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Abstract

A centrosome consists of a pair of centrioles embedded in pericentriolar
materials (PCM). Like chromosomes, centrioles duplicate and segregate into the
daughter cells. Centriole duplication is strictly regulated to occur once per cell cycle.
Abnormalities in the number of centrioles lead to chromosome instability and tumor
formation. During mitosis, centrosomes prepare to become spindle poles and undergo
maturation which PCM is accumulated at the centrosome to possess a strong
microtubule organizing activity. If the centrosomes fail to become mature, the
chromosomes do not properly segregate to daughter cells. Therefore, it is essential to
elucidate precise mechanisms of centrosome duplication and maturation during the
cell cycle. Here, | investigated the functions of two centrosomal proteins, CPAP
(Centrosomal protein 4.1-associated protein) and CP110 (Centrosomal protein of
110kDa) to study centrosome maturation and duplication.

In Chapter 1, | investigated biological roles of CPAP in centrosome
maturation. It is known that CPAP functions in centriole assembly and elongation. |
found that CPAP is also critical for centrosome maturation during mitosis. The CPAP
function in centrosome maturation is independent of centriole duplication. Depletion
of CPAP eventually resulted in asymmetric spindle pole formation during mitosis.
Asymmetric spindle pole indicates that the mitotic spindle pole have uneven amount
of PCM.

In chapter 2, | investigated biological roles of CP110 in centriole duplication.
PLK4 is a critical kinase in centriole assembly. However, direct substrates of PLK4

remain elusive. | demonstrated that CP110 is phosphorylated by PLK4 in vivo. This



phosphorylation is prerequisite of the centriole assembly. The phosphorylated CP110
is recruited at the proximal end of the daughter centrioles at an early stage of centriole
assembly. Based on these results, | propose that phosphorylation of CP110 by PLK4 is

a critical step for stabilization of the recruited centriole components.

Keywords: Centrosome, CPAP, Pericentriolar material (PCM), centriole maturation,
CP110, PLKA4, centriole duplication
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Background



1. The origin and evolution of the centrosome

Centriole/basal bodies (CBBs) are cylindrical organelles composed by
microtubules. These organelles form centrosome, cilia, and flagella. Because CBBs,
cilia, and flagella are present in all major eukaryotic groups, they are regarded as
ancestral structures.

1.1 Molecular mechanism of centriole/basal bodies evolution

In the past decade, many centrosome components were identified, and
function of these proteins were studied in model organisms. In particular, studies in
Caenorhabditis elegans and Drosophila revealed that many structural components
and regulators of centriole duplication are conserved across ciliated eukaryotes, such
as Sas-6, Sas-4/CPAP, and BId10/CEP135 (Nigg and Stearns, 2011). Despite the
conservation of these components, new proteins appear to have been added
throughout evolution (Carvalho-Santos et al., 2010; Hodges et al., 2010). For instance,
CP110 and CEP97 cooperatively function in cilia assembly. These two proteins are
only present to the metazoans (Carvalho-Santos et al., 2010; Hodges et al., 2010). It is

thought that these proteins might have been added to cilium assembly pathway.

2. The centrosome

The centrosome is an organizer of the microtubule cytoskeleton.
Centrosomes associate with the nuclear envelope and are usually locates at the center
of the cells.

2.1. Function of the centrosome

The centrosome functions in cell polarity and cell division, and development



of most animals. In interphase cells, astral microtubules (MT) that emanate from the
centrosome determine cell shape, polarity, and motility (Desai and Mitchison, 1997)
(Keating and Borisy, 1999). In most epithelial cells, centrioles move to apical surface
of the cells (Dylewski and Keenan, 1984). Movement of centriole is accompanied by
formation of apical-basal MTs and loss of radial MTs (Rieder et al., 2001). This
positioning of centrosome in cells determines geometry.

In mitosis, the centrosome forms the bipolar spindle. Bipolar spindle is
critical for faithful segregation of chromosomes. In dividing cells, centrosome based
spindle axis determines cell fate. For example, in neuroblasts, symmetric division
makes two daughter neuroblasts. So symmetric division in neuroblasts expand the
progenitor pool, whereas, asymmetric division with perpendicular spindle axis
generate one neuroblast and differenciating cell (Yamashita and Fuller, 2008). The
centriole functions as basal bodies of the cilia and flagella. Cilia and flagella sense
extracellular signals such as moving fluid and cell motility.

2.2. Structure of the centrosome

The centrosome is composed of two centrioles and pericentriolar materials
(PCM) surrounding two centrioles.

2.2.1. Centrioles

Centriole is composed of nine microtubules (MT). There are structural
variations in different species. C. elegans and Drosophilla embryo have singlet and
doublet microtubules, respectively. In human, nine triplet microtubules are arranged
into a cylinder shape. In vertebrate and most cell types, the length of cylinder is

approximately 500nm and diameter is approximately 250 nm.
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Figure 2. The structure of the centrosome. The figure represents a pair of
centrosome in human cells during S phase. The centrosome is composed of two
centrioles and pericentriolar material (PCM). The microtubules that make up the wall
of centrioles. The mother centrioles are approximately 450 nm long and
approximately 250 nm in diameter. Only the mother centriole has appendage structure
at distal tip of the centriole. Procentrioles have cartwheel structure at proximal part of

the centrioles



A triplet microtubule contains a complete microtubule, which is called A-

tubule, and additional two partial microtubules are B-, C- tubules. Centriole has
polarity with microtubule minus ends at proximal end of the centriole. In this
proximal centrioles with microtubule minus end, new centriole is assembled. New
assembled centriole is orthogonally arranged next to previous centrioles. New
centrioles are assembled using the cartwheel, which is a subcentriolar structure
containing nine radial and functions as central hub.
Among the two orthogonally arranged centrioles, one is older than the other. The older
one is mother centriole, which was formed in previous duplicating cycle, and the
younger other is daughter centriole, which is newly formed in this duplication cycle.
Two centrioles are structurally different. The older mother centriole has distal and
subdistal appendages at its distal part of centriole, newly formed daughter centriole
lacks. This distal and subdistal appendages are markers of maturation (Paintrand et al.,
1992; Vorobjev and Chentsov Yu, 1982), since these structures are part of old
centrioles. Several components such as CEP164, CCDC123/CEP89/CEP123,
CCDCA41 are found in this distal appendages (Jana et al., 2014).

The distal appendages are fibrous radiating structure, which function in
primary cilia formation. This structure is required for cilia assembly. Subdistal
appendages locate proximal to the distal appendages and attach laterally to
microtubule scaffold. Ninein, centriolin, CEP170 are subdistal appendage proteins
(Jana et al., 2014). The subdistal appendage functions in microtubule anchoring

(Kodani et al., 2013). Only the pre-existing old centriole acquires this structure at G2



and M phase and functions in anchoring to microtubules.
2.2.2. Filamentous structure

Upon duplication, two centrioles are connected to each other via a
filamentous structure (Bornens et al., 1987). The filamentous C-Napl and Rootletin
interact and localized to this structure (He et al., 2013). This filamentous structure is
dissociated at G2 phase through C-Napl dissociation upon phosphorylation by Nek2.
Then, two duplicated centrioles move apart (Fry et al., 1998).
2.2.3. Pericentriolar materials (PCM)

Centrioles organize the PCM on the outside the microtubules. According to electron
previous microscopy results, the PCM appeared as amorphous mass surrounding
centrioles (Robbins et al., 1968). Large scale RNAI and localization screen revealed
many PCM proteins (Leidel and Gonczy, 2003). Previous conventional microscopy
could not give the precise structural information about PCM. However, recent
advances in light microscopy, such as three dimensional structured illumination
microscopy (3D-SIM) and stochastic optical reconstruction microscopy (STROM)
allowed to observe PCM structure (Fu and Glover, 2012; Mennella et al., 2012;
Sonnen et al., 2012). Through these advances, researchers were able to locate
important proteins nearby centriole by measuring the distance from the outer
centriole (Mennella et al., 2012; Sonnen et al., 2012). Also, they found that
interphase PCM are assembled in concentric toroid structure forming discrete

diameter shape.
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Figure 3. The centrosome and pericentriolar materials (PCM). The
centrosome embedded in a matrix of proteins known as the pericentriolar material
(PCM). The pericentriolar material is composed of multiple proteins. During
interphase, PCM proteins are organized in toroids structure around mother centrioles.
Gamma-tubulin is one of the major PCM proteins and localizes at outer layer of the
PCM. Gamma-tubulin functions in microtubule nucleation. In G2 and M phase, this

PCM is expanded preparing strong spindle pole.



3. Centrosome duplication
3.1. Initiation

In centriole duplication cycle, the first step is the formation of a procentriole
next to the mother centriole. Centriole assembly is followed by hierarchial protein
recruitment, but the precise mechanism is poorly understood in mammals.

PLKk4 is thought to be a critical kinase that regulates the onset of centriole
assembly. PLK4, a polo-like kinase 4, is required for centriole assembly (Kim et al.,
2013). In C.elegans, ZYG-1, a functional orthologue of PLK4 recruits sas6, indicating
that this is an evolutionarily conserved mechanism (Lettman et al., 2013). Some
proteins have been reported as a substrate of PLK4, such as GCP6 (Bahtz et al., 2012;
Chang et al., 2010; Hatch et al., 2010; Puklowski et al., 2011). However, there is no
critical link to explain PLK4 kinase activity and centriole assembly. Recently, one
group showed that STIL interacts with and is phosphorylated by PLK4 and functions
in sas6 recruitment (Ohta et al., 2014). Also, CEP152 and CEP192 interact with PLK4

and cooperatively function in PLK4’s recruitment to the centriole (Kim et al., 2013).

3.2. Cartwheel assembly

Once the centriole assembly site is determined at mother centrioles,
cartwheel structure is assembled at this site (Cottee et al., 2011). This is the first
visible sign of procentriole formation. Sas6 is a key cartwheel assembly component. It
forms oligomers and ring-like organization (Hirono, 2014; van Breugel et al., 2014).

