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Article

The daughter centriole controls ciliogenesis by
regulating Neurl-4 localization at the centrosome

Abdelhalim Loukil, Kati Tormanen, and Christine Sutterlin

Department of Developmental and Cell Biclogy, University of California, Irvine, Irvine, CA 92697

The two centrioles of the centrosome differ in age and function. Although the mother centriole mediates most centro-
some-dependent processes, the role of the daughter remains poorly understood. A recent study has implicated the
daughter centriole in centriole amplification in multiciliated cells, but its contribution to primary ciliogenesis is unclear.
We found that manipulations that prevent daughter centriole formation or induce its separation from the mother abolish
ciliogenesis. This defect was caused by stabilization of the negative ciliogenesis regulator CP110 and was corrected by
CP110 depletion. CP110 dysregulation may be caused by effects on Neurl-4, a daughter centriole—associated ubiqui-
tin ligase cofactor, which was required for ciliogenesis. Centrosome-targeted Neurl-4 was sufficient to restore ciliogen-
esis in cells with manipulated daughter centrioles. Interestingly, early during ciliogenesis, Neurl-4 transiently associated
with the mother centriole in a process that required mother-daughter centriole proximity. Our data support a model in
which the daughter centriole promotes ciliogenesis through Neurl-4-dependent regulation of CP110 levels at the

mother centriole.

Introduction

The centrosome is an asymmetric organelle. In a newly born
cell, it is composed of two orthogonally arranged centrioles
that are referred to as mother and daughter centrioles. The older
mother centriole serves as a platform for the formation of a
younger daughter centriole in S phase, leading to an age differ-
ence by at least one cell cycle (Conduit et al., 2015). Centrioles
are surrounded by pericentriolar material and are connected by
cohesion factors, such as LRRC45, Cep68, C-Napl, and rootle-
tin (Mayor et al., 2000; Bahe et al., 2005; Graser et al., 2007b;
He et al., 2013). Centriole age dictates centriole morphology
and protein composition, which in turn determines centrosome
function and cell organization (Anderson and Stearns, 2009;
Sluder and Khodjakov, 2010; Pelletier and Yamashita, 2012).
Most activities of the centrosome are mediated by the
mother centriole, which is initially formed as a procentriole,
followed by elongation and maturation (Fu et al., 2015). During
this maturation process, the older centriole acquires distal and
subdistal appendages, which are proteinaceous modifications
that are discernible by electron microscopy (Nigg, 2002). Dis-
tal appendages are composed of at least five proteins (Cep83,
Cep89, Scltl, FBF1, and Cep164), which are essential for mem-
brane docking during ciliogenesis and the recruitment of the
ciliary factor TTBK2 (Graser et al., 2007a; Goetz et al., 2012;
Schmidt et al., 2012; Tanos et al., 2013). Subdistal appendages
are made up of a different set of proteins that includes ninein,
ODF2, and CC2D2A (Delgehyr et al., 2005; Ishikawa et al.,
2005; Veleri et al., 2014; Mazo et al., 2016). These proteins
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control the recruitment of the pericentriolar material as well
as the nucleation and anchoring of microtubules. They are also
involved in the formation of transition fibers in ciliated cells
(Kobayashi and Dynlacht, 2011).

Outside of its role in templating centrosome duplication in
S phase (Conduit et al., 2015), only few functions of the daugh-
ter centriole have been identified. It lacks obvious appendages,
but several proteins appear to be asymmetrically enriched at this
younger centriole. These include centrobin, which was found
to determine the orientation of the division plate in Drosoph-
ila melanogaster neuroblasts (Januschke et al., 2013). Neurl-
4, another daughter centriole—specific protein, is proposed to
prevent the formation of ectopic microtubule organizing centers
(Li et al., 2012). The function of additional daughter centriole—
enriched proteins, such as PARP-3 and Cep120, are not well
understood (Augustin et al., 2003; Mahjoub et al., 2010). In-
terestingly, the daughter centriole has been implicated in the
formation of motile cilia (Al Jord et al., 2014). In multiciliated
cells, it is proposed to control ~90% of the massive centriole
amplification that occurs during the differentiation process by
promoting the formation of the deuterosome (Al Jord et al.,
2014). However, the role of this younger centriole in primary
cilia formation has not been tested.

The primary cilium is a prominent hair-like extension of
the plasma membrane that is linked to human disease. Present
on most differentiated cells, it forms a specialized compartment
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for signal transduction (Goetz and Anderson, 2010; Hilgendorf
etal., 2016). Its membrane, which is continuous with the plasma
membrane, has a unique protein composition, being enriched
in signaling receptors, such as PTCH, platelet-derived growth
factor receptor, and the heterotrimeric transient receptor poten-
tial channel (Veland et al., 2009; Goetz and Anderson, 2010;
Basten and Giles, 2013). Primary cilia also contain soluble sig-
naling molecules, such as Ca?* and the Gli transcription factors,
which are central to the hedgehog pathway (Goetz and Ander-
son, 2010; Hilgendorf et al., 2016). Defects in cilia formation or
dysregulated disassembly of this important signaling “antenna”
lead to cell dysfunction and human diseases called ciliopathies.
These include rare genetic diseases, such as Bardet-Biedel or
Meckel syndrome, as well as common disorders, such as obe-
sity and cancer (Fliegauf et al., 2007; Gerdes et al., 2009).

Ciliogenesis is a multistep process in which the mother
centriole plays a fundamental role. Upon cell cycle exit, this
older centriole associates with a Golgi-derived ciliary vesicle
at its distal end. After fusion of additional vesicles, the mother
centriole migrates to the cell surface, where the centriole-
associated vesicles fuse with the plasma membrane. The con-
version of a docked mother centriole into the basal body and the
extension of the ciliary axoneme involves prominent changes in
protein composition (Kim and Dynlacht, 2013). For example,
components of the intraflagellar transport (IFT) particles, which
are necessary for axoneme elongation, are actively recruited to
the docked mother centriole (Lechtreck, 2015). In addition, pro-
teins of the transition zone, which describes the region between
centriolar appendages and the ciliary axoneme, are brought to
the mother centriole (Ishikawa and Marshall, 2011). Further-
more, negative regulators, such as CP110 and its binding part-
ner, Cep97, are removed (Spektor et al., 2007). As CP110 caps
the distal ends of centrioles of cycling cells, which prevents
untimely cilia formation, its removal from the mother centriole
is necessary for basal body formation and axoneme extension
(Spektor et al., 2007).

During the cell cycle, CP110 levels are tightly controlled
by proteasome-mediated degradation. At least two ubiqui-
tin ligases have been linked to CP110 regulation. The SCF
(Skp1-Cul1-F-box) protein ubiquitin ligase and its substrate
recognition subunit, the F-box protein cyclin F, are reported
to bind CP110 and control its ubiquitylation and degradation
(D’ Angiolella et al., 2010). The HECT-type E3 ligase HERC2,
which is detected at the centrosome, also binds CP110 and
was found to control centrosome architecture (Al-Hakim et al.,
2012). However, its activity toward CP110 has yet to be demon-
strated. The deubiquitinating enzyme USP33 counteracts cy-
clin F-mediated CP110 degradation and thereby contributes to
CP110 regulation (Li et al., 2013). Finally, Neurl-4, which asso-
ciates with the daughter centriole, is proposed to control CP110
levels to maintain centrosome homeostasis (Li et al., 2012).
Although it lacks ubiquitin ligase activity, Neurl-4 overexpres-
sion enhances CP110 ubiquitylation (Li et al., 2012). Neurl-4
may function as a substrate recognition factor for HERC2 (Al-
Hakim et al., 2012; Martinez-Noél et al., 2012).

In this study, we tested whether the daughter centriole par-
ticipates in primary cilia formation. Cells in which the younger
daughter centriole was either absent or separated from its mother
showed stabilized CP110 and ciliogenesis defects that were
rescued by CP110 depletion. We also discovered that Neurl-
4, a known regulator of CP110, was necessary for ciliogene-
sis and that its targeting to the centrosome in monocentriolar

cells was sufficient to remove CP110 and restore ciliogenesis.
Finally, we detected that early during ciliogenesis, Neurl-4
transiently associated with the mother centriole, a process that
required mother—daughter centriole proximity and may be nec-
essary for ciliogenesis.

We examined the spatial relationship between the mother and
the daughter centriole in ciliated retinal pigment epithelial 1
(RPE-1) cells. We first serum-starved cells to induce ciliogen-
esis and then stained them with specific antibodies to the cil-
iary axoneme (acetylated tubulin), the mother centriole/basal
body (Cepl164), and the daughter centriole (Neurl-4; Fig. 1 A).
The daughter centriole was always adjacent to the basal body,
which is derived from the mother centriole. We then compared
the distance between the two centrioles in nonciliated and cil-
iated cells. We detected centrioles with antibodies to glutam-
ylated tubulin, which decorates the centriole wall and thereby
avoids issues with centriole orientation (Sonnen et al., 2012).
We observed that the distance between the mother and daugh-
ter centriole was significantly smaller in quiescent ciliated cells
than in cycling nonciliated cells, suggesting a possible link be-
tween ciliogenesis and the proximity between the two centri-
oles (Figs. 1 B and S1 A).

To test this hypothesis, we examined ciliogenesis in
monocentriolar cells, which were generated by depleting RPE-1
cells of the centrosome duplication factor HsSAS-6. After pro-
gression through mitosis, 37% of HsSAS-6-depleted cells
were monocentriolar (Fig. S1 B). We then incubated these
cells for 30 h in the absence of serum to induce ciliogenesis
(Fig. 1 C), which increased the percentage of monocentriolar,
HsSAS-6—depleted cells to 46% compared with 4% of control
cells (Fig. S1 B). The single remaining centriole was a mother
centriole, because it contained the mother centriole—specific
marker Par6G (Dormoy et al., 2013; Fig. S1 C). 61% of con-
trol siRNA-transfected cells had two centrioles and formed a
primary cilium. In contrast, this cell surface protrusion was
only present on 9% of HsSAS-6—depleted cells with a single
centriole (Fig. 1 D). This ciliogenesis defect was not caused
by a lower confluency of HsSAS-6—depleted cells, which dis-
played a growth rate similar to control cells (Fig. S1, D and
E). It was also not caused by the specific absence of HsSAS-6,
because ciliation defects were also observed in monocentriolar
cells generated through the depletion of the centriole duplica-
tion factor Cep152 (Fig. 1 E). The finding that monocentriolar
cells with only a mother centriole were unable to form primary
cilia suggests a possible role of the daughter centriole in cilia
formation. These results are consistent with the reported ab-
sence of primary cilia from cells depleted of STIL or CPAP,
two other regulators of centrosome duplication (Wu and Tang,
2012; David et al., 2014).

We next tested if the absence of cilia from monocentriolar
cells was caused by an arrest in the G1 phase of the cell cycle.
Loss of centrosome integrity is reported to produce an irrevers-
ible p53- and p38-dependent cell cycle arrest in G1 (Mikule
et al., 2007; Wong et al., 2015). Our experimental conditions
did not appear to activate this centrosome integrity checkpoint.
In the time frame of our experiment, HsSAS-6—depleted cells
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Figure 1. Monocentriolar cells do not form primary cilia. (A) The daughter centriole is in close proximity to the basal body in ciliated cells. The ciliary
axoneme and the basal body were defected with antibodies to acetylated tubulin (green). The mother centriole/basal body and the daughter centriole
were marked with antibodies to Cep164 (red) and Neurl-4 (cyan), respectively. The cartoon shows a projection of the merged image to illustrate each
component of the cilium. (B) Comparison of the distance between mother and daughter centriole in nonciliated and ciliated cells. Nonciliated cells were
grown in serum-rich medium, whereas ciliated cells were serum-starved for 30 h. Centrioles were labeled with antibodies to glutamylated tubulin (green),
Cep164 (red), and Neurl-4 (cyan). The center of each centriole, marked with antibodies to glutamylated tubulin, was used as a reference for distance
measurements between the centrioles (line a, nonciliated cell; line b, ciliated cell). The graph shows the mean distance between centrioles in nonciliated
and ciliated cells. Error bars denote SEM. A total of 136 cells in three independent experiments were analyzed (***, P < 0.001). (C) The experimental
procedure used to generate monocentriolar cells. Control cells contained two centrioles after passage through mitosis, but HsSAS-6— or Cep152-depleted
cells only had a single centriole. (D) Serum-starved monocentriolar HsSAS-6—depleted cells do not form primary cilia. Centrioles and the axoneme were
detected with antibodies to centrin-2 (green) and detyrosinated tubulin (red), respectively. The graph shows the mean percentage of ciliated cells from a
total of 466 control and 554 monocentriolar HsSAS-6 knockdown cells + SEM (n = 3; *, P < 0.05). (E) Serum-starved, monocentriolar Cep152-depleted
cells do not form cilia. The same experimental approach as described in C was used. The ciliary axoneme and centrioles were labeled with antibodies to
acetylated tubulin (green). Staining with Cep152-specific antibodies (red) confirmed effective knockdown. DNA was stained with Hoechst 33342. Bars,
2 pm. The graph shows the mean percentage of ciliation + SEM from a total of 309 control and 141 monocentriolar knockdown cells (n = 3; *, P < 0.05).

proliferated normally and did not display increased p53 levels
(Fig. S1, E and F, top). In addition, p53 depletion with a validated
shRNA (Kim et al., 2007; Fig. S1 F, bottom) did not correct the
cilia defects of monocentriolar cells (Fig. S1 G). Furthermore,
serum-starved HsSAS-6—depleted cells did not stain with the
proliferation marker Ki-67, indicating that they had exited the
cell cycle and reached the nonproliferating GO phase (Fig. S1
H). Finally, there was a significant increase in the percentage
of ciliated cells when we subjected cells in serum-rich medium
to thymidine-induced arrest at the G1/S transition (Fig. S1 I),
suggesting that a G1 arrest may not prevent ciliogenesis. These
experiments suggest that the lack of cilia from monocentriolar
cells is not caused by a defect in cell cycle progression but may
be caused by the absence of the daughter centriole.

We next examined if the proximity between the two centri-
oles is important for ciliogenesis by depleting the centriolar

linker protein LRRC45 (Fig. 2 A). After 48 h, 6% of control
cells showed separated centrioles, but the typical split cen-
triole phenotype was observed in 24% of LRRC45-depleted
cells (Fig. 2, B and C), which is similar to a published study
(He et al., 2013). Loss of centriole cohesion in these cells was
confirmed by staining for the centriole linker protein C-Napl,
which revealed two separate dots in the absence of LRRC45
compared with a single dot in control cells (Fig. S2 A). Control
and LRRC45-depleted cells were then serum-starved for 30 h
and fixed to determine the percentage of ciliated cells (Figs. 2
A and S2 B). Only 13% of LRRC45-depleted cells with sepa-
rated centrioles displayed primary cilia, compared with 81.55%
of LRRC45-depleted cells with adjacent centrioles and 83% of
control cells (Fig. 2 C). As seen for HsSAS-6—depleted cells,
this ciliogenesis defect was not caused by the activation of the
centrosome integrity checkpoint (Fig. S2, C and D). In addition,
lack of Ki-67 staining showed that LRRC45-depleted cells had
exited the cell cycle and entered into the GO phase (Fig. S2 E),
which is consistent with the normal growth behavior reported

Role of the daughter centriole in ciliogenesis
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for these cells (He et al., 2013). We conclude that proximity
between mother and daughter centrioles is crucial for ciliogen-
esis. This idea was further supported by our finding that cells
with split centrioles caused by depletion of another centriole
cohesion factor, Cep68 (Graser et al., 2007b), were unable to
form primary cilia (Figs. 2 D and S2 D).

To understand the molecular basis of this ciliogenesis defect,
we examined the effects of daughter centriole manipulations
on the protein composition of the basal body by immunoflu-
orescence (IF) microscopy. Our experimental conditions pro-
duced no apparent defect in the basal body association of the
two distal appendage proteins Cepl64 and Cep123, which are
both required for ciliogenesis (Graser et al., 2007a; Sillibourne
et al., 2013; Fig. S3, A and B). Also, the localization of ODF2,
another mother centriole protein (Ishikawa et al., 2005), was

unaffected (Fig. S3 C). Similarly, TMEM67, a component of
the transition zone, localized to the basal body in cells with ma-
nipulated daughter centrioles (Fig. S3 D). Furthermore, IFT88,
a subunit of the IFT-B complex, was normally recruited to the
basal body in daughter centriole—manipulated cells (Fig. S3 E).
These observations suggest that the recruitment of these spe-
cific ciliogenesis regulators to the basal body is unaffected by
our experimental conditions.

We also monitored the distribution of the negative cilio-
genesis regulator CP110 in HsSAS-6— and LRRC45-depleted
cells. In 94% of control cells, CP110 was efficiently removed
from the mother centriole so that it was only detected at the
daughter centriole (Fig. 3 A). In contrast, 81% of HsSAS-6—
depleted cells with only a mother centriole and 78% of
LRRC45-depleted cells with separated centrioles displayed
CP110 at the mother centriole (Fig. 3 A), which is indicative
of CP110 stabilization at this location. Consistent with these
observations, increased CP110 protein levels were detected



in total lysates from cells depleted of HsSAS-6 and LRRC45
(Fig. 3 B). CP110 stabilization was also seen in cells depleted
of Cepl52 or Cep68 (unpublished data). As codepletion of
CP110 restored primary cilia formation in cells with daughter
centriole manipulations (Fig. 3, C and D; and Fig. S3 F), we
conclude that the absence of cilia in these cells is caused by
CP110 stabilization at the mother centriole.

We next tested if daughter centriole manipulations affect CP110
regulation by altering the machinery known to control CP110
protein levels. We first examined the centrosome-associated
ubiquitin ligase HERC2, which has been linked to CP110 deg-
radation (D’ Angiolella et al., 2010; Al-Hakim et al., 2012). This
protein localized normally to the centrosome in cells with ma-
nipulated daughter centrioles (Fig. 4 A). We also examined the
protein kinase TTBK2, whose recruitment to the mother cen-
triole early during ciliogenesis is required for CP110 removal
and cilia formation (Goetz et al., 2012). Although TTBK?2 was
detected at the centrosome, its levels were reduced in 49% of
HsSAS-6-depleted, monocentriolar cells compared with 13%
of control cells (Fig. 4, B and C). LRRC45-depleted cells dis-
played a similar reduction in TTBK2 recruitment (Fig. 4, B and
C). Interestingly, the association of IFT88 with the basal body,
which depends on centrosomal TTBK2, was normal in both
HsSAS-6- and LRRC45-depleted cells (Fig. S3 E; Goetz et al.,
2012). This result suggests that TTBK2, even at reduced levels,
may be functional at the basal body. It is therefore unlikely
that CP110 stabilization at the mother centriole of cells with
manipulated daughter centrioles is caused by a partial defect in
TTBK2 recruitment. Finally, we examined the ubiquitin ligase
cofactor Neurl-4, which is critical for CP110 degradation (Li
et al., 2012). Neurl-4 was completely absent from the single
centriole in ~85% of HsSAS-6—depleted monocentriolar cells
(Fig. 4, D [top and middle] and E). In contrast, it was present
at the daughter centriole in ~90% of LRRC45-depleted cells
(Fig. 4, D [top and bottom] and E), although its proximity
to the mother centriole was clearly abolished in these cells.
Our results suggest that daughter centriole manipulations dis-
rupt the spatial relationship between Neurl-4 and the mother
centriole, which may be necessary for proper CP110 regu-
lation and ciliogenesis.

We investigated if Neurl-4 is important for ciliogenesis. Simi-
lar to the procedure described in Fig. 1 C, we transfected cells
for 48 h with siRNA against Neurl-4 and then serum-starved
them for 30 h. With this procedure, we obtained 23% of
cells with significantly lower Neurl-4 levels at the daughter
centriole (Fig. S4), and these cells were unable to form pri-
mary cilia (Fig. 5 A). Depletion of Neurl-4 resulted in ecto-
pic CP110 foci in the perinuclear region and increased CP110
levels in total cell lysates (Fig. 5, A and B), confirming the
reported requirement for Neurl-4 in CP110 degradation (Li
et al., 2012). We also found that overexpression of mCherry-
tagged Neurl-4 for 30 h in serum-rich medium promoted
CP110 down-regulation (Fig. 5 C), although ciliogenesis was
not enhanced in this experiment (not depicted). Altogether,
these results confirm the contribution of Neurl-4 to CP110
regulation and identify a novel role of this cofactor protein
in primary ciliogenesis.

To test if the lack of centrosomal Neurl-4 is responsible for the
ciliogenesis defects in monocentriolar cells, we performed a res-
cue experiment in which we targeted Neurl-4 to the centrosome.
mCherry-Neurl-4 by itself did not localize to the mother centri-
ole in monocentriolar cells and was unable to restore ciliogen-
esis. We therefore targeted mCherry-Neurl-4, or mCherry as a
negative control, to the centrosome through the PACT (pericen-
trin/AKAP450 centrosomal targeting) domain, a known centro-
somal targeting motif (Gillingham and Munro, 2000; Fig. 6 A).
30 h after transfection and serum starvation, mCherry-PACT
and mCherry-PACT-Neurl-4 were observed at the centrosome
at similar levels in control and HsSAS-6—depleted cells (Fig. 6,
B and C). Cells were then analyzed for the presence of cilia
(Fig. 6, B and D). 46% of monocentriolar HsSAS-6—depleted
cells expressing mCherry-PACT-Neurl-4 displayed primary cilia
compared with 23% of control cells expressing mCherry-PACT
(Fig. 6 D). These cells also had reduced CP110 levels (Fig. 6, B
and E). We conclude that centrosomally targeted Neurl-4 is suffi-
cient to partially rescue the cilia defects of monocentriolar cells.
Interestingly, restored cilia, which were similar in length as con-
trol cilia, were composed of only a basal body and a ciliary axon-
eme but clearly lacked the daughter centriole (Fig. 6 B, bottom).

As our studies identified a critical role for Neurl-4 in cilio-
genesis, we monitored the behavior of this protein during
early stages of cilia formation. We serum-starved wild-type
RPE-1 cells and observed Neurl-4 localization in a time
course experiment at 0, 6, 12, and 30 h after serum with-
drawal (Fig. 7 A, top). In proliferating cells (0-h time point)
Neurl-4 only associated with the daughter centriole. However,
after 6 h of serum starvation, a small fraction of Neurl-4 was
detected at the mother centriole, forming a continuous, thin
connection between the two Neurl-4 dots (Fig. 7 A, top). 12 h
after serum removal, which is when axoneme extension be-
gins, Neurl-4 was still at the mother centriole. However, at
30 h after serum starvation, axoneme formation was complete
and Neurl-4 was no longer detectable at the mother centriole
(Fig. 7 A, top). Similar observations were made in human
foreskin fibroblast (HFF) cells (Fig. S5), confirming the in-
teresting behavior of this protein in a primary human cell
line. This transient Neurl-4 translocation to the mother centri-
ole was not detected in LRRC45-depleted cells, in which the
protein remained on the daughter centriole at all time points
(Fig. 7 A, bottom). These results suggest that the transient ex-
change of Neurl-4 between the two centrioles is facilitated by
their physical proximity.

Our results are consistent with a model in which the daugh-
ter centriole is critical for the regulation of Neurl-4 localization
within the centrosome. In nonciliated, dividing (Fig. 7 B, 1) and
fully ciliated quiescent cells (3), Neurl-4 localizes exclusively
to the daughter centriole. However, early in ciliogenesis, before
axoneme extension (Fig. 7 B, 2), a small fraction of this protein
transiently translocates from the daughter centriole to the mother
in a process that requires proximity between the two centrioles. If
Neurl-4 cannot reach the mother centriole, CP110 removal does
not occur, preventing cilia formation. We speculate that at the
mother centriole, Neurl-4 interacts with additional factors, such

Role of the daughter centriole in ciliogenesis
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Figure 3. Ciliogenesis defects in cells with manipulated daughter centrioles are caused by CP110 stabilization at the mother centriole. (A) The negative
ciliogenesis regulator CP110 is not removed from the mother centriole of HsSAS-6— or LRRC45-depleted cells. The cartoon shows the localization of this
protein in cycling cells. CP110 was visualized by IF microscopy using CP110-specific antibodies in these cells. Bars, 2 pm. Graph shows the mean percent-
age of cells with CP110 at the mother centriole + SEM. A total of 111 control, 198 monocentriolar and 141 LRRC45-depleted cells was quantified from
3 independent experiments (*, P < 0.05). (B) Representative Western blots showing CP110 levels in whole-cell extracts of control and HsSAS-6-depleted
cells (top) or control and LRRC45-depleted cells (bottom) at 78 h after siRNA transfection. GAPDH served as loading control to normalize the CP110 signal
(shown in arbitrary units) in each blot. Quantifications of these Western blots are shown. (C) CP110 depletion restores cilia formation in monocentriolar
cells after CP110 depletion. Cells were stained with antibodies to glutamylated tubulin (green) and CP110 (red), DNA was detected with the DNA dye
Hoechst 33342. Bars, 2 pm. The graph shows the mean percentage of ciliated cells + SEM for cells that were either transfected twice with control siRNA
(n = 150 cells), once with HsSAS-6—specific siRNA, then with control siRNA (n = 109 cells), or once with HsSAS-6 siRNA, then with CP110-specific siRNA
(n =137 cells; n= 3; **, P < 0.004). (D) CP110 depletion is sufficient to rescue ciliogenesis defects in LRRC45-depleted cells. Same experiment as C,
except for the depletion of LRRC45 instead of HsSAS-6: control siRNA/control siRNA (n = 255 cells), LRRC45 siRNA/control siRNA (n = 278 cells), and
LRRC45 siRNA/CP110 siRNA (n = 122 cells; n = 3; **, P = 0.0022). DNA was stained with Hoechst. Bars, 2 pm.
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Figure 4. Daughter centriole manipulations affect TIBK2 and Neurl-4 localization. The association of selected CP110 regulators with the basal body
was analyzed in control and monocentriolar HsSAS-6-depleted cells as well as LRRC45-depleted cells with separated centrioles. All panels show merged
images with DNA stained with Hoechst 33342. Bars, 2 pm. (A) Ciliary axoneme and centrioles were labeled with antibodies to acetylated tubulin (red)
and HERC2 (green). (B) Acetylated tubulin and TTBK2 are shown in green or red, respectively. (C) The graph shows the quantification of TTBK2 levels (full,
partial, or none) at the basal body. The percentage of cells in each category is shown for a total of 191 control cells, 56 HsSAS-6-depleted cells, and 75

LRRC45-depleted cells (n = 3

*, P < 0.05). The signal for acetylated tubulin was used for normalization. (D) Acetylated tubulin and Neurl-4 are shown

in green or red, respectively. (E) Graph shows the mean percentage of cells with Neurl-4 at the daughter centriole from 145 control cells, 73 HsSAS-6-
depleted cells, and 77 LRRC45-depleted cells (n = 3; ***, P < 0.0001; ns, not significant).

as an E3 ligase, that facilitate CP110 removal and ciliogenesis
(Fig. 7 B). In an alternative model (Fig. 7 B, 4), Neurl-4 is directly
recruited to the mother centriole to control local CP110 levels.

In this study, we provide support for a novel role of the daughter
centriole in primary cilia formation. Cells in which the daughter
centriole was either absent (HsSAS-6 or Cep152 depletion) or
separated from its mother (LRRC45 or Cep68 depletion) were
unable to form primary cilia. This ciliogenesis defect was due
to CP110 stabilization at the mother centriole and was corrected
by CP110 depletion. We also show that Neurl-4 is necessary for

ciliogenesis and that this ubiquitin ligase cofactor transiently
associates with the mother centriole early during ciliogenesis.
We integrate our findings into the bridge model, in which the
daughter centriole, adjacent to its mother, facilitates Neurl-4
translocation to the mother centriole, which may promote the
localized CP110 removal that is necessary for ciliogenesis. Our
model is consistent with the reported role of the centriole co-
hesion factor rootletin in ciliogenesis (Conroy et al., 2012) and
provides a functional explanation for the presence of the daugh-
ter centriole next to the mother during ciliogenesis. However,
our data can also be explained by an alternative model (recruit-
ment model), in which LRRC45 and Cep68 control ciliogenesis
by directly recruiting Neurl-4 or other CP110 regulatory factors
to the mother centriole early during ciliogenesis. It is possible
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Figure 5. Neurl-4 controls CP110 levels and is required for ciliogenesis. (A) Effects of Neurl-4 depletion on cilia formation. Neurl-4 depletion was per-
formed using the same experimental protocol previously described in Fig. 1 C. Centrioles and cilia were stained with antibodies to acetylated tubulin
(green) and CP110 (red). Merged images with DNA stained with Hoechst are also shown. Bars, 2 ym. Graph shows the percentage of ciliated cells from
a total of 244 control cells and 181 Neurl-4-depleted cells (n = 3; *, P < 0.05). (B) Neurl-4 depletion leads to increased CP110 levels. CP110 levels
were monitored in total cell lysates at 78 h after siRNA transfection from control and Neurl-4-depleted cells using Western blot analysis. GAPDH served
as loading control to normalize the CP110 signal (shown in arbitrary units) in each blot. A quantification of this Western blot is shown. (C) Neurl-4 overex-
pression destabilizes CP110 in cycling cells. The constructs pmCherry and pmCherry-Neurl-4 were transfected into proliferating RPE-1 cells and expressed
for 30 h. Representative Western blots showing CP110 levels in nontransfected control cells and in cells expressing mCherry- and mCherry-Neurl-4. The
levels of exogenously expressed proteins were monitored with antibodies to mCherry. GAPDH served as a loading control.

that LRRC45 and Cep68 form a complex at the proximal end of
the mother centriole, providing a docking site for other proteins.
Such a function of these centriole cohesion factors may be inde-
pendent of their normal role in centriole cohesion and could be
disrupted in monocentriolar cells.

Neurl-4 is a central component of our model. This protein
belongs to the family of neuralized-like proteins and was shown
to associate with the daughter centriole (Li et al., 2012). An-
other study detected this protein predominantly at the mother
centriole (Al-Hakim et al., 2012), but we confirmed the spec-
ificity of its daughter centriole localization through depletion
and overexpression experiments (Fig. S4 and not depicted). In-
terestingly, we detected a small fraction of Neurl-4 at the mother
centriole early during ciliogenesis in two different cell lines.
This association was transient and not observed in cells that
were either dividing or displaying a fully formed axoneme. The
Neurl-4 population at the mother centriole is likely to originate
from the daughter because transient Neurl-4 recruitment to the
mother did not occur in cells with split centrioles. In addition,
there appeared to be a continuous thread of Neurl-4 between the
two centrioles early during ciliogenesis. However, we cannot
exclude the possibility that Neurl-4 is recruited to the mother
centriole from the cytosol. At this point, we do not know how
Neurl-4 moves between centrioles and if other proteins display
a similar dynamic behavior.

Our main model is in conflict with recent reports on
C-Napl. CRISPR/Cas9 or ZNF-mediated knockout of this
centriole cohesion factor produced RPE-1 cells that had split
centrioles but no defect in cilia formation or length (Panic et
al., 2015; Mazo et al., 2016; Flanagan et al., 2017). Further-
more, previously observed ciliogenesis defects in cells depleted
of C-Nap1 by siRNA were found to be due to off-target effects
(Conroy et al., 2012; Sillibourne et al., 2013; Flanagan et al.,
2017). There are two major differences between these reports
and our study. (1) They used CRISPR/Cas9 or ZNF strategies,

which generate permanent knockout clones that were selected
for their ability to survive. RNAI, in contrast, generates tran-
sient and often partial protein knockdown that may be able to
reveal a specific phenotype (Boettcher and McManus, 2015).
CRISPR/Cas9 and RNAi have produced contradicting results
for other centrosomal proteins. For example, for the subdistal
appendage protein ODF2, CRISPR-mediated knockout cells
had normal cilia (Mazo et al., 2016), whereas RNAi exper-
iments revealed significant ciliogenesis defects (Kuhns et al.,
2013). Opposite results were also reported for microtubule or-
ganization by subdistal appendage proteins (Mazo et al., 2016).
(2) We observed ciliogenesis defects in the absence of two co-
hesion factors LRRC45 and Cep68, which both form fibers be-
tween the two centrioles (Graser et al., 2007b; He et al., 2013).
C-Napl, in contrast, associates with the proximal end of mother
and daughter centrioles and forms docking sites for other co-
hesion factors, including Cep68 and LRRC45 (He et al., 2013;
Fang et al., 2014). It is not known how permanent C-Nap1 loss
affects Cep68 and LRRC45 localization and function. Overall,
our results call for a detailed analysis of the link between centri-
ole cohesion and ciliogenesis, comparing RNAi and knockout
methods for the different centriole cohesion factors.

We propose that Neurl-4—dependent CP110 degradation
is restricted to the mother centriole. However, the simple pres-
ence of Neurl-4 and CP110 at the same centriole appears in-
sufficient for CP110 degradation because both proteins localize
to the daughter centriole, but CP110 is not degraded. Although
it is not known when and where Neurl-4 and CP110 interact,
our data suggest that an additional factor may be required for
Neurl-4-mediated CP110 degradation at a specific site. Sim-
ilarly, cyclin F and CP110 colocalize during the cell cycle,
but their actual interaction is only detected in G2, followed by
CP110 degradation at the M/G1 transition (D’ Angiolella et al.,
2010). As Neurl-4 seems to act as an ubiquitin ligase cofactor, it
is possible that the younger centriole lacks the ubiquitin ligase
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Figure 6. Targeting Neurl-4 to the mother
centriole is sufficient to rescue ciliogenesis de-
fect of monocentriolar cells. (A) Experimental
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that mediates CP110 degradation or contains an inhibitor of
CP110 degradation. The mother centriole, in contrast, may ac-
tively promote the association between Neurl-4, CP110, and the
ubiquitin ligase to enhance CP110 degradation. The identity of
this ubiquitin ligase is not known, although the established in-
teraction of Neurl-4 with HERC?2 makes this protein a possible
candidate (Al-Hakim et al., 2012; Martinez-Noél et al., 2012).
The observed ciliogenesis defects are unlikely to be caused
by activation of the p53-dependent centrosome integrity check-
point in G1 (Mikule et al., 2007; Wong et al., 2015). This arrest
was, for example, seen after centrosome fragmentation due to
the depletion of certain centrosomal components, or inactiva-
tion of Plk4 using the pharmacological inhibitor centrinone or
CRISPR/Cas9 (Mikule et al., 2007; Wong et al., 2015; Fong

3 Control siRNA+ mCherry-PACT

B3 Control siRNA+ mCherry-PACT-Neurl-4
3 HsSAS-6 siRNA+ mCherry-PACT

0.2 Hs SAS-6 siRNA+ mCherry-PACT-Neurl-4

et al., 2016; Lambrus et al., 2016). However, our experimental
conditions did not induce a G1 arrest because (1) the growth rate
of HsSAS-6—depleted cells was comparable to that of control
cells, (2) p53 levels were unaffected by HsSAS-6 or LRRC45
depletion, and (3) the ciliogenesis defects were not corrected
by p53 depletion. Moreover, we show that induction of a G1/S
cell cycle arrest did not disrupt but rather promoted ciliogene-
sis, which further argues against a G1 arrest as an explanation
for the observed ciliogenesis defects. These results indicate that
depletion of centrosomal proteins, at least at early time points
and in combination with serum starvation, does not activate the
centrosome integrity checkpoint or induce cell cycle arrest.
Several studies have linked primary cilia loss to cancer de-
velopment and progression (Gradilone et al., 2013; Hassounah
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each experiment. Bars, 2 pm. (B) Model for daughter centriole-mediated regulation of ciliogenesis (1-3). Bridge model: Neurl-4 associates with the daugh-
ter centriole in cycling cells (1), but when cilia formation is induced (2), it transiently moves to the mother centriole in a process that depends on proximity
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factors to the mother centriole, possibly from the cytosolic pool, thereby facilitating local CP110 removal at the mother centriole.



et al., 2013; Menzl et al., 2014). For example, genes that sup-
port cilia biogenesis and function were found to be dysregu-
lated in cancer (Shpak et al., 2014). In addition, some cancers,
such as breast malignancies, display significantly fewer cilia
than control tissue (Menzl et al., 2014). Interestingly, Neurl-4 is
down-regulated in several tumors, including those of the pros-
tate and kidney (Uhlén et al., 2005), which are both associated
with primary cilia loss (Basten et al., 2013; Hassounah et al.,
2013). Although this correlation is intriguing, additional studies
are necessary to understand the role of Neurl-4 in cancer pro-
gression and cilia regulation.

Over many years, the daughter centriole has remained
enigmatic because few proteins are reported to specifically as-
sociate with this younger centriole, and their function is not
well understood. Our study provides first support for a role of
the daughter centriole in primary cilia formation. This func-
tion depends on the position of the daughter centriole next
to the mother to promote CP110 removal and conversion of
the mother centriole into the basal body. In addition to pro-
viding a platform for Neurl-4 recruitment, the daughter cen-
triole facilitates the movement of a protein between the two
centrioles during ciliogenesis. Thus, our study has revealed
a novel physical and functional relationship between daugh-
ter and mother centrioles.

Antibodies

Antibodies and their conditions of use are detailed as follows: mouse
anti—acetylated tubulin (IF: methanol or formaldehyde, 1:6,000;
T6793; Sigma-Aldrich), rabbit anti—acetylated tubulin (IF: methanol,
1:200; 5335; Cell Signaling Technology); goat anti-Cep64 (IF: meth-
anol, 1:250; sc-240226; Santa Cruz Biotechnology, Inc.), rabbit anti—
Neurl-4 (IF: methanol, 1:250; gift from B. Dynlacht, NYU Cancer
Institute, New York, NY; Li et al., 2012), mouse anti-Centrin2 (IF:
methanol, 1:1,000; 04-1624; EMD Millipore), rabbit anti—detyros-
inated tubulin (IF: methanol, 1:500; AB3201; EMD Millipore), mouse
anti—polyglutamylated tubulin (IF: methanol, 1:500, GT335; AG-
20B0020; AdipoGen), rabbit anti-Cep152 (IF: methanol, 1:500; A302-
479A; Bethyl Laboratories, Inc.), rabbit anti-Par6G (IF: methanol,
1:500; G9547; Sigma-Aldrich), rabbit anti—Ki-67 (IF: formaldehyde,
1:2,000; Ab15580; Abcam), rabbit anti-LRRC45 (IF: methanol, 1:500;
HPA024768; Sigma-Aldrich), Cep68 (IF: methanol, 1:100; A302-
533A; Bethyl Laboratories, Inc.), mouse anti-C-Napl (IF: metha-
nol, 1:100; 611374; BD), mouse anti-p5S3 (IF: methanol; 1:1,000,
2524; Cell Signaling Technology), rabbit anti-MKS3 (TMEM67; IF:
methanol, 1:100; 13975-1-AP; Proteintech), rabbit anti-CP110 (IF:
methanol, 1:500; WB: 1:500; 12780-1-AP; Proteintech), mouse anti—
HsSAS-6 (IF: methanol, 1:400; WB: 1:500; sc-81431; Santa Cruz Bio-
technology, Inc.), mouse anti-HERC2 (IF: methanol, 1:100; 612366;
BD), rabbit anti—cyclin F (IF: methanol, 1:100; sc-952; Santa Cruz
Biotechnology, Inc.), rabbit anti-TTBK2 (IF: formaldehyde in general
tubulin buffer [GTB: 80 mM Pipes, pH 7, | mM MgCl,, and 1 mM
EGTA], 1:500; HPA018113; Sigma-Aldrich), rabbit anti-Cep123 (IF:
methanol, 1:500; gift from M. Bornens, Institut Curie, Paris, France;
Sillibourne et al., 2013), rabbit anti-ODF2 (IF: methanol, 1:50;
HPAO001874; Sigma-Aldrich), goat anti-IFT88 (IF: methanol/acetone
[1:1], 1:250; Ab42497; Abcam), mouse anti-GAPDH (WB: 1:10,000;
sc-47724; Santa Cruz Biotechnology, Inc.), and goat anti-mCherry
(IF: methanol, 1:400; WB: 1:1,000; AB0040-200; SICGE).

Cell culture, constructs, and transient transfection

Retinal pigment epithelium (h"TERT-RPE1) cells (provided by B. Dy-
nlacht, NYU Cancer Institute, New York, NY) and HFF cell line (pro-
vided by N. Morrissette, University of California, Irvine, Irvine, CA)
were grown in DMEM (Gibco) with 10% FBS (Hyclone). Cells were
grown in a humidified 5% CO, incubator at 37°C. Human Neurl-4
cDNA (provided by B. Dynlacht; Li et al., 2012) was PCR amplified
and subcloned into pmCherry-N1 (Takara Bio, Inc.) using HindIII and
Sall restriction sites. PACT domain was PCR amplified from the human
AKAP450 sequence (gift from M. Takahashi, Teikyo Heisel Univer-
sity, Nakano, Japan) and subcloned into pmCherry-N1 or pmCher-
ry-N1-Neurl-4 using Notl and Hpal restriction sites. The sequence of
each construct was confirmed by sequence analysis (Retrogen, Inc.).
All constructs were transfected using X-tremeGENE 9 DNA transfec-
tion reagent (Roche) following the manufacturer’s instructions. Re-
combinant proteins were overexpressed for 24 to 30 h.

RNAi

The following siRNAs were used in this study: Scrambled con-
trol siRNA, 5-ACUAAACUGAGGCAAUGCC-3’; HsSAS-6, 5'-
GCACGUUAAUCAGCUACAA-3" (Leidel et al., 2005); Cepl52,
5'-GCGGAUCCAACUGGAAAUCUA-3" (Cizmecioglu et al,
2010); LRRC45, 5'-CCAACAGAACAAGUCCAUU-3’ (He et al.,
2013); Cep68, 5'-CACCCUCAAAUCACCUACUAA-3" (Graser
et al, 2007b); CP110, 5'-GCAAAACCAGAAUACGAGATT-3'
(Prosser and Morrison, 2015); Neurl-4, 5'-CCAUCAUGCAAGACG
GUAA-3’ (Lietal., 2012).

The siRNA oligonucleotides were synthesized by Eurofins
MWG Operon and Thermo Fisher Scientific. Transfection of siRNAs
was performed with oligofectamine (Thermo Fisher Scientific), fol-
lowing the manufacturer’s instructions with a final siRNA concentra-
tion of 200 nM. IF assays or Western blots were performed to evaluate
the knockdowns efficiency.

Lentiviral shRNA

Lentiviruses were generated using PLKO.1-shscramble-shRNA and
pLKO-p53-shRNA-941 (Kim et al., 2007) in 293T cells. We used
psPAX2 and pCMV-VSVg as the packaging or envelope plasmid, re-
spectively. We infected RPE-1 cells with the shRNA lentiviruses over-
night. To increase the efficiency of viral infection, we added 8 pg/ml
polybrene. At 24 h after infection, the selection was performed in 10
ug/ml fresh puromycin-containing media for 10 d. CP110 depletion
was validated by IF microscopy.

IF microscopy

hTERT-RPE1 and HFF cells were grown on glass coverslips. Cells were
fixed as described with either cold 100% methanol for 5 min, 4% form-
aldehyde for 10 min, or methanol/acetone (1:1) for 2 min. Cells fixed
with formaldehyde were permeabilized with 0.2% Triton X-100 in PBS
for 10 min. Before fixation and cilia staining, cells were incubated on
ice for 30 min to depolymerize microtubules. Fixed cells were blocked
in blocking buffer (2.5% FBS, 0.1% Triton X-100 in PBS) for 1 h and
then incubated with primary antibodies for 1 h at room temperature,
followed by 1-h incubation with secondary antibodies (Alexa Fluor
488, 594, and 647; Thermo Fisher Scientific). DNA was stained with
Hoechst 33342 (Thermo Fisher Scientific) for 2 min. Coverslips were
mounted on glass slides using ProLong Gold mounting media (Thermo
Fisher Scientific). Cells were imaged with AxioVision software on an
inverted Axiovert 200M microscope (NA: 0.55, working distance: 26
mm; ZEISS) equipped with an EC Plan-Neofluar 100x/1.3 oil Ph3 ob-
jective. Images were captured with an AxioCam MRm monochrome
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digital camera (ZEISS). The distance between centrioles was measured
using AxioVision software.

Quantification of cilia and intensities of centriolar proteins

Ciliation rates were calculated from seven to ten randomly selected
fields of cells for each experiment. The fluorescence intensity of cen-
trosome markers was determined using ImageJ 1.47v software. A range
threshold was applied to specifically select the pixels, showing the sig-
nal of the centriole marker. The mean fluorescence intensity was ex-
tracted for each immunostained protein.

Rescue experiments using CP110 siRNA

RPE-1 cells were treated either with HsSAS-6 or LRRC45 siRNA
for 40 or 28 h, respectively. We then transfected control or CP110
siRNA for 4 h, followed by serum starvation for 24 (LRRC45) or
30 h (HsSAS-6). CP110 depletion was validated using IF microscopy
and Western blot analysis.

Western blot analysis

Approximately 4.10° cells per condition were lysed for 10 min on ice
in NP-40 lysis buffer (150 mM NaCl, 1 mM EDTA, 50 mM Hepes, pH
7.4, and 0.5% NP-40) supplemented with protease inhibitors (2 mM
pepstatin and 150 mM aprotinin; both from MP Biochemicals; 1 mM
leupeptin; EMD Millipore; 60 uM PMSF; Acros; and 30 uM MG-132;
EMD Millipore). Whole-cell extracts were cleared by centrifugation
(14,000 rpm, 10 min, 4°C). Protein concentrations were determined by
Bradford assay (Bio-Rad). Cell lysates were diluted in Laemmli sample
buffer (50 mM Tris HCI, pH 6.8, 10% glycerol, 2% SDS, 1% 2-mer-
captoethanol, and 0.1% bromophenol blue) and incubated at 95°C for 5
min to denature proteins. 20 ug total cellular protein were separated by
SDS-PAGE and transferred onto a nitrocellulose membrane. The mem-
brane was saturated in 5% milk PBST (5% dry powdered milk, 0.1%
Tween-20, and 1x PBS) and incubated in primary antibodies followed
by IRDye-conjugated (LI-COR Biosciences) secondary antibodies.
Blots were imaged by the LI-COR Biosciences Odyssey SA infrared
imaging system. Western blots were quantified using Imagel] 1.47v
software (“Gels” command).

Proliferation assay

RPE-1 cells were treated with control or HsSAS-6 siRNA for 48 h fol-
lowed by plating of 2.5 x 10° cells in a six-well tissue culture plate
(Wong et al., 2015). 30 h later, the number of cells was carefully
counted and a second passage was performed at the 78-h time point.
The number of cells was then analyzed at the 102-h time point. Cells
were cultured in serum-rich medium during the whole experiment.

Statistical analysis

Data are reported as arithmetic means = SEM. Statistical analyses were
performed using nonparametric Mann—Whitney test with GraphPad
Prism 5 software. Data were generated from at least three independent
experiments, unless otherwise indicated. P < 0.05 was used as the cut-
off for statistical significance.

Online supplemental material

Fig. S1 shows that HsSAS-6 depletion generates monocentriolar
cells that do not arrest in G1. Fig. S2 shows that LRRC45 deple-
tion disrupts centriole cohesion without up-regulating p53. Fig. S3
confirms that daughter centriole manipulations do not alter basal
body association of selected marker proteins. Fig. S4 shows Neurl-4
depletion at the daughter centriole. Fig. S5 shows that Neurl-4
translocates from the daughter to the mother centriole before ax-
oneme extension in HFFs.
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