 
signal observed under both cycling and quiescent condi-
tions (Fig. 4b) was consistent with our previous results 
[39]. Taken together, these data further strengthen the role 
of NPHP5 in BF assembly.

Cells able to form basal bodies require NPHP5 for BF 
assembly

To assess whether the requirement of NPHP5 for BF assem-
bly might extend beyond RPE-1 cells, we studied the con-
sequences of depleting this protein in a number of differ-
ent cell lines that are either able or unable to quiesce or 
form basal bodies. Similar to RPE-1, > 70% of ARPE-19 
cells subjected to serum starvation were quiescent (Ki67 
negative) and possessed basal bodies (one CP110 dot) that 
template cilia (Figs. 5a, S1 and S7). A significant percentage 
of serum-starved HK-2 (37–43%) or HeLa (31–36%) cells 
also exhibited the same properties (Figs. 5a, S1 and S7). 
Ablation of NPHP5 in quiescent RPE-1, ARPE-19, HK-2, 
and HeLa cells triggered a decrease in ninein dots (Fig. 5a) 
and ninein intensity (Fig. 5b), in addition to reduced cili-
ation (Fig. 5a), without affecting basal body formation or 
cell cycle exit (Fig. S7). In contrast, the same ablation in 

these four cell lines did not affect the number of ninein 
dots (Fig. 5c) or ninein intensity (Fig. 5d) under cycling 
conditions where cells were Ki67 positive and possessed 
mother centrioles (two CP110 dots) (Fig. S7) incompetent 
to template cilia. These results suggest that a loss of NPHP5 
specifically disrupts BF assembly in quiescent cells that 
possess basal bodies. A second set of cell lines examined 
(U2OS, PC-3, MCF-7) did not readily undergo quiescence 
upon serum withdrawal (0–7% of cells were Ki67 nega-
tive) or form cilia (0–5% of cells had cilia) or basal bodies 
(4–10% of cells with one CP110 dot) (Figs. 5a, S1 and S7). 
In other words, these cells possessed mostly mother centri-
oles regardless of the absence or presence of serum (Fig. 
S7). Interestingly, the staining pattern and intensity of ninein 
in these cells remained unchanged upon NPHP5 depletion 
in serum or serum-free conditions (Fig. 5), reinforcing the 
idea that NPHP5 is not needed for the assembly of mother 
centriole-associated SDAs. Moreover, we studied two other 
cell lines (DU-145 and SAOS-2) that possessed unique prop-
erties: upon serum starvation, a significant percentage of 
cells (18–20%) entered quiescence, yet their mother cen-
trioles could not be converted to basal bodies (96% of cells 
had two/four CP110 dots) and therefore lacked cilia (100% 
of cells lacked cilia) (Figs. 5a, S1 and S7). When focused 
on this particular quiescent cell population, we found that 
the number of ninein dots and ninein intensity are also unaf-
fected by NPHP5 loss (Fig. 5a, b), indicating that this protein 
is dispensable in cells that lack basal bodies. Altogether, our 
data suggest that the ninein phenotype provoked by NPHP5 
depletion can be attributed to a loss of BF in cell lines able 
to form basal bodies.