Bld10/CEP135 functions together to establish and stabilize the cartwheel ninefold



symmetry (Roque et al., 2012).

Interestingly, in matured centrioles in mammals, the cartwheel is lost
(Gonczy, 2012; Keller et al., 2014), indicating that this structure is required for
initiation of procentriole formation but not for maintenance. Since cartwheel is
localized to proximal part of centrioles and linked to the proximal end of the mother
centrioles (Guichard et al., 2010), it is likely to be the potential bridge that connects
procentriole to mother centriole.

3.3. Centriole microtubule recruitment

Next, how are microtubules recruited to cartwheel to form the microtubule
triplets? It is reported that gamma-tubulin localizes to the core centrioles, in addition
to pericentriolar materials (Moudjou et al., 1996). Gamma-tubulin, in association with
the cartwheel, enforces growth of A-tubule. After nucleation of A-tubules, B- and C-
tubules assembled (Guichard et al., 2010). There are two proteins CPAP and
Centrobin, which interact with tubulin (Gudi et al., 2011; Tang et al., 2009). CPAP is
accumulated in procentriole. In C.elegans SAS4, orthologue of CPAP, functions in
tubulin recruitment. Centrobin is a daughter centriole marker, and the disruption of
centrobin-tubulin interaction results in destabilizing of pre-existing centrioles (Gudi et
al., 2011).

3.4. Centriole elongation

Centriole elongation occurs after centriole formation during G2 and M phase.
Many reports showed that regulation of centriole length is result of antagonistic
functions of CPAP and CP110 (Comartin et al., 2013; Lin et al., 2013; Schmidt et al.,

2009). Overexpression of CPAP induces longer centrioles, indicating that CPAP

10



positively regulate centriole elongation (Kohlmaier et al., 2009). Phosphorylation of
CPAP s critical for stabilizing centriolar microtubules and elongation. CP110 is
capping protein which localize at distal part of centriole. This cap should be removed
for the formation of cilia (Tsang et al., 2008).
4. Centriole number control

4.1. Control of protein level

Centrosome duplication is tightly regulated process, which occurs only once
per cell cycle. Abnormalities in centriole number and structure are associated with
genomic instability, and centriole amplification is a hallmark of cancer. Although
multiple centrioles can form bipolar spindles through clustering, they increase the
incidence of merotelic attachments and could induce genomic instability.

PLK4 has a key role in controlling centriole duplication. Overexpression of
PLK4 results in centrosome amplification (Bettencourt-Dias et al., 2005; Habedanck
et al., 2005; Kleylein-Sohn et al., 2007). It is well known that the amount of PLK4 is
critical; therefore regulation of PLK4 level has been well studied (Brownlee et al.,
2011; Rogers et al., 2009). It is reported that PLK4 forms homodimer,
autophosphorylates at multiple sites, and is degraded by SCF*™ (Holland et al.,
2012; Holland et al., 2010). Through this regulation, the level of PLK4 is strictly
regulated during the cell cycle, and the regulation of PLK4 may control the centriole
assembly, by phosphorylating its substrates.

In addition to PLK4, other centriole components also regulate centriole
number. For example, overexpression of STIL and Sas6 (Arquint and Nigg, 2014;

Kitagawa et al., 2011; Leidel and Gonczy, 2003) forms extra centrioles. Both STIL

11



and SAS6 are degraded during mitosis through anaphase promoting complex
(APC/C) dependent degradation pathway (Arquint and Nigg, 2014; Kitagawa et al.,
2011). Similar to PLK4, sas6 is also regulated by FBXWS5 dependent degradation
during G2 phase (Puklowski et al., 2011), and this degradation is critical for
duplication control.
4.2. Centrosome-intrinsic block

It is reported that centrosome-intrinsic mechanism blocks centriole
reduplication during S and G2 phase (Nigg, 2007). According to this licensing model,
the engagement of duplicated centrioles blocks re-duplication until the end of mitosis.
At the end of mitosis, centrioles disengage, licensing duplication. In vertebrates, the
activities of PLK1 and separase are required for disengagement (Lee and Rhee, 2012;
Matsuo et al., 2012; Tsou et al., 2009)
4.3. CDK2 in centriole duplication

CDK2 kinase is also involved in centriole duplication. CDK2 is active
during G1/S transition. It is reported that CDK2 is required for centriole
overduplication in somatic cells (Duensing et al., 2006; Meraldi et al., 1999) and
normal duplication in Xenopus eggs (Hinchcliffe et al., 1999). However, CDK2
activity appears dispensable for normal duplication in cycling cells (Meraldi et al.,

1999). However, CDK2 activity is required for PLK4 induced overexpression. This

suggests that there is redundant mechanism related to CDK2 in centriole assembly.

12



PLK4 STIL CPAP PLK1

CEP152 Sas-6 CEP97 Separase
CEP135 CP110
POCS
G1/S S S/G2  End of mitosis
e a1 ——)
Initiation Cartwheel formation Elongation Disengagement

@ Centriole

: Appendage

m Cartwheel

. Centriole lumen

Figure 4. Procentriole assembly. At G1/S transition, PLK4 Kinase and CEP152
initiates the cartwheel formation. Mother centriole acquires a single focus of PLK4. At
this site, Sas-6, Cep135, STIL are recruited. They forms cartwheel structure at early S
phase. During S and G2 phase, procentrioles are elongated. CPAP promotes centriolar
microtubule elongation around the cartwheel. CP110 and CEP97 localize at distal part
of the centriole and stabilize it. End of mitosis, centrioles are disengaged PLK1- and

separase-dependent manner. Cartwheel is lost from the procentriole after

disengagement.
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are elongated. At G2 phase, young mother centriole acquires appendage structure.
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Figure 5. The centrosome cycle. The centrosome cycle initiates in G1/S transition.
At G1 phase, mother and daughter centrioles are disengaged. At G1/S transition,
procentrioles are assembled next to pre-existing centrioles. In this stage, two mother
centrioles (pre-existing) are in different age. One is the old mother centriole and the
other is the young mother centriole. Only the old mother centriole has appendage

structure that is acquired at previous cell cycle. During S and G2 phase, procentrioles

This is the centriole maturation. Together with centriole maturation, PCM size also
increased preparing mitosis. At mitosis, two centrosomes separate and function in

mitotic spindle pole. The end of mitosis, two centrosomes segregate to each daughter



5. Health and disease
5.1. Centrosome number and cancer

Centrosome amplification is a hallmark of cancer. Centrosomal
abnormalities have been reported in many solid tumors, such as colon, breast, ovarian
cancer (Hsu et al., 2005; Lingle et al., 1998), in addition to myeloma, acute and
chronic leukemia. Some reports suggest that abnormality of centrioles causes tumor
initiation; however, this hypothesis remains controversial. There are two types of
centrosome abnormalities.

5.1.1. Structural defect

Structural defects reflect deregulation such as phosphorylation of
centrosomal components (Nigg, 2006). There are two structural defects; defects in
centriole structure and in the amount of PCM.

5.1.2. Numerical defect

Numerical defects show excessive numbers of centrioles. The cause of
amplified centrioles could be either division failure or overduplication. Centriole
overduplication may be cause by defects in cell cycle control or duplication number
control.

Deregulation of ubiquitin regulators may result in changes in the stability of
centriole proteins. For instance, SCF*™" downregulation leads to the stabilization of
CP110 level. Both cases result in centriole amplification.

4.2. Centrosome and microcephaly
Autosomal primary microcephaly (MCPH) is a neurodevelopmental disorder

caused by mutations in several genes. MCPH patients have small brain size, with

15



mental retardation (Kumar et al., 2009). Of the nine genes implicated in MCPH,
CPAP CEP152, CEP135, STIL and CDK5RAP2 genes encode core centrosomal
components, and ASPM and WDRG62 are related to mitotic spindle poles. Cells with
defects in centriole number take longer time to make a bipolar spindle (Kwon et al.,
2008; Novorol et al., 2013).

In brain development, balance between pools of progenitors and
differentiating cells is important, and determination of cell fate depends on cell
division axis. In early development, neuronal progenitors have perpendicular axis to
apical surface and make two progenitors. In this division, progenitor pool is highly
increased. Defect in genes involved in MCPH results in abnormal spindle orientation
(Kitagawa et al., 2011). This uncontrolled orientation may cause decrease of
progenitor pools.

4.3. Ciliopathy

Ciliopathy is genetic disorders caused by defects in ciliary function or
structure. Ciliopathy affects most organs, such as kidney, eye, liver and brain. In
ciliopathy, impairment in cell signaling is considered a key factor (Chavali et al.,

2014).
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Chapter 1

Asymmetric spindle pole formation in
CPAP-depleted mitotic cells
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Abstract

It is known that SAS-4 and its human homologue, CPAP, are essential for
centriole assembly and centriole elongation. Here, | report that CPAP is also involved
in spindle pole formation during mitosis. Centriole, especially mother centriole has a
capacity to recruit pericentriolar materials (PCM). In knockdown-rescue experiment, |
observed that the amount of PCM was asymmetrically distributed between the mitotic
spindle poles of CPAP-depleted cells. The mother centriole lengths in CPAP-depleted
cells were identical to those of control cells, indicating that the spindle pole
asymmetry in CPAP-depleted cells is not due to the shortened size of mother
centrioles between the spindle pole pair. Rather, centriole maturation was inhibited in
CPAP-depleted cells, as evidenced by the absence of distal and subdistal appendage
proteins. My results predict that neural stem cells in CPAP mutant individuals might
have defects in spindle orientation, which causes a reduction in the stem cell

population and subsequent reduction of the differentiated cell population.

