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Centriole splitting caused by loss of the 
centrosomal linker protein C-NAP1 
reduces centriolar satellite density and 
impedes centrosome amplification

ABSTRACT Duplication of the centrosomes is a tightly regulated process. Abnormal centro-
some numbers can impair cell division and cause changes in how cells migrate. Duplicated 
centrosomes are held together by a proteinaceous linker made up of rootletin filaments an-
chored to the centrioles by C-NAP1. This linker is removed in a NEK2A kinase-dependent 
manner as mitosis begins. To explore C-NAP1 activities in regulating centrosome activities, 
we used genome editing to ablate it. C-NAP1–null cells were viable and had an increased 
frequency of premature centriole separation, accompanied by reduced density of the centrio-
lar satellites, with reexpression of C-NAP1 rescuing both phenotypes. We found that the 
primary cilium, a signaling structure that arises from the mother centriole docked to the cell 
membrane, was intact in the absence of C-NAP1, although components of the ciliary rootlet 
were aberrantly localized away from the base of the cilium. C-NAP1–deficient cells were ca-
pable of signaling through the cilium, as determined by gene expression analysis after fluid 
flow–induced shear stress and the relocalization of components of the Hedgehog pathway. 
Centrosome amplification induced by DNA damage or by PLK4 or CDK2 overexpression was 
markedly reduced in the absence of C-NAP1. We conclude that centriole splitting reduces the 
local density of key centriolar precursors to impede overduplication.

INTRODUCTION
Each of the centrosomes at the poles of the mitotic spindle consists 
of two orthogonally arranged microtubule barrels—the centrioles— 
surrounded by the pericentriolar material (PCM; Conduit et al., 
2015). At the end of mitosis, this orthogonal arrangement is lost 
through the activity of Polo-like kinase 1 (PLK1) and separase (Nigg 
and Stearns, 2011; Firat-Karalar and Stearns, 2014), and a protein-
aceous linker is established between the proximal ends of the two 
centrioles of each daughter cell (Mayor et al., 2000; Agircan et al., 
2014). Both of these centrioles can now initiate procentriole duplica-
tion, with the initial site of procentriole formation during late G1/S 
phase specifying an orthogonal arrangement of the new “daugh-
ter” centriole with respect to the preexisting “mother.” By the onset 
of mitosis, cells possess two mother–daughter pairs of centrioles, 
each within their own PCM. The linker is removed, and the centro-
somes can move apart to provide the spindle poles.
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RESULTS
To examine how centrosome cohesion affects primary ciliation and 
centriolar satellite behavior, we used clustered regularly interspaced 
short palindromic repeats (CRISPR)/Cas9 technology to disrupt the 
CEP250 (C-NAP1) locus in the immortalized hTERT-RPE1 cell line, 
with guides designed to target exon 8 (protein-coding exon 5). We 
screened 15 candidate clones using a new monoclonal antibody 
(mAb) to C-NAP1, 6F2C8. As shown in Supplemental Figure S1A, 
6F2C8 recognized a major band at 250 kDa in immunoblot experi-
ments, which disappeared upon treatment of cells with small inter-
fering RNA (siRNA) against C-NAP1. Similarly, a centrosomal signal 
detected with 6F2C8 was lost upon siRNA knockdown of C-NAP1 
(Supplemental Figure S1B). From these results, we concluded that 
6F2C8 is specific for C-NAP1. From our screen, we isolated eight 
clones that lacked detectable C-NAP1 signal by immunoblot and 
then confirmed the mutation of the CEP250 locus by genomic PCR 
and DNA sequencing of three of these clones (Figure 1, A and B). 
Stable integration of a construct that expressed full-length C-NAP1 
was used to obtain a rescue clone (Figure 1A). Proliferative analysis 
confirmed that C-NAP1 loss did not affect cell doubling times, indi-
cating that C-NAP1 deficiency did not have a major effect on cell 
cycle progression (Figure 1C).