The BF and SDA assembly pathways are similar 
but not identical

Having established the role of NPHP5 in BF assembly, 
we next investigated the hierarchical assembly of BF. 
Because of the similar protein makeup between BF and 
SDAs, we surmised that the assembly pathway of BF 
might resemble that of SDA. In terms of BF assembly, we 
showed that NPHP5 recruits Kif3a, ninein, and Cep170 
to organize BF (Fig. 3a), prevents TCHP from being sta-
bilized at, and recruited to, basal bodies (Figs. 3a, S4A 
and C), but has no effect on the recruitment of CC2D2A, 
ODF2, and Sec15 (Fig.  3a). We then proceeded to 
delineate the interrelationship between these proteins 
in BF assembly. First, we individually depleted Kif3a, 
TCHP, ninein, Cep170, or ODF2 in quiescent RPE-1 
cells and showed that such depletion does not preclude 
entry into quiescence (Ki67 negative, Fig. 2b) or forma-
tion of basal bodies, as evidenced by the loss of one 
CP110 dot (Fig. 2a, b) and recruitment of IFT88 (Fig. 
S2). Second, we examined the effects of ablating one 
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protein on the localization of other SDA/BF proteins. 
Depletion of Kif3a led to a loss of two ninein or Cep170 
dots but had no effect on the localization of NPHP5, 
ODF2 or Sec15 (Fig. 6a, b). TCHP, on the other hand, 
persisted on both the daughter centriole and basal body 
(Fig. 6a, b). Depletion of TCHP does not impinge on the 
localization of NPHP5, Kif3a, ninein, Cep170, ODF2 
or Sec15 (Fig. 6a, b). Depletion of ninein de-localized 
Cep170, but had negligible effects on the localization 
of NPHP5, Kif3a, TCHP, ODF2, or Sec15 (Fig. 6a, b). 
Depletion of Cep170 had no effect on the localization of 
NPHP5, Kif3a, TCHP, ninein, ODF2, or Sec15 (Fig. 6a, 
b). Depletion of ODF2 did not impinge on the localiza-
tion of NPHP5 or Kif3a (Fig. 6a, b); rather, it reduced 
the number of ninein and Cep170 dots, induced the mis-
localization of Sec15, and caused TCHP to remain on 
the daughter centriole and basal body (Fig. 6a, b). Next, 
a series of experiments were carried out in which we 
ablated one protein to disrupt BF formation and asked 
if over-expression or depletion of another SDA/BF pro-
tein could restore its formation. Depletion of NPHP5 in 
quiescent RPE-1 cells resulted in the reduction of ninein 
dots/intensity, and this phenotype could be rescued by 
over-expression of NPHP5 or Kif3a (Fig.  7a, b), co-
depletion of TCHP (Fig. 7c, d), or interestingly, over-
expression of ODF2 (Fig. 7a, b). Likewise, the rescue 
of the ninein phenotype provoked by ODF2 depletion 
was achieved by over-expression of ODF2 (Fig. 7a, b), 
co-depletion of TCHP (Fig. 7c, d), or over-expression of 
NPHP5 or Kif3a (Fig. 7a, b). Upon depletion of Kif3a 
in quiescent cells, only co-depletion of TCHP (Fig. 7c, 
d) or over-expression of Kif3a or ODF2 rescued the 
ninein phenotype (Fig. 7a, b), whereas over-expression 
of NPHP5 showed no rescue (Fig. 7a, b). These results 
suggest that NPHP5-Kif3a and ODF2 converge at the 
level of TCHP to regulate BF assembly. Taken together, 

we propose the following hierarchical pathway for BF 
assembly (Fig. 7e). NPHP5 recruits Kif3a, which pre-
vents the recruitment of TCHP to basal bodies. ODF2 
functions in parallel with NPHP5 and Kif3a to inhibit the 
recruitment of TCHP. Once TCHP is removed from basal 
bodies, ninein is brought in, followed by Cep170. Sec15 
appears to be independently recruited to BF by ODF2, 
but we were unable to determine its precise relationship 
with other proteins in the BF assembly pathway due to 
sub-optimal knockdown efficiency. 

Our earlier data showed that NPHP5 is not required for 
SDA assembly (Fig. 1d and S5A-B). To study the hierar-
chical assembly of SDA, the effects of ablating one SDA 
protein on the localization of other SDA proteins were 
examined in cycling RPE-1 cells. Depletion of Kif3a had 
no effect on the localization any SDA protein examined 
(Fig. S8A-B). Depletion of TCHP is shown to trigger cell 
cycle arrest and cilia formation in a subpopulation of cells 
[25]. However, the remaining cells were not ciliated, and we 
observed loss of two ninein and Cep170 foci correspond-
ing to SDAs (Fig. S8A-B). The localization of other SDA 
proteins NPHP5, Kif3a, ODF2 and Sec15 were not affected 
(Fig. S8A-B). Depletion of ninein de-localized Cep170 but 
had no impact on the localization of NPHP5, Kif3a, TCHP, 
ODF2, or Sec15 (Fig. S8A-B). Depletion of Cep170 had no 
effect on the localization of NPHP5, Kif3a, TCHP, ninein, 
ODF2, or Sec15 (Fig. S8A-B). Depletion of ODF2 did not 
impinge on the localization of NPHP5 or Kif3a; yet it de-
localized TCHP, ninein, Cep170 and Sec15 from SDAs (Fig. 
S8A-B). These data suggest that the hierarchical pathway for 
SDA assembly does not involve NPHP5 and Kif3a. Rather, 
ODF2 independently recruits Sec15 and TCHP, which in 
turn recruits ninein and Cep170 in a sequential manner to 
build SDAs (Fig. S8C). Furthermore, our data support the 
notion that the BF assembly pathway is similar but not iden-
tical to the SDA assembly pathway.