Keywords: CPAP, Centriole maturation, spindle pole, mitosis
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Introduction

The centrosome is a major microtubule-organizing center that consists of a
pair of centrioles surrounded by pericentriolar materials (PCM). Centrioles duplicate
and segregate in tight association with the cell cycle. Procentrioles begin to form next
to mother centrioles at the G1/S phase. The procentrioles are elongated, and they
eventually disengage from the mother centriole at the end of mitosis. Centriole
disengagement is considered important for licensing a new round of centriole
duplication (Tsou and Stearns, 2006). The disengaged centriole becomes a mother
centriole when a new procentriole is formed next to it. However, this young mother
centriole is still structurally immature. For example, the young mother centriole lacks
distal and subdistal appendages until the cell undergoes mitosis (Loncarek and
Khodjakov, 2009). Therefore, it takes one and a half cell cycles for a procentriole to
become a fully matured mother centriole.

Genetic analysis in Caenorhabditis elegans identified a number of centriolar
proteins that are involved in centriole assembly, such as ZYG-1, a protein kinase, and
SAS-4, SAS-5, SAS-6 and SPD-2, which contain coiled-coil domains (Leidel and
Gonczy, 2003; O'Connell et al., 2001). During centriole biogenesis, these proteins are
sequentially recruited to centrioles (Pelletier et al., 2006). ZYG-1 recruits SAS-5 and
SAS-6, which are required to SAS-4 incorporation (Dammermann et al., 2008;
Pelletier et al., 2006). It is proposed that the centriole duplication mechanism is
evolutionally conserved from C. elegans to human (Kleylein-Sohn et al., 2007). CPAP,

the human homologue of SAS-4, is essential for centriole formation in human cells
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(Chang et al., 2010; Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009).
During the G2 and M phase, the centrosomes are matured, accumulating y-tubulin and
PCM proteins (Palazzo et al., 2000). This process is called centrosome maturation.
The matured mitotic centrosome functions as mitotic spindle poles.

Primary microcephaly is a rare, recessive genetic disease in which the
prenatal brain growth is significantly reduced while the brain structure is left intact
(Thornton and Woods, 2009). It was proposed that the reduction in neuronal cell
number during development is the causal event of microcephaly (Bond et al., 2005).
Neocortex stem cells are originally generated by symmetrical division of the neural
tube epithelium at the ventricular zone. Once neurogenesis begins, the stem cells
initiate asymmetric division to generate differentiated neural cells. Therefore, it is
important to switch from symmetric to asymmetric cell division at the appropriate
time. Spindle pole orientation in stem cell division is a critical factor for cell fate
determination and eventually for tissue organization. The spindle pole position in
neural progenitor cells is determined by the spindle pole itself as well as by cortical
polarity cues (Gillies and Cabernard, 2011). In fact, mutations in genes coding for
centrosomal proteins were detected in a number of primary microcephaly patients
(Bond et al., 2005).

CPAP is one of the causal genes implicated in primary microcephaly (Bond
et al., 2005). However, it is not understood how the neural cell number is reduced in
individuals with CPAP mutations. In this study, | revealed that CPAP-depletion results
in the asymmetry of spindle pole activity, which probably results in the premature

initiation of asymmetric cell division.
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Materials and methods

Transfection and RNA interference

SiCPAP (GGA CUG ACC UUG AAG AGA ATT), siCTL (scrambled
sequence for control) (GCA AUC GAA GCU CGG CUA CTT), siCenexinl (AGA
CUA AUG GAG CAA CAA G) were used for RNAI experiments. The siRNAs were
transfected into HeLa cells using RNAi MAX reagents (Invitrogen). Plasmids were
transfected with FUGENE HD (Roche). For rescue experiment, siRNAs and DNAs
were sequentially transfected
Antibodies

CPAP antibody was raised against C-terminus of CPAP and affinity purified
with GST-CPAP***¥¥Chang et al., 2010), CEP135 (Kim et al., 2008), and CP110
antibodies were generated and affinity purified against GST-CEP135°**, CP110%%*,
respectively. Ninein antibody was raised against GST-Ninein®*"*®. Centrin-2 rabbit
polyclonal antibodies were also raised against GST-Centrin-2"*"?. Antibodies against
y-tubulin (C-20, Santa Cruz Biotechnology, Inc.), cyclin B1 (GNS1, Santa Cruz
Biotechnology), Acetylated-tubulin (T6199, Sigma), Flag (F3165, Sigma), «-
tubulin (ab18251, Abcam), Sas-6 (91.390.21, Santa Cruz Biotechnology) antibodies
were purchased. hCenexinl (Soung et al., 2006) antibody was given from Kyung S.
Lee
Cell culture and cell cycle synchronization

HelLa cells were grown at 37°C and 5% CO- in high glucose DMEM

supplemented with 10% fetal bovine serum. To synchronize cells in G2 phase,

21



HelLa cells were arrested at G1/S phase by double-thymidine block and
released for 8 h and then cells were fixed. In the rescue experiments, mitotic
cells were synchronized at S phase by thymidine block and release followed
by MG132 treatment for 1 h.
Immunoblot analysis

Cultured HeLa cells were lysed in the sample buffer (50 mM Tris-HCI, pH
6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol).
Samples were loaded in 8% and 4% polyacrylamide gels and then transferred into
nitrocellulose membranes. The membranes were blocked in 5% skim milk in TBST
(20 mM Tris, 150 mM NaCl, 0.3% Triton X-100) for 30 min, incubated with
antibodies for overnight at 4°C. After washing three times with TBST for 7 min, the
membranes were incubated with mouse and rabbit secondary antibodies (1:10,000) for
40 min. After the membranes were washed three times with TBST for 5 min, the
peroxidase activity was detected using ECL solutions.
Immunofluorescence and Microscopy

For indirect immunocytochemistry, HelLa cells were grown on 12-mm
coverslips and fixed with cold 100% methanol for 10 min. The cells were then
permeabilized and blocked with 3% BSA in 0.5% PBST for 15 min. Primary
antibodies were diluted in 3% BSA in 0.5% PBST, incubated at room temperature for
1 or 2 h and coverslips were washed three times in 0.1% PBST. Secondary antibodies
were diluted in 3% BSA in 0.5% PBST, incubated for 30 min at room temperature and
washed again three times in 0.1% PBST. For DNA staining, DAPI solution was used

at the final step for 4 min. The coverslips were mounted on slides and observed with a
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fluorescence microscope (Olympus 1X51) equipped with a CCD camera (Qicam fast
1394, Qimaging). Images were processed using ImagePro 5.0 (Media Cybernetics,
Inc.) and statistic analyzed with Sigma Plot (Systat Software, Inc.).

To measure the length of centrioles, we used a super-resolution structured
illumination microscopy (SIM; Nikon N-SIM) equipped with a CFI Apo TIRF 100x
oil objective lens (NAL1.49) and iXon DU-897 EMCCD camera. The images were
taken as Z-stack with distance between planes of 0.1 um. The center of the signal was
determined by intensity profile in NIS-Elements software. The antibodies were

conjugated with Alexa Fluor 555 dyes (Molecular Probes).
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Results

Centriole reduction in CPAP-depleted mitotic cells

CPAP is an essential centrosome component for centriole assembly since
CPAP depletion results in defects in centriole duplication (Chang et al., 2010; Tang et
al., 2009). To begin my study, | decided to observe defects of centriole duplication in
CPAP-depleted mitotic cells. | immunostained the mitotic cells with a centrin-2
antibody to count the number of centrioles at each mitotic spindle pole. The results
showed that the number of centrioles in CPAP-depleted cells decreased (Figure 6).
The phenotype became severe in correlation to the knockdown period (Figure 6). It is
interesting that diverse patterns of centriole numbers were observed even if the
centrosomal CPAP is effectively depleted.
Asymmetric spindle poles in CPAP-depleted cells

In CPAP-depleted mitotic cells, | observed asymmetric spindle pole
compared to control cells. Asymmetric spindle poles are composed of two poles with
different amount of PCM. Spindle poles were determined as asymmetric when the
intensity of one pole was at least 1.5 fold higher than the other pole within one cell. To
confirm this asymmetric spindle pole phenotype is caused by CPAP-knockdown, |
performed knockdown and rescue experiments with ectopic Flag-CPAP as well as
Flag-CPAP™ and Flag-CPAP®® in which point mutations were introduced into the
PLK2 phosphorylation sites serine 589 and serine 595 to become alanines and
glutamates, respectively (Chang et al., 2010). The immunoblot analysis revealed that a

sufficient amount of the ectopic Flag-CPAP was expressed in the CPAP-depleted cells
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(Figure 7A). Flag-CPAP was properly localized at the spindle poles (Figure 7B). At
the same time, Flag-CPAP rescued asymmetric spindle poles shown in CPAP-
depletion (Figure 7B). Furthermore, the spindle pole asymmetry was also rescued
with both Flag-CPAP** and Flag-CPAP® (Figure 7B). | counted the number of
centrioles in the same experimental groups. Both the wild-type Flag-CPAP and Flag-
CPAPEE rescued the number of centrioles to the control level (Figure 8). However, as
reported previously, the centriole duplication was not rescued with Flag-CPAP*
(Figure 8). However, most of the Flag-CPAP™*-rescued cells had symmetric spindle
poles. This suggests that spindle pole asymmetry in CPAP-depleted mitotic cells is
independent of CPAP function for procentriole assembly.
Centriole maturation defects in the young mother centriole of CPAP-
depleted cells

In previous results, PCM was determined by mother centriole not daughter
centriole. In fact, | showed that the wild type as well as phospho-resistant and —
mimetic mutants of CPAP (CPAP** and CPAP®F) rescued PCM asymmetry regardless
of the presence or absence of daughter centrioles (Figures 7B and 8). | asked what
differences the mother centrioles at each spindle pole make PCM asymmetry. The
prominent difference between mother and daughter centriole is appendage structure at
distal part of mother centriole. In fact, the distal and subdistal appendages are markers
for centriole maturation (Paintrand et al., 1992; Vorobjev and Chentsov Yu, 1982). |
generated a ninein-specific polyclonal antibody as a marker for subdistal appendage
(Mogensen et al., 2000; Figure 9). I produced ninein antibody with the fragment

(381-689 amino acid residues) (Fig 9A). The rabbit antiserum was affinity-purified
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and used for immunoblot analysis. As reported previously, the ninein-specific band of
240 kDa in size was detected in the HeLa cell lysates (Bouckson et al., 1996; Fig. 9B)

In order to determine a precise localization of ninein within the centriole,
cells were co-immunostained with the ninein and centrin2 antibodies. Ninein was
localized only one of two unduplicated centrioles in G1 phase cells. Ninein was
detected at the proximal part as well as distal part of the mother centriole as a ring or
three dots. A second ninein signal appeared as a dot at the daughter centriole in a late
G1 stage (Figure 10A). The strong and weak ninein signals were placed at the old and
young mother centrioles, respectively (Figure 10). This staining pattern was
maintained until the young mother centriole became mature at a late G2 phase. Next |
observed ninein patterns during the cell cycle. | performed immunostaining analysis
with HeLa cells whose cell cycle was synchronized with a double thymidine block
and release. The y-tubulin signals were detected as a single dot in G1 phase cells. The
second y-tubulin dot became visible beginning from S phase and prominent at G2 and
M phase cells. Ninein formed a ring or three distinct dots at the centrosome in G1
phase cells. A ring-like structure of ninein was prominent at the strong y-tubulin
staining and a tiny dot of ninein also appeared at the weak y-tubulin signal in S phase
cells. The two ring-like signals of ninein were observed in the G2 phase as young
mother centrioles are matured having appendages, and signals became weaker in the
M phase centrosomes (Figure 10B). These results suggest that ninein is primarily
localized at mature, mother centrioles (Lin et al., 2006; Ou et al., 2002).

Using this ninein antibody, | observed structural maturity of the mother

centrioles in control and CPAP-depleted cells. The maturity of young mother centriole
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was determined by two ring shape of ninein signal at G2 phase. The ninein signals
were detected at the cyclinBl-positive G2 cells, since they became weak and
dispersed in M phase cells (Ou et al., 2002). The results showed that most of control
cells had two ninein rings which represent two mother centrioles have ninein proteins
at its appendages. In CPAP-depleted cells, however, the number of cells with two
intact ninein rings was significantly reduced. Instead, over 30% of the CPAP-depleted
cells included an intact ninein ring with a dot which represents an immaturity of
centriole appendage (Figure 11). These results support the notion that CPAP is
required for maturation of the young mother centriole.

I previously showed the similar result with appendage protein Cenexinl
(data not shown). Young mother centriole in CPAP-depleted cells lacks Cenexinl
signal. This result supports that CPAP is also critical for maturation of young mother
centriole, in addition to centriole assembly. Cenexinl is critical for centrosomal
recruitment of y-tubulin (Soung et al., 2006). To know appendage itself affects PCM
recruitment, cenexinl was depleted with siRNA transfection (Figure 12). In cenexinl
knockdown, cenexinl signals at both spindle poles were diminished, but it was
slightly diminished at one spindle pole and absent of the other spindle pole (Figure
12A). At the same time, the y-tubulin signals were reduced at both ends of spindle
poles, but not as much as CPAP depletion (Figure 12B). And the percent of mitotic
cells with asymmetric spindle pole was slightly increased in cenexinl-depleted cells
but not as much as in CPAP-depleted cells (Figure 12C). These results reveal that
appendage itself also functions in PCM recruitment, however asymmetric spindle pole

and severe reduction in PCM is due to CPAP function in addition to appendage.
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Centriole size in CPAP-depleted cells

C. elegans SAS-4 is essential for centriole elongation as sas-4 mutants
include variable sizes of centrioles (Kohlmaier et al., 2009). Ectopic expression of
human CPAP lengthens centrioles, suggesting that CPAP is also involved in centriole
elongation (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). To test
whether centriole length determines PCM asymmetry of CPAP-depleted cells or not, |
examined the centriole size using a super-resolution microscope. Metaphase centrioles
of control HeLa cells were immunostained with the CEP135 and CP110 antibodies as
proximal and distal end markers, respectively, and the distance between two markers
were determined. SAS6 was also immunostained to distinguish the procentriole from
the mother centriole. Average distances of the CEP135 and CP110 signals in mother
and procentriole were 360 and 480 nm, respectively (Figure 13A). This numbers are
smaller than actual length of mother (513 nm) and daughter (400 nm) centrioles as
determined by electron microscopes (Guichard et al., 2010). We reasoned that the
distance between the centers of the distal and proximal markers should be smaller than
actual size of the centriole. With the same reason, the distance between CEP135 and
procentriolar CP110 should be larger, the intercentriole gap and the CEP135 signaling
center toward the mother centriole (Figure 13A).

| determined the distance between CEP135 and CP110 signals in CPAP-
depleted cells. The results showed that the distance in procentrioles was slightly
smaller in the CPAP-depleted cells but the sizes of mother centrioles in CPAP-
depleted mitotic cells are identical to those of the control cells (Figure 13B).

Furthermore, | do not observe any difference in centriole sizes between a pair of
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spindle poles. These results suggest that CPAP depletion does not affect the mother
centriole length whereas daughter centriole elongation is slightly affected. Therefore,

it is likely that centriole size has little effects on asymmetric spindle pole formation.
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Figure 6. Reduced numbers of centrioles in the CPAP-depleted mitotic
cells. The CPAP-depleted cells were co-immunostained with the centrin-2 (green) and
y-tubulin (red) antibodies. The cells were categorized with the number of centrioles at
the mitotic spindle poles. Histogram shows that percentage of cells with different
centriole numbers in control and CPAP-depleted cells. The color of bar indicates
hours after siRNA transfection. For statistical analysis, more than 300 mitotic cells per

experimental group were analyzed from three independent experiments.

30



100 1

80 1

40 1

]
=}

S[[=2 dnjojua

Others

1:1

The number of centrioles

31



Figure?7. Rescue experiments with the ectopic FLAG-CPAP proteins (A)
HelLa cells were transfected with control (siCTL) or CPAP (siCPAP) siRNAs, and
subsequently with the FLAG-tagged expression vectors (pFLAG-GFP, pFLAG-CPAP,
pFLAG-CPAP™ and pFLAG-CPAP®). Expression of the ectopic and endogenous
CPAP proteins was confirmed with the immunaoblot analysis. (B) The CPAP-rescued
cells at mitosis were enriched with a thymidine block and release, followed by the
MG132 treatment for 1 h. MG132 is a proteasome inhibitor and blocks transition to
anaphase. The cells were immunostained with antibodies specific for FLAG and y-
tubulin. The scale bar represents 10 pm. The mitotic cells with asymmetric
distribution of y-tubulin were determined by comparing relative y-tubulin intensities
between the spindle pole pair. Spindle poles were determined as asymmetric when the
intensity of one pole was at least 1.5 fold higher than the other pole within one cell.
More than 300 cells were analyzed from four independent experiments, and the results

are presented as means and standard errors. *, P<0.05
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Figure 8. Centriole duplication was rescued in CPAPYT but not in
CPAP™* mutant. The CPAP-rescued cells were immunostained with the antibodies
specific for FLAG and centrin-2. The centriole number was determined at the mitotic
spindle poles. For statistical analysis, more than 200 mitotic cells per experimental

group were analyzed from three independent experiments.
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Figure 9. Generation of ninein antibody. (A) Ninein is a 2096 amino acid-long
protein. The 381-689 fragment of ninein (solid bar) was used for generation of the
ninein antibody. (B) HelLa lysates were subjected to immunoblot analysis with the

affinity-purified ninein antibody. An estimated size of ninein is about 240 kDa)
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Figure 10. Patterns of the ninein signal during the cell cycle progression.
(A) Asynchronous HeLa cells were stained with centrin2 (green) and ninein (red)
antibodies. Scale bar, 10 um. (B) HeLa cells were synchronized at G1/S, S, G2 and M
phase by double thymidine block and release. The time point of release is 0, 4, 8 and

12 h, respectively. Cells were stained with ninein and y-tubulin antibodies.
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Figure 11. Abnormal ninein distribution in CPAP-depleted mitotic cells.
(A) The cell cycle of CPAP-depleted cells was synchronized at G2 phase with a
double thymidine block and release. The cells were placed on ice for 90 min to disrupt
microtubules and co-immunostained with the acetylated-tubulin (red), cyclin B1 (red)
and ninein (green) antibodies. (B) The ninein staining patterns at the spindle poles
were categorized into four groups: a paired ring, a ring with a bar, a single ring and

disrupted. Over 300 cells were analyzed from three independent experiments.
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Figure 12. Asymmetric spindle pole phenotype is shown in CPAP-depleted
cells, but not in Cenexinl-depleted cells. (A) Cenexinl-depleted cells were co-
immunostained with antibodies specific for Cenexinl and y-tubulin. (B) The CPAP-
and Cenexinl-depleted cells were co-immunostained with antibodies specific for
centrin and y-tubulin. DNA was stained with DAPI. The scale bar represents 10 um.
Relative y-tubulin intensities in the mitotic spindle poles were determined at the
mitotic spindle poles. Intensity was measured at poles with 2 centrioles. Among two
value of intensity in bipolar spindle, I defined poles with higher intensity as poles with
old mother centrioles. Over 60 mitotic cells were analyzed in two independent
experiments. (C) A difference in intensity greater than 1.5 was defined as an
asymmetric distribution. The graph shows that the percent of mitotic cells with
asymmetric y-tubulin distribution was counted in the CPAP- and Cenexinl-depleted

cells. Over 200 mitotic cells were analyzed in two independent experiments.
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Figure 13. Determination of centriole lengths in CPAP-depleted mitotic
cells. (A) Mitotic HeLa cells were co-immunostained with antibodies specific to
CEP135 (red), CP110 (green) and SAS-6 (green), and the spindle poles were observed
with a super-resolution microscope. Distance between red (CEP135) and green
(CP110) dots were determined. Procentrioles were identified with two consecutive
green dots. Nineteen centrioles were analyzed and the data were presented as means
and standard errors. (B) The distance between CEP135 (red) and CP110 (green)
signals was determined in CPAP-depleted mitotic cells. Over 60 centrioles were

analyzed per experimental group from three independent experiments. *, P<0.05
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Figure 14. Model. Depletion of CPAP may result in defects in centriole duplication.
In addition, the young mother centriole in CPAP-depleted cells is still immature even
in the M phase. Defects of mother centriole maturation is shown in both case, with
procentriole and without procentriole. The immaturity of young mother centriole
results in the absence of distal and subdistal appendages in the young mother centriole,

which may cause an asymmetric spindle pole in CPAP-depleted cells.
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Discussion

In this study, | investigated CPAP functions in bipolar spindle formation
during mitosis. Prolonged depletion of CPAP resulted in centriole reduction and
monopolar spindle formation (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al.,
2009). At the same time, asymmetry was observed even in bipolar spindle poles with
intact number of centrioles. C. elegans SAS-4 is also known to be critical for spindle
pole formation as well as for centriole duplication. The sas-4 mutants contain small
centrioles, and the amount of PCM is proportionally reduced with respect to the
centriole length (Kirkham et al., 2003). In HelLa cells, the mother centriole lengths in
CPAP-depleted cells are more or less identical to those of control cells. Therefore, the
spindle pole asymmetry is not likely due to the size difference of mother centrioles in
CPAP-depleted cells. Rather, | propose that the mother centrioles are not fully
matured in the CPAP-depleted cells and, as a result, the microtubule organizing
activity of the spindle pole with an immature mother centriole is not sufficiently
extended (Figure 11, 12). | believe that spindle pole asymmetry in CPAP-depleted
cells is independent of procentriole assembly, because the PLK2 phosphorylation-
resistant CPAP mutant did not rescue the centriole duplication activity but did rescue
the phenotype of asymmetric spindle pole formation (Figure 7, 8).

This is the first report that CPAP is required for mother centriole maturation
in mammalian cells, as evidenced by the absence of distal and subdistal appendage
proteins in CPAP-depleted cells. The distal and subdistal appendages are believed to

have roles in microtubule anchorage and in primary cilia formation (Cajanek and Nigg,

48
A& gk



2014; Ibrahim et al., 2009; Kodani et al., 2013). The selective absence of centriolar
appendages at the young mother centrioles may be responsible for asymmetric spindle
pole formation in CPAP-depleted cells (Figure 12C). However, in my observation
CPAP depletion results more prominent phenotype in 7 -tubulin recruitment and
spindle pole asymmetry (Figure 12B, C). It remains to be determined whether CPAP
directly participates in appendage formation or not. It was reported that Drosophila
SAS-4 scaffolds the pre-assembled cytoplasmic complexes of PCM and tethers them
to the centrosome (Gopalakrishnan et al., 2011; Zheng et al., 2014). Therefore, it is
possible that CPAP is indirectly involved in the appendage formation by recruiting
PCM components which are essential for appendage formation in the young mother
centriole.

In brain development, neural progenitor cells divide with vertical division
plane to increase their own population and subsequently divide with horizontal
division plane to produce differentiated cells. Switching spindle orientation should be
a tightly controlled process for the production of neural progenitor pool and
differentiated cells at the right moment. It is thought that centrosome is involved in
spindle orientation. Especially, centriole maturation is considered an important factor
for stem cell differentiation as shown in a report that ninein knockdown results in the
premature depletion of progenitors during cortex development in mice (Shinohara et
al., 2013; Wang et al., 2009). Here, | observed that the spindle poles in CPAP-
depleted cells become asymmetric and the young mother centrioles in CPAP-depleted
cells are structurally immature even until mitosis. My results predict that neural stem

cells in CPAP mutant individuals might prematurely initiate asymmetric division,
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which causes a reduction in the stem cell population and subsequent reduction of the
differentiated cell population. My results suggest that defects in mother centriole

maturation may be a reason why microcephaly is derived from CPAP mutations.
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Chapter 2

PLK4 phosphorylation of CP110 is
critical for centriole duplication.
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Abstract

PLK4 plays a central role in the initiation of centriole assembly. Howevetr,
the key substrates of PLK4 in centriole assembly remain to be investigated. Here, |
demonstrated that CP110 was phosphorylated by PLK4 in vivo. PLK4's
phosphorylation of CP110 occurred in cell cycle stage-specific, in that its
phosphorylation was peaked at metaphase and significantly decreased at telophase.
The phospho-resistant mutant of CP110 inhibited centriole duplication, while the
phospho-mimetic mutant of CP110 induced centriole duplication in PLK4-depleted
cells. However, the phospho-mimetic mutant of CP110 could not induce centriole
duplication in the SAS-6- and CPAP-depleted cells. The phospho-CP110 was
recruited to the proximal end of the daughter centrioles at an early stage of centriole
assembly. Based on these results, | propose that PLK4 phosphorylation of CP110 is a

critical step for stabilization of the recruited centriole components.

Keywords: PLK4, CP110, centriole duplication, phosphorylation
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Introduction

Centrosomes are composed of two centrioles that are embedded in
pericentriolar materials (PCM). Like chromosome, centrioles are duplicated during
G1/S phase and then segregated to each daughter cell. Strict control of centriole
duplication is important for normal cell division and proliferation. Centriole
duplication mechanism is highly conserved in many species. In mammals, PLK4 is a
key regulator of centriole duplication, and recruitment of PLK4 appears to be a critical
event that triggers the subsequent processes (Bettencourt-Dias et al., 2005; Habedanck
et al., 2005). Moreover, hSas-6, STIL, CEP135, CPAP and CP110 are indispensable
for centriole assembly.

Polo-like kinase 4 (PLK4) plays a key role in initiating centriole assembly.
Overexpression of PLK4 induces centriole overduplication, and its knockdown
disrupts procentriole assembly (Bettencourt-Dias et al., 2005; Rodrigues-Martins et al.,
2007). This indicates that protein level of PLK4 tightly regulates centriole assembly
process. PLK4 stability is regulated by auto-phosphorylation in trans and SCF*™"
dependent degradation (Guderian et al., 2010; Holland et al., 2012). Recently, the
mechanism of PLK4 recruitment was reported. Author suggested that CEP192 and
CEP152 spatiotemporally regulate PLK4 recruitment and localization through ordered
interaction (Kim et al., 2013). Although PLK4 plays a crucial role in centriole
assembly, critical substrates of PLK4 involved in the centriole initiation mechanism
still need to be identified.

GCP 6, which is a member of y-TuRC, is reported as a PLK4 substrate and

53



required for centriole duplication (Bahtz et al., 2012). FBXWS5 E3 ubiquitin ligase is

also phosphorylated and negatively regulated by PLK4. SCF™>%*

complex suppress
Sas6 ubiquitination and degradation. So PLK4 regulates centriole re-duplication
regulating Sas-6 level through SCF™*"* phosphorylation. FBXWS is also substrate of
PLK4 and functions in sas6 degradation, which is a major component of the cartwheel
structure. STIL is also a key regulator of centriole assembly, forming a scaffold for
recruiting hSas-6. Recently, Kitagawa group showed that phosphorylation of STIL by
PLK4 facilitates the STIL/hSAS-6 interaction and recruitment of sas-6 to the
centrioles (Ohta et al., 2014).

CP110 was initially reported as a CDK2 substrate (Chen et al., 2002), and is
required for centriole overduplication. However, CP110 knockdown did not result in
centriole reduction. The possible explanation for this is that, if CP110 is functioning
catalytically or structurally, residual protein after knockdown may be sufficient to
allow for a single duplication but not multiple duplication (Chen et al., 2002). CP110
localized to the distal part of centriole. CP110 is recruited early step and tubulin
dimers were inserted underneath a CP110 cap, elongating centrioles. However, exact
role of CP110 is elusive. In relationship between PLK4 and CP110, one group showed
that both CP110 and Hssas6 are required for PLK4-induced centrosome amplification
(Habedanck et al., 2005).

In terms of CP110 function in centriole assembly, the protein level of CP110
is involved in this process. CP110 protein levels are controlled during the cell cycle.
This regulation is one of tight control to prevent centriole duplication error. CP110

levels drop in G2/M phase. CP110 is ubiquitinated by SCF cyclin F E3 ubiquitin

54



ligase and then degraded during G2 phase (D'Angiolella et al., 2010).

CP110 also functions in cilia assembly. CP110 removal at the mother
centriole seems to be crucial role in the initiation of ciliogenesis. Two distal proteins
CP110 and Cep97 interact each other and negatively regulate cilia assembly (Spektor
et al., 2007). And CP110 interacts with CEP290 and suppresses cilia formation (Tsang
et al., 2008). CP110 also binds with Kif24 specifically and remodels centriolar

microtubules, thereby regulating cilia assembly (Kobayashi et al., 2011).
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Materials and Methods

Constructs

CP110 cDNA clone was purchased from Kazusa DNA research institute
(WWW.Kazusa.or.jp). The full-length human CP110 open reading frame was cloned
into 3xFlag vector (Sigma) and TRE vector (Clontech). CP110 phospho-resistant and
phospho-mimic mutant constructs were generated by site-directed mutagenesis. GFP
open reading frame was also cloned into 3xFlag vector as a control vector.
Cell culture

HeLa cells and 293T Cells were grown at 37°C and 5% CO,in high glucose
DMEM supplemented with 10% fetal bovine serum. U20S cells were grown at 37°C
and 5% CO, in McCoy’s 5A supplemented with 10% fetal bovine serum.
Generation of stable cell lines

TRE CP110 WT, 98A and 98E constructs were transfected into HelLa and
U20S tet-on (tetracycline inducible) stable cell line. Stable cells expressing CP110
was selected in 400 pug/ml hygromycine.
Transfection and RNA interference

siCP110 (CAC UCC ACU GCA GCA AAG CTT), siCTL (scrambled
sequence for control) (GCA AUC GAA GCU CGG CUA CTT), siPLK4 (CUA UCU
UGG AGC UUU AUA ATT), siSAS6 (GCA CGU UAA UCA GCU ACA ATT),
SiCPAP (GGA CUG ACC UUG AAG AGA ATT) were used for RNAI experiments.
The siRNAs were transfected into HelLa cells and U20S cells using RNAi MAX

reagents (Invitrogen). Plasmids were transfected with FUGENE HD (Roche). For
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siRNA knockdown and DNA overexpression experiment, sSiRNAs and DNAs were
sequentially transfected.
Antibodies

Centrobin/Nip2, CEP135, CP110, centrin-2 rabbit polyclonal antibodies
were generated and affinity purified against His-Nip2®*, GST-CEP135°*"*,
CP110"®*" GST-Centrin-2"'"2. Antibodies against y-tubulin (C-20, Santa Cruz
Biotechnology, Inc.) cyclin B1 (GNS1, Santa Cruz Biotechnology, Inc.), Flag (F3165,
Sigma), « -tubulin (Abcam), Sas-6 (91.390.21, Santa Cruz Biotechnology), Centrin
(20H5, Millipore), phoshpo histon H3 (Millipore) antibodies were purchased. Cdk2
antibody was given from Hwang and Kif 24, Cep97 and Cep76 antibodies were given
from Brian David Dynlacht. pCP110°® antibody raised to a phosphopeptide
corresponding to residues CRKAPNApSDFDQW. Generated pCP110%* antibody was
purified using column purification with phospho- and non phospho-peptides.
Cell cycle synchronization

To measure phosphos-CP110 signal during cell cycle (Figure 18), HelLa cells
were synchronized at S phase with 2 mM thymidine and then release for 7 h. To
increase mitotic cells, 100 ng/ml nocodazole was treated into released cells for 3 h.
Mitotic cells were shaken off and then reseeded to coverslip and observed each time
point. For centrosome overduplication (Figure 19, 20), U20S cells were arrested at S
phase with 2 mM hydroxyurea (HU) treatment for 48 h. For CP110 degradation
experiment (Figure 28), Hela stable cells were arrested at S phase with 2 mM
thymidine for 16 h. And STLC was treated together with thymidine release. To

observe APC/C oscillation, Cells were synchronized in G1/S with 2 mM thymidine
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for 20 h then released into fresh medium for 4 h. To inhibit Cdk1, cells were treated
with 10 nM RO-3306 (Calbiochem).
Immunoblot analysis

Cultured HeLa cells were lysed in the sample buffer (50 mM Tris-HCI, pH
6.8, 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol).
Samples were loaded in 8% and 4% polyacrylamide gels and then transferred into
nitrocellulose membranes. The membranes were blocked in 5% skim milk in TBST
(20 mM Tris, 150 mM NaCl, 0.3% Triton X-100) for 30 min, incubated with
antibodies for overnight at 4°C. After washing three times with TBST for 7 min, the
membranes were incubated with mouse and rabbit secondary antibodies (1:10,000) for
40 min. After the membranes were washed three times with TBST for 5 min, the
peroxidase activity was detected using ECL solutions.
Immunofluorescence and Microscopy

For indirect immunocytochemistry, HeLa and U20S cells were grown on
12-mm coverslips and fixed with cold 100% methanol for 10 min. In some cases, cells
were pre-extracted with 0.1% PBST before fixation. The cells were then
permeabilized and blocked with 3% BSA in 0.5% PBST for 15 min. Primary
antibodies were diluted in 3% BSA in 0.5% PBST, incubated at room temperature for
1 or 2 h and coverslips were washed three times in 0.1% PBST. Secondary antibodies
were diluted in 3% BSA in 0.5% PBST, incubated for 30 min at room temperature and
washed again three times in 0.1% PBST. For DNA staining, DAPI solution was used
at the final step for 4 min. The coverslips were mounted on slides and observed with a

fluorescence microscope (Olympus 1X51) equipped with a CCD camera (Qicam fast
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1394, Qimaging). Images were processed using ImagePro 5.0 (Media Cybernetics,
Inc.) and statistic analyzed with Sigma Plot (Systat Software, Inc.).
Immunoprecipitation

293T cells were washed with PBS and lysed in in ELB buffer (50 mM
HEPES pH 7, 250 mM NaCl, 5 mM EDTA pH 8, 0.1% NP40, 1 mM DTT, 0.5 mM
phenylmethylsulfonyl fluoride (PMSFP), 2 ug /ml leupeptin, 2 ug aprotinin, 10 mM
NaF, 50 mM B—glycerophosphate and 10% glycerol at 4°C for 30 min). The lysates
were on ice for 40 min, and insoluble material was removed through centrifugation for
20 min at 4°C. For immunoprecipitation, cell lysates were incubated with pre-immune
serum, as a control, Kif24, CEP97 antibodies for overnight at 4°C. After then lysates
were incubated with protein A sepharose beads (Amersham Pharmacia) for 90 min at
4°C. For Flag beads immunoprecipitation, cell lysates were incubated with Flag beads
(Sigma) instead of antibodies for 90 min. In both cases, the beads were washed three
times with lysis buffer and mixed in SDS sample buffer. Samples were loaded onto a
SDS-PAGE gel.

Super resolution structural illumination microscopy (SR-SIM)

Sample preparation and dyes were same with previous fluorescence
microscopy. Microscope stand : Axio Observer.Zl SR, fully motorized inverted
microscope stand for super resolution microscopy; motorized XY scanning stage
130x100 DC; fast Z-piezo insert for XY scanning stage (sample holders available for
standard 3”x1” slides and 36 mm glass-bottom dishes) Detector : Andor iXon 885
EMCCD camera; pixels:1004 x 1002; pixel size: 8 um x 8 um; Objectives : “Plan-

Apochromat” 63x/1.40 Oil DIC, alpha “Plan-Apochromat” 100x/1,46 Oil DIC
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Results

Generation of the phospho-antibody against phospho-serine 98 of CP110
(pCP110°%)

PLK4 is a key kinase in centriole assembly. A previous work in my
laboratory revealed that PLK4 specifically phosphorylates serine 98 of CP110 in vitro
(Figure 15A). In order to determine phosphorylation of CP110 in vivo, | generated a
phospho-antibody specific to phospho-serine 98 of CP110 (pCP110°®). To increase
specificity to phosphorylated CP110, | carried out column purification with phospho-
and non phospho-peptides. As a result, the purified pCP110°® antibody strongly
interacted with the phospho-peptide but not with the non-phospho-peptide (Figure
15B).

PLK4 phosphorylates CP110 in vivo

| performed immunoblot analysis with the pCP110°*® antibody. The
endogenous CP110 protein was concentrated with immunoprecepitation. A pCP110%%
specific band was detected when the cell lysates were immunoprecipitated with the
CP110 anti-serum, but not with the preimmune serum (Figure 16). Furthermore, the
pCP110°%-specific band was absent in the PLK4-depleted cells (Figure 16). These

results confirmed the specificity of the pCP110%

antibody. Furthermore, the results
support the notion that PLK4 specifically phosphorylates serine 98 of CP110 in vivo.
| performed immunostaining analysis with the pCP110°® antibody. A

specific signal of pCP110%® was detected at the centrosome (Figure 17). Intensity of

the phospho-specific signal was significantly reduced in the PLK4-depleted cells
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(Figure 17). The results indicate that CP110 is phosphorylated by PLK4 in vivo and
localized at the centrosome.
Cell cycle specificity in the phosphorylation of CP110

The centrosomal pCP110°® levels were determined with the pCP110°%®
antibody in the HelLa cells whose cycle was synchronized with the thymidine and
nocodazole block and release. The results showed that the centrosomal intensity of
pCP110°* increased when the cells approached to M phase (Figure 18). The

centrosomal pCP110°%

signal peaked at metaphase and then significantly decreased at
telophase (Figure 18). Phosphorylation of CP110 correlates with the PLK4 activity
during the cell cycle (Cunha-Ferreira, 2009; Rogers, 2009).
Centriole overduplication was inhibited with CP110°%**

It is known that centrosomes are overduplicated in U20S cells whose cell
cycle is arrested at S phase with hydroxyurea (HU). CP110 is known to be essential
for centrosome overduplication in S phase-arrested U20S cells (Chen et al., 2002). In
order to examine if the phosphorylation of CP110 is important for centrosome
overduplication, | depleted endogenous CP110 with SiRNA transfection, and
transiently expressed Flag-CP110, Flag-CP110%* (phospho-resistant mutant) and
Flag-CP110°*¢ (phospho-mimetic mutant). The cells were treated with hydroxyurea
for 72 h, and then immunostained with antibodies specific to Flag and y-tubulin. As
expected, about 60% of the control cells contained overduplicated centrosomes and
this number was reduced to 20% in CP110-depleted cells (Figure 19). The cells with

overduplicated centrosomes increased up to the control levels in Flag-CP110 and

Flag-CP110°** -rescued cells (Figure 19). However, Flag-CP110%** did not rescue
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the phenotype, suggesting that specific phosphorylation of CP110 is required for
centriole overduplication (Figure 19).

In order to determine disengagement of the overduplicated centrioles in S
phase arrested cells, | immunostained the cells with the CEP135 antibody. The results
showed that about 60% of the control cells included more than 2 CEP135 dots and
this number was reduced to 30% in CP110 depleted cells (Figure 20). This phenotype
was rescued with the wild type Flag-CP110, but not with the Flag-CP110%** (Figure
20). These results suggest that specific phosphorylation of CP110 induces centriole
disengagement in S phase-arrested cells.

APC/C oscillation in prolonged G2 phase

| observed premature centriole disengagement in S phase-arrested cells
(Figure 20). In normal centrosomal cycle, centriole disengagement is closely related to
PLKZ1 activity and anaphase-promoting complex (APC/C)-dependent separase activity.
It was thought that premature centriole disengagement results from untimely
activation of (APC/C) in cells whose cycle was arrested at G2 phase for a long period
(Prosser et al., 2012). Therefore, | examined APC/C activity in the G2 phase-arrested
cells with RO3306, which is a highly selective Cdk1 inhibitor (Vassilev et al., 2006).
The APC/C activity was indirectly determined by the cellular levels of cyclin B1,
which is a substrate of APC/C. In control cells, cyclin B1 began to decrease at 18
hours after RO3306 treatment, suggesting that APC/C became activated at this time
point (Figure 21). However, no such decrease of the cyclin Bl level was observed in
CP110-depleted cells, suggesting that APC/C is not activated in the CP110-depleted

cells (Figure 21).
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| indirectly determined the APC/C activity in the Flag-CP110°®** and Flag-
CP110%*—expressing cells. | observed fluctuation of cyclin B1 level in all stable cell
line (Figure 22). So from this result, I conclude that defects in overduplication in
CP110 phospho-resistant mutant is not due to a block of the APC/C oscillation (Figure
22).
PLK4 phosphorylation of CP110 is essential for procentriole assembly

PLK4 is a critical kinase for initiation of the centriole assembly. In fact,
centrioles are not duplicated in PLK4-depleted cells (Figure 23). | examined
importance of PLK4 phosphorylation of CP110 in centriole assembly using the
phospho-mimetic mutant of CP110 (Flag-CP110°%F). The results showed that ectopic

expression of Flag-CP110%%F

in PLK4-depleted cells enhanced centriole duplication
up to the control levels (Figure 23). These results suggest that PLK4 phosphorylation
of CP110 is a critical step in centriole assembly.

I performed the rescue experiments with U20S cells which stably expressed
CP110 proteins. PLK4 was depleted with siRNA transfection, and hydroxyurea was
treated to arrest the cells at S phase. Thirty-six hours after the SIRNA transfection, the
cells were immunostained with the centrin antibody to determine centriole number. As
expected, PLK4 depletion reduced centriole duplication significantly (Figure 24). The
centriole duplication rate was rescued with Flag-CP110%%F, but not with Flag-CP110
or Flag-CP110%® (Figure 24). These results suggest that PLK4 phosphorylation of
CP110 may be a prerequisite step for centriole duplication.
Procentriole formation in the Flag-CP110%*-rescued cells

I immunostained the PLK4-rescued cells with centrobin, a daughter centriole
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marker. The results showed that the number of centrobin signals were reduced in
PLK4-depleted cells and rescued in the Flag-CP110>**—expressing cells (Figure 25).
The results revealed that daughter centrioles are formed in the Flag-CP110%%-
expressing cells.

The Flag-CP110°*¥ —expressing cell was able to duplicate centrioles in the
PLK4-depleted condition. | examined whether SAS6 is recruited in recruitment or not
in this condition. As expected, the SAS-6 signal was greatly diminished in the PLK4-
depleted cells (Figure 26). The centrosomal SAS-6 signal was still reduced in the
Flag-CP110°* —expressing cell even if the centrioles are efficiently duplicated (Figure
26). These results suggest that Flag-CP110%% might initiate centriole duplication
even with a limited amount of the centrosomal SAS-6.

CPAP and SAS-6 depletion were not rescued with the phospho-mimetic
mutant of CP110

SAS-6 forms the cartwheel structure within the centriole, therefore, it should
be recruited at an early stage of centriole assembly process (Azimzadeh, 2010; Keller,
2014). In fact, centrioles were not efficiently assembled in the SAS6-depleted cells
(Figure 27). PLK4 is known to play a key role in centriole recruitment of SAS6 (Kim,
2014; Sonnen, 2013). Therefore, it is of interest whether Flag-CP110%%F could rescue
phenotypes of the SAS-6 depletion or not. The results showed that the SAS-6
phenotype was not rescued with the wild type and Flag-CP110%** (Figure 27). These
results suggest that PLK4 phosphorylation of CP110 is not a downstream step of the
SAS-6 recruitment to the centriole. CPAP is a human homologue of C. elegans SAS4

and is essential for the procentriole elongation step (Kohlmaier, 2009). Depletion of
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CPAP results in defects in centriole assembly (Figure 28; Kohlmaier, 2009; Schmidlt,
2009; Tang, 2009). We examined whether Flag-CP110%% could rescue phenotypes of
the CPAP depletion or not. The results showed that the CPAP phenotype was not
rescued with the wild type and mutant Flag-CP110 (Figure 28). These results suggest
that PLK4 phosphorylation of CP110 is independent of the CPAP function in centriole
assembly.

Cellular CP110 levels during the cell cycle.

It is known that CP110 is a cell cycle-regulated protein. CP110 is degraded
during G2/M phase and this regulation is involved in centriole assembly (D'Angiolella,
2010; Li, 2013). Proper control of the cellular CP110 levels is important for proper
centriole duplication during the cell cycle (D'Angiolella, 2010). We examined the
cellular levels of the CP110 point mutants during the cell cycle. | generated HeLa cell
lines in which Flag-CP110, Flag-CP110°**” and Flag-CP110°* were stably expressed.
The cells were synchronized with the double thymidine block and release method. As
expected, endogenous CP110 decreased when cells enter mitosis (Figure 29). At the
same time, ectopic Flag-CP110, Flag-CP110%* and Flag-CP110°%F also decreased
(Figure 29). These results revealed that point mutations at serine 98 residue do not
affect CP110 stability during the cell cycle.

Phosphorylation did not affect CP110 interaction with Kif24 and CEP97

CP110 controls centriole length and cilia formation (Schmidt, 2009; Tsang,
2008). CP110 interaction with Kif24 and CEP97 is important for initiation of cilia
formation. Kif24 binds and depolymerize centriole microtubules (Kobayashi et al.,

2011). CEP97 play a role in regulating centriole length and ciliogenesis (Spektor et al.,
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2007). | examined importance of CP110 phosphorylation in interaction with Kif24
and CEP97. As expected, Flag-CP110 was coimmunoprecipated with both Kif24 and
CEP97 (Figure 30). Flag-CP110°*®* was coimmunoprecipated with both Kif24 and
CEP97 as well (Figure 30). These results suggest that the specific phosphorylation at
serine 98 residue of CP110 has no direct correlation with the CP110 function in
centriole length control and cilia formation.
Centriolar localization of the phosphorylated CP110

To know where phospho-signal localizes at centrosome, | determined sub-
centrosomal localization of phosphorylated CP110 using pCP110°*® antibody. The
centrosomal intensity of the pCP110 was low in S phase cells (Figure 31A). However,
the pCP110 signals in S phase cells were detected at daughter centriole (Figure 31A).

To observe more specific localization of pCP110%%

signal, | observed it with a super
resolution structured illumination microscopy (SR-SIIM). In this observation, pCP110
was localized between the two centrin signals (Figure 31B).

CP110 is known to localize at the distal tip of both centrioles (Kleylein-Sohn,
2007). Since the localization of pCP110°* was different to reported CP110 signals, |
observed endogenous CP110 through SIM (Figure 32). In this observation,
endogenous CP110 localized strongly at both distal tip of centrioles and weakly
between two centrioles. The signal of CP110 at the proximal end of the centrioles was
co-localized with the pCP110°® signals (Figure 32).

I examined CP110 localization within the centrosome with a superresolution

microscope (Figure 33). As expected, | observed two strong CP110 signals at distal tip

of centrioles and an additional weak signal between the centrin signals (Figure 33).
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These images suggest that the endogenous CP110 localized not only at the distal part
of centriole but also between two centrioles.
CP110 is recruited to the proximal end of procentrioles at an early stage
of centriole assembly

In order to determine when CP110 is recruited during the procentriole
assembly, I immunostained the synchronized HelLa cells with the CP110 antibody. |
observed the CP110 signals at daughter centrioles even before the centrin signals
(Figure 34A), indicating that CP110 is recruited to the procentriole earlier than centrin.
I also observed that a fraction of cells with 4 CP110 dots had a strong SAS6 signals
but the others had a weak SAS6 signals (Figure 34B). These results suggest that

CP110 is recruited to the procentriole as early as SAS6.
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Figure 15. Generation of a phospho-antibody against serine 98 of CP110
(PCP110°®). (A) Schematic structures of PLK4 and CP110. PLK4 specifically
phosphorylates serine 98 of CP110. (B) A phospho-antibody against serine 98 of

CP110 was generated and purified with the phospho- and nonphospho-peptides.
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Figure 16. Specific phosphorylation of CP110 in vivo. The PLK4-depleted HelLa
cells were immunoprecipitated with the anti-CP110 serum. The lysates were subjected

to immunoblot analysis with antibodies specific to CP110 and pCP110%%.
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Figure 17. Immunostaining of the centrosome with the pCP110°%* antibody. The
PLK4-depleted HeLa cells were treated with STLC for 3 h and immunostained with
antibodies specific to centrin and pCP110°®, STLC is an Eg5 inhibitor and induces

598
0

mitotic arrest. Histogram shows the pCP110> intensity at each pole. Over 70 poles

were measured at each experimental group.*, P<0.05
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Figure 18. Cell cycle stage-specific phosphorylation of CP110. HeLa cells
were synchronized at M phase with the thymidine and nocodazole block. Mitotic cells
were shaken off and cultured in a fresh medium. Thymidine is a pyrimidine
deoxynuleoside and inhibits DNA replication. Nocodazole is a destabilizer of
microtubules and arrest cell cycle at the prometaphase. The cells were fixed at each
time point and immunostained with antibodies specific to centrin and pCP110%%. The

0°® signals were measured. For statistical analysis,

intensities of pCP11
immunofluorescent intensities of at least 20 cells were determined per experimental

group. The results are presented as means and standard errors.
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Figure 19. Centriole overduplication was reduced in U20S cells rescued
with Flag-CP110°%*. The CP110-depleted cells were transfected with the Flag-
GFP, Flag-CP110, Flag-CP110°®** and Flag-CP110°%F. The cells were treated with
hydroxyurea (HU) for 48 h and immunostained with the Flag and y-tubulin antibodies.
Hydroxyurea (HU) is an inhibitor of ribonucleotide reductase and prevents cells from
progressing through S phase. Graph shows the percent of cells with three or more y-

tubulin dots. Experiments were repeated 3 times.
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Figure 20. Centriole disengagement was reduced in U20S cells rescued
with Flag-CP110%%®”, The CP110-rescued U20S cells were immunostained with
the antibodies against Flag and CEP135. Graph shows the percent of cells with three

or more CEP135 dots. Experiments were repeated 3 times.
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Figure 21. APC/C oscillation during prolonged G2 phase. (A) Experimental
scheme of synchronization protocol for prolonged G2 phase. (B) The CP110-depleted
U20S cells were arrested at G2 phase with selective Cdk1 inhibitor, RO3306 up to 26
h and subjected to immunoblot analysis with the CP110, @ -tubulin, and cyclin B1

antibodies.
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Figure 22. APC/C oscillation in Flag-CP110-expressing cells. The cell cycle
of the U20S stable lines with Flag-CP110, Flag-CP110%* and Flag-CP110%%F were
synchronized with the thymidine and RO3306 block and release. The cells were
subjected to immunoblot analysis with the antibodies specific to CP110, Flag, «-

tubulin, and cyclin B1.
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Figure 23. The phospho-mimetic mutant of CP110 rescued the PLK4
knockdown phenotype of centriole duplication. The Flag-CP110 and Flag-
CP110°% were ectopically expressed in PLK4-depleted cells. Thirty-six hours after
the siRNA transfection, the HeLa cells were immunostained with antibodies against
centrin2 and Flag. Graph shows percent of cells with 3 or 4 centrin dots. The

experiments were repeated 3 times.
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Figure 24. The stably expressed phospho-mimetic mutant of CP110
rescued the PLK4 knockdown phenotype of centriole duplication. (A)
Experimental scheme of the knockdown and doxycycline induction in stable cell line.
(B) The U20S TRE/GFP stable line was treated with control and PLK4 siRNAs.
Thirty-six hours later, the cells were immunostained with antibodies specific to Flag
and centrin. Graph shows the percent of cells with 3 or 4 centrin dots. The
experiments were repeated 3 times. (C) PLK4 was depleted in the U20S cells which
stably expressed Flag-CP110, Flag-CP110%* and Flag-CP110°*. Thirty-six hours
after the siRNA transfection, the cells were immunostained with antibodies specific to
Flag and centrin. The graph shows the percent of cells with 3 or 4 centrin dots. The
experiments were repeated 3 times. Results are presented as means and standard

errors. *, P<0.05
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Figure 25. Detection of procentrioles in the Flag-CP110***-rescued cells.
PLK4 was depleted in U20S cells which stably expressed Flag-CP110 and Flag-
CP110%%, The cells were immunostained with the antibodies against centrin and

centrobin. The graph shows the percent of cells with two or more centrobin dots.
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Figure 26. Detection of the centrosomal SAS-6 signals in the Flag-
CP110>®*—rescued cells. PLK4 was depleted in U20S cells which stably
expressed Flag-CP110 and Flag-CP110°%¢. The cells were immunostained with the
antibodies against centrin and SAS-6. The graphs show the percent cells with
duplicated centrioles with and without SAS-6 signals. Scale bar represents 10 um. For
statistical analysis, over 300 cells were counted per experimental group and the

experiments were repeated twice.
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Figure 27. The phospho-mimetic mutant of CP110 did not rescue the SAS-
6 knockdown phenotype of centriole duplication. (A) Experimental scheme
inU20S stable line. (B) SAS-6 was depleted in the U20S cells which stably
expressed Flag-CP110, Flag-CP110°® and Flag-CP110%*. Forty-eight hours after
the siRNA transfection, the cells were immunostained with antibodies against Flag
and centrin. Graph shows the percent of cells with 3 or 4 centrin dots. The

experiments were repeated 3 times.
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Figure 28. The phospho-mimetic mutant of CP110 did not rescue the
CPAP knockdown phenotype of centriole duplication. (A) Experimental
scheme in U20S stable line. (B) CPAP was depleted in the U20S cells which stably
expressed Flag-CP110, Flag-CP110%* and Flag-CP110°. Forty-eight hours after
the siRNA transfection, the cells were immunostained with antibodies against Flag
and centrin. Graph shows the percent of cells with 3 or 4 centrin dots. The

experiments were repeated 3 times.
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Figure 29. The cellular CP110 levels during mitosis. The cell cycle of the
HelLa stable lines which expressed Flag-CP110, Flag-CP110°%* and Flag-CP110%%¢
were synchronized with the double thymidine block and release. STLC was added to
block the cell cycle at M phase. At indicated time points, the cells were subjected to
immunoblot analysis with antibodies specific to CP110, cyclin B1, « -tubulin and

phospho-histone H3.
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Figure 30. The phospho-resistant mutation of CP110 did not affect the
interaction with Kif24 and CEP97. 293T cells were transfected with Flag-CP110
and pFlag-CP110°®*. Forty-eight hours later, the cells were subjected to
immunoprecipitation with the Kif24 and CEP97 antibodies followed by immunoblot

analysis with the Kif24, CEP97 and Flag antibodies.
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Figure 31. Centrosomal localization of pCP110°%. (A) HeLa cells were
immunostained with antibodies specific to centrin and pCP110°%. (B) U20S cells
were immunostained with antibodies specific to centrin and pCP110°%, Fixed cells
were observed with structural illuminating microscopy (SIM). The right panel is an

interpretation of the immunostaining images.
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Figure 32. Coimmunostaining of CP110 and pCP110°%. U20s cells were
arrested at G1/S phase with 0.5mM mimosine for 20 hours. Mimosine inhibits DNA
replication and arrests the cell cycle in the G1/S phase. The cells were immunostained
with antibodies specific to centrin (red), pCP110°® (green) and CP110 (blue). The
CP110 antibody was conjugated with Zenon Alexa 488 labeling dye. The mother and

procentrioles were outlined with the yellow and blue boxes, respectively.
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Figure 33. CP110 signals at the proximal ends as well as the distal ends of
the centrioles. HelLa cells at early S phase were immunostained with antibodies

specific to centrin and CP110. The mother and procentrioles were outlined with the

yellow and blue boxes, respectively.
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Figure 34. CP110 recruitment in centriole assembly. (A) HeLa cells were
fixed at 3(G1), 8(Early S), 14(S) hours after mitotic release. Cells were stained with
antibodies specific to centrin and CP110. (B) HeLa cells were fixed 8 h (Early S) after

mitotic release. HeLa cells were stained with antibodies specific to CP110 and Sas-6.
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Figure 35. Working model. CP110 as well as other centriole components are
recruited to the site where new procentriole is assembled. PLK4 phosphorylation of
CP110 is a critical step for stabilization of the recruited centriole components. The
phospho-mimetic CP110 may stabilize available centriole components even in the

PLK4-depleted cells.
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Discussion

Studies using the phospho-CP110 specific antibody (pCP110°%) revealed
that PLK4 phosphorylates the site. The phosphorylation pattern of CP110 correlates
with the activity pattern of PLK4 (Cunha-Ferreira, 2009; Rogers, 2009). However, the
precise biological function of PLK4 during mitosis is still unclear, even if the PLK4
activity is the highest at M phase. Rather, it is though that PLK4 might be critical for
initiation of centriole assembly at early S phase. Similarly, phosphorylation of CP110
was regulated in a cell cycle stage-specific manner, reaching a maximal level at M
phase and diminishing to a basal level after the mitotic exit. Therefore, phospho-
CP110 may also be involved in centriole assembly in early S phase despite the
moderate phosphorylation level of CP110.

The rescue experiments revealed the importance of phosphorylation at serine
98 residue of CP110 in centriole assembly. The phospho-resistant mutant of CP110
blocked centriole overduplication in S phase-arrested cells while the phospho-mimetic
mutant of CP110 enhanced centriole assembly in PLK4-depleted cells. These results
support the notion that specific phosphorylation of CP110 is essential for centriole
assembly. Despite the importance of CP110 phosphorylation in centriole assembly, we
did not observe decrease in duplication using phospho-resistant mutant stable cell line
nor increase in duplication using phospho-mimetic mutant stable cell line. One
possible explanation for this is the narrow window of time between doxycycline
treatment and cell fixation to observe the change in duplication. In the case of

phospho-resistant mutant of CP110 stable cell line, it might need more time to replace
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endogenous CP110. CP110 is too stable to be completely depleted even in 72 h
knockdown period in order to observe significant centriole reduction. In this situation,
it is hard to expect that the phospho-resistant mutant of CP110 suppresses centriole
assembly.

It is of interest that the CP110°%F can rescue the PLK4 depletion since PLK4
is considered an initiator of the centriole assembly. However, CP110°%F did not rescue
centriole assembly in SAS6- and CPAP-depleted cells, suggesting that
phosphorylation of CP110 is an upstream event of the cartwheel formation and
centriole elongation. My results propose that CP110 is a key substrate of PLK4 for
centriole assembly and that phosphorylation of CP110 might be sufficient for PLK4
function in centriole assembly. Based on these results, we propose a model that the
phospho-CP110 plays a role in assembling components for procentrioles (Figure 38).
Localization of PLK4 at the assembly site may be the initial step. CP110 is
phosphorylated by PLK4 at the site, which helps to stabilize and assemble
procentriole components. Even without PLK4, the phospho-mimetic mutant of CP110
may still stabilize the components at the site for procentriole assembly (Figure 38). In

S98E
0

support of the hypothesis, CP11 still enhanced procentriole assembly even with a
reduced amount of SAS6 (Figure 31).

CP110 is localized at the distal end of centriole and functions as a capping
protein. CP110 should be removed from the centriole when cilia is formed (Spektor,
2007; Tsang, 2008). In my observation, pCP110°® is not detected at the distal end of

mother centriole. Therefore, it is not sure whether phosphorylation of CP110 is

involved in cilia formation or not. Instead, | observed additional CP110 signal at the
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proximal part of daughter centriole, and this signal co-localized with pCP110 signal.
These localizations of CP110 and pCP110°% support the notion that CP110 is essential

for procentriole assembly in early S phase.
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