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CEP55 promotes cilia disassembly through
stabilizing Aurora A kinase

Yu-Cheng Zhang', Yun-Feng Bai'*, Jin-Feng Yuan!, Xiao-Lin Shen?, Yu-Ling Xu?, Xiao-Xiao Jian!, Sen Li, Zeng-Qing Song?, Huai-Bin Hul, Pei-Yao Li?,
Hai-Qing Tu?, Qiu-Ying Han', Na Wang?, Ai-Ling Li%, Xue-Min Zhang!, Min Wu?, Tao Zhou?, and Hui-Yan Li*?®

Primary cilia protrude from the cell surface and have diverse roles during development and disease, which depends on the
precise timing and control of cilia assembly and disassembly. Inactivation of assembly often causes cilia defects and underlies
ciliopathy, while diseases caused by dysfunction in disassembly remain largely unknown. Here, we demonstrate that CEP55
functions as a cilia disassembly regulator to participate in ciliopathy. Cep55~/~ mice display clinical manifestations of
Meckel-Gruber syndrome, including perinatal death, polycystic kidneys, and abnormalities in the CNS. Interestingly, Cep55/-
mice exhibit an abnormal elongation of cilia on these tissues. Mechanistically, CEP55 promotes cilia disassembly by
interacting with and stabilizing Aurora A kinase, which is achieved through facilitating the chaperonin CCT complex to Aurora
A. In addition, CEP55 mutation in Meckel-Gruber syndrome causes the failure of cilia disassembly. Thus, our study establishes a

cilia disassembly role for CEP55 in vivo, coupling defects in cilia disassembly to ciliopathy and further suggesting that proper

cilia dynamics are critical for mammalian development.

Introduction

Primary cilia, emanating from the mother centriole, play a key
role in vertebrate development by receiving and integrating
extracellular signals, such as Hedgehog (Hh) and Wnt signals
(Gerdes and Katsanis, 2008; Kim and Dynlacht, 2013). Primary
cilia are assembled in quiescent cells and must be disassembled
before entry into mitosis in order to release centrosomes to
participate in establishing spindle poles, thus ensuring correct
segregation of chromosomes (Liang et al., 2016; Sdnchez and
Dynlacht, 2016). Thus, timely and accurate cilia disassembly is
essential for cell proliferation and differentiation.

Ciliopathy is a class of human diseases that share the etio-
logical factor of defective cilia structure and function (Badano
etal.,, 2006), including Meckel-Gruber syndrome (MKS; Valente
et al, 2010; Williams et al., 2011), Bardet-Biedl syndrome
(Blacque et al., 2004; Blacque and Leroux, 2006), nephronoph-
thisis (Fliegauf et al., 2006; Won et al., 2011), and polycystic
kidney disease (Gogusev et al., 2003; Burtey et al., 2008). MKS,
as a perinatally lethal disease, represents a severe form of cili-
opathy and is characterized by the presence of malformation of
the central nervous system (CNS; Hartill et al., 2017), renal cystic
dysplasia, and occipital encephalocele. Many MKS genes are
involved in cilia assembly, such as MKS1 (Kyttila et al., 2006),

TMEM107 (Lambacher et al., 2016), NPHP4 (Won et al., 2011),
and CEP290 (Frank et al., 2008). In most cases characterized
so far, patients or animal models with ciliopathy display de-
fects in ciliary assembly or functions. Conversely, causative
mutations in cilia disassembly have not been widely linked to
ciliopathy.

Ciliation can be recapitulated in cell culture through serum
starvation, while culture in serum-containing medium induces
cilia disassembly. Previous studies have reported that several
key signaling pathways can induce cilia disassembly (Liang
et al., 2016), such as the Aurora A-HDAC6 (Pugacheva et al.,
2007) and Nek2-Kif24 pathways (Kim et al., 2015) and actin
polymerization (Ran et al., 2015). Now, it is generally accepted
that Aurora A is the major pathway that directly induces de-
acetylation of ciliary axonemal microtubule by activating
HDAC6 (Liang et al., 2016). Intriguingly, in addition to being
activated upon phosphorylation, Aurora A is dynamic at protein
level during the ciliary cycle. Thus far, intense investigation has
focused on Aurora A kinase activation or the transcriptional
regulation (Plotnikova et al., 2015), while the mechanisms gov-
erning the dynamic regulation of Aurora A protein stability
remain unclear.
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CEP55 (centrosomal protein of 55 kD) localizes to the cen-
trosome in interphase and to the midbody in cytokinesis (Fabbro
et al., 2005; Martinez-Garay et al., 2006). The well-established
function of CEP55 at the midbody is to orchestrate cell mem-
brane abscission (the final step of cytokinesis) by regulating the
endosomal sorting complex required for transport (ESCRT)
complex (Carlton and Martin-Serrano, 2007; Carlton et al.,
2008; Lee et al., 2008; Morita et al., 2010; Green et al., 2012).
In contrast, the function of CEP55 as a centrosome protein in
interphase remains to be addressed. Recently, a homozygous
nonsense mutation (c.256C>T) in the CEP55 gene has been linked
to human MKS (Bondeson et al., 2017), but whether and how this
CEP55 mutation causes MKS is unclear.

In this study, we show that Cep55~/~ mice display clinical
symptoms of MKS, including postnatal lethality, hydrocephalus,
ventriculomegaly, and polycystic kidneys. These Cep55~/~ mice
display long cilia in the brains, neural tubes, and kidneys. Next,
we demonstrated that CEP55 negatively regulates cilia forma-
tion through promoting cilia disassembly. Our study indicates
that mutation of CEP55 and abnormal cilia disassembly can
cause MKS and suggests that dynamic regulation of cilia for-
mation is crucial to vertebrate development.

Results

Cep55~/~ mice exhibit Meckel-Gruber syndrome phenotypes
and elongated primary cilia

To explore the physiological functions of Cep55 in vivo, we
generated homozygous Cep55~/~ mice (Fig. S1, A and B). Immu-
noblot analysis of primary mouse embryonic fibroblasts (MEFs)
confirmed the absence of Cep55 protein (Fig. S1, C and D). These
Cep55~/~ mice were born at the normal Mendelian ratio but
suffered 100% (21/21) mortality before postnatal day 2 (P2; Table
S1). Thus, complete inactivation of Cep55 led to postnatal death
in mice. As perinatal death is a characteristic of MKS (Hartill
etal., 2017), we next tested the other clinical features of Cep55-/-
mice before their lethality.

The biggest characteristic of human MKS is the malformation
of the CNS (Hartill et al., 2017). Magnetic resonance imaging
(MRI) analysis revealed obvious hydrocephalus and ven-
triculomegaly in Cep55-/~ embryos at embryonic day 18.5 (E18.5;
Fig.1A). Histological analysis of E18.5 and E14.5 Cep55~/~ embryos
revealed obvious dilations of the lateral ventricles, the third
ventricle, and the dorsal third ventricle (Fig. 1, B and C). In ad-
dition to ventricle enlargement, the third ventricle and dorsal
third ventricle were merged into one large ventricle in Cep55~/~
embryos (Fig. 1 B, right). During the perinatal period, the brain
choroid plexus epithelial cells (CPECs) form one or two dozen
nonmotile 9+0 primary cilia (Narita and Takeda, 2015). The
impaired cilia function of CPECs has been reported to lead to
neonatal hydrocephalus with dilation of the brain ventricles in
mice (Banizs et al., 2005; Spassky et al., 2005; Tissir et al., 2010;
Vogel et al., 2012). Thus, we next examined cilia formation in
wild-type and Cep55~/~ CPECs (pups at P0.5) by staining with the
ciliary marker polyglutamylated tubulin (GT335). The results
showed that most wild-type CPECs have normal cilia clusters on
the apical surface, while Cep55-/~ CPECs exhibited abnormally
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elongated cilia (Fig. 1 D). Compared with 1.13 um in wild-type
CPECs, the mean cilium length increased to 2.20 pm in Cep55~/~
CPECs (Fig. 1 E).

The above histological data also showed that Cep55~/~ brains
at E18.5 display CNS malformation, including thinner cortex,
constricted hippocampus, and severe deformations in caudate
putamen (striatum) and thalamus (Fig. 1 B). Since cerebellar
hypoplasia is another hallmark of MKS (Ahdab-Barmada and
Claassen, 1990; Aguilar et al., 2012; Hong and Hamilton, 2016),
we also quantified the size of cerebellum and found that Cep55-/~
mice displayed an extremely smaller cerebellum than wild type
(Fig. 1, F and G). Given that primary cilium in the neural tube at
early embryo development is essential for the ultimate forma-
tion of CNS (Paridaen et al., 2013), we next examined cilia
morphology in the neural tube at E9.5. Compared with wild-type
mice, we observed enlarged cilia with obvious bulges at their
bases and shafts by scanning electron microscopy in Cep55~/~
neural tubes (Fig. 1 H). These data suggested that the abnormal
cilia in neural tubes might be the cause of CNS malformation in
Cep55~/~ mice.