We next examined the effect of C-NAP1 loss on centrosome 
structure. The loss of C-NAP1 was confirmed in microscopy experi-
ments with the 6F2C8 mAb (Figure 1D). C-NAP1 nulls showed in-
tact centriole structure, as detected by CEP135 and centrin localiza-
tion, along with apparently normal pericentriolar material, as 
determined by staining for γ-tubulin (Figure 1, D–F). We noted a 
loss of ninein signal in one of the separated C-NAP1 centrioles 
(Figure 1F), which we attribute to the loss of ninein from the centrio-
lar proximal ends while it was being retained at the subdistal ap-
pendages, as recently described in another C-NAP1–knockout line 
(Mazo et al., 2016). However, although we concluded from these 
observations that the overall structure of individual centrioles was 
unaffected by C-NAP1 deficiency, we noted some alterations in the 
distribution of the centriolar satellite protein PCM1 in the absence 
of C-NAP1 (Figure 1E), which we analyze in more detail later. We 
observed notable changes in the composition of the centriolar 
linker in the absence of C-NAP1, as described in previous experi-
ments in which loss or inhibition of C-NAP1 resulted in a marked 
loss of cohesion between the centrioles during interphase (Mayor 
et al., 2000; Bahe et al., 2005; Yang et al., 2006; Fang et al., 2014; 
Panic et al., 2015). Consistent with observations knockouts gener-
ated with zinc finger nuclease (ZFN)–mediated targeting of C-NAP1 
exon 14 (Panic et al., 2015) and with a CRISPR-mediated disruption 
of C-NAP1 exon 20 (Mazo et al., 2016), 30% of our C-NAP1 nulls 
showed a distance of ≥2 μm between G1-phase centrioles com-
pared with 5% in wild-type cells (Figure 2, A and B). Of importance, 
the percentage of prematurely separated centrioles was restored to 
wild-type levels when C-NAP1 was reexpressed in the null cells 
(Figure 2, A and B). Immunofluorescence microscopy showed the 
absence of the linker components rootletin and Nek2 from the 
proximal end of the centrioles, confirming the loss of the intercent-
riolar tether (Figure 2, A and C). We saw no change in the levels of 
rootletin or Nek2 protein (Figure 2, D and E), from which we con-
cluded that the loss of centriole cohesion was due to C-NAP1 defi-
ciency preventing the recruitment of its binding partners to the 
proximal ends of the centrioles. These observations are consistent 
with the loss of linker components in other experiments that used 
reverse genetics to ablate C-NAP1 (Bahe et al., 2005; Graser et al., 
2007b; Conroy et al., 2012; He et al., 2013; Fang et al., 2014; Panic 
et al., 2015; Mazo et al., 2016).

The proteinaceous linker, which has also been termed a G1-G2 
tether (Nigg and Stearns, 2011), is composed of a number of large 
coil-coiled proteins (Paintrand et al., 1992). Rootletin, the major 
component of the ciliary rootlet structure seen in ciliated cells (Yang 
et al., 2002), and CEP68 form filaments that span the intercentriolar 
space. The docking proteins, centrosomal NEK2-associated protein 
1 (C-NAP1) and centlein, anchor rootletin and CEP68 filaments, re-
spectively, to the base of the centriole (Mayor et al., 2000; Bahe 
et al., 2005; Yang et al., 2006; Graser et al., 2007b; Fang et al., 
2014). Loss or disruption of any of these protein results in impaired 
centrosome cohesion. Other linker-associated components, includ-
ing β-catenin, LRRC45, and CEP215 (CDK5RAP2), also contribute to 
maintenance of the centrosomal linker (Bahmanyar et al., 2008; He 
et al., 2013; Pagan et al., 2015). Key to the removal of the linker is 
the PLK1-mediated activation of the kinase, Never in mitosis A 
(NIMA)–related kinase 2A (NEK2A). Active NEK2A phosphorylates 
linker components, triggering their removal and the dissolution of 
centrosome cohesion at the onset of mitosis (Fry et al., 1998; Bahe 
et al., 2005; Fang et al., 2014).

Primary cilia are antenna-like structures that extend from the 
surface of cells to regulate signaling pathways such as Hedgehog 
(Hh) and Wnt in response to changes in both the extracellular 
biochemical and biophysical environment. A range of develop-
mental abnormalities are caused by ciliary dysfunction and are 
termed ciliopathies (Veland et al., 2009; Oh and Katsanis, 2012). 
The mother centriole acts as the basal body for primary cilium for-
mation. Ciliogenesis involves the docking of the mother centriole 
at an intracellular ciliary vesicle, followed by its migration to the 
cell membrane and the formation of the ciliary axoneme (Ye et al., 
2014; Lu et al., 2015). Primary cilia can form in mammalian cells 
that lack the ciliary rootlet or the proteinaceous linker (Yang et al., 
2005; Panic et al., 2015). However, long-term cilium stability in 
specialized photoreceptor cells of the retina is reduced in rootle-
tin-deficient mice, suggesting a role for the ciliary rootlet in ciliary 
structural integrity (Yang et al., 2005). In Drosophila, rootletin defi-
ciency ablates the ciliary rootlet in sensory neurons and impairs 
their mechanosensing function (Styczynska-Soczka and Jarman, 
2015).

Scattered in the immediate surrounding of the centrosome are 
the pericentriolar satellites. These are electron-dense granules 
that contain a range of proteins that regulate centriole and cilium 
formation, which are shuttled to and from the centrosome via dy-
nein-mediated transport along the centrosomal microtubule net-
work (Barenz et al., 2011; Tollenaere et al., 2015a). During ciliogen-
esis, centriolar satellite distribution is altered, as is their behavior 
after exposure to cellular stresses such as irradiation and heat 
shock (Loffler et al., 2013; Villumsen et al., 2013; Tollenaere et al., 
2015b).

Here, we describe the effect of C-NAP1 ablation on centriole 
structure and duplication, cilium formation and function, and 
centriolar satellite distribution in hTERT-RPE1 cells. We find that 
C-NAP1–deficient cells undergo premature centriole cohesion 
loss, accompanied by loss of the linker and cytoplasmic aggrega-
tion of rootletin. Cilia formed efficiently in the absence of C-NAP1 
and the ciliary rootlet, and C-NAP1–null cells are capable of re-
sponding to ciliary signals such as Hh stimulation and mechanical 
stimulation such as fluid shear. The centriolar satellites were less 
densely assembled around C-NAP1–null centrioles, and DNA 
damage– or regulatory kinase overexpression–induced centriole 
amplification was reduced in C-NAP1–deficient cells. These find-
ings indicate the roles of C-NAP1 in regulating specific interphase 
centriole activities.
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strating intact SHh signaling in the absence of C-NAP1 and the cili-
ary rootlet.

Analysis of rootletin-knockout mice revealed no major defects in 
sensory or motile cilium behavior, although certain ciliated cells 
showed signs of premature degeneration, suggestive of a long-term 
loss of cytoskeletal stability (Yang et al., 2005). However, recent work 
in Drosophila indicates that the loss of the ciliary rootlet impairs neu-
ronal sensory responses to mechanical stimuli (Chen et al., 2015; 
Styczynska-Soczka and Jarman, 2015). We tested how mechanosen-
sitive cilia-associated signaling was affected by the loss of C-NAP1 
by monitoring the expression of genes that have been described as 
responsive to ciliary signaling of shear stress. Specifically, we looked 
at PTGS2, VEGFA, the Wnt pathway gene AXIN2, and the Hh target 
GLI1, which have been described as responding to shear stress in 
different cell types (Thi et al., 2007; Hoey et al., 2012; Cha et al., 
2016). To do this, we exposed cells to oscillatory fluid flow–induced 
shear stress and measured the expression levels of genes of interest 
by quantitative reverse transcription PCR (qRT-PCR). We found that 
GLI1 and PTGS2 showed flow-dependent increases and AXIN2 a 
decline in expression in both wild type and C-NAP1 nulls, with 
VEGFA showing no significant changes in either genotype. The 
basal expression levels of GLI1 and VEGFA were unaffected by C-
NAP1 deficiency, although a notable decline in PTGS2 expression 
and an increase in AXIN2 expression were seen in the C-NAP1 

knockouts (Figure 4, A and B). From these 
data, we conclude that ciliary signaling 
pathways that respond to mechanical stress 
are intact and responsive in the absence of 
centriole cohesion or an attached rootlet.

As noted earlier, we observed an altered 
distribution of the centriolar satellite marker 
PCM1 in the absence of C-NAP1 (Figure 
1E). We measured the total fluorescence in-
tensity of the signal from PCM1 and another 
satellite marker, OFD1, in a standard volume 
around the centrioles. We observed a re-
duction in the centriolar satellite levels 
around C-NAP1–null centrioles in compari-
son to wild-type controls, as determined by 
the intensity of the signal seen with antibod-
ies to the centriolar satellite components 
PCM1 and OFD1 (Figure 5, A and B). The 
reexpression of C-NAP1 restored centriole 
satellites to wild-type levels. The reduction 
in signal intensity appears to be due to 
altered distribution of the satellites in the 
absence of C-NAP1, as immunoblot analysis 
revealed no difference in the cellular levels 
of PCM1, OFD1, or CEP72 (Figure 5C).

Previous studies suggest that centriolar 
satellite densities control centrosome dupli-
cation (Prosser et al., 2009; Loffler et al., 
2013; Kodani et al., 2015). We quantitated 
centrosome amplification after ionizing ra-
diation–induced DNA damage (IR) and hy-
droxyurea (HU) treatment. C-NAP1 nulls ex-
hibited significantly lower levels of 
centrosome amplification 48 h after 5-Gy IR 
than wild-type controls, with a partial rescue 
of this phenotype seen when C-NAP1 was 
reexpressed in the knockout cells (Figure 6, 
A and B). IR-induced activation of CHK1 and 

We next investigated the effect of C-NAP1 deletion on primary 
cilium formation and functioning. We saw no change in cilium 
frequency in C-NAP1–deficient cells (Figure 3A). This contrasts 
with a reduction we observed in a previous knockdown experiment 
(Conroy et al., 2012). We found that treating our C-NAP1–nulls with 
same siRNA and serum starvation used in that study also led to a 
reduction in ciliation frequency (Supplemental Figure S2), indicating 
an off-target effect. From this result, we conclude that C-NAP1 is not 
required for primary cilium formation, consistent with recent knock-
out studies of C-NAP1 function (Panic et al., 2015; Mazo et al., 2016) 
and a previous siRNA analysis (Graser et al., 2007a). However, we 
observed a moderate C-NAP1– dependent increase in cilium length 
(Figure 3B) and a notable alteration in rootletin distribution, with 
large, filamentous rootletin structures being distributed in the cyto-
plasm in 80% of C-NAP1–null cells after serum starvation (Figure 3, 
C and D). These structures resembled the ciliary rootlet, a polymer 
of rootletin (Yang et al., 2002), except for their displacement from 
the proximal end of the basal body. To test whether the loss of cen-
triole cohesion and the ciliary rootlet impaired ciliary function, we 
used the sonic hedgehog (SHh)-dependent localization to cilia of 
Smoothened (Smo) as a readout for ciliary signaling (Kiprilov et al., 
2008). As shown in Figure 3, E and F, we found that Smo Agonist 
(SAG) treatment of cells caused the same level of cilia to show Smo 
localization in C-NAP1–null cells as in wild-type controls, demon-

FIGURE 1: Generation of C-NAP1 null hTERT-RPE1 cells and preliminary phenotypic analysis. 
(A) Immunoblot of wild-type, C-NAP1–knockout (KO) clone 1, and C-NAP1 rescue (R1) cells 
using anti–C-NAP1 monoclonal 6F2C8. α-Tubulin was used as a loading control. (B) Sequence 
analysis of C-NAP1–deficient clones. PCR was performed on genomic DNA from the candidate 
clones and both total (shown in the traces) and cloned, individual PCR products were cloned and 
sequenced (five per clone). All sequences for clones 1 and 2 were identical. In sequencing clone 
3 products, deletion of a thymine occurred in three of the five samples, with incorporation of a 
guanine in the other two. (C) Proliferative analysis of cells of the indicated C-NAP1 genotype. 
We plated 2 × 105 cells in 2 ml at 0 h and at 24, 48, 72, and 96 h. The cells were counted and the 
culture split 1:2. Data points show mean ± SD of three independent experiments. No significant 
difference was observed between wild type (WT) and C-NAP1 nulls at any time point. 
(D–F) Immunofluorescence microscopy of the indicated centrosomal markers in cells of the 
indicated C-NAP1 genotype. Scale bar, 5 μm.
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syndrome in Montbéliarde cattle. (Floriot 
et al., 2015), in which a very similar splitting 
phenomenon is seen with otherwise nor-
mal centrioles.

The relatively moderate effect of C-NAP1 
deficiency prompted us to examine another 
centriolar function, that of providing the 
basal body for the primary cilium. We found 
that C-NAP1 deficiency was compatible with 
normal levels of primary cilium formation af-
ter serum starvation. Individual cilia arose 
from single basal bodies, with no evidence 
for abnormality deriving from the separated 
centrioles. Ciliation was previously reported 
to occur normally in C-NAP1–knockout 
hTERT-RPE1s (Panic et al., 2015; Mazo et al., 
2016), and neither C-NAP1 nor rootletin 
(CROCC) have been identified as candidate 
ciliary genes in siRNA screens or interaction 
analyses (Gupta et al., 2015; Roosing et al., 
2015; Wheway et al., 2015). The slight in-
crease in mean ciliary length that we ob-
served in our C-NAP1– deficient cells was 
not seen in the other CRISPR knockout 
study, in which there was a moderate decline 
in mean cilium length (Mazo et al., 2016). 
Comparing these data, it seems likely that 
the alteration in cilium length was an effect 
of clonal variation.

Recent data show that the combined 
loss of C-NAP1 and centriolar subdistal ap-
pendage proteins causes detachment of the 
ciliated centriole from the Golgi apparatus 
and an alteration in cilium positioning from 
being “submerged” in a deep membrane 
invagination to a position at the apical cell 

surface (Mazo et al., 2016). Ciliary “surfacing” allowed increased cili-
ary motion and the activation of Hh signaling even without SAG 
treatment, indicating that ciliary position can regulate signaling 
through the cilium. Our analysis of the submerged cilia induced by 
serum starvation in C-NAP1–null cells showed that they were re-
sponsive to chemical and mechanical stimuli, as determined by the 
ciliary localization of Smo upon stimulation with its agonist (Kiprilov 
et al., 2008) and by the response to fluid flow–mediated shear stress 
of a series of known cilium-regulated genes. These data suggest 
that the loss of the ciliary rootlet did not block ciliary signaling. How-
ever, although rootletin is dispensable for development in the 
mouse, its absence leads to mechanical instability of sensory cilia in 
specialized cells (Yang et al., 2005), and findings in in Drosophila 
demonstrate that the absence of the ciliary rootlet impairs neuronal 
mechanosensory responses (Chen et al., 2015; Styczynska-Soczka 
and Jarman, 2015). Our analysis of C-NAP1–deficient cilia indicates 
that the short-term stability and signaling capability of these sub-
merged cilia are independent of C-NAP1 and of the ciliary rootlet in 
retinal pigmented epithelial cells, although our data do not exclude 
the possibility of an altered signaling response.

In wild-type cells, the splitting of centrosomes into individual 
centrioles is seen soon after cells are exposed to DNA damage 
(Saladino et al., 2009; Inanc et al., 2010). Centriole amplification oc-
curs later after DNA damage, when the DNA replication and centro-
some duplication cycles become disconnected (Balczon et al., 1995; 
Dodson et al., 2004; Bourke et al., 2007; Nigg, 2007). Our initial 

cell cycle delay were indistinguishable between wild-type and C-
NAP1–null cells, showing that DNA damage response signaling was 
unaffected by the absence of C-NAP1 and excluding this possible 
explanation for the reduced centrosome amplification we saw 
(Figure 6C and Supplemental Figure S3). Similarly, HU treatment led 
to a lower level of centrosome amplification in C-NAP1–deficient 
cells than in controls (Figure 6D). We next tested whether centro-
some amplification induced by the overexpression of PLK4 (Kleylein-
Sohn et al., 2007) or CDK2 (Matsumoto et al., 1999; Meraldi et al., 
1999) was affected by the loss of C-NAP1. As shown in Figure 7, 
A–C, loss of C-NAP1 strongly reduced centrosome amplification in 
both cases, showing that C-NAP1 is required for the centrosome 
overduplication induced by a number of stimuli.

DISCUSSION
We show here that CRISPR/Cas9-mediated ablation of C-NAP1 
caused the loss of centriolar linker components from the proximal 
end of the centriole and increased centriole separation. The cen-
trioles appeared otherwise normal and supported proliferation 
rates that were indistinguishable from those of wild-type hTERT-
RPE1 cells. These data are consistent with previous reverse ge-
netic analyses of C-NAP1 function that used siRNA (Bahe et al., 
2005; Graser et al., 2007b; Conroy et al., 2012), ZFN-mediated 
gene targeting (Panic et al., 2015), or CRISPR targeting of a differ-
ent exon (Mazo et al., 2016) to remove C-NAP1. A truncating mu-
tation in CEP250 gives rise to caprine-like generalized hypoplasia 

FIGURE 2: Loss of the centriole linker causes centriole separation in C-NAP1–deficient cells. 
(A, C) Immunofluorescence microscopy of the indicated centriolar and linker proteins in cells of 
the indicated C-NAP1 genotype. Scale bar, 5 μm. (B) Quantitation of centriolar separation in the 
absence of C-NAP1. The percentage of G1 cells that exhibited a distance of >2 μm between 
centrioles was calculated based on the result of three individual experiments analyzing 200 cells 
in each case. (D, E) Immunoblot of rootletin (D) and Nek2 (E) levels in wild-type, C-NAP1 
knockout (KO) clone 1, and C-NAP1 rescue (R1) cells. Ponceau S staining of the membrane after 
protein transfer was used as a loading control. ***p < 0.001 by unpaired t test. 
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speculation when performing these analyses 
was that C-NAP1 deficiency–induced loss of 
centriole cohesion might stimulate centriole 
duplication. However, we observed a reduc-
tion in DNA damage– induced centriole am-
plification in the absence of C-NAP1. Fur-
thermore, overexpression of key regulators 
of centriole duplication, PLK4 and CDK2, 
also led to reduced levels of centriole ampli-
fication in C-NAP1 nulls. Previous analyses 
showed that neither C-NAP1 nor rootletin 
levels are affected after irradiation (Conroy 
et al., 2012), so the mechanism by which C-
NAP1 loss reduces centrosome amplifica-
tion is not related to a change in the cellular 
levels of centriole cohesion proteins. It is 
unclear how centriole splitting arises so fre-
quently after DNA damage, a condition that 
drives centriole overduplication.

Centriole splitting can affect various as-
pects of cell behavior, altering migratory 
activities or Golgi organization (Godinho 
et al., 2014; Kushner et al., 2014; Panic 
et al., 2015). Our data suggest that centri-
ole amplification after DNA damage may 
also be affected. Several studies implicated 
centriolar satellite densities in the control 
of centrosome overduplication (Prosser 
et al., 2009; Loffler et al., 2013; Kodani 
et al., 2015). Recent data highlight the 
importance of local concentration in the 
activation of PLK4 (Lopes et al., 2015), pro-
viding a model for how specific regions of 
the cytoplasm around a centriole may de-
termine the capacity of that centriole to 
duplicate during the normal cell cycle. Dis-
persion of the satellites around centrioles 
that have split due to the absence of 
C-NAP1 may impede centriole duplication 
by reducing the available centriolar precur-
sor concentrations, consistent with the re-
duced centriole amplification seen in C-
NAP1 nulls after overexpression of PLK4 or 
CDK2. The ATM-stimulated inhibition of 
NEK2 by PLK1 to block premature centro-
some separation (Fletcher et al., 2004; 
Zhang et al., 2005; Mardin et al., 2011) may 
thus contribute to PLK1’s positive role in 
centriole amplification (Inanc et al., 2010; 
Douthwright and Sluder, 2014) through a 
novel mechanism. Our data suggest that 
centriole splitting may impede, rather than 
potentiate, centrosome amplification.

MATERIALS AND METHODS
Cell culture
hTERT-RPE1 cells were obtained from the 
American Type Culture Collection and grown 
in DMEM-F12 with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin in a 

FIGURE 3: C-NAP1 nulls show normal ciliation without attached ciliary rootlets. (A) Bar 
chart showing ciliation frequency in wild-type, C-NAP1 knockout (KO) clone 1, and 
C-NAP1 rescue (R1) cells. Ciliation percentages were determined using microscopy for 
detyrosinated tubulin in three separate experiments in which 100 cells were counted. 
(B) Length of cilia in cells of the indicated genotype. Maximum intensity projections of cilia 
were captured and measured in Volocity using the Line tool. Thirty ciliated cells were 
counted in three individual experiments. (C) Immunofluorescence microscopy of the ciliary 
rootlet in cells of the indicated genotype. Acet. tub, acetylated tubulin; Root, rootletin. 
Scale bar, 5 μm (main image), 0.5 μm (inset). (D) Bar chart showing the frequency of 
cells that show mislocalized rootletin, that is, an aggregate not localized to the base 
of the cilium. One hundred ciliated cells were counted in three separate experiments. 
(E) Immunofluorescence microscopy of Smoothened (Smo) in the absence and presence 
of SAG in serum-starved (SS) cells of the indicated C-NAP1 genotype. Scale bar, 5 μm. 
(F) Quantitation of the frequency with which Smo was detected at cilia in the absence and 
presence of SAG. One hundred ciliated cells were counted in three separate experiments. 
***p < 0.001; *p < 0.05 by unpaired t test.
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humidified 5% CO2 atmosphere at 37°C. Mycoplasma testing was 
performed every 2 mo. Hydroxyurea at 4 mM (Sigma-Aldrich) was 
added for 48 h. Irradiations were performed using a 137Cs source at 
9.5 Gy/min (Mainance Engineering). For flow cytometry, cells were 
fixed in 70% ethanol at −20°C overnight and then resuspended in 
phosphate-buffered saline (PBS) containing 200 μg/ml RNase A and 
20 μg/ml propidium iodide and incubated for 30 min. Cell cycle 
analysis was performed on an Accuri C6 Sampler (BD Biosciences). 
To deplete cells of serum, 0.6 × 106 cells were washed with unsupple-
mented DMEM-F12 before addition of DMEM-F12 with 0.1% FBS for 
48 h. For serum starvation after siRNA, 0.2% FBS in DMEM-F12 was 
added for 24 h. For treatment with SAG, cells were serum starved for 
24 h and incubated for 4 h with 100 nM SAG (EMD Millipore).

For mechanical stimulation, cells were seeded on collagen I 
(0.15 mg/ml in 0.2 M acetic acid)–coated glass slides at a seeding 
density of 7000 cells/cm2 and cultured for 24 h in standard growth 
medium, followed by 48 h of serum starvation in 0.5% FBS. Cells 
were exposed to oscillatory fluid flow–induced shear stress using a 
custom-designed parallel-plate flow chamber (Hoey et al., 2012). 
Fluid flow was achieved by applying a pressure-driven flow via a 
syringe pump (Alladin 1660). The volumetric rate of flow (Q) neces-
sary for a given shear stress was calculated using the equation

Q
bh
6

2τ µ=

where τ is the shear stress, μ is the fluid viscosity, b is the width of the 
channel (38 mm), and h is the height of the channel (300 μm). Slides 
were placed within the chamber, incubated for 15 min, and then 
exposed to 1-Pa (45 ml/min) or 2-Pa (90 ml/min) shear stress at fre-
quency 1 Hz in serum starvation medium for 1 h. No-flow control 
slides were placed within the chamber but not exposed to fluid flow.

Cloning and genome editing
Primers targeting C-NAP1 exon 8 (Mali et al., 2013) were cloned into 
pX330-U6-Chimeric_BB-CBh-hSpCas9 (plasmid 43330; Addgene; 
Cong et al., 2013): 5′-CACCGACATTCCGACGCCACTTCC-3′ and 
5′-AAACGGAAGTGGCGTCGGAATGTC-3′. hTERT-RPE1 cells at 
80% confluency were transfected using Lipofectamine (Thermo 
Fisher) as per the manufacturer's instructions with 3 μg of pX330-
Ex8 and 2 μg of pLOX-Neo (Arakawa et al., 2001) for 24 h at 37°C. 
Cells were then trypsinized, and serial dilutions were performed into 
medium containing 1 mg/ml G418 (Invitrogen). Cells were placed 
under selection for 48 h, after which the medium was replaced with 
normal growth medium and then incubated at 37°C for 10 d. Colo-
nies were lifted using cloning disks (Sigma-Aldrich) and expanded. 
Full-length C-NAP1 was assembled into pcDNA3.1-BSR from five 
fragments (A–E) that were cloned by RT-PCR using the following 
primers: A, 5′-GAGGCTCTTAAGATGGAGACAAGAAGCCCT-3′ 
and 5′-AGTAGTCGACCTGCAAAGCATTTCTCGCCT-3′; B, 5′-AG-
TAGTCGACCTGGCGGAGGCAGAGAAGAG-3′ and 5′-AGTAAAG-
CTTGTGGAGGGCAGATGCTACTG-3′; C, 5′-AGTAAAGCTTCAT-
CAAGACCTGTGGAAGAC-3′ and 5′-GATA CCATGGGCAGCTGCT
CTAAAACAGAC-3′; D, 5′-GATACCATGGCCGTCCAGGAGCGAG-
AGCAG-3′ and 5′-GATACATATGGGCTTGCTCCAGAGCTCCCT-3′; 
and E, 5′-AGGACATATGACACTGAAGGAGCGTCATGG-3′ and 
5′-GCGGCCGCCTACCTGGAGGCGGCTTG-3′. A C-NAP1 rescue 
cell line was generated using 9 μl of Lipofectamine combined with 
4 μg of linearized plasmid. DNA was transfected for 48 h to 0.5 × 106 
cells in a 35-mm dish. The medium was then replaced with a 1:1 mix 
of fresh to conditioned medium containing 10 μg/ml of blasticidin 
S (Sigma-Aldrich). Selection was carried out for 10–14 d with me-
dium replacement every 3 d. Cells were expanded and screened by 

FIGURE 4: Intact mechanosensory responses in C-NAP1 nulls. 
(A) Basal expression levels of the genes of interest. (B) Responses of 
the various genes to indicated flow stimuli. Flows 1 and 2 correspond 
to a shear stress magnitude of 1 and 2 Pa, respectively. To determine 
whether the effect of flow elicited a response, an unpaired t test with 
Welch’s correction was executed for each flow magnitude. The 
statistical difference of the level of mRNA expression between WT 
and KO was tested using the same approach. *p < 0.05; **p < 0.01.
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FIGURE 5: Reduced centriolar satellite density in C-NAP–knockout cells. (A) Immunofluore-
scence microscopy of the indicated satellite markers in cells of the indicated C-NAP1 genotype. 
Scale bar, 5 μm. (B) Quantitation of the centriolar satellite density in cells of the indicated 
genotype. Maximum intensity projections of 10 centrosomes from G1 cells were analyzed in 
three separate experiments. Graphs show the sum of PCM1 or OFD1 fluorescence intensities 
in a 25-μm2 circle around the two centrioles in each cell in arbitrary fluorescence units (A.U.). 
(C) Immunoblot of centriolar satellite proteins in cells of the indicated genotype. Ponceau S 
staining of the membrane after protein transfer was used as a loading control. ***p < 0.001 by 
unpaired t test.

as a glutathione S-transferase fusion protein. 
The C-NAP1 fragment was purified from a 
glutathione column by thrombin cleavage 
and used for hybridoma preparation 
(Dundee Cell Products). The best-perform-
ing clone 6F2 was expanded and subcloned 
to give 6F2C8, which produces IgG1κ.

Immunoblotting
Primary monoclonal mouse antibodies were 
used in immunoblot analyses as follow: α-
tubulin (1:5000; B512, Sigma-Aldrich), glu-
tamylated tubulin (1:750; GT335; Adipo-
gen), centrin (20H5; 1:500; Millipore), Chk1 
(1:1000; DCS-310; Sigma-Aldrich), pChk1 
(1:1000; 2348S 133D3; Cell Signaling), myc 
(9E10, produced in-house from the hybrid-
oma; 1:100), NEK2 (1:250; BD Transduc-
tion), and C-NAP-1 (1:2; 6F2C8 hybridoma 
supernatant; this study). A monoclonal rab-
bit antibody to glyceraldehyde-3-phos-
phate dehydrogenase (2118; Cell Signal-
ing) was used at 1:5000. Polyclonal rabbit 
antibodies used were against CEP72 (1:500; 
A301-297A; Bethyl), CDK2 (1:500; M2/sc-
163, Santa Cruz Biotechnology), CEP135 
(1:1000; Ab75005; Abcam), OFD1 (1:500; 
32843; Novus), PCM1 (1:10,000; 817; 
Dammermann and Merdes, 2002), and 
rootletin (1:1000; 80820, Novus).

Microscopy
hTERT-RPE1 cells were grown on glass cov-
erslips and fixed in methanol/5 mM ethyl-
ene glycol tetraacetic acid at −20°C for 
10 min. Before fixation and staining with 
acetylated or detyrosinated tubulin, cells 
were incubated on ice for 30 min to depo-
lymerize the  microtubules unless otherwise 

indicated. Cells were blocked in 1% bovine serum albumin before 
1 h of incubation with primary antibodies and 45 min of incubation 
with Alexa 488- or 594–labeled secondary antibodies (Jackson). 
Coverslips were mounted in 80% (vol/vol) glycerol in PBS contain-
ing 3% (wt/vol) N-propyl-gallate and 4′,6-diamidino-2-phenylin-
dole. Monoclonal antibodies were used as follows: γ-tubulin (1:500; 
GTU88; Sigma-Aldrich), acetylated tubulin (1:2000; T6793; Sigma-
Aldrich), NEK2 (1:250; BD Transduction Laboratories), and C-NAP1 
(1:2; this study). Polyclonal rabbit antibodies used were against γ-
tubulin (1:1000; T3559; Sigma-Aldrich), pericentrin (1:2000; 
ab4448; Abcam), detyrosinated tubulin (1:500; ab48389; Abcam), 
ninein (1:200; ab4447; Abcam), Arl13b (1:500; 17711-1-AP; Pro-
teintech), rootletin (1:750; NBP1-80820; Novus), PCM1 (1:10,000; 
Dammermann and Merdes, 2002; a gift from A. Merdes, University 
of Toulouse), Smoothened (1:500; ab38686; Abcam), and Cep135 
(1:1000; Bird and Hyman, 2008; a gift from A. Bird, Max Planck In-
stitute of Molecular Physiology, Dortmund). Imaging was per-
formed with an Olympus IX81 microscope (Hamamatsu C4742-80-
12AG camera), 100× objective, numerical aperture 1.35, using 
Volocity software (PerkinElmer). Images were saved as Adobe Pho-
toshop CS2 files (version 9.0). Satellite intensity was measured by 
determining the total fluorescence intensity of the area surround-
ing each centriole. Deconvolved maximum intensity projections 

Western blot and immunofluorescence microscopy, followed by ge-
nomic PCR and clonal DNA sequencing for C-NAP1–disrupted 
clones (Source Bioscience). For transient overexpression experi-
ments, cells were transfected with 2 μg of plasmids that encode 
Myc-PLK4 (pCMV-3Tag2-PLK4; Agilent) or HA-CDK2 (pCMV-HA-
Cdk2; 1883; Addgene) using Lipofectamine 2000.

RNA-mediated interference
hTERT-RPE1 cells were transfected with an ON-TARGETplus SMART 
pool of RNA duplexes inhibitory to C-NAP1 (L-012364-00-0005; 
Dharmacon), Silencer Select siRNA oligonucleotides specific to 
GAPDH (s5573; Ambion), or an ON-TARGETplus Non-targeting 
Control Pool (D-001810-10-05; Dharmacon) using Oligofectamine 
(Invitrogen). A 50- or 100-nmol amount of siRNA was complexed 
with Oligofectamine in serum-free OptiMEM (Gibco) and added to 
cells at 30–40% confluency. Serum was added 5 h after transfection 
and fresh medium 24 h after transfection. Cells were analyzed 24 
and 48 h after transfection. Where indicated, cells were serum 
starved 24 h after transfection.

mAb generation
A fragment of the human C-NAP1 cDNA encoding amino acids 
1513–1750 was cloned into pGEX4T2 and expressed in bacteria 
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FIGURE 6: Reduced DNA damage–induced centrosome amplification 
in the absence of C-NAP1. (A) Immunofluorescence microscopy 
showing γ-tubulin (green) and CEP135 (red) in cells of the indicated 
C-NAP1 genotype at 48 h after 5-Gy IR treatment. Scale bar, 5 μm. 
(B) Centrosome quantitation in cells of the indicated genotype and 
treatment 48 h after 5-Gy IR. Centrosomes were quantitated using 
antibodies for CEP135, and bar graph indicates mean ± SD of three 

separate experiments in which at least 100 cells were counted. 
(C) Immunoblot of CHK1 activation in wild-type and C-NAP1–
knockout cells in untreated cells and in cells at the indicated times 
after exposure to 5-Gy IR. Ponceau S staining of the membrane after 
protein transfer was used as a loading control. Size markers at left are 
in kilodaltons. (D) Cells of the indicated genotype were treated with 
4 mM HU for 48 h before fixation. Centrosomes were quantitated by 
staining with antibodies to glutamylated tubulin and γ-tubulin. Bar 
graph indicates mean ± SD of three separate experiments in which at 
least 200 cells were counted. ***p < 0.001; *p < 0.05; ns, not 
significant by unpaired t test.

FIGURE 7: Reduced centrosome amplification induced by PLK4 and 
CDK2 overexpression in C-NAP1–deficient cells. (A) Immunofluore-
scence microscopy of a centriole rosette visualized with antibodies 
to myc (green) and CEP135 (red) 72 h after transfection of wild-type 
hTERT-RPE1 cells with a myc-PLK4 overexpression construct. Scale 
bar, 2 μm. (B, C) Centrosome quantitation in cells of the indicated 
genotype 72 h after transfection with constructs encoding (B) myc- 
PLK4 or (C) HA-CDK2. Centrioles were scored by staining with 
antibodies against CEP135 or centrin and transfected cells identified 
using antibodies to myc or CDK2. Bar graphs indicate mean ± SD 
of three separate experiments in which at least 50 transfected cells 
were counted. ***p < 0.001, **p < 0.01, and *p < 0.05 by unpaired 
t test.
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were used for analyzing satellite intensity, with the three-dimen-
sional volumes collapsed into two-dimensional images for calcula-
tions. Fluorescence intensity within a 25-μm2 circle around each 
centriole was determined using the Measurement tool of Volocity.

qRT-PCR
Immediately after flow treatment, total RNA was isolated using 
TriReagent (Sigma-Aldrich). A 1-μg amount of RNA was reverse tran-
scribed into cDNA using a High Capacity cDNA kit (Life Technolo-
gies). qPCR was performed using SYBR Select Mastermix with ROX 
passive dye (ThermoFisher). The expression of AXIN2, COX2, 
GAPDH, GLI1, and VEGFA was quantified using the following prim-
ers (Sigma-Aldrich): AXIN2 (Tm = 60°C, 400 nM), 5′-AAAGAGAG-
GAGGTTCAGATG-3′ and 3′-CTGAGTCTGGGAATTTTTCTTC-5′; 
PTGS2 (Tm = 60°C, 150 nM), 5′-AAGCAGGCTAATACTGATAGG-3′ 
and 3′-TGTTGAAAAGTAGTTCTGGG-5′; GAPDH (Tm = 60°C, 300 
nM), 5′-ACAGTTGCCATGTAGACC-3′ and 3′-TTTTTGGTTGAGCA-
CAGG-5′; GLI1 (Tm = 61°C, 300 nM), 5′-CTCGTAGCTTTCAT-
CAACTC-3′ and 3′-TTTTTGGTGATTCATCTGGG-5′; and VEGFA 
(Tm = 60°C, 400 nM), 5′-AATGTGAATGCAGACCAAAG-3′ and 
3′-GACTTATACCGGGATTTCTTG-5′. The amplification of the target 
product was executed with an ABI7500 Fast Real Time PCR ma-
chine, and melt curve analysis was implemented as a control for 
primer dimer formation. Each sample was normalized to reference 
gene GAPDH and static control.

Statistical analysis
Statistical analyses were performed with Prism, version 5.0 
(GraphPad).
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