BF assembly correlates with primary ciliogenesis

The relationship between BF assembly and ciliogenesis 
remains poorly defined. NPHP5 depletion in quiescent 
RPE-1 cells simultaneously prevented ciliogenesis and BF 
assembly (Figs. 1d, f, 2, 3a, b, 5a, b). Likewise, depletion 
of Kif3a, ninein, Cep170, or ODF2 in quiescent RPE-1 
cells suppressed cilia formation in addition to BF assem-
bly (Figs. 2, 6a, b). On the other hand, ablation of TCHP, 
a negative regulator of ciliogenesis, in quiescent RPE-1 
cells neither enhanced ciliation nor BF assembly (Figs. 2, 
6a, b). In light of a positive correlation between BF assem-
bly and ciliogenesis, we investigated whether restoration of 
the former might reinstate the latter. Cilia loss associated 

Fig. 4   NPHP5 is required for microtubule nucleation/anchoring and 
interacts with Kif3a and ninein at the centrosome in quiescent RPE-1 
cells. a Quiescent or cycling RPE-1 cells transfected with NS (non-
specific) or NPHP5 siRNAs and subjected to a microtubule re-growth 
assay were stained with the indicated antibodies and with DAPI 
(blue). Depletion of NPHP5 was monitored by staining cells with 
antibodies against NPHP5 (red) and glutamylated tubulin (GT335) 
(green). Scale bar, 2 µm. b In situ PLAs were performed on cycling 
or quiescent RPE-1 cells using the indicated combination of antibod-
ies to reveal the location of close proximity/interaction (PLA sig-
nal, red) between two proteins. Cells were co-stained with γ-tubulin 
(green) to visualize the centrosome. No PLA signal was detected 
when NPHP5 and GT335 antibodies were used (negative control; 
no interaction between NPHP5 and glutamylated tubulin), one anti-
body was used, or two antibodies were missing (no Ab). As positive 
control, a robust PLA signal was detected using antibodies against 
NPHP5 and Cep290 in cycling and quiescent conditions. Scale bar, 
1 µm
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with NPHP5 or ODF2 depletion in quiescent RPE-1 cells 
could be rescued by over-expression of NPHP5, Kif3a, or 
ODF2 (Fig. 8a, b), or co-depletion of TCHP (Fig. 8c, d). 

Interestingly, impaired ciliogenesis induced by Kif3a deple-
tion was rescued by over-expression of Kif3a or ODF2 
(Fig. 8a, b), or co-depletion of TCHP (Fig. 8c, d), but not 

Fig. 5   NPHP5-mediated BF assembly is cell-type specific. RPE-1, 
ARPE-19, HK-2, HeLa, U2OS, PC-3, MCF-7, DU-145, and SAOS-2 
cells transfected with NS (non-specific) or NPHP5 siRNAs and 
grown in the a absence or c presence of serum were stained with the 
indicated antibodies. Scale bar, 1  µm. b, d Fluorescence intensity 

of ninein at the centrosome was quantitated and set to 100% in NS 
siRNA-transfected cells. For quantitation, at least 20 cells for each 
condition were analyzed, and the mean and standard error of three 
independent experiments are presented
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Fig. 6   Hierarchical assembly of BF. a Quiescent RPE-1 cells trans-
fected with NS (non-specific) or the indicated siRNAs targeting SDA/
BF components (Kif3a, TCHP, ninein, Cep170, ODF2) were stained 
with the indicated antibodies. Scale bar, 1 µm. b Fluorescence inten-

sities of various proteins at the centrosome were quantitated and set 
to 100% in NS siRNA-transfected cells. For quantitation, at least 20 
cells for each condition were analyzed, and the mean and standard 
error of three independent experiments are presented
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by over-expression of NPHP5 (Fig. 8a, b). Our results sug-
gest that BF formation is tightly coupled to cilia formation.

Discussion

In this study, we demonstrated that SDAs and BF can be 
distinguished by their appearance. By using super-resolution 
microscopy, several SDA/BF components exhibit a ring-like 
structure in cells that possess mother centrioles. On the other 
hand, the same SDA/BF components exhibit three to four 
dots in cells that form basal bodies. These observations raise 
the intriguing possibility that the number of SDAs is greater 
than the number of BF. Future work will precisely determine 
the number of SDAs/BF and address how SDAs are modi-
fied into BFs.

SDAs are dynamic structures that can undergo extensive 
modification. During late G2/mitosis, SDAs are replaced by 
a halo [6, 40], and certain SDA proteins, including NPHP5, 
reportedly diffuse away or disappear from the centrosome/
spindle poles [17, 26, 36, 37]. It is tempting to think that 
such modification is needed to prepare the cell for the next 
G0/G1 phase when the decision to assemble BF or reassem-
ble SDAs has to be made.

Previous immuno-EM studies have shown that NPHP5 
localizes to the outer segment and connecting cilium of 
photoreceptor cells [41]. The outer segment is a modified 
primary cilium, while the connecting cilium is equivalent 
to the transition zone of a primary cilium. In support of the 
transition zone location, NPHP5 directly interacts with a tran-
sition zone protein Cep290 and participates in trafficking the 
BBSome and its cargos to primary cilia [36, 38, 39, 42, 43]. 
In other studies, NPHP5 and Cep290 are reportedly localized 
to the distal region of the mother and daughter centrioles 
in non-ciliated cells [36–38]. These observations suggest 
that there could be at least three pools of Cep290/NPHP5, 
one at the transition zone, one at the daughter centriole, and 
one at the mother centriole. Our data revealed that the major 
pool of NPHP5 is localized to the mother centriole and basal 

body, and more precisely, to SDAs and BF. Future studies 
will determine whether Cep290 is present at SDAs/BF and 
whether it only serves to deliver NPHP5 to SDAs/BF.

One major finding from our study is that unlike other 
SDA/BF proteins known to date, NPHP5 is specifically 
required for BF assembly but not SDA assembly. We envi-
sion that although NPHP5 is targeted to SDAs of mother 
centrioles, this protein might be kept in an inactive state 
and barred from interacting with other SDA/BF proteins. 
During the conversion of mother centrioles to basal bodies, 
NPHP5 becomes activated, which allows it to interact with 
and recruit a subset of SDA/BF proteins for BF assembly. 
As NPHP5 is a relatively stable protein whose level does 
not fluctuate much in the cell cycle [37], it is plausible that 
its activation involves a post-translational mechanism. Fur-
ther studies would be needed to decipher the mechanism by 
which NPHP5 transitions between inactive and active states.

Consistent with a role of NPHP5 in BF assembly, our 
microtubule re-growth assay revealed that microtubule 
nucleation/anchoring is impaired in NPHP5-depleted qui-
escent cells, which lack BF, but not in NPHP5-depleted 
cycling cells, which possess SDAs. SDAs/BF are thought 
to mediate microtubule nucleation/anchoring [13, 21, 24]; 
nevertheless, some studies have reported that SDAs/BF 
defects do not compromise nucleation/anchoring [15, 22, 
27]. We speculate that these discrepancies could be due to 
differences in cell lines, kinetics of microtubule depolym-
erization/re-growth, and how ablation of a given SDA/BF 
protein affects the localization, stability, and/or activity of 
various nucleating (γ-tubulin) and anchoring factors (ninein, 
p150Glued, EB1, EB3) at the centrosome.

We further showed in this study that a loss of any BF 
component inhibits BF assembly without compromising 
basal body formation. We determined the assembly order 
of BF components and constructed, to our knowledge, the 
first-ever BF assembly pathway (Fig. 7e). There are noticea-
ble differences between this pathway and the SDA assembly 
pathway (Figs. 7e and S8C). First, the relationship of TCHP 
with its neighbouring proteins differs between SDA and BF 
assembly. ODF2 recruits TCHP to SDAs but prevents TCHP 
from being recruited to BF. Kif3a also prevents TCHP 
recruitment to BF but is not required for TCHP localization 
to SDAs or SDA assembly, which is in contrast to a previous 
study conducted in MEF cells [10]. TCHP recruits ninein to 
SDAs but inhibits its recruitment to BF. Second, NPHP5 and 
Kif3a are specifically required to build BF, and NPHP5 has 
an additional role in destabilizing TCHP. The protein level 
of TCHP is known to be controlled by the ubiquitin–proteas-
ome system. In cycling cells, polyubiquitination of TCHP by 
the ubiquitin ligase CRL3KCTD17 is inhibited by a novel SDA 
protein Ndel1 and counteracted by a deubiquitinase USP8 
[44–47]. Upon quiescence, USP8 is inactivated and Ndel1 
is degraded, thus allowing CRL3KCTD17 to polyubiquitinate 

Fig. 7   BF loss due to ablation of NPHP5, Kif3a or ODF2 can be res-
cued. a Quiescent RPE-1 cells transfected with NS (non-specific) or 
the indicated siRNAs and plasmid expressing the indicated protein 
were stained with the indicated antibodies and with DAPI (blue). 
Scale bar, 2 µm. b Fluorescence intensity of ninein at the centrosome 
was quantitated and set to 100% in NS siRNA-transfected cells. For 
quantitation, at least 20 cells for each condition were analyzed, and 
the mean and standard error of three independent experiments are 
presented. c Quiescent RPE-1 cells transfected with the indicated 
siRNAs were stained with the indicated antibodies and with DAPI 
(blue). Scale bar, 2 µm. d Fluorescence intensity of ninein at the cen-
trosome was quantitated and set to 100% in NS siRNA-transfected 
cells. For quantitation, at least 20 cells for each condition were ana-
lyzed, and the mean and standard error of three independent experi-
ments are presented. e Schematic model of BF assembly

◂
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TCHP. In light of these observations, it would be interest-
ing to determine whether and how NPHP5, Kif3a or ODF2 
modulates the activity/steady-state level of CRL3KCTD17, 
USP8 and/or Ndel1 to remove TCHP from BF in quiescent 
cells. Additional studies will also evaluate if the differential 

behaviour of TCHP towards SDA-associated ninein and BF-
associated ninein might depend on its interaction with dif-
ferent forms of intermediate filaments.

In addition, we found a correlation between BF assembly 
and primary ciliogenesis by demonstrating that rescue of BF 

Fig. 8   Cilia loss due to ablation of NPHP5, Kif3a or ODF2 can be 
rescued. a Quiescent RPE-1 cells transfected with NS (non-specific) 
or the indicated siRNAs and plasmid expressing the indicated pro-
tein were stained with the indicated antibodies and with DAPI (blue). 
Scale bar, 2  µm. b The percentage of GFP positive cells with cilia 
was scored. At least 100 cells for each condition were analyzed, and 
the mean and standard error of three independent experiments are 

presented. c Quiescent RPE-1 cells transfected with the indicated 
siRNAs were stained with the indicated antibodies and with DAPI 
(blue). Scale bar, 2  µm. d The percentage of cells with cilia was 
scored. At least 100 cells for each condition were analyzed, and the 
mean and standard error of three independent experiments are pre-
sented
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loss is sufficient to rescue cilia loss. How might BF assem-
bly be linked to ciliogenesis? It is possible that BF defects 
prevent ciliogenesis by disrupting the microtubule network 
required for the transport of vesicles carrying ciliary build-
ing blocks to the basal body. Another possibility is that SDA/
BF proteins we studied here are multifunctional and con-
tribute to ciliogenesis through more than one mechanism. 
Besides organizing BF, Kif3a functions as an anterograde 
motor for IFT during ciliogenesis [30, 31]. Likewise, NPHP5 
is thought to regulate ciliary trafficking at the transition 
zone [39], and its presence at the daughter centriole might 
implicate a role for daughter centriole-mediated ciliogen-
esis [48]. Moreover, TCHP activates Aurora A kinase which 
in turn might modulate the activity of HDAC6, leading to 
deacetylation and destabilization of axonemal microtubules 
[25, 49]. Further experiments will be needed to distinguish 
these possibilities.
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