Since cystic dysplasia of the kidneys is also frequently ob-
served in MKS patients (Hartill et al., 2017), we further performed
the renal histological examination. We observed multiple mi-
croscopic cysts at the glomeruli and renal tubules of Cep55~/~
kidneys (Fig. 1I). Meanwhile, primary cilia of renal tubular ep-
ithelial cells in Cep55~/~ embryos were much longer as compared
with those in wild-type embryos (Fig. 1, ] and K). Taken together,
Cep55~/~ mice exhibited highly canonical phenotypes of the ce-
rebral and renal malformation (Fig. 1 L), which were also ob-
served in human MKS fetuses with CEP55 mutation (Bondeson
etal., 2017; Rawlins et al., 2019). Thus, these results indicated that
Cep55 deletion causes elongated primary cilia and contributes to
Meckel-Gruber syndrome phenotypes.

Furthermore, we performed histological analysis of some
other tissues, such as faces and limbs (which are also recognized
as affected tissues in MKS) and did not find remarkable ab-
normalities in these tissues from Cep55~/~ mice (Fig. SI, E and F).
We subsequent analyzed the cilia formation in above tissues by
staining ARL13B as a ciliary marker. Interestingly, Cep55~/~ mice
do not display obvious increase in cilia number or length in
facial mesenchyme and limbs (Fig. S1, G and H), which is con-
sistent with the phenotypes in CEP55-mutated human fetuses,
none of whom displayed polydactyly or facial malformation as
previously reported (Bondeson et al., 2017). Thus, Cep55 is re-
quired for normal cilia formation in many, but not all, tissues.

Cep55 deficiency induces cell cycle arrest and decreased
Smoothened (Smo) enrichment by abnormal cilia

Next, we test the cilia formation in primary MEFs. Our data
showed that less than 15% of wild-type MEFs formed cilia in the
presence of serum, whereas ~50% of Cep55~/~ MEFs exhibited
cilia formation (Fig. 2, A and B). This result suggests that Cep55
deficiency increased the percentage of cilia in MEFs. Meanwhile,
primary cilia in Cep55~/~ MEFs were much longer than those in
wild-type MEFs after serum starvation (Fig. 2, C and D).
Therefore, these findings indicated that Cep55 regulates proper
ciliogenesis in vivo.
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Figure 1. Cep55~/- mice exhibit Meckel-Gruber syndrome phenotypes and elongated primary cilia. (A) Coronal and sagittal MRI of Cep55*/* and Cep55~/~
heads at E18.5. Arrowheads indicate hydrocephalus and ventricle dilatations in Cep55~/~ embryos compared with the morphology in wild-type embryos. Scale
bars, 2 mm. (B and C) E14.5 and E18.5 coronal sections from anterior to posterior through heads and brains, respectively. 3V, third ventricle; CPu, caudate
putamen; Cx, cortex; D3V, dorsal third ventricle; Hippo, hippocampus; LV, lateral ventricle; Th, thalamus. Scale bars, 1 mm. (D) P0.5 Cep55*/* and Cep55~/~
CPECs were stained with the ciliary marker (GT335, green) and DNA (blue). Insets show zoomed-in views of the boxed regions. Scale bars, 5 um (main image)
and 1 pm (magnified region). (E) Quantitative analysis of the cilium length in D (four mice per group). (F) Representative images of mid-sagittal view of the
brain from Cep55*/* and Cep55~~ littermates at P0.5. The dashed boxes indicate cerebellum. Scale bar, 1 mm. (G) The ratio of midline cerebellum area (null/wild
type [wt]) quantified in Image] software from Cep55*/* and Cep55~/ littermates (four mice per group). (H) Scanning electron micrographs show that primary
cilia in E10.5 Cep55~/~ neural tube are bulged at the bases and shafts of cilia (arrowheads). Scale bar, 2 um. (1) E18.5 transverse sections of the kidneys from
Cep55*/* and Cep55~/~ littermates were stained with hematoxylin and eosin. gl, glomerulus; rt, renal tubule. Insets show zoomed-in views of the boxed regions.
Scale bars, 100 pm (main image) and 50 um (magnified region). (J) E18.5 Cep55*/* and Cep55~/~ kidney sections were stained with the ciliary marker (Ac-tubulin,
green) and DNA (blue). The dashed circles indicate renal tubules. Scale bar, 10 um. (K) Quantitative analysis of the cilium length in H (four mice per group).
(L) Summarized and quantified results of four main MKS phenotypes in Cep55~/~ mice at P2 or E18.5. Data are means + SD of three independent experiments in

E, G, and K. An unpaired two-tailed t test was performed. ***, P < 0.001.

In quiescent cells, the mother centriole can convert to basal
body that allows ciliary axoneme formation. Before cell cycle
reenters, primary cilium must be disassembled in order to re-
lease centrosomes to form spindle poles during mitosis (Liang
et al., 2016; Sdnchez and Dynlacht, 2016). We thus tested
whether abnormal cilia induced by Cep55 deficiency is associ-
ated with cell cycle arrest. Consistent with above data, Cep55~/~
MEFs exhibited a significant increase in ciliation and a decrease
in the percentage of EdU-incorporated cells, indicating that
Cep55 deficiency induced G1 phase arrest (Fig. 2, E and F). Since
Ift20 is a key intraflagellar transport (Ift) protein required for
cilia maintenance and formation (Follit et al., 2006), we knocked
down of Ift20 to abolish the cilia formation in Cep55~/~ MEFs.
Importantly, codepletion of Ift20 also released G1 phase arrest
caused by Cep55 deletion and allowed EJU incorporation (Fig. 2,
E and F). The efficiency in Cep55 and Ift20 depletion was de-
termined by immunoblotting (Fig. 2 G). Collectively, these data
suggest that abnormal ciliation caused by Cep55 deficiency
contributes to cell cycle arrest. Further FACS analysis showed
that Cep55 deficiency mainly arrested cell at the GO/G1 phase
and did not increase the percentage of multinucleated cells
(Fig. 2, H and I). Taken together, these results suggested that cell
cycle arrest in Cep55~/~ MEFs is most likely caused by abnormal
cilia formation instead of deficient cytokinesis in cancer cells
(Fabbro et al., 2005; Martinez-Garay et al., 2006).

To better understand the function of Cep55 in cell cycle in vivo,
we examined cell proliferation in the brains by assessing Ki67
expression, which marks cells in all phases of the cell cycle except
GO phase. Quantification of Ki67 expression revealed that Cep55~/~
mice had a 55% reduction in cell proliferation in P0.5 cerebral
cortex compared with wild-type mice (Fig. 2, ] and K), which was
in accordance with the thinner cortex shown before (Fig. 1 B). To
figure out whether deceased proliferation is due to aberrant
mitosis in Cep55~/~ cortex, we detected mitotic marker phospho-
histone H3 (p-H3) in the cortical sections. Immunostaining
revealed that there was little decline in the number of p-H3-
positive cells per unit ventricular length in Cep55~/~ cortices
(Fig. S2, A and B). We note that these data probably supported
that Cep55 deficiency mainly arrested cell at the GO/G1 phase, but
not mitosis, consistent with the data in Cep55~/~ MEFs.

Furthermore, primary cilia are critical for transduction of
several extracellular signals, most notably Hh signals during
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embryonic neurogenesis (Goetz and Anderson, 2010). Binding of
Hh ligand to its receptor Ptchl allows Smo protein accumulation
at the cilia to activate the downstream pathway, which is re-
sponsible for both cell fate and growth in the developing CNS
(Rowitch et al., 1999; Youn and Han, 2018). To investigate
whether Hh signaling is affected in Cep55~/~ mice, we analyzed
the localization of Smo protein to cilia in SAG (Smo agonist)-
treated cells. In response to SAG treatment, Smo localized to cilia
in wild-type MEFs, but not to cilia in Cep55-/~ MEFs (Fig. 2, L and
M). Together, these results indicate that Cep55 deficiency resulted
in decreased Smo enrichment, which possibly led to defect in Hh
signal transduction. Our mice model provides more evidence for a
fundamental role of CEP55 during embryogenesis and develop-
ment of disease.

Depletion of CEP55 increased the percentage and length of
primary cilia in cultured cells

To further confirm the role of CEP55 in cilia formation, we
knocked down CEP55 in RPE-1 cells using three individual
siRNA against CEP55. The percentage of ciliated cells was highly
increased in CEP55-depleted cells compared with control cells in
the presence of serum (Fig. 3, A-C). Consistent with the data
in vivo, CEP55 depletion also greatly increased the length of cilia
in the absence of serum in RPE-1 cells (Fig. 3, D and E). Fur-
thermore, our data showed that depletion of CEP55 does not
destroy the integrity of the centrosome (Fig. S3, A-E).

CEP55 was originally identified as a regulator of cytokinesis. Its
function in cytokinesis depends on phosphorylation of multiple
residues (S425, S428, and S436), which promote its relocalization
from the centrosome to the midbody (Fabbro et al., 2005). We
verified the endogenous localization of CEP55. Microscopy analysis
revealed that CEP55 colocalized with the centrosomal marker
y-tubulin in interphase and went to midbody during cytokinesis
(Fig. S3, F-H). We next investigated whether the function of CEP55
in suppressing cilia formation depends on its cytokinesis function.
Consistent with endogenous CEP55 localization in interphase,
mCherry-CEP55-WT localized to the centrosome and obviously
inhibited ciliation in serum-starved RPE-1 cells (Fig. 3, F-H).
Similar to CEP55-WT, CEP55 phosphorylation-deficient mutant
3SA (S425A/S428A/S436A) also inhibited cilia formation (Fig. 3,
F-H), indicating that the inhibitory effect of CEP55 on cilia for-
mation is independent of its cytokinesis function.
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boxed regions. Scale bars, 10 um (main image) and 1 um (magnified region). (B) Quantification of the ciliated cells in A (three mice per group). Data are means +
SD. Unpaired two-tailed t test was performed. ***, P < 0.001. n, number of cells. (C) Cep55+/* and Cep55~/~ primary MEFs were stained with Ac-tubulin (green)
and DNA (blue) under serum starvation (- Serum). Insets show zoomed-in views of the boxed regions. Scale bars, 10 um (main image) and 1 um (magnified
region). (D) Graph showing quantitative analysis of the cilium length in C. Each dot represents one cell. Data are means + SD. Unpaired two-tailed t test was
performed. ***, P < 0.001. (E) Cep55*/* and Cep55~/~ primary MEFs were transfected with control and Ift20 siRNA and then stained with EdU (red), Ac-tubulin
(green), and DNA (blue). Insets show zoomed-in views of the boxed regions. Scale bars, 20 um (main image) and 2 um (magnified region). (F) The percentages
of EdU-positive cells and ciliated cells in E were quantified. Data are means + SD of three independent experiments. A two-way ANOVA test was performed in
each group, followed by Dunnett’s multiple comparisons. ***, P < 0.001. n, number of cells. (G) Immunoblot of primary MEFs lysates in (E and F) with the
indicated antibodies. (H) Cep55*/* and Cep55~/~ primary MEFs were transfected with control and Ift20 siRNA and then stained with propidium iodide for DNA
content analysis by FACS. DNA content is represented on the x axis, and the number of cells counted is represented on the y axis. Cell populations in G0/GL, S,
and G2/M phases are given as percentage of total cells. (1) Graphical representations of the cell cycle distribution of the samples in H. Data are presented as
means + SD of three independent experiments. One-way ANOVA test was performed to analyze the difference of the percentage of cells in G1 phase in each
group followed by Dunnett’s multiple comparisons. ***, P < 0.001. (J) PO.5 Cep55*/* and Cep55~/~ cerebral cortex coronal sections were stained with pro-
liferation marker (Ki67, green) and DNA (blue). Scale bar, 250 pm. (K) Quantification of Ki67-positive (Ki67*) cells in the cerebral cortex in | (three mice per
group). Data are means + SD. An unpaired two-tailed t test was performed. ***, P < 0.001. (L) Cep55*/* and Cep55~/~ primary MEFs treated with SAG in the
absence of serum (- Serum) were stained with Smo (green), ARL13B (red), and DNA (blue). Insets show zoomed-in views of the boxed regions. Scale bar, 5 um
(main image) and 1 um (magnified region). (M) Quantification of the Smo-positive (Smo*) ciliated cell in L. Data are presented as means + SD of three in-

dependent experiments. A two-way ANOVA test was performed followed by Bonferroni’s multiple comparisons. ***, P < 0.001. NT, non-treatment.

CEPS55 inhibits cilia formation through interacting with Aurora
A kinase
We next sought to further explore the mechanism by which
CEP55 inhibits cilia formation. We first identified possible
CEP55-binding proteins by mass spectrometry (Fig. S4 A) and
focused on the protein with centrosomal localization. Interest-
ingly, Aurora A, a major regulator of cilia disassembly, was
among these candidates. We confirmed the interaction between
Aurora A and CEP55 in HEK293T cells by ectopically expressing
Flag-CEP55 (Fig. 4 A). We next tested whether CEP55 was pre-
sent in the same complex with Aurora A endogenously. We
found that only Aurora A efficiently bound CEP55 in
HEK293T cells, whereas HDACS6, the substrate of Aurora A, did
not interact with CEP55 directly (Fig. 4 B). The endogenous in-
teraction between CEP55 and Aurora A was further confirmed
by immunoprecipitation in primary MEFs (Fig. 4 C). Immuno-
fluorescence data showed that CEP55 colocalized with Aurora A,
both located at the centrosome (Fig. S4 B). Moreover, after se-
rum stimulation, the colocalization between phospho-Aurora A
(T288) and CEPS55 at the centrosome can be also detected (Fig. S4
C). Next, we mapped the essential domain of CEP55 required for
interaction with Aurora A. Our data showed that the C-terminal
region (residues 217-464 and 355-464) of CEP55 could bind to
Aurora A, similar to the full length of CEP55 (Fig. 4, D and E).
However, the N-terminal region (residues 1-217), residues
217-355, and 1-355 truncation of CEP55 could no longer bind to
Aurora A (Fig. 4, D and E). This result suggested that residues
355-464 of CEP55 are critical for binding to Aurora A. Impor-
tantly, this C-terminal region (residues 217-464 and 355-464) of
CEP55, not its N-terminal region (residues 1-355), efficiently
inhibits ciliation induced by serum starvation (Fig. 4 F). Taken
together, our results indicate that CEP55 negatively regulates
cilia formation, possibly by interacting with Aurora A.
Recently, a nonsense mutation ¢.256C>T (p.Arg86*) in the
CEP55 gene defined a new locus for human MKS (Bondeson
et al,, 2017). To verify whether this mutation affects the func-
tion of CEP55 on cilia formation, we constructed the mCherry-
CEP55 C256T mutant (1-85 aa; Fig. 4 G) and examined its effect
on cilia formation. Our data showed that CEP55 C256T mutant
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could not localize to the centrosome (Fig. 4 H). Consistently, this
C256T mutant failed to bind to Aurora A (Fig. 4 I) and cannot
rescue increased ciliation induced by CEP55 depletion (Fig. 4, ]
and K), suggesting that the C256T mutant loses the inhibitory
activity on cilia formation. Thus, we speculate that this CEP55
mutation leads to MKS, potentially through deregulating cilia
formation.

CEP55 promotes cilia disassembly by regulating Aurora
A stability
As Aurora A plays a key role in cilia disassembly, we hypothe-
sized that CEP55 might affect cilia disassembly. To verify this,
we induced cilia assembly in RPE-1 cells with serum starvation
for 48 h and then stimulated the ciliated cells with serum for
24 h to trigger cilia disassembly (Fig. 5 A). After serum restim-
ulation for 24 h, a dramatic decrease in cilia formation was
observed in control RPE-1 cells, whereas CEP55-depleted cells
were strongly resistant to serum-induced cilia disassembly
(Fig. 5, B and C). Thus, these results suggest that, similar to
Aurora A, CEP55 is required for cilia disassembly. We thus
tested whether Cep55 promoted cilia disassembly in vivo. Con-
sistent with the effects on RPE-1 cells, after serum restimulation
for 24 h, cilia disassembly occurred in the majority of ciliated
wild-type primary MEFs, whereas Cep55~/~ MEFs were resistant
to serum-induced cilia disassembly (Fig. 5 D and Fig. S5 A).
Although Aurora A activity is dynamically regulated during
the ciliary cycle, protein levels of Aurora A are highly dynamic.
To further investigate the mechanism of CEP55 in cilia disas-
sembly, we observed the protein profile of CEP55 and Aurora A
during the ciliary cycle. Consistent with a previous report
(Pugacheva et al., 2007), total Aurora A levels increased slightly
at 2 h and peaked 18-24 h after serum stimulation (Fig. 5 E).
Interestingly, we observed the similar protein profile of CEP55
as Aurora A during the ciliary cycle (Fig. 5 E). Importantly,
Aurora A protein levels in CEP55-depleted RPE-1 cells were
dramatically reduced at 0 and 2 h with serum stimulation and
only have a slight increase even after serum stimulation for 18 or
24 h (Fig. 5 F). A similar reduction of Aurora A protein levels was
also observed in Cep55-/~ MEFs during cilia disassembly (Fig. S5 B).
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Figure 3. Depletion of CEP55 increases the percentage and length of primary cilia in cultured cells. (A) RPE-1 cells transfected with control or CEP55
SiRNA in the presence of serum (+ Serum) were stained with Ac-tubulin (green), y-tubulin (red), and DNA (blue). Insets show zoomed-in views of the boxed
regions. Scale bars, 10 pm (main image) and 1 um (magnified region). (B) Effects of CEP55 depletion on cilia formation in the presence of serum (+ Serum) in
RPE-1 cells. Quantification of the ciliated cells in A with three individual siRNAs against CEP55. Data are means + SD of three independent experiments. One-
way ANOVA test was performed followed by Dunnett’s multiple comparisons. ***, P < 0.001. n, number of cells. (C) Immunoblot of RPE-1 cells lysates in A and
B with the indicated antibodies. (D) RPE-1 cells transfected with control or CEP55 siRNA were stained with Ac-tubulin (green), y-tubulin (red), and DNA (blue)
under serum starvation (- Serum). Insets show zoomed-in views of the boxed regions. Scale bars, 10 um (main image) and 1 um (magnified region).
(E) Quantitative analysis of the cilium length in D with three individual siRNAs against CEP55. Each dot represents one cell. Data are means + SD. A one-way
ANOVA test was performed followed by Dunnett’s multiple comparisons. ***, P < 0.001. (F) RPE-1 cells were transfected with mCherry-vector (-), mCherry-
CEP55-WT, or mCherry-CEP55 3SA and then starved for 48 h. Cells were stained with Ac-tubulin (green) and DNA (blue). Insets show zoomed-in views of the
boxed regions. Scale bars, 5 um (main image) and 1 um (magnified region). (G) Quantification of the ciliation in mCherry-positive cells in F. Data are means + SD
of three independent experiments. A one-way ANOVA test was performed. ***, P < 0.001. n, number of cells. (H) Immunoblot of RPE-1 cells lysates in F and G
with the indicated antibodies.

Furthermore, our data showed that total Aurora A levels de-
creased in E9.5 neural tubes from Cep55~/~ mice compared with
wild-type mice (Fig. S5 C). Thus, we speculate that Cep55-
deficient mice induced abnormal cilia formation, likely through
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destabilizing Aurora A protein. Meanwhile, expression of Aurora
A mRNA was hardly decreased in CEP55-depleted RPE-1 cells
(Fig. 5 G), suggesting that CEP55 stabilizes Aurora A at the pro-
tein level during the ciliary cycle. These data showed that the
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Figure 4. CEP55 inhibits cilia formation through interacting with Aurora A kinase. (A) HEK293T cells were transfected with Flag-vector or Flag-CEP55
and then immunoprecipitated with anti-Flag M2 Affinity Gel. Protein levels of endogenous Aurora A, Flag-CEP55, and endogenous HDAC6 in im-
munoprecipitants and cell lysates were detected. (B) HEK293T cell lysates were immunoprecipitated with anti-CEP55 polyclonal antibody or normal rabbit IgG,
and then the immunoprecipitants were analyzed by immunoblotting with the indicated antibodies. (C) Lysates prepared from primary MEFs were im-
munoprecipitated with IgG or anti-CEP55 antibody and then immunoblotted with the indicated antibodies. (D) Schematic representation of full-length (FL)
CEP55 and the indicated CEP55 truncations. A summary of the ability of CEP55 or the indicated CEP55 truncations to bind to Aurora A. (E) Flag-vector (-) or
full-length or truncations of CEP55 was respectively expressed in HEK293T cells and immunoprecipitated with anti-Flag M2 affinity gel. Endogenous inter-
actions with Aurora A were determined by indicated antibodies. IB, immunoblotting. (F) RPE-1 cells transfected with indicated plasmids under serum starvation
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independent experiments. A one-way ANOVA test was performed, with each mean compared with the Flag-CEP55 group, followed by Dunnett’s multiple
comparisons. ***, P < 0.001. n, number of cells. (G) Schematic diagram of CEP55 C256T mutant in human MKS (c.256C>T, p.Arg86*). (H) The nonsense
mutation C256T in CEP55 abolished its centrosome localization. RPE-1 cells transfected with mCherry-CEP55-WT or C256T mutant were stained with y-tubulin
(green) and DNA (blue). Insets show zoomed-in views of the boxed regions. Scale bars, 5 um (main image) and 0.5 um (magnified region). (1) HEK293T cells
were cotransfected with HA-Aurora A together with mCherry-vector (-), mCherry-CEP55-WT, or C256T mutant. Lysates were immunoprecipitated with anti-
HA Agarose antibody, and then immunoprecipitants and whole-cell lysates were analyzed by immunoblotting with indicated antibodies. (J) Increased ciliation
caused by CEP55 depletion can be rescued by the expression of an RNAi-resistant mCherry-CEP55 WT, but not by C256T mutant. RPE-1 cells were transfected
with the indicated siRNA and plasmids (- indicates mCherry-vector) and then stained with Ac-tubulin (green) and DNA (blue). Insets show zoomed-in views of
the boxed regions. Scale bars, 5 um (main image) and 1 um (magnified region). (K) Quantification of the ciliation in mCherry-positive cells in G. Data are
presented as means + SD of three independent experiments. A one-way ANOVA test was performed followed by Bonferroni’s multiple comparisons. ***, P <

0.001. n, number of cells. EABR, ESCRT and ALIX-binding region.

increased ciliation induced by CEP55 knockdown in the presence
of serum would be rescued by ectopically expressed GFP-Aurora
A proteins (Fig. 5, H-]). These data further suggested that CEP55
regulates cilia disassembly by affecting the protein level of
Aurora A.

The chaperonin CCT complex is required for cilia disassembly
by stabilizing Aurora A, and CEP55 promotes Aurora A binding
to the chaperonin CCT complex

To figure out the possible mechanism by which CEP55 regulates
the stability of Aurora A, we performed mass spectrometry
during cilia disassembly in HEK293T cells (Fig. S6, A and B) and
uncovered several proteins binding CEP55 or Aurora A. Based
on these results from mass spectrometry, we established a
group of proteins, which are identified both in anti-CEP55
and anti-Aurora A immunoprecipitants, but not in IgG im-
munoprecipitants (Fig. 6 A). Interestingly, among the top-20
candidates, five proteins are subunits of the CCT (chaperonin-
containing TCP1) chaperonin complex, including CCT5, CCT1,
CCT8, CCT7, and CCT3. As eukaryotic group II chaperonins,
CCT complex is composed of eight arranged homologous sub-
units (CCT1-CCT8; Frydman et al., 1992; Gao et al., 1992; Ditzel
et al., 1998). This complex mediates the folding of their sub-
strate proteins in an ATP-dependent manner, which is required
for protein stability and cellular function (Kubota et al., 1995;
Spiess et al., 2004). Given that CCT5 has the highest peptide
coverage in the CCT complex both in anti-CEP55 and anti-
Aurora A immunoprecipitants (Fig. 6 A), we next confirmed
whether CCT5 interacts with CEP55 and Aurora A during cilia
disassembly. The data showed that both CEP55 and Aurora A
were indeed present in anti-CCT5 immunoprecipitants, and
vice versa (Fig. 6 B). Meanwhile, CCT1, which ranked only
second to CCT5 in these five CCT candidates, was also shown to
bind to CEP55 and Aurora A (Fig. 6 B). However, CP110, a well-
known ciliogenesis suppressor, did not show any detectable
association with these immunoprecipitants (Fig. 6 B). This data
indicated that chaperonin CCT complex interacts with CEP55
and Aurora A during cilia disassembly.

Furthermore, we examined the effect of CCT depletion on
Aurora A stability. It is well accepted that CCT components
within the chaperonin CCT complex are codependent and each
depletion will lead to codepletion of other CCT proteins (Freund
et al, 2014). The data showed that knockdown any of CCT
subunits (CCT1, CCT2, CCT3, CCT4, CCT5, or CCT8) markedly
reduced protein levels of Aurora A and slightly decreased in
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CEP55 (Fig. 6 C), suggesting that Aurora A is likely to be a po-
tential CCT substrate. A previous study described that most CCT
proteins are located at the centrosome, except for CCT2 (Seo
et al., 2010). We confirmed the cellular localization of CCT
complex with immunofluorescence microscopy (Fig. S6, C-F).
Intriguingly, depletion of CEP55 did not affect the localization of
CCT proteins (Fig. S6, C-F). It is possible that CEP55 functions as
a chaperonin-like protein, interacting with the CCT complex to
protect the stability of Aurora A. We further explored the role
for the CCT complex in cilia disassembly and found that deple-
tion of CCT1, CCT2, CCT5, or CCT8 individually was also strongly
resistant to serum-induced cilia disassembly (Fig. 6 D). Mean-
while, we found that depletion of CCT5 promotes cilia formation
in the presence of serum. The increased percentage of ciliated
cells induced by CCT5 knockdown was rescued by ectopically
expressed GFP-Aurora A proteins (Fig. 6, E and F). These results
suggested that the CCT complex acts as a chaperonin of Aurora A
protein to regulate cilia disassembly.

Our above data showed that CEP55 regulates cilia disassem-
bly by stabilizing the protein level of Aurora A. Meanwhile,
CEP55, Aurora A, and CCT5 form a complex during cilia disas-
sembly. We next analyzed whether CEP55 facilitates the inter-
action between the chaperonin CCT complex and Aurora A by
performing an HA-Aurora A pull-down assay in vitro. Our data
showed that the full length of CEP55 obviously increases the
coprecipitation of CCT5 with Aurora A (Fig. 6 G). However,
1-355 truncation, which could not bind to Aurora A, failed to
promote the interaction between the chaperonin CCT complex
and Aurora A (Fig. 6 G). Thus, these data indicated that CEP55
promotes Aurora A binding to the chaperonin CCT complex and
subsequently stabilizes the protein level of Aurora A.

Discussion

Primary cilia undergo dynamic assembly and disassembly (Kim
and Dynlacht, 2013; Liang et al., 2016; Sanchez and Dynlacht,
2016). Disruption of this balance results in aberrant ciliogene-
sis, which underlies a group of diseases termed ciliopathies.
Here, we established a critical role of cilia disassembly in cili-
opathy. Additionally, our study revealed an important molecular
mechanism for the protein stability of Aurora A. Thus far, a
great deal of proteins has been reported to activate Aurora A
kinase during cilia disassembly (Liang et al., 2016), such as HEF-
1 (Pugacheva et al., 2007), calmodulin (Plotnikova et al., 2012),
Pitchfork (Kinzel et al., 2010), and the DvI2-Plkl complex (Lee
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Figure 5. CEP55 promotes cilia disassembly by regulating Aurora A stability. (A) Schematic illustration of experimental strategy used for the cilia as-
sembly and disassembly experiments. (B) RPE-1 cells were transfected with control or CEP55 siRNA and serum starved for 48 h. The ciliated RPE-1 cells were
then stimulated with serum for the indicated times and stained with Ac-tubulin (green), y-tubulin (red), and DNA (blue). Insets show zoomed-in views of the
boxed regions. Scale bars, 10 um (main image) and 2 um (magnified region). (C) Quantification of the percentage of ciliated cells in B with three individual
siRNAs against CEP55. Ciliation in siCEP55 groups are compared with their respective time-point controls in siControl group. Data are presented as means + SD
of three independent experiments. A two-way ANOVA test was performed followed by Dunnett’s multiple comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
n, number of cells. (D) Quantification of the percentage of ciliated cells. Cep55*/* and Cep55~/~ primary MEFs were starved for 48 h and then stimulated with
serum for the indicated times. Data are presented as means + SD of three independent experiments. A two-way ANOVA test was performed. *, P < 0.05; **, P <
0.01; ***, P < 0.001. n, number of cells. (E) RPE-1 cells were starved (- Serum) and then stimulated with serum (serum stimulation) for the indicated times. The
endogenous expressions of CEPS5, Aurora A, HDAC6, and GAPDH were determined by immunoblotting with respective antibodies. (F) RPE-1 cells were
transfected with control or CEP55 siRNA and serum starved for 48 h. Then, the cells were stimulated with serum for the indicated times. The treated cells were
subjected to immunoblotting with the indicated antibodies. (G) mRNA expression levels of Aurora A by qRT-PCR were determined from RPE-1 cells transfected
with control, CEP55, or Aurora A siRNA. Data are means + SD of three independent experiments. A one-way ANOVA test was performed followed by Dunnett’s
multiple comparisons. ***, P < 0.001. (H-J) Ciliation in RPE-1 cells induced by CEP55 knockdown were rescued by expressing GFP-Aurora A. GFP-vector (-) or
GF-Aurora A plasmids were transfected in RPE-1 cells after 24 h of siRNA transfection. 24 h later, cell lysates were detected with the indicated antibodies (H) or
were stained with Ac-tubulin (red) and DNA (blue; 1). Scale bars,10 pm (main image) and 1 pm (magnified region). (J) Quantification of the ciliation in GFP-
positive cells in I. Data are presented as means + SD of three independent experiments. A two-way ANOVA test was performed followed by Bonferroni’s
multiple comparisons. ***, P < 0.001. n, number of cells.
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Gene ID

Gene Symbol

Protein description

YBX3

Y-box-binding protein 3

G3BP2

ras GTPase-activating protein-binding protein 2

CCT5

chaperonin containing TCP1 subunit 5

TUBA1C

Tubulin a-1C chain

RFC2

Replication factor C subunit 2

RBMXL1

RNA binding motif protein, X-linked-like-1

IF4A3

Eukaryotic initiation factor 4A-IlI

SSB

small RNA binding exonuclease protection factor

O [N |WIN|=

DDX17

DEAD-box helicase 17

FMR1

Fragile X mental retardation protein 1

CCT1

T-complex protein 1 subunit a

NOC4L

Nucleolar complex protein 4 homolog

KNOP1

Lysine-rich nucleolar protein 1

GTPBP10

GTP-binding protein 10 isoform 2

PES1

pescadillo ribosomal biogenesis factor 1

CCT8

chaperonin containing TCP1 subunit 8

WDR12

WD repeat domain 12

STAU2

staufen double-stranded RNA binding protein 2

CCT7

chaperonin containing TCP1 subunit 7

CCT3

chaperonin containing TCP1 subunit 3
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Figure 6. The chaperonin CCT complex is required for cilia disassembly by stabilizing Aurora A, and CEP55 promotes Aurora A binding to the
chaperonin CCT complex. (A) HEK293T cells were serum starved for 48 h and then stimulated with serum for 18 h. Endogenous proteins immunoprecipitated
with anti-CEP55 or anti-Aurora A antibody from these cells lysates were analyzed by liquid chromatography-tandem mass spectrometry. A list of top-20
proteins identified both in anti-CEP55 and anti-Aurora A immunoprecipitants were shown. (B) HEK293T cell lysates during cilia disassembly were im-
munoprecipitated with anti-CEP55, anti-Aurora A, anti-CCT5 antibody or normal rabbit 1gG, and then the immunoprecipitants were analyzed by immuno-
blotting with the indicated antibodies. (C) RPE-1 cells were transfected with the indicated siRNAs individually, and cell lysates were detected with the indicated
antibodies. The amounts of Aurora A, CEP55, and CCT proteins were quantified in Image] software and then normalized to respective GAPDH levels, which is
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ciliated RPE-1 cells were stimulated with serum for the indicated times and then quantified. Ciliation in the siCCT1, siCCT2, siCCT5, or siCCT8 group is compared
with their respective time-point controls in the siControl group. Data are presented as means + SD of three independent experiments. A two-way ANOVA test
was performed followed by Dunnett’s multiple comparisons. *, P < 0.05; ***, P < 0.001. n, number of cells. (E and F) Increased ciliation in RPE-1 cells induced
by CCT5 knockdown were rescued by expressing GFP-Aurora A. GFP-vector (=) or GFP-Aurora A plasmids were transfected in RPE-1 cells after 24 h of siRNA
transfection. 24 h later, cell lysates were detected with the indicated antibodies (E). IB, immunoblotting. (F) Quantification of the ciliation in GFP-positive cells
in E. Data are presented as means + SD of three independent experiments. A two-way ANOVA test was performed followed by Bonferroni’s multiple
comparisons. ***, P < 0.001. n, number of cells. (G) CCT5 binds to Aurora A in the presence of CEP55 in vitro. Increasing amounts of full-length (FL) or 1-355
truncation of Flag-CEP55 proteins were purified from sonicated HEK293T cell lysates by anti-Flag M2 affinity gel, eluted with 3xFlag peptide, and then re-
spectively incubated with HA-Aurora A-bound Agarose (pulled down from sonicated HEK293T cell lysates by anti-HA Agarose antibody). HA-vector-bound
Agarose was incubated with eluted Flag-vector sample as control (- indicates the corresponding vector). An equal amount of translated CCT5 protein was

added to all groups. Proteins retained on anti-HA Agarose were then analyzed by immunoblotting.

et al,, 2012). Notably, protein levels of Aurora A are highly os-
cillatory during the cilia cycle. Protein levels of Aurora A were
reduced along with cilia assembly, whereas the levels were re-
stored and up-regulated during cilia disassembly. Similarly,
endogenous CEP55 protein levels are dynamically changed,
mirroring changes in Aurora A during the cilia cycle. Our study
demonstrated that CEP55 stabilizes the protein level of Aurora A
through mediating the interaction between Aurora A and CCT
chaperonins, which probably functions upstream of HDACS.
Previous studies reported that the main function of CCT chap-
eronins is to fold the newly synthesized proteins to their native
states (Kubota et al., 1995; Spiess et al., 2004). Our study dem-
onstrates that CCT chaperonins interact with and stabilize Au-
rora A during cilia disassembly, possibly through folding the
newly synthesized Aurora A proteins.

It has been reported that aberrant elongated cilia commonly
result from defects in retrograde transport or cilia disassembly.
Generally, retrograde transport proteins, for example dynein
components (Palmer et al., 2011; Avasthi and Marshall, 2012),
were reported as the negative modulators of cilia length only
under cilia assembly (namely, in the absence of serum). In
contrast, silencing of the proteins mediating cilia disassembly
not only increases cilia length but also facilitates cilia formation,
even in the presence of serum, such as Aurora A (Pugacheva
et al,, 2007) and Nek2 (Kim et al., 2015). Our results showed
that depletion of CEP55 promoted both the elongation and for-
mation of cilia in RPE-1 and primary MEFs. Meanwhile, in
agreement with cilia disassembly regulators, overexpression of
exogenous CEP55 led to the disappearance of cilia in RPE-1 cells
(Inoko et al., 2012; Spalluto et al., 2012). Thus, we suggested that
Cep55-deficient mice induced an abnormal elongation of cilia,
likely through impaired cilia disassembly process.

Note that the ability to form a cilium for individual cells is
strictly determined by their lineage during embryonic devel-
opment (Bangs et al., 2015), even though they share adjacent
locations in the same tissue. Thus, overall, the cells are in two
different states, ciliated or nonciliated. When disassembly
components are disrupted, the cilium on ciliated cells could
display longer. However, nonciliated cells still could not form a
cilium due to the shortage of assembly machines (Bangs et al.,
2015). Therefore, Cep55-null mice show increased ciliary length
in tissues but an unaltered percentage of ciliated cells.

In particular, the loss of cilia on CPECs causes abnormal
cerebrospinal fluid circulation (Banizs et al., 2005; Vogel et al.,
2012) and is generally considered the primary mechanism for
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neonatal hydrocephalus and mortality in MKS (Banizs et al.,
2005; Spassky et al., 2005; Tissir et al.,, 2010; Vogel et al.,
2012). In this study, we have shown that Cep55-deficient mice
exhibit elongated CPEC cilia and yet also have obvious hydro-
cephalus and postnatal death. Thus, we have provided some
evidence to suggest that deregulated cilia dynamics are also a
kind of cilia abnormality, which could be another underlying
cause of ciliopathy. However, how abnormal ciliation in Cep55-
deficient mice contributes to these MKS phenotypes remains to
be addressed in our future study.

Consistent with our data that CEP55 regulates cilia disas-
sembly in vitro, we found that depletion of Cep55 in mice causes
abnormally elongated cilia in brain, kidney, and MEFs. Mean-
while, the cell cycle of primary MEFs is also arrested in Cep55-
deficient mice. Therefore, it is possible that both abnormal cilia
formation and defective proliferation contribute to aberrant
brain development in Cep55-deficient mice.Mice homozygous
for the Aurora A-null allele display embryonic mortality before
implantation due to early embryonic growth arrest and im-
paired mitosis (Lu et al., 2008; Cowley et al., 2009). Moreover,
heterozygous Pitchfork-null embryos generated by tetraploid
complementation mice display embryonic lethality with heart
failure and a node cilia duplication phenotype (Kinzel et al.,
2010). Unlike those two, Cep55-deficient mice are character-
ized by perinatal death. Meanwhile, along with a homozygous
nonsense mutation (c.256C>T; Bondeson et al., 2017), a new
homozygous frameshift variant (c.514dup) in CEP55 was iden-
tified with a severe syndromic fetal lethal disorder (Rawlins
et al,, 2019). All of the above provide a novel view into cilia
disassembly during embryonic development and ciliopathy.
Thus, identification of this new role of CEP55 enabled molecular
genetic testing to allow accurate perinatal diagnosis and poten-
tial treatment of ciliopathies.

Materials and methods

Mice

Cep5519%P/1xP mijce were generated by Cas9-CRISPR-mediated
genome editing (Nanjing Biomedical Research Institute of
Nanjing University). Briefly, the 5' sgRNA sequence TAGAGG
TGATGGGGTCATGAGGG and 3’ sequence GGAATGAGCACT
TTGAGAAAGGG were inserted into the gRNA cloning vector.
Both donor vectors were 1.9-kbp double-stranded DNA con-
taining homologous arms, 1oxP sites, and restriction sites. Then,
two sgRNAs, Cas9 mRNA, and donor vectors were coinjected
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into fertilized eggs and transferred into foster mothers. Positive
FO mice genotyped by PCR were mated with wild-type C57BL/6
mice, and positive F1 mice were then selected to obtain Cep55-
floxed mice. Subsequently, Cep55!°¥P/1xP mice were crossed
with Ella-Cre mice (stock no. 003724; Jackson Laboratory), and
deletion of the floxed region created a frameshift, resulting in a
null allele (Cep55~/-) mice. The pups were genotyped by PCR
followed by sequence analysis using primers (mouse Cep55-F:
5-TGTCTGGTAAGGATCTTCAAGCTG-3’; mouse Cep55-R: 5'-
TGGAAGTTAGCTTGGGCTACG-3'). Animals were housed in a
pathogen-free facility under a 12-h light cycle. All embryos used
for this study were obtained from natural mattings of virgin
females 8-10 wk old. Noon on the day of the discovery of a
vaginal plug was considered to be E0.5. All animal experiments
were performed with the approval of the institutional animal
care and use committee of our institution.

Cell culture

Human hTERT RPE-1 (RPE-1) cells were kindly provided by
Xueliang Zhu (Shanghai Institute of Biochemistry and Cell Bi-
ology, Shanghai, China) and cultured in DMEM/F-12 (1:1) sup-
plemented with 10% FBS, 0.01 mg/ml hygromycin B, and 1%
penicillin/ streptomycin. For cilia formation, RPE-1 cells were
starved in Opti-MEM reduced serum media (Thermo Fisher
Scientific) for 48 h. Cep55*/* and Cep55~/~ primary MEFs were
derived from E13.5 mouse embryos. Briefly, mouse embryos
were dissected from the placenta and their organs, head, limbs,
and tail removed. Fibroblasts were isolated from minced and
trypsinized tissue (37°C, 30 min). Primary MEFs were grown in
DMEM supplemented with 15% FBS and used for analysis at
passage 3 or lower. For Smo localization analysis, primary MEFs
were starved in Opti-MEM for 48 h and then treated with 500
nM SAG (566660; Sigma-Aldrich) for 6 h. Human embryonic
kidney cells (HEK293T) were maintained in DMEM supplemented
with 10% FBS.

Electroporation

MEF Nucleofector Kits (Lonza) were used for transfection of
MEFs, according to the manufacturer’s guidelines (VPD-1005).
siRNAs were used to transfect 3-4 x 10° cells per 6-cm dish.
After electroporation, cells were collected 48 h after
transfection.

Cloning and plasmids

Plasmids expressing recombinant Flag-CEP55 were kindly gifted
by Kerstin Kutsche and then reconstructed into the p-mCherry-
Cl-vector. mCherry-CEP55-WT, mCherry-CEP55-3S4, full-
length and truncations of Flag-CEP55 (residues 1-217, 217-464,
217-355, 355-464, and 1-355), mCherry-CEP55 siRNA-resistant
plasmids, and mCherry-CEP55-C256T mutants were generated
by PCR-based site-directed mutagenesis. cDNA encoding
Aurora A was subcloned into pEGFP-Cl-vector and pXJ40-
HA-vector for expression in mammalian cells. All constructs
were verified by DNA sequencing. Plasmid transfection into
RPE-1 cells was performed using Lipofectamine LTX Reagent
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.
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RNAI

Synthetic siRNA oligonucleotides were obtained from Thermo
Fisher Scientific. Transfection of siRNAs using RNAiMAX
(Thermo Fisher Scientific) was performed according to the
manufacturer’s instructions. siRNA#1 was used in all CEP55
RNAi experiments in this study, unless otherwise indicated. The
sequences of siRNAs (Thermo Fisher Scientific) are as follows:
control siRNA: 5'-UUCUCCGAA CGUGUCACGUAA-3'; CEP55
siRNA (#1): 5'-GGAAGAUGAUAGGCAUAAA-3'; CEP55 siRNA
(#2): 5'-ACGAAUUGCUGAACUUGAAAGCAAA-3'; CEP55 siRNA
(#3): 5'-GAGGGAGCAGGUGUUGAAAGCCUUA-3'; Aurora A
siRNA: 5'-GGGUAAAGGAAAGUUUGGUAAUGUU-3'; Ift20 siRNA
(mouse): 5'-AGAAAGGUAUCG GGUUGAAUAUGAA-3'; CCTI siRNA:
5'-GCAAGAUCACUUCUUGUUAUU-3’; CCT2 siRNA: 5'-GUUGAC
AAUCCAGCAGCUA-3'; CCT3 siRNA: 5'-GCCAAGUCCAUGAUCGAA
AUU-3’; CCT4 siRNA: 5'-GAACUGAGUGACAGAGAAAUU-3'; CCT5
siRNA: 5'-CAAGUCUCAGGAUGAUGAA-3’; CCT8 siRNA: 5'-CUU
CGUACCUCCAUAAUGA-3'.

Immunofluorescence microscopy

For tissue immunofluorescence, brains and kidneys were fixed
in 4% PFA at 4°C overnight or for 2 h and then embedded in OCT
compound (Sakura). Frozen sections were cut at 10 pm.

RPE-1 cells transfected with plasmids, primary MEFs, and
HEK293T cells were fixed in 4% PFA for 10 min at 37°C and -20°C
methanol for 2 min. For detection of primary cilia, cells were placed
on ice for 10 min before fixation and stained with anti-acetylated
(Ac)-tubulin antibody. To visualize centrosome proteins in RPE-1
cells, cells were fixed and permeabilized in -20°C methanol for 5-10
min. To label cells in S phase, cultured cells were treated with 10 uM
EdU (Thermo Fisher Scientific) for 1 h before fixation. EJU staining
was then performed using the Click-iT EJU imaging kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions.

Tissue sections were and cells were blocked with 3% BSA and
1% normal goat serum in 0.1% Triton X-100/PBS before incu-
bation with primary antibodies. Secondary antibodies used were
Alexa Fluor 488-, 546-, 647-conjugated goat anti-mouse or anti-
rabbit IgG (Thermo Fisher Scientific). DNA was stained with
Hoechst 33342 (1:1,000, H3570; Thermo Fisher Scientific).

Images were acquired at room temperature with a 60x/1.42
oil objective (Fig. 2, C, E, and L; and Fig. 3, Fig. 4, Fig. 5, Fig. SI,
Fig. S3, Fig. S4, and Fig. S6) or with a 40x/1.42 oil objective
(Fig. 2 A) on DeltaVision Image Restoration Microscope (with an
sCMOS edge5.5 camera), with a 10x/0.45 objective (Figs. 2 J, S2
A, and S5 A) or a 63x/1.40 oil objective on Zeiss LSM 880
(Fig. 1), or a 63x/1.40 oil objective on Zeiss LSM 880 with
Airyscan (Fig. 1 D). All acquisition settings were kept constant
for experimental and control groups in the same experiment.
The representative images acquired by the DeltaVision system
were processed by iterative constrained deconvolution (Soft-
WoRx; Applied Precision Instruments). All raw images were
analyzed with Volocity 6.0 software (Perkin Elmer). Cilium
length was measured from the tip of cilia to the base.

Immunohistochemistry and histology
Tissues were fixed in 4% PFA overnight, embedded in paraffin
following standard procedures, and then stained with hematoxylin
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and eosin (Fig. 1, B, C, and I; and Fig. S1, E and F). Images were
captured using a NanoZoomer Digital Pathology system (Hama-
matsu Photonics).

Scanning electron microscopy

For scanning electron microscopy, samples were fixed overnight
at 4°C in 2.5% glutaraldehyde and 2% PFA in 0.1 M phosphate
buffer (pH 7.4). After serial dehydration in increasing ethanol
concentrations, samples were dried at critical point and coated
with gold using standard procedures. Observations were made
in a Quanta FEG 250 (Thermo Fisher Scientific).

MRI

Cep55*/* and Cep55~/~ littermates at E18.5 were embedded in 3%
agarose and taken out before MRI scanning. MRI was per-
formed by a small-animal MRI Facility (PharmaScan 70/16 US;
Bruker) with the Paravision 6.0.1 software platform. Mice were
positioned in a 72-mm radio frequency coil equipped with a rat
head surface coil. The scan protocol for axial images was
T2_TurboRare with the following parameters: TR/TE (ratio of
repetition time/echo time): 4,500/120 ms, FOV (field of view)
20 x 20 cm, image size 256 x 256, slice thickness 0.7 mm,
25 averages. The scan protocol for sagittal images was T2_
TurboRare with the following parameters: TR/TE: 4,500/100 ms,
FOV 20 x 20 cm, image size 256 x 256, slice thickness 0.7 mm,
20 averages.

Immunoblotting analysis

Cells were lysed with lysis buffer (20 mM Tris-HCl, pH 7.5,
150 mM NaCl, 10 mM EDTA, 1% Triton X-100, and 1% deoxy-
cholate) containing complete protease inhibitor cocktail
(04693132001; Roche). Cell lysates were separated by SDS-PAGE
and analyzed by Western blotting with the indicated antibodies.
Proteins were visualized by chemiluminescence according to the
manufacturer’s instructions.

Flow cytometry analysis

For analyzing cell cycle profiles, primary MEFs were fixed with
70% ice-cold ethanol, washed with PBS twice, and incubated in
50 mg/ml propidium iodide and 50 mg/ml RNase A for 30 min.
The data were acquired by BD FACSAria IT and analyzed by using
the ModFit software.

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted with TRIzol reagent (93289; Sigma-
Aldrich). To determine relative mRNA levels, qRT-PCR was
performed using SYBR Premix Ex Taq II (DRRO81A; Takara), and
gene expression was normalized to that of GAPDH (control
housekeeping gene). qRT-PCR assays were run on an ABI Step-
OnePlus system (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Data were analyzed with StepOnePlus
software. The primers used to amplify the target genes are as
follows: CEP55-F: 5'-AGTAAGTGGGGATCGAAGCCT-3'; CEP55-R:
5'-CTCAAGGACTCGAATTTTCTCCA-3'; Aurora A-F: 5'-GAGGTC
CAAAACGTGTTCTCG-3'; Aurora A-R: 5'-ACAGGATGAGGTACACTG
GTTG-3'; GAPDH-F: 5'-GGAGCGAGATCCCTCCAAAAT-3'; GAPDH-
R: 5'-GGCTGTTGTCATACTTCTCATGG-3'.
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Immunoprecipitation and mass spectrometry

For coimmunoprecipitation (IP) experiments, HEK293T cells
were transfected with the indicated plasmids. At 24 h after
transfection, cells were washed twice with PBS and lysed in IP
lysis buffer (50 mM Tris-HCl, pH 7.5, 1% NP-40, 150 mM NaCl,
0.5 mM EGTA, 0.5 mM EDTA, 1 mM DTT, 1.5 mM MgCl,, and
1 mM PMSF) containing complete protease inhibitor and phos-
STOP (490683700L; Roche). The lysates were centrifuged at
12,000 g at 4°C for 15 min. Supernatants were incubated with
anti-Flag M2 Affinity Gel (A2220; Sigma-Aldrich) for 4 h at 4°C.
The immunoprecipitants were washed six times with the same
IP lysis buffer. The immunoprecipitated proteins were removed
from M2 Affinity Gel by boiling for 10 min in SDS-sample buffer
and immunoblotted with indicated antibody.

For immunoprecipitation experiments, HEK293T cells or
primary MEFs were collected in IP lysis buffer. Extracts were
cleared by subsequent centrifugations. Supernatants were in-
cubated with rabbit anti-CEP55, anti-Aurora A, anti-CCT5 an-
tibody, or normal rabbit IgG (sc-2027; Santa Cruz Biotechnology)
with rotation overnight at 4°C. Then, Protein A Sepharose
(17-1279-01; GE) was added, and samples were rotated for 2 h at
4°C. The immunoprecipitants were washed and boiled and then
analyzed by immunoblotting.

For the HA-Aurora A pull-down assay in vitro, HEK293T cells
were transfected with HA-vector or HA-Aurora A plasmids,
respectively, and lysed with NP-40 buffer (AR0107; BOSTER)
containing complete protease inhibitor and phosSTOP. Then, the
HA-Aurora A proteins were purified from sonicated lysates by
anti-HA Agarose antibody (A2095; Sigma-Aldrich). To obtain
purified CEP55 proteins, full-length or 1-355 truncation of Flag-
CEP55 plasmids were transfected in HEK293T cells. Then cell
lysates were immunoprecipitated by anti-Flag M2 Affinity Gel,
and immunoprecipitants were eluted with 3xFlag peptide
(F4799; Sigma-Aldrich) in elution buffer (50 mM Tris-HCl, pH
7.4, and 150 mM NaCl) for 2 h. To get CCT5 proteins, CCT5
plasmids were translated in vitro with a TNT T7 Quick Coupled
Transcription/Translation Systems (L1170; Promega). Then,
the eluted full-length or 1-355 truncation of CEP55 proteins
were incubated with equal amount of HA-Aurora A-bound
agarose and translated CCT5 proteins overnight at 4°C. The
final immunoprecipitants were washed and detected by
immunoblotting.

For mass spectrometry analysis, gels were stained with Bio-
Safe Coomassie (Bio-Rad). After Coomassie staining, gels of
panels were respectively excised and digested in-gel with
trypsin. Mass spectrometry analysis was performed on an LTQ-
Orbitrap Velos mass spectrometer (Thermo Fisher Scientific).

Antibodies and reagents

Antibodies used in this study included mouse anti-GT335 (1:200,
AG-20B-0020B-C100; Adipogen), mouse anti-Ac-tubulin (1:500,
T6793; Sigma-Aldrich), rabbit anti-y-tubulin (1:200, T5192;
Sigma-Aldrich), rabbit anti-CEP55 (Western blot [WB], 1:1,000,
81693; Cell Signaling Technologies; immunofluorescence [IF], 1:
200, abl170414; Abcam), mouse anti-CEP55 (WB, 1:1,000,
HO00055165-A01; Abnova), mouse anti-Smo (1:200, sc23929;
Santa Cruz Biotechnology), rabbit anti-IFT20 (WB, 1:1,000,
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13615-1-AP; Proteintech), rabbit anti-mCherry (1:1,000,
ab167453; Abcam), rabbit anti-Aurora A (WB, 1:1,000; IF, 1:200;
14475; Cell Signaling Technologies), mouse anti-Aurora A (WB,
1:1,000, 610938; BD Biosciences), rabbit anti-HDAC6 (WB, 1:
1,000, 7612; Cell Signaling Technologies), rabbit anti-phospho-
Aurora A (T288; IF, 1:200, 3079; Cell Signaling Technologies),
mouse anti-Flag (WB, 1:1,000; IF, 1:500; F3165; Sigma-Aldrich),
anti-DDDDK-tag pAb-HRP-DirecT (PM020-7; MBL), mouse
anti-centrin2 (1:400, 04-1624; Millipore), rabbit anti-ARL13B
(1:500, 17711-1-AP; Proteintech), rabbit anti-CEP164 (1:600,
45330002; Novus), rabbit anti-PCM1 (1:500, 5213; Cell Signal-
ing Technologies), rabbit anti-CCT1 (1:5,000, 10320-1-AP;
Proteintech), rabbit anti-CCT2 (1:5,000, 24896-1-AP; Pro-
teintech), rabbit anti-CCT3 (1:5,000, 10571-1-AP; Proteintech),
rabbit anti-CCT4 (1:5,000, 21524-1-AP; Proteintech), rabbit
anti-CCT5 (1:5,000, 11603-1-AP; Proteintech), rabbit anti-CCT8
(1:5,000, 12263-1-AP; Proteintech), mouse anti-HA (1:1,000, sc-
7392; Santa Cruz), and rabbit anti-a-tubulin (1:1,000, PM054;
MBL). Polyclonal antibodies against GAPDH were prepared in
our laboratory.

Statistics

Statistical calculations were performed with SPSS software. We
tested the normality of all data using Shapiro-Wilk tests in SPSS.
AP value > 0.05 means the null hypothesis (that the distribution
is normal) is accepted. A P value < 0.05 means that the null
hypothesis is rejected and the distribution is not normal. Sta-
tistical comparisons between two groups conformed to a normal
distribution were performed by unpaired two-tailed t tests.
Multiple comparisons were performed by using one-way or
two-way ANOVA followed by Bonferroni’s or Dunnett’s multiple
comparisons, as noted in the figure legends. The exact sample
sizes (n) used to calculate statistics are provided in the figure
legends. For all tests, differences were considered statistically
significant if P values were < 0.05 (as indicated with *, P < 0.05;
** P < 0.01; and ***, P < 0.001). No statistical methods were used
to predetermine sample size. The experiments were not ran-
domized. No samples were excluded. The investigators were
blinded for assessment of all staining assays.

Data availability
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Online supplemental material

Fig. S1 shows that targeted disruption of the Cep55 gene in mice
and phenotypes of the face and limb from Cep55*/* and Cep55~/~
mice. Fig. S2 illustrates that Cep55 deficiency does not affect the
mitotic progression in cerebral cortex. Fig. S3 shows that CEP55 is
dispensable for the centrosome integrity and its localization in dif-
ferent cell cycle stages. Fig. S4 shows that CEP55 interacts with
Aurora A and localizes at the centrosome. Fig. S5 illustrates that
Cep55 deficiency inhibits cilia disassembly and the stability of Au-
rora A protein in primary MEFs. Fig. S6 illustrates cilia assembly and
disassembly in HEK293T cells and the localization of CCT proteins in
CEP55-depleted cells. Table Sl lists genotype distributions of off-
spring of Cep55 heterozygous mice intercrossed at different ages.
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Figure S1. Targeted disruption of the Cep55 gene in mice, and phenotypes of the face and limb from Cep55*/* and Cep55-/~ mice, related to Fig. 1. (A)
Generation of Cep55~~ mice. Strategy used to target the mouse Cep55 locus with CRISPR-Cas9 system. Schematic representation of mouse Cep55 protein
(1-462 aa) and Cep55 genomic locus. The correlation between Cep55 functional domains and their coding regions is also indicated (CC1, CC2, coiled-coil domain
[green]; EABR [ESCRT and ALIX-binding domain, red]; and C-terminal region involved in localization [orange]). Modified Cep55 locus indicated excision of the
genomic region from exon3 to exon5 and formation of a frameshift. Red arrows indicate PCR primers used to verify the null allele. UTR, untranslated region;
CDS, coding sequence. (B) Genotype analysis of mouse tails from Cep55 wild-type, heterozygous, and null pups at P0.5. Primers F1 and R1 amplify a 300-bp
fragment in Cep55*/* and Cep55*/~ pups. Primers F2 and R2 amplify a 244-bp fragment in Cep55*/~ and Cep55~/~ pups. (C and D) Immunoblot analysis of protein
extracts from Cep55*/*, Cep55*/~, and Cep55~/~ primary MEFs by using anti-Cep55 antibodies produced by Cell Signaling Technologies (C) and Abnova (D).
GAPDH was used as a loading control. (E and F) Sections of E14.5 faces (E) or E11.5 limbs (F) were stained with hematoxylin and eosin. Scale bars, 100 um.
(G and H) Sections of E14.5 faces (G) or E11.5 limbs (H) from Cep55*/* and Cep55~/~ mice were stained with a ciliary marker (ARL13B, red) and DNA (blue). Scale
bars, 20 pum.
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Figure S2. Cep55 deficiency does not affect the mitotic progression in cerebral cortex, related to Fig. 2. (A) E13.5 Cep55*/*and Cep55~/~ cerebral cortex
coronal sections were stained with mitotic marker (p-H3, green) and DNA (blue). Scale bar, 50 um. (B) Percentage of p-H3-positive (p-H3*) cells in the cerebral
cortex in A, calculated per unit ventricle length (100 um). n = 3 embryos each. Data are presented as means + SD of three independent experiments. An
unpaired two-tailed t test was performed.
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Figure S3. CEPS55 is dispensable for the centrosome integrity and its localization in different cell cycle stages, related to Fig. 3. (A-D) RPE-1 cells were
transfected with control or CEP55 siRNA in the presence of serum and then stained with indicated antibodies. The localization of y-tubulin (A, red), Centrin-2
(B-D, green), Cep164 (C, red), and PCM1 (D, red) was not affected by CEP55 depletion. Insets show zoomed-in views of the boxed regions. Scale bars, 5 um
(main image) and 1 um (magnified region). (E) A table summarizing the centrosome localization of the tested proteins in CEP55-depleted RPE-1 cells. (F~H)
Asynchronously growing RPE-1 cells were stained with endogenous CEP55 (green), y-tubulin (red), and DNA (blue). Representative cells from different stages of
the cell cycle are shown. Insets show zoomed-in views of the boxed regions. Scale bars in F and G, 5 um (main image) and 1 um (magnified region). Scale bars in
H, 10 pm (main image) and 1 pm (magnified region).
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Figure S4. CEP55 interacts with Aurora A and localizes at the centrosome, related to Fig. 4. (A) Eluates from representative Flag-vector and Flag-CEP55
immunoaffinity purification experiments were stained with Coomassie blue and subjected to mass spectrometric sequencing. M, marker. (B) CEPS5 (green) and
Aurora A (red) were costained with a centriolar distal marker (centrin-2, purple) and DNA (blue). Insets show zoomed-in views of the boxed regions. Scale bars,
5 um (main image) and 1 um (magnified region). (C) RPE-1 cells were starved for 48 h. The ciliated cells were then stimulated with serum for 2 h and stained
with CEPS5 (green), p-Aurora A (red), Ac-tubulin (gray), and DNA (blue). Insets show zoomed-in views of the boxed regions. Scale bars, 5 um (main image) and
0.5 pum (magnified region).
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Figure S5. Cep55 deficiency inhibits cilia disassembly and the stability of Aurora A protein in primary MEFs, related to Fig. 5. (A) Cep55*/* and Cep55~/~
primary MEFs were starved for 48 h. The ciliated primary MEFs were then stimulated with serum for the indicated times and stained with Ac-tubulin (green)
and DNA (blue). Scale bar, 10 um. (B) Cell lysates in A were detected with the indicated antibodies. (C) Immunoblot analysis with anti-Cep55 and anti-Aurora A
antibody on protein extracts from E9.5 Cep55*/*, Cep55*/~, and Cep55~/~ neural tubes. GAPDH was used as a loading control.
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Figure S6. Cilia assembly and disassembly in HEK293T cells and the localization of CCT proteins in CEP55-depleted cells, related to Fig. 6. (A)
HEK293T cells were starved for 48 h. Ciliated cells were then stimulated with serum for 18 h and stained with ARL13B (green) and DNA (blue). Scale bar, 10 pm.
(B) Quantification of the ciliated cells in A. Data are presented as means + SD of three independent experiments. A one-way ANOVA test was performed. ***,
P < 0.001. n, number of cells. (C-F) RPE-1 cells transfected with control or CEP55 siRNA were stained with CCT proteins (green), y-tubulin (red), and DNA (blue;
CCT1inC,CCT2in D, CCT5in E, and CCT8 in F). Insets show zoomed-in views of the boxed regions. Scale bars, 5 um (main image) and 1 um (magnified region).

Table S1 is provided online and shows the genotype distributions of offspring of Cep55 heterozygous mice intercrossed at
different ages.